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Abstract

We will study the Clebsch-Gordan coefficients of the modular double of the quantum group U, (sl(2, R)).
This will be done by studying and taking a good look at how B. Ponsot and J. Teschner showed how
to compute the Clebsch-Gordan coefficients [I]. Moreover, we will also take an introductory look
at the concept of quantum groups by looking at some general theory on Hopf #-algebras and their
representations.

The Clebsch-Gordan coefficients can roughly be described as a relation between a basis of a tensor
product U®V of two simple U, (sl(2, R))-modules and a basis of the decomposition of U®V into simple
modules. We will show that this relation can be explicitly described by an integral transformation.
Since this describes a relation between modules of a quantum group, the first part of this thesis will
give the necessary information to introduce the reader to the concept of quantum groups and their
modules. This will be done by introducing Hopf algebras and their modules and then look at their
quantum deformations. This first part will also introduce several examples of algebras, Hopf algebras
and quantum groups to make the reader get used to the concept of Hopf algebras and quantum groups.
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Introduction

One goal of this thesis was to take a look at, and explain in detail, how B. Ponsot and J. Teschner
computed the Clebsch-Gordan coefficients [I] of a certain natural module of the modular double of
Uy(sl(2,R)) introduced by Faddeev [2]. Another goal was to give an introduction to the concept of
quantum groups, as this theory is needed to understand the modular double and its representation.
The introduction to quantum groups has been approached in such a way that other master students
with similar knowledge should be able to understand and be able to work with Hopf *-algebras and
Hopf *-algebra representations. This is done by introducing the reader to the concept of quantum
groups, but not only information on the Hopf x-algebra U,(sl(2,R)). In the hope that the reader gets
a good understanding of general concepts on Hopf *-algebras, a more general approach to the theory
on quantum groups has been taken. However, there is still a big focus on U,(sl(2,R)). Thus most of
the examples on algebras and representations are chosen in a way that they have some similarities to
Uy(sl(2,R)) or its module.

Besides giving information that is needed to understand the structure of U, (s((2,R)) and how to work
with Hopf x-algebra modules, I have also added some extra details to the proofs and structures given
by B. Ponsot and J. Teschner. All of this is added together in one thesis in the hope that all details
on the Hopf x-algebra U, (s((2,R)) and the natural module of its modular double are easy to follow for
other master students.

So, in this thesis we will be taking a look at [1], with a focus on the Clebsch-Gordan coefficients
of the modular double U,(sl(2,R)) ® Uz(sl(2,R)) introduced by Faddeev [2]. This will be done in an
introductory way, in the sense that the paper starts with background information that is needed to
understand the subject of Quantum groups and their modules. After this background information, we
will be following along [I] to construct the U,(sl(2, R))-module P, and calculate the Clebsch-Gordan
coefficients. Thus most of the information around this specific module is given in this paper can also
directly be found in [I].

However, in this paper we will immediately consider the module P, as a module of the modular
double, instead of getting this fact as a consequence. This will not change any of the facts, but will
more directly show why certain restrictions are chosen for the module P,. Besides this, we will be
giving a bit more details in some proofs and also add some more details of the module that are found
in other papers.

Now, the Racah-Wigner coefficients of U, (s[(2,R)), coefficients that depend on the Clebsch-Gordan
coefficients, play an important role in Liouville theory. For example, the Racah-Wigner coefficients can
be used to describe normalized fusion blocks of the fusion kernel. Surprisingly, another application of
the Racah-Wigner coefficients is that they can be used to calculate the hyperbolic volume of a non-ideal
tetrahedron. This was shown by J. Teschner and G.S. Vartanov in [3], where they also allude that
there may be a three dimensional gauge theory that has the Racah-Wigner coefficients as its partition
functions. So we see that the Racah-Wigner coefficients have several use cases in certain aspects of
quantum field theory.

The paper will have the following structure: The first five sections will contain information on certain
subjects that are necessary to understand what a U, (sl(2, R))-module is in general. All of these sections
will take a more general approach to the theory to give the reader a good idea of how to work with the
subjects. Now, in the first section we will be looking at algebras, coalgebras and Hopf algebras. In the
second section we will be looking at the concept of modules of algebras and coalgebras. In the thirds
section we will be looking at the concept of universal enveloping algebras of a Lie algebra. Now, since
it is natural to introduce Lie algebras via Lie groups, Lie groups will also shortly be a subject of this
paper, even though they will not play any role in the later parts. The fourth section will introduce
quantum deformations of the real plane and of certain algebras and will also discuss what a Hopf
x-algebra is.
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The sixth section will be about a different U, (s[(2,R))-module: the Verma module. Most of the things
that are discussed in this section can directly be translated to the infinite-dimensional module P,.
However, the action of Uy (sl(2,R)) on this module are a bit simpler, as they roughly send a basis
element to another basis element. Therefore, this is a decent module to look at first to get used to the
notation and how to work with U (sl(2,R))-modules.

The final three sections will be about the main subject: the infinite-dimensional U, (sl(2, R))-module
and its Clebsch-Gordan coefficients. Section seven will introduce the module and go over certain
properties that it satisfies. The eighth section will be about the decomposition of the tensor product
Pa, ® Pq, into irreducible modules. This will in turn lead to the definition of the Clebsch-Gordan
coefficients. The ninth section will end the thesis with a few small remarks on the Racah-Wigner
coefficients. This part can be seen as a generalisation of section eight to the tensor product of more
than just two modules.



1 Algebras, coalgebras and bialgebras

Our main goal is to study some properties of a certain module of the Hopf x-algebra U, (sl(2)). But
before we will look at this Hopf x-algebra, we will first look at some general theory on Hopf algebras
and their modules. After that, we will introduce the algebra U(sl(2)) and finally look at its quantum
deformation U, (sl(2)).

This first section will contain general information on algebra, coalgebras and bialgebras, together with
some examples. Most of the information in this part is from [4], but certain information on algebras
and algebra morphisms can be found in [5]. Do note that we will see some of the more concrete
examples in later parts of this thesis. Since they will also be used as examples in later sections.

The later sections that will be about our main subject U,(sl(2,R)) will not use all of the information
given here. The most important parts are the definition of a bialgebra, properties of morphisms and
the coproduct and information on the structure of quotient algebras and the tensor algebra. The reason
why the definition of a Hopf algebra is less important, is due to the fact that the antipode S, which
defines this structure, is not used in the later sections. However, even though not all of the given
information is used in later sections, it is still given to give the reader a good idea of how to work with
bialgebras and Hopf algebras in general.

1.1 Algebras

Let’s start with defining what an algebra is.

Definition 1.1. An algebra A over a ring R is a ring A with a ring map n4: R — A, such that the
image of 4 commutes with all of A.

Now, a ring R is an additive group R, with a multiplication ur: R ® R — R that is associative,
distributive and R contains a unit 1x such that ug(lg,x) = x for all x € R. Thus we assume that
any ring contains a unit. So, the ring map 74 allows us to define scalar multiplication on A via the
map R A — A; r-a:= pas(na(r),a) for any r € R and a € A. Furthermore, since any algebra A is
defined in combination with some ring R, it is often referred to as an R-algebra. In the case of this
thesis, every algebra will be a k-algebra where k is some field. Note, that if A is a ring and k is a field,
the map 74 of the above definition, induces a vector space structure on A over k via k-a, k € k, a € A,
as defined above. This then turns the multiplication map p4: A ® A — A into a bilinear map.

Now, an algebra A is said to be abelian, or commutative, if p4(a,b) = pa(b,a) Ya,b € A. In other
words, if the center of A, Z(A), is all of A, where Z(A) = {a € A: ps(a,b) = pa(b,a) Vb € A}.

One can also define an algebra with the use of commuting diagrams. This is especially useful later
on to quickly see that coalgebras are dual to algebras. However, it gives a less intuitive definition of
what an algebra is, which is why the first definition is also given.

Definition 1.2. An algebra A over a field k is a triple (A, u,n) where A is a vector space and
w: A A — A, n: k — A are linear maps such that the following two graphs commute:

Associativity: and unitality:
n®id N ® id d®mn
A A® A A A koA A A Axk
1d @ p 2 O ‘M >~
L
A A A A



1.1 Algebras

If, in addition, the following diagram commutes, then A is said to be an abelian algebra:

A

A
A A A® A

In the above definition 7453: A ® B — B ® A is the flip function. So, if a ® b € A ® B, then
T4B8(a®b) =b®a.
Note, if A is an algebra, not every a € A needs to have a multiplicative inverse, i.e. there need not
be a b € A such that p4(a,b) =1 Va € A. So, to make it easier to refer to invertible elements of an
algebra, let A* = {a € A: 3b € A(pna(a,b) = pa(b,a) = 1)}, be the set of all invertible elements of A.

Some useful concepts regarding algebras are algebra morphisms, ideals and modules. These con-
cepts will also be return quite often, as we will also introduce them with respect to, for example,
bialgebras or Lie algebras.

Definition 1.3. Let A, B be algebras, then an algebra morphism f: 4 — B is a ring map such that
fona=ns.
In other words, f is a linear map and for a,b € A, f(a+b) = f(a)+ f(b), f(ra(a,b)) = us(f(a), f(b)).

Definition 1.4. Let A be an algebra, then Z C A is a left-ideal (respectively a right ideal) if
puala,i) € T (respectively pg(i,a) €Z) Vae Ajiel
7 is called a two-sided ideal, or an ideal, if Z is both a left- and right-ideal.

Now, ideals of an algebra let us define what a quotient algebra is.

Theorem 1.5. Let A be an algebra over a field k and let T C A be an ideal. Then the bilinear map
par: AIZR AL = AJT; pyaz((a+7),(b+1)) = pala,b) +Z =ab+7,

defines an algebra structure on A/T together with /7 = na-
In particular, the natural map 7: A — AJZ; a — a+ T becomes an algebra morphism with kernel T
when A/T is given this algebra structure.

Note that a quotient algebra 4/Z contains classes a + Z as its elements. This means that two
differently written elements can be the same, as

a+Z=b+7 < a—-bel.

To show that A/Z is indeed an algebra with the above multiplication, it is sufficient to show that
the above property holds for p4,7. In other words, the only thing that needs to be shown is that if
a+Z=ad +Z,b+I="Vb+17T, then ab+7Z = a'b/ +I. Thus it suffices to show that ab — a'b’ € T.
Which follows from the fact that Z is an ideal.

Now, let’s give some relevant examples of algebras.
We will first give some general examples. Let A be some algebra. Then one can define an opposite
algebra A°P as the same algebra A, but with p1400 = 14 074 4. Notice that if A is an abelian algebra,
then A = AP.

Another general example is the polynomial algebra A[x], where A is an algebra. This is the algebra
of all polynomials of the form Y 1 ;a;z’, a; € A. Note, Alz1,...,2,] would then be the polynomial
algebra with n variables.



1.2 Tensor products of vector spaces and algebras

A third and final general example is the free algebra. Let X be a set and let k be a field. Then,
k{X} is the vector space with basis consisting of all elements z; € X and the empty set .
Then, multiplication on k{X} can be defined by:

x1-xo = x1x9, and (1 Zp) - (Tpg1 - Tpam) = T1T2 -+ Ty fOr 21, ..o, Tpym € X

This multiplication turns k{X} into an algebra, called the free algebra on X.

Now, if we take X = {z1,...,2,} and let Z C k{X} be the ideal generated by elements of the form
xix; — xja; with 4,57 € {1,...,n}. Then we see that k{X}/Z is an abelian algebra. Moreover, we get
k{X}/T = K[x1,...,2,].

We will end this part with two more explicit examples, which will return in later parts. Let A be
an algebra. Then M, (.A) is the algebra of all n x n-matrices with entries in .4, where the multiplication
is the standard matrix multiplication. This gives rise to two specific examples, GLa(A) and SLa(A).
Let A be an abelian algebra, then

GLa(A) = {m — (Z Z) € Ma(A): ad — be = det(m) e AX} ,

SLy(A) ={a € GLy(A): det(a) = 1},

are the matrix algebra of invertible matrices and matrices with determinant equal to 1 respectively.
We can also define two polynomial algebras that are related to the above two algebras in a certain
sense:

GL(2) = M(2)[t]/((ad — be)t — 1),
SL(2) = GL(2)/(t — 1) = M(2)/(ab — be — 1),

with M(2) the polynomial algebra k[a,b, c,d]. Notice that both GL(2) and SL(2) are also abelian
algebras.

The names for these algebras make sense, as Homaig(M(2), A) = My(A) for any abelian algebra A,
with Hom ;4(A, B) the algebra of algebra morphisms from A to B. The same is true when M (2) is
replaced with either GL(2) or SL(2), which follows from the fact that Homaig(k[z1,. .., 2], A) = A"
and My (A) = A = @?:1 A. So the algebras M (2), GL(2) and SL(2) are related to the matrix algebras
Ms(A), GLy(A) and SLs(A) for A abelian via an isomorphism between morphisms and matrices.
For example, the isomorphism Hom ;4(M(2), A) = M3(A), A an abelian algebra, f: M(2) — A an

algebra morphism, is given by:
f(a) f(b)
1= (50 7o)

The same function is used for GL(2) and SL(2). Note, we will use Hom(.A, B) for the set of linear maps
from A — B. Also, we will be using Homye,¢(A, B) in general for the set of morphisms of a certain
structure. For example, Hom z;4(A, B) is the set of algebra morphisms and Homp;.(A, B) the set of
Lie algebra morphism, with Lie algebras a structure that will be introduced later on in section [3.2]
Eventually it will be shown that the vector spaces GL(2) and SL(2) can also be turned into coalgebras
and even Hopf-algebras. Later on we will mostly be concerned with SL(2), but M (2) and GL(2) also
have nice properties and are two other explicit examples that are closely related to SL(2).

1.2 Tensor products of vector spaces and algebras

This next part will be on tensor algebras, since Uy (sl(2)) will be defined as a quotient algebra of a
tensor algebra. Roughly speaking, a tensor algebra is just the tensor product of two algebras. However,
unlike the tensor product of vector spaces, we do need to make sure that the unit and multiplication
maps are well-defined.



1.2 Tensor products of vector spaces and algebras

We will end this part with looking at the tensor algebra. This is a tensor product of vector spaces that
will be turned into an algebra. Do note that [Appendix A: Tensor Products| contains information on
the tensor product between vector space that will be assumed to be known.

Theorem 1.6. Let A, B be algebras over k, then the bilinear map
pags: (A®B)®@ (A®B) > A@B;  pags(a®b,d @) = pa(a,d’) ® ps(b,b) = aad’ @ b’
defines an algebra structure on A ®@ B, where A® B is called the tensor product of A and B.

Note that 1 ® 1 € A® B is the unit of this tensor algebra. Also, by defining ig: A — A® B,
ia(a) =a®1 (similar for B), we get two algebra morphisms such that,

a®b=1ix(a)ip(b) =ig(b)is(a); Vaec A beB.
We also have the following universal property of the tensor product of algebras:

Proposition 1.7. Let A, B,C be three algebras over k and f: A — C and ¢g: B — C two algebra
morphisms such that

V(a,b) € Ax B( fa)g(b) = g(b)f(a) ).

Then, 3f ® g: A® B — C, algebra morphism, such that (f ® g)oig = f and (f ® g) oig = g.
In particular, if C is abelian, we get Hom 4;4(A ® B, C) = Hom 454(A, C) x Hom 4;4(B,C).

In other words, we see that all algebra morphisms of A ® B to an algebra C can be constructed
precisely by the pairs (f, g) of algebra morphisms f: A — C and g: B — C such that Im(f) and Im(g)
commute in C.

This proposition can than be used to show the following:

Proposition 1.8. Let X be aset and let I C k{X} be an ideal of the free algebra. Let A = k{X}/I be
the quotient algebra and let X', X” be copies of X with I’, I"” ideals of k{ X'} and k{ X"} respectively
such that they resemble the ideal I C X.

Then, AR A A®2 = kK{X'UX"}/(I', I", X'X" — X"X"), where X’ I X" is the disjoint union of X’
and X” and X' X" — X" X’ is the two-sided ideal of k{X’1J X"} generated by the elements z’x" — 2"/,
e X eX.

Proof. For any z € X, let 2/ € X" and 2” € X" be the corresponding copy of z. Let ¢': A — A%?
and ¢”: A — A®? be given by ¢'(z) = 2/, ¢"(z) = 2".

As ¢ and ¢" are algebra morphisms and z'y” = y"2', 2’ € X',y € Y", in A®2. It follows from
proposition [1.7] that we have a unique algebra morphism ¢: A® A — A%% @y 2y
Conversely, let 1: A%? - AR A, () =2@1, Y@") =12 for 2’ € X', 2" € X". 9 is also an

algebra morphism and also the inverse of ¢, hence A ® A = A%2, O]

Later on we’ll use this proposition to show more facts about M (2), GL(2) and SL(2). But for now
we’ll move on to shortly look at the tensor algebra.

Definition 1.9. Let V be a vector space and let T9(V) =k, T*(V) =V, T>(V) =V @V = V2 and
T(V) = V& As we have T"(V) @ T™(V) = T"T™(V), we can define an associative multiplication
on T(V) = @P,cn T (V) given by,

(-Tl®"'®$n)(xn+l®"'®$n+m):x1®"'®xn+ma $1,---,$n+m€‘/.

The vector space T'(V'), together with the above multiplication, is called the tensor algebra of V

_7 -



1.3 Coalgebras

We can also define iy : V' — T'(V) to embed the elements of V' into T'(V'), just like we did above
for embedding A into A ® B. This embedding, together with the multiplication of T'(V'), gives us the
following simplification:

1R Qxy =ity (x1) iy (xy).

So we can set x1 Ty =11 Q- Qxy € T(V) for zq,...,x, € V. This mostly helps with keeping
things short and clean when dealing with products of elements of V' in T'(V'), which is something that
will come up a lot. Especially when we will look at U(sl(2)), which we will later show to be a tensor

algebra generated by elements of the "vector space" si(2).

A nice thing about the tensor algebra is that algebra morphisms from 7'(V') to some algebra A are
closely related to linear maps from V' to A. The tensor algebra is itself closely related to a certain free
algebra. So, even though the tensor algebra looks really complicated, some properties regarding this
algebra are closely related to simpler forms.

Proposition 1.10. Let A be any algebra and V' some vector space.
(i) If f: V — A is some linear map, then
Af:T(V) = A (foiv = f), algebra morphism.
In particular, the map f +— f oy is a bijection, so Hom 1, (T(V), A) & Hom(V, A).
(ii) Let I be an indexing set for a basis of the vector space V. Then T'(V) = k{I}.

In general the tensor algebra T'(V') is not abelian. However, we can construct an abelian algebra
by simply "dividing out" the non-commuting terms.

Definition 1.11. Let V be a vector space and let I(V') be the ideal of T'(V') that’s generated by all
elements of the form xy — yx for z,y € V. Then S(V) = T(V)/I(V) is an abelian algebra called the
symmetric algebra.

The symmetric algebra S(V') has some properties that are almost identical to the properties of the
tensor algebra T'(V') of proposition [L.10]

Proposition 1.12. Let A be any algebra, V some vector space.
(i) If f: V — A is a linear map such that f(z)f(y) = f(y)f(x) for any z,y € V. Then
f: S(V) - A (foiv =f), algebra morphism.
In particular, if A is abelian, we again get that Hom 4;4(S(V'),.A) = Hom(V, A).
(i) If I is an indexing set for a basis of V, then S(V') = k[I], the polynomial algebra on the set I.

(iii) Let V' be another vector space. Then S(V @ V') =2 S(V)® S(V').

1.3 Coalgebras

Now that we have seen some examples of algebras, we will take a short look at coalgebras. After some
short introduction, we will show that the algebras M (2), GL(2) and SL(2) we saw earlier, can also be
turned into coalgebras.

Coalgebras are, like algebras, vectors spaces with two operations defined on them. The definition
of a coalgebra is also dual to that of an algebra.

-8 -



1.3 Coalgebras

Definition 1.13. A coalgebra is a triple (C, A, €) where C is a vector space and the coproduct A: C —
C ®C and counit €: C — k are linear maps such that the following two graphs commute:

Coassociativity; and counitality:
A id id
C cac kol —C coc—"2° ,cak
A 1d® A
A®id a
CxC Celxcl C
If in addition the following diagram, cocummunity, also commutes, then C is said to be a cocommutative
coalgebra:
C
A A
TCc,c
cCxcC Cxcl

Notice that these graphs are exactly the same graphs as in the definition of an algebra but the
arrows are all going in the opposite direction. Hence, it is said that coalgebras are dual to algebras.
Just like with algebras, we also have a coalgebra morphisms:

Definition 1.14. Let (C,A,¢) and C’, A’,¢’) be two coalgebras. Then a linear map f: C — C' is a
coalgebra morphism if
(f@floA=Aof and e =¢' o f.

Since A(z) € C ® C, we can in general only write it out as A(x) =Y, #} @ 2/ for z, 2! € C. But,
sometimes the coproduct acts rather nicely on certain elements of the coalgebra.

Definition 1.15. Let C be a coalgebra and let € C\{0}. Then x is called a grouplike element of C
if A(z) =z®x.

Later on we will see some useful cases for both coalgebra morphisms and grouplike elements. But
we will first take a quick look at some generic examples of coalgebras, with three concrete examples
given in First, note that a field k can be turned into a coalgebra when taking A(1) =1® 1 and
g(1) = 1. So, any field is in particular also a coalgebra.

Similar to the opposite algebra, we can also define an opposite coalgebra. If (C, A, €) is a coalgebra,
let A =1¢c0A, then (C, A%, ¢) is also a coalgebra.

Also, the tensor product of two coalgebras C,C’ can also be given a coalgebra structure. For the
counit one can take € ® ¢/, but, unlike with algebras, we cannot just use A ® A’ as the coproduct, since
A ® A’ will then not be coassociative. No, for C ® C’ to be turned into a coalgebra, its coproduct needs
to be defined as (id ® 1¢,cr ® id) o (A @ A’). So we see that (C @ C, (id @ T @ id) o (AR A') e ® ')
is a coalgebra.

The tensor algebra T'(V) of a vector space V, can also be constructed as a coalgebra instead
of an algebra, then called the tensor coalgebra T'(V) of V. Note that the construction of T'(V)
was done via the isomorphism V®" @ V®m =~ y@®+m)  Thig isomorphism was used to construct a
multiplication on the vector space T'(V'). Similarly, we can use the isomorphism yetm) o yen gy om
to construct a coproduct on T"(V) = (®penT™(V),Aye) by A(11 @ -+ @ Ty @ Tyl @+ + @ Tppm) =
(21® Qp) R (Tps1® -+ @ Tptm). Together with e(v) =1, for v € V, T'(V) turns into a coalgebra.
Do note that this coproduct just splits up the tensor product of vectors into two tensor products. So
the n in the above explanation need not be fixed. This also means that we can just split the tensor
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1.3 Coalgebras

product £ ® « - Ty, @ Tp1 @ Ty at any spot. So A(z® -+ Tp @ Tpt1 ® Ty ) 1S not really a "fixed"
element, as we can place the brackets at any spot, but it is exactly one element of T"(V).

A last example we will look at is similar to the free algebra. But before we will look at that, let us
note a nice property of the dual spaces of a coalgebra and algebra.

Proposition 1.16. Let C be a coalgebra, let A be a finite dimensional algebra and let A be as in [A.5]
then

1. the dual space C* of C is an algebra with pc« = A* o X and ne« = €*, and

2. the dual space A* of A is a coalgebra with A 4+ = o p* and € = n*, where the superscript *
indicates the transpose of a linear map.

The above proposition can be proven by using the diagrams of definitions and and checking
that they are true for the given A 44, €4+, ticx and ne«. Do note that the above propositions has no
condition for the coalgebra C, but it does have one for the algebra A. So, we see that only the dual A*
of an algebra need not be a coalgebra in general, but the dual C* of a coalgebra can always be induced
with an algebra structure.

Now, an example of a coalgebra that is similar to the free algebra is the coalgebra of a set. Let X
be some set and set C = k[X], the polynomial vector space with variables in X. Then C becomes a
coalgebra with A(z) =z ® x and e(z) = 1 Vo € X. Obviously, we can also construct a coalgebra of a
set for a product set X x Y, with X, Y sets. This gives rise to the coalgebra k[X x Y]. Now, the nice
thing is that
k(X x Y] ~k[X] ® k[Y],

as one would expect. The isomorphism between these coalgebras is given by ¥ (z ® y) = (z,y), for
all z € X, y € Y. So we can construct several examples of tensor products of coalgebras using the
coalgebra of a set.

Besides helping us with constructing examples of tensor products of coalgebras, the coalgebra of a set
can also be used to construct examples of algebras. If we use the above proposition with C = k[X],
for X a set, we get the function algebra C* consisting of linear functionals f: X — k. This algebra
has a unit given by 7 = ¢ and multiplication defined as (fg)(x) = u(f,9)(xz) = f(z)g(x) for z € X,
f,gecCr.

We finish this part by constructing the quotient coalgebra. This definition will look fairly similar
to that of the quotient algebra, theorem

Definition 1.17. Let C be a coalgebra, then I C C is a coideal if A(J) CI®C+C® I and £(I) = 0.
Now, let C be a coalgebra and I C C a coideal of C. Then A: C — C ® C factors to
A:C/I -CoC/IRC+CI)=C/I®C/I

and €: C — k factors to
g:C/I =k,

making (C/I,A,Z) a coalgebra, called the quotient-coalgebra. Later on we will see some examples of
quotient-coalgebras. But for now, we will first look at Sweedler’s notation for the coproduct. This
notation will help us to write the coproduct in a nice and short fashion.
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1.3.1 Sweedler’s notation

Let C be a coalgebra. Up till now, we have not really looked at how A(x), € C, looks in general.
For some of the given examples its easy to write out A(z), e.g. for the Coalgebra of a set we just get
A(z) = z ® z. But, in general we can only say that A(z) = )", 2} @ z for a, 2 € C.

Rt}

Due to the coassociativity of the coproduct, we get that id ® Ao A( ) = A®ido A(x), which becomes
¥t A= DX e (o1 o ()] = 3 F6l o 61 051 = D aG e !
i g i
This quickly becomes a mess of subscripts and upperscript, thus the coproduct will be written as

_ Z x/ ® x//7
(x)

and the coassoaciative property will be written as

Zx/@)w//@x///:Zx(1)®x(2)®x(3):Z Z(l,/)/@(x/// ®l’ _Z$®Z //
(z)

(z) (@) \ (@) (")

This makes using the coproduct several times a lot more convenient, as we will just write

Z(m) M @ .- @ 2™ for when the coproduct is applied n times to an element z € C.

With this, the condition for counitality can be rewritten as -,y e(z')z” = 2 = 3, 2’e(2”). Here we
use that £ ® C =2 C to just get . This then lead to the following:

Zf” 2e(®) @3 2@ @r® =3 o0 @2 g 2 @ 4@,
()

via the same isomorphism k ® C = C.

With this new notation, the condition for C to be cocommutative becomes

Zx'@az":Zx"@x', Vr e C.
(z) (z)

The left relation in definition [[.14] can in turn also be rewritten as,
=Y f@)efa") =Y f@) e f(x)
() (f(@))

which closely resembles the condition for a linear map to be an algebra morphism.
Lastly, the coproduct of a tensor product of coalgebras C ® C’ can be written as,

Aoy =Y @y @y = @y @ ey,

(z®y) () ()

which is a lot clearer than the original given coproduct of the tensor product of two coalgebras.

1.4 M(2), GL(2) and SL(2) as coalgebras

We have seen some examples of coalgebras that looked like some of the earlier given examples of
algebras. To end this section about coalgebras, we will look at the algebra examples M (2), GL(2),
SL(2) and show that they can also be turned into coalgebras. Coincidentally, this will also be a good

- 11 —
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introduction for the next section, which will be about bialgebras. As bialgebras will be shown to be
vector spaces that are both algebras and coalgebras.

Recall that,
M(2) =K|a,b,c,d], GL(2) = M(2)[t]/ ((ad—be)t —1), SL(2) =GL(2)/(t—1) = M(2)/(ad—bc—1).
Then we get,
M(2)®2 — k[a/’a//7 b/,b”,cl,cﬂ,d/,d”],
GL(2)%? = M(2)22[t,t']/((d'd — V')t —1,(a"d" — b )" 1),
SL(2)%? = GL(2)®?/(t' — 1,t" — 1) = M(2)®?/(d'd' —V'd —1,a"d" = V'’ —1)).

Now, matrix multiplication is given by
a/ b/ a// b// a/a// _|_ b/cl/ a/b// + b/d//
(C’ d'> (C” d”) - (cla“ +dd Y+ d/d”)
and this gives rise to the following algebra morphisms: Aj: M(2) — M (2)%?, Ag: GL(2) — GL(2)%?
and Az: SL(2) — SL(2)®2, with
AZ((Z) — a/al/ + blcll7 Al(b) — a/b// + b,d,/,
Al(c) — Cla// + d/C/l7 Az(d) — Clb/l +d/d,/,

for i € {1,2,3, } provided we set Aqg(t) =t"-¢".
Let A be an abelian algebra, then

Hom14(M(2),A) =2 M>(A), Hom14(GL(2), A) =2 GLy(A) and Hom a14(SL(2), A) = SLy(A).

These isomorphisms let us identify A; with the matrix multiplication in M3(A), GL2(.A) and SLy(A).
Thus its easier to rewrite these morphisms as:

A (@ b\  (Ai(a) Aib)\  [(d Y\ [d" V'

‘\e d) \Aile) Aid)) \d d)\ d’
We can also apply proposition to note that M (2)®? = M(2) ® M(2), GL(2)®? = GL(2) ® GL(2)
and SL(2)%? = SL(2) ® SL(2). Recall that this isomorphism maps a’ — a ® 1 and a” — 1 ® a.

So, if we also apply this isomorphism, we can further rewrite A; to, Aj: M(2) — M(2) ® M(2),
Ay: GL(2) —» GL(2) ® GL(2) and Ag: SL(2) — SL(2) ® SL(2), which can be written in matrix form

as:
a b a b a b
s (0 D)= Do (® ) masi=co

Now, since A; are compositions of two algebra morphisms, they are also algebra morphisms from
M(2), GL(2) and SL(2) to M(2) ® M(2), GL(2) ® GL(2) and SL(2) ® SL(2) respectively.
For now we’ve only constructed an algebra morphism, but the A; are at least possible candidates for a
coproduct. But we also need a counit if we want to show that M (2), GL(2) and SL(2) are coalgebras.
So, let

e1: M(2) -k, e2: GL(2) > kandes: SL(2) = k

be algebra morphism defined by ¢;(a) = €;(d) = 1, €;(b) = e(c) = 0 and e3(t) = 1. The claim is that
A; and ¢; turn the above vector spaces into coalgebras. To show this, it’s sufficient to show that A; is
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1.5 Bialgebras and Hopf algebras

coassociative and ¢; is counital for the generators a, b, ¢,d and also t in the case of GL(2).
First, note that ¢ € GL(2) is grouplike, so Ay is coassociative for ¢ and

ab@ab@ab_ab@ab@ab

¢ d c d c d) \c d c d c d
due to how A; is constructed. Hence A, is coassociative for i € {1, 2, 3}.
Secondly, €2(f) = 1 and note that

ab@lab_ab@)lo d'ab®ab_10®ab
e d)¥%\e a) T \c d 0o 1) ™4 E\¢e 4 c d) \0 1 c d)’
so the counitality graph of definition [1.13| commutes for the generators a,b,c,d and t. Hence ¢,
i €{1,2,3}, is indeed a counit and (M (2),A1,e1), (GL(2),Ag,e2) and (SL(2), As,e3) are coalgebras.

1.5 Bialgebras and Hopf algebras

We have seen that M(2), GL(2) and SL(2) are both algebras and coalgebras. Moreover, the way we
constructed a coalgebra structure on these spaces even turned their respective coproducts and counits
into algebra morphisms. Thus, all three vector space have an algebra structure and a coalgebra
structure, which in particular is defined via algebra morphisms. This is precisely the definition of a
bialgebra.

Definition 1.18. A bialgebra is a quintuple (H, p,n, A, €) such that (H, s, n) is an algebra, (H, A, €)
is a coalgebra and u, n are coalgebra morphisms or A, ¢ are algebra morphism.

In this definition, the vector space H ® H implicitly gets the structure of both a tensor product of
algebras and a tensor product of coalgebras. Also, it is sufficient to know if either u, n are coalgebra
morphisms or that A, € are algebra morphisms to know if (#,u,n,A,e) is a bialgebra, since both
conditions are equivalent:

Theorem 1.19. Let (H,u,n, A, ) be a quintuple such that (H,u,n) is an algebra and (H,A,¢€) is a
coalgebra. Then the following are equivalent:

1. The maps u and n are coalgebra morphisms.
2. The maps A and € are algebra morphisms.

The proof of this theorem comes down to just checking that the graphs that express that A and ¢
are algebra morphisms are the same as the graphs that express that ;1 and 7 are coalgebra morphisms.
Using Sweedler’s notation, the conditions that A and ¢ are algebra morphisms becomes:

A(zy) = Z(:L‘y)' ® (xy)" = Z 2y @2y = A@)A(y), A1) =1®1,
(zy) (z)(v)
e(zy) = e(x)e(y), (1) =1Vz,y € H.

Definition 1.20. Let H,H' be bialgebras and f: H — H’ a linear map. Then f is called a bialgebra
morphism if f is both an algebra and coalgebra morphism.

We have already seen some examples of bialgebras, for example M (2), GL(2) and SL(2). We have
also seen some indirect examples, for example proposition shows that if H is a finite dimensional
bialgebra, then the dual H* is also a bialgebra. But, before we continue with some facts on bialgebras,
we will give some more examples of bialgebras. These examples will look similar to earlier given
examples of algebras and coalgebras.
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1.5 Bialgebras and Hopf algebras

Let H be a bialgebra, then we can construct three different bialgebras that looks similar to the opposite
algebra or opposite coalgebra. These three bialgebras are given by:

HP = (H,puP,n,Ae),  HP(H,p,n, A% e) and  HPP = (H,uP,n, A%, ¢).

The example M (2) can also be generalised to construct a bialgebra structure on M (n) = k[z11, 12, - . ., Tnn),
the polynomial algebra in n? variables. Set

A(JJZ]) = szk & Tk and E(mij) = 52']‘,
k=1

then A and € are algebra morphisms, with A still resembling matrix multiplication. Together with the
algebra structure of the polynomial algebra, (M (n), u,n, A, €) turns into a bialgebra. Note that n = 2
does indeed give us the same bialgebra as M (2) defined in the previous section.

A final example of a bialgebra is once again a vector space which we know has both an algebra and
coalgebra structure. Namely, the tensor algebra T'(V)). However, to define a bialgebra structure, we
do need to construct a different coproduct on T'(V).

Theorem 1.21. Let V' be a vector space, then 3! bialgebra structure on T'(V') such that
Av)=1@v+v®1l and e()=0YveV.
This is a cocommutative bialgebra and for any v, ve,...,v, € V we have
g(vy -+ vy) =0,
n—1
Avy---vp) = 1®vl---vn+zz%(1)---Ua(p) ® Vg (pt1) """ Vo(n) T V1 Un @1,
p=1 o
where o runs over all permutations of Sy, such that
o(1) < 7(2) <+ < o(p) and a(p+1) < a(p+2) < - < a(n),
the so called (p,n — p)—shuffles.

Notice that v --- v, is again the same short hand notation as in definition [1.9] For the full proof
of this theorem, see [4]. This proof mostly comes down to using induction on n to show that e and
Aare algebra morphisms, then checking that (7(V), A, ¢) is indeed a cocommutative coalgebra with
the given coproduct and counit.

Now that we have a general idea of what bialgebras are, we can finally talk about Hopf algebras.
Roughly speaking, a Hopf algebra H is just a bialgebra, but with an extra endomorphism S: H — H
added to the structure. Since the endomorphism S is what makes a Hopf algebra different from a
bialgebra, we will first construct S. Later on we will also see that the endomorphism S is unique if it
exists. So we need not be able to define a Hopf algebra structure on a bialgebra, but if we can, the
Hopf algebra structure is unique.

Definition 1.22. Let (A, u,n) be an algebra and (C, A, €) a coalgebra. Let x: Hom(C, A) @ Hom(C, A) —
Hom(C, A) be a bilinear map given by,

(fxg)(x)=pof@goA(x), =xcC.

Then x is called the convolution on Hom(C, A).
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Recall that Hom(C, A) is the set of linear maps from C to A. The convolution on Hom(C,.A) can
be rewritten as (f x g)(z) = >_(,) f(2')g(2") for any = € C using Sweedler’s notation.
The convolution can be used as a multiplication on Hom(C,.A). Together with a unit, o ¢, it even
becomes an algebra.

Proposition 1.23.

1. The triple (Hom(C,.A),*,m o) is an algebra.

2. The map A¢ 4: A® C* — Hom(C, A), with A¢c 4 as in corollary is an algebra morphism.
Proof. 1. Note, for x € C, f,g,h € Hom(C, A),

((f %)% h) (x Zf B(a") = (f (g% b)) (=)

and

(noe) = f)(x) =3 (n( F@") =) (@) f(@") =) fle(a)a") = F(Q_e(a)a") = f(a).

(a) () () (2)

Showing f * (noe) = f goes similar. These show that x is associative and 7 o € is a unit, thus
Hom(C, A) has an algebra structure.

2. Let a,be A, o, 8 € C*. Then Vx € C,

(Acala®a) x Aea(b @ B)) (x) =D a(x)B(x")ab = (af)(x)ab = (Ac,a(ab® aB)) (z),
(z

)
so Ac 4 preserves the product and (A¢ 4(1 ®¢€)) (z) = e(z)1 = (noe)(x). Hence, A¢ 4 is indeed
an algebra morphism.

O

Now, if # is a bialgebra, one can look at Hom(H,H) = End(H) and we get the following definition:

Definition 1.24. Let H be a bialgebra. Then S € End(H) is called an antipode of H if S xidy =
tdy*S =noec.

Also, if a bialgebra H has an antipode S, then H is called a Hopf algebra, which we will denote as
(H, 1,m, Ay, S).

In other words, an endomorphism S of H is an antipode if it is the inverse of the endomorphism
idy in the algebra (End(H),*,n o €). Using Sweedler’s notation, we see that the antipode satisfies:

Zm’S(w") =¢e(x)l = Z S(z")x"
(z)

(2)

Now, if a bialgebra H has an antipode S, then it is unique. Since, if S and S’ are both antipodes of
‘H, then
S = S*(idq{*sl) = (S*idq{)*sl = S,.

So we see that a bialgebra has at most one Hopf algebra structure, thus having a Hopf algebra structure
is a property of the bialgebra itself. Recall that we will be working with a Hopf algebra in the final
few sections. Since the existence of the antipode is determined by the bialgebra structure, it is natural
to look at the concepts of Hopf algebras. Even though we will not use the antipode S of our Hopf
algebra explicitly in the later sections. However, we will later see that we can derive another structure
on a Hopf algebra from its antipode S, a *-structure. Since we will use this *-structure, we do use the
antipode implicitly in the later sections.

Similar to algebras, coalgebras and bialgebras, we also have the concept of Hopf algebra morphisms.

~15 —



1.5 Bialgebras and Hopf algebras

Definition 1.25. Let H and H' be two Hopf algebras with antipodes S and S’ respectively. Let
f:H — H be a linear map. Then f is a Hopf algebra morphism if it is a bialgebra morphisms and
foS=50of.

Remark: the definition of a Hopf algebra morphism f is a bit redundant, as any bialgebra mor-
phism f: H — H’ between two Hopf algebras H, H' is automatically a Hopf algebra morphism, in the
sense that f will always satisfy f oS = 5" o f. However, showing that it is sufficient for f: H — H' to
just be bialgebra morphism for it to be a Hopf algebra morphism, is not trivial and it also makes it less
obvious that Hopf algebra morphisms commute with the two antipodes. So, the property foS = S'o f
is stated in the above definition to highlight this property of Hopf algebra morphisms.

Nonetheless, we will still prove that any bialgebra morphism f: H — H' between two Hopf algebras
H, H' is automatically a Hopf algebra morphism in the sense of the above definition.

Proof. Let H, H' be two Hopf algebras with antipodes S and S’ respectively. Let f: H — H' be a
bialgebra morphism. We want to show that foS = S’ o f. To do that, we will first need the following:
Let A and A’ be algebras and C and C’ coalgebras. Let g: A — A’ be an algebra morphism and
h:C" — C a coalgebra morphism.

Claim: the map v, ,: Hom(C, A) = Hom(C', A'); p+— gopoh is an algebra morphism.

First, recall from proposition that Hom(C, A) is an algebra with the convolution * as its product.
Now, to prove this claim, let p,q € Hom(C, A) be arbitrary. Then,

Vg n(P*q) = Ygn(paop®@qoAe) =go(paop®qoAg)oh=(gopus)op®qo(Acoh)

h coalg morph ( g alg morph (

gopa)op®qo(h®holr) paog®@g)op®qo(h®@holAc)
=pao(g®@gop®qoh®@h)oAer =pgo(gopoh®gogoh)ole
= pAa Owg,h(p) ®wg,h(Q) oAc¢ = wg,h(p)*wg,h(Q)

Thus we have proven our claim.

Now, we will finally show that foS = 5" o f. This will be shown by proving that fo .S is a left-inverse
and S’ o f is a right-inverse of f in Hom(#H,H'). This implies that f oS = 5" o f and also that they
are both the unique inverse of f in Hom(H,H’).

by claim

fOS*f: fOSOidH*fOidHOidH :¢f,idH(S)*wf,idH(7;d”H) = z/JdeH(S*idH) =N CEH
xS o f =g, (lidu)x Vg, ;(S") = bia,, flidy x S') = my o ey

The last step of both equations use the fact that both ¢4, and t;q4,, s are algebra morphisms, thus
they send the unit of Hom(H,H) and Hom(H', H') respectively, to the unit of Hom(H',H') (as that
is the codomain of both morphisms), which is 1y o 4. Hence, f has both a right- and left-inverse
in Hom(H,H') and it follows that f~' = fo S = 5 o f. Concluding that any bialgebra morphism
between two Hopf algebras is indeed a Hopf algebra morphism. O

We will now give some examples of Hopf algebras. This will be done by showing that some of the
bialgebra examples that we saw before, have in particular a Hopf algebra structure.
We will start with the dual space of a Hopf algebra. Let H be a finite-dimensional Hopf algebra with
antipode S. Recall that this implies that the dual H* is a bialgebra. Moreover, H* is a Hopf algebra
with antipode S*, where S* is the transpose of S, so S*(a)(z) = a(S(x)) for « € H*,z € H.

Let G be a group, then the bialgebra k[G] has an antipode S given by S(x) = 271 as A(z) = z® .

Indeed,
S xidg(z) = zS(x) = S(x)r =e(z)l =1 = S(z) =21,
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We have seen that GL(2) and SL(2) are bialgebras, but they are also Hopf algebras. Define S by:

S(a) = (ad — be)~td, S(b) = —(ad — bc) 1D,
S(c) = —(ad — be)te, S(d) = (ad —bc)ta, S(t) =171,

in matrtix form this becomes S <Z Z) = (ad — be)~! <_dc _ab>. Then S is an antipode for either

GL(2) or SL(2). Showing that they are indeed Hopf algebras.

Notice that we assumed that it is sufficient to define the S for how it acts on the generators of the
bialgebra and that this a;sp shows that it is an antipode. The following theorem shows that this is
indeed the case.

Theorem 1.26. Let (H, p,n,A,e,5) be a Hopf algebra.
i) S:H — HPP js a bialgebra morphism,
it) The following statements are equivalent:

a) 52 = idy,
b) Ve € H 3,y S(a")a’ = e(2)l,
c) Vo e H 3,y 2"S(a) = e(z)1

iii) If H is abelian or cocommutative, then S* = idy

Proof. To show i), we need to show that S(zy) = S(y)S(z) Vz,y € H and (S®S)A = APS, c0S =e¢.
This can be rewritten into

> Sy @S =) SE")®S)

(5(2)) (z)

We start with by showing that S(zy) = S(y)S(x). We will do this by showing that

prHOH = H; (2 ®y) — S(zy) and v: H R H; (x @ y) — S(y)S(z) are the left and right inverse
respectively for p: H ® H — H in the algebra Hom(H @ H,H).

Recall that Hom(H ® H,H) is an algebra with x as its multiplication and 7 o € as its unit by proposi-
tion [[.23] So we want to show that p*xu =noe = puxv. Then it follows that p = v, as it implies that
they are the inverse of u, which is unique.

Now, let z,y € H be arbitrary, then

(prxmz@y) =Y plleey))u(zoy)") =Y s ey x”y”—ZS zy))(wy)" = noe(zy)
(z®y) (z)(y)
and
(wrv)xey) =Y wrey) w@ey)) =Y ayva"oy)= > 'y ")
(z5) (@) (@)

=D XYW | S@a") =) 2 (ne(y)S(a") = ne(x)nely) = ne(ay),

(z) (¥) (z)

thus it follows that p =n. And id* S(z) = ne(z) = id*S(1) =S5(1) = 1.
Similarly, set p = Ao S and v = (S®S) 0o AP, then p,v € Hom(H,H @ H), so p = v will follow from
showing that px A = Axv = (n®mn) o¢, i.e. showing that p and v are a left- and right inverse of A
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in Hom(H,H ® H) respectively.
Let x € H be arbitrary, then

(o B)) = S ASENA) = A SE) = Alne(a) = (n )

and

(A *v) Z Al)((S® S)(A%(2") = (' @ 2")(SW) @ §&)) =Y " 2/F(=zW) @ 2”5 (z)
(z) (z)
_sz (3) ) ® ne(x // sz // 3))®1=Z$/S(x//)®1:€(x)1®1.
(z) (z)
Thus it follows that p = v.
Lastly,
£(S(z)) = (S()_e(a)a")) = e(D_e(a)S(x")) = e(ne(x)) = e(x).
(z) (z)
Together with the previous calculations, it follows that S: H — HP P is indeed a bialgebra morphism.
For ii), we will show that a) is equivalent to b) and leave out the proof that a) is equivalent to c) as this
can be shown in a similar fashion. Again, since S, S? € Hom/(H, HPP) and idy*S = i F om (1, Hop cop) s
it is enough to show that S % S? = id Hom(#,#Hov cor), Silce inverses are unique.
So, let x € H and assume b). Then,

(S *5%)(x ZS = S(Z S(2")z') = S(e(x)1) = e(x)S(1) = ()1,

so S? = idy. And, if S? = de,
> S’ =57 Z S(a")2') =8> S(a")S*(2")) = SO S(a')a") = e(x)1,
(x) (2) (z)
thus it follows that S(z")a’ = 5(:1:)1, showing that a) <= b).
For 4ii), note that if H is abelian, we have - ) S(z")2" = ne(z) = S? = idy by ii). And if H is
cocommutative, we get again that ) S(z”)a’ = ne(z). Showing that S? = idy <= M is abelian

or cocommutative. O

Corollary 1.27. Let (H, u,n,A,€,5) be a Hopf algebra, then H “P together with S is another Hopf
algebra. Also, S: H — HPP is a Hopf algebra morphism.

Moreover, if S is an isomorphism with inverse S=! then H? = (H,u%,n,A,e,57 1) and H®P =
(H, pt,m, A%, e, S~1) are isomorphic Hopf algebras.

The following lemma will finally show that it is indeed enough to check that S is an antipode on
the generators for it to be an antipode on the whole bialgebra.

Lemma 1.28. Let H be a bialgebra and S: H — H an algebra morphism. If H is generated as
an algebra by a subset X C H such that }_ ) 2'S(2") = e(z)1 = 37,y S(2')2”, Vz € X, then S is an
antipode for H.

Proof. It is sufficient to show that if 3 ) S(z")2" = e(z)1 = }_(,) 2"S(2") for X,y € X, then this also
holds for the product zy. Using theorem [1.26] we see that,

Z(ﬁy Z :L“/y,S " // Zx/ (Zy/s(y//)> S(x//)
(zy) (z) ()

= Zﬂ: S(a")e(y) = e(x)e(y) = e(ay)
The proof that 3,y S((zy)")(zy)"” = e(zy) goes similar. O

~ 18 —



1.5 Bialgebras and Hopf algebras

Using this lemma, we can even show that the tensor algebra T'(V') and symmetric algebra S(V')
are also Hopf algebras. One can check that the tensor algebra T'(V'), for a vector space V, turns into
a Hopf algebra with antipode S: T'(V) — T'(V') given by S(1) =1, S(vive---vy,) = (—=1)"vy, - - - v201.
For S(V) = T(V)/I, with I the ideal generated by the elements of the form xy — yx, to be a Hopf
algebra, we first need to show that it’s a bialgebra. To do this, it suffices to show that I is also a
coideal of T'(V'). Since T'(V') is already a bialgebra, I being an ideal and coideal of T'(V') allows us to
induce a quotient-bialgebra structure on S(V).

We will show that I C T'(V) is also a coideal. Take z,y € T(V), v,w € V, then any element of [ is a
sum of elements of the form z(vw — wv)y. Then

A(z(vw — wv)y) = Z (2 (vw —wo)y @ 2"y" + 2’y @ 2" (vw —wo)y") e ITRT(V)+T(V)® I
(z)(v)

and e(z(vw — wv)y) = e(x)(e(vw — wov)e(y) = 0, thus [ is indeed a coideal. So S(V') can be turned
into a Hopf algebra by inducing it with the quotient-bialgebra structure and taking the same antipode
S as T(V'), but projected to S(V).
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2 Modules and comodules

In this section the concept of modules and comodules will be introduced. In short, modules are vector
spaces for which the vectors can be multiplied with elements of an algebra. Since this multiplication
will depend on the algebra, the module structure of a vector space will also depend on the algebra
that acts on it. Later on we will even see that we sometimes know all the possible modules of certain
algebras.

Now, in this section we will first look at some basic properties of algebra modules. After that we will
look at coalgebra modules. A few examples of both type of modules will be given, however we will
wait with giving explicit examples of modules until a later section.

Do note that the concept of modules will play a major part in this thesis. Since the Clebsch-Gordan
coefficients can be seen as a relation between two different modules. So we will be talking a lot about
modules in the later sections.

2.1 Algebra modules

Definition 2.1. Let A be an algebra. Then, an A-module V is a vector space with a bilinear map
(a,v) = av from A x V — V such that a’(av) = (¢’a)v and lv = v for a’;,a € Aand v € V.

Note that an A-module is only multiplied from the left by the algebra A. Such a module can also
be referred to as a left-module. We will often refer to the bilinear map as A acting on V.
We can define a right-module in a similar, but with the bilinear map given by (v,a) — wva from
V x A — V and again (va)a’ = v(ad’), vl = v for a,a’ € A. But, notice that right-modules are just
left-modules of A, so its easier to just refer to them as A—modules and only consider multiplication
from the left.

Recall that algebras are themselves vector spaces. So, if we have an algebra (A, i, n), we can induce
an A-module structure on the vector space A with the use of the multiplication pu: A ® A — A.
This just gives us that A acts on A by aa’ = u(a,ad’), a,a’ € A. So, this is not the most interesting
example of an algebra module. But it is still a fun little fact.

Just like vector spaces have subspaces, modules also have subspaces called submodules. And similar
to algebra morphisms preserving the multiplication of both algebras, modules also have functions that
preserve the multiplication between the vector space and the algebra.

Definition 2.2. Let V, V’ be A-modules and let f: V' — V'’ be a linear map. Then, f is called
A-linear or an A-module morphism if f(av) =af(v) forae A, ve V.

Definition 2.3. Let V be an A-module, then a subspace W C V is called an A-submodule if the
inclusion map from W into V is A-linear.

Another small fact is, that if A is an algebra and V is an A-module, then the action of A on V
induces an algebra morphism p: A — End(V). This algebra morphism is defined as

pla)(v) =av, a€ A,veV,

where av is the usual left action of A4 on V. The algebra morphism p is called a representation of A
on V. This immediately shows that any algebra module V induces a representation of A on V. But,
any algebra morphism from A to End(V) also induces an A-module structure on the vector space V.
In other words, the language of representations and modules is equivalent and one could interchange
the use of the words modules and representations. It also is not unheard of to only use the word
representation, when technically working with both the representation and induced module structure.
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2.1 Algebra modules

But, to make it a bit easier to follow, we will try to make the distinction between representations and
modules when talking about the morphism and vector space respectively.

We will continue with some facts regarding A-modules. Let Vi,...,V, be A-modules. Then
Vi®--- @V, is also an A-module with a(vy,...,v,) = (avy,...,av,) fora € A, vy € V1,...,v, € V.
The concept of direct sums helps to categorize modules. Since, if V/ C V is a submodule, then one
could look at the module V- = V' @& V\V’, given that V\V' is also an A-module. This can then be
used to study the module V' by looking at all the “smaller” parts that make up V.

Definition 2.4. Let A be an algebra and V an A-module. Then V is called simple if the only
submodules of V are {0} and V itself.

V is called semisimple if V is isomorphic to a direct sum of simple A-modules.

V is called indecomposable if it is not isomorphic to a direct sum of two non-zero A-modules.

This gives rise to the following proposition:

Proposition 2.5. Let A be an algebra and let V' be any finite-dimensional A-module with V' ¢ V
any A-submodule. The following statements are equivalent:

i) V", A-module, such that V = V'@ V",
i) If V' is simple, 3V”, A-module, such that V = V' ¢ V",

1v

)
)
iii) 3p: V — V', A-linear map, such that p? = p.
) If V' is simple, 3p: V — V', A-linear, such that p? = p.
)

Any finite-dimensional A-module is semisimple.

We will now look at one example of an A-module of an algebra A. First, recall that an algebra A
has multiplication p: A x A — A; (a’,a) — d'a. So, let W = A® V be the vector space that is the
tensor product of A with some vector space V. Then W is an A-module as A acts on W by

dw=d(a®v)=pld,a)@v, d,acAveV,weW.

Such an A-module is called a free module over an algebra A.

Since an A-module V is a vector space, it also has a basis. A basis M C V is a subset {v;};er such
that (a;)icr — D ;c7 aivi from @icr A to V is an isomorphism. Moreover, by proposition and the
remarks above that proposition, we get that ®;c; A = @ic;f(AR k) 2 AR W, W = @;crk. Thus it
follows that an A-module has a basis if and only if it is a free module.

Now, let A be an algebra and let U, V be A-modules. Then U ® V is a A® A-module with
(a®d)(u®v)=au®adv,a,ad € A ueU and veV. Say A is also a bialgebra, then the coproduct
A allows us to equip the A ® A-module U ® V' with an A-module structure via

a(u®@v) = Aa)(u®v) :Za’u®a”1}, a€AueUandveV,
(a)

as A is an algebra morphism.
When A is a bialgebra, we can also equip any vector space V with a trivial A-module structure with
the use of the counit . Since, av = ¢(a)v defines a bilinear map from A x V — V.

Proposition 2.6. Let A be a bialgebra. Let U, V and W be A-modules and give k the trivial A-
module structure obtained via the counit. Then (U@ V)@W Z U@ (VW) andkeV =2V =2V ek
are isomorphic as A-modules.

Furthermore, if A is cocommutative, then 7y : V@ W = W ® V is an A-module isomorphism.
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2.2 Comodules

Now, if A is also a Hopf algebra, we can even define an A-module structure on the vector space
Hom(V,W). Let V, W be two A-modules and let ((a ® a')f) (v) = af(a'v), a,a’ € A, f € Hom(V,W),
v € V. This induces an A ® A°- module on Hom(V, W), since

(a@a)(b®b)f) (v) = ((@b@Vd)f) (v) = abf(Va'v) = a((b@V)f) (a'v) = ((a@d)((b&V))) (v),

with a,ad’,b,0' € A, f € Hom(V,W) and v € V.

Now, since A is a Hopf algebra, (id ® S) o A: A — A ® A is an algebra morphism. We can then
induce a A-module structure on Hom(V, W) by having A act on Hom(V, W) viaaf = (id®S)oA(a)f
fora € A, f € Hom(V,W). This action is explicitly given by:

(af)(v) =Y _d'f(S(a")v).
(a)

The above also allows us to construct an .4-module structure on the dual space V* of a vector
space V. Take W = k and give it the trivial A-module structure. Then for f € V* v € V and a € A

we get (af)(v) = f(S(a)v).

Proposition 2.7. Let A be a Hopf algebra and U, U’, V and V' be A-modules such that either U or
U’ and V or V' are finite-dimensional vector spaces. Then, if 7/« 7 is A-linear, the linear map

X: Hom(U,U") ® Hom(V,V') - Hom(V @ U, U’ @ V')

of corollary is A-linear.
In particular, the maps \: U* @ V* = (V@ U)* and \py: V@ U* = Hom(U,V) are A-linear.

The proof of the first part of this proposition is another good exercise for rewriting equations using
Sweedler’s notation. We have already seen a few proofs that do the same, so this proof will be left to
the reader. Do note that 7y« y being A-linear is not too useful for proving the first part, but the fact
that it implies that A is cocommutative is helpful.

2.2 Comodules

Comodules will not be looked at in this thesis much beyond this section, but it is nice to at least
introduce them. Especially since they are dual to modules, similarly as coalgebras are dual to algebras.
We have seen that algebra modules are vector spaces on which algebras or bialgebras can act with
multiplication. Now, coalgebras have a comultiplication. Thus we will see that comodules will be
vector spaces on which a coalgebra coacts with comultiplication.

Since this definition will be dual to the definition of an algebra module, we will use diagrams to define
what a coalgebra is. Similar to definition [I.13] it will then immediately be clear why the concept of
comodules is dual to that of modules.

Definition 2.8. Let (A, u4,n4) be an algebra. Then an A-module is a pair (M, pyr), with M a vector
space and ppr: A x M — M a linear map such that the following graphs commute:

Associativty: and Unitality:
Awdom —LAEN L e ko a A2 Ao M
id ® s 123 o J157)
Ae M il M M

Then a comodule is defined by reversing the arrows of the above diagrams:
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2.2 Comodules

Definition 2.9. Let (C, A¢,ec) be a coalgebra. Then a C-comodule is a pair (N, Ay), with N a vector
space and Ay: N — C ® N a linear map such that the following graphs commute:

Associativity: and Unitality:
Ac ®1id ec ®id
CRCR®N C®N ke N C®N
d® An AN o~ AN
A
CoN al N N

We also have similar definitions for comodule morphisms and subcomodules:

Definition 2.10. Let C be a coalgebra and N, N’ be C-comodules. A linear map f: N — N’ is a
C-comodule morphism if (id ® f)o Axy = Apnso f.
If in addition N’ C N is a subspace, then N’ is a subcomodule of N if An(N') C C® N'.

Similar to modules, the above definitions technically defines left-comodules. But again, since right-
comodules of a comodule C are just left-comodules of C°?, we will just refer to left-comodules as
modules.

We will end this short section with some examples that are fairly similar to the examples given of
modules and also one final property of tensors of comodules. This last property will look fairly similar
to proposition [2:6]

Let C be a comodule. Then, similar to the fact that algebras are also modules, (C, A) is a C-comodule.
The coaction of C on C is simply given by A(c), ¢ € C.

Let C* be the dual vector space of C and let (N, Ay) be a C-comodule. Then we know that C* is an
algebra by proposition and the dual N* of N is a right-C*-module. The right action of C* on N*
is given by, for f € N* g € C*,

fg=A%NoA(f,g), with \: N*®C* — (C ® N)* of theorem [A.5]

One could place a coalgebra structure on the dual M™ of an algebra A-module M in a similar fashion.
However, it needs to be assumed that A is a finite-dimensional algebra, else A* need not be a coalgebra.
Now, let H be a bialgebra and N, M H-comodules. Then we can also define a H-comodule structure
on the tensor product N ® M, just like we did before with modules. In this case, we do still need H
to be a bialgebra, else it will at most just be a H ® H-comodule. If we define

Anon = (1 @ idnenr)(idy @ Ty @ idyr) (AN @ Apr),

then (N ® M, Angar) turns into a H-comodule.
Lastly, we can also define a trivial comodule, but this time using the unit n of a bialgebra H instead of

the counit €. So, let V be a vector space. Then V 2k®V n®—id>v H®V induces V with a H-comodule
structure, called the trivial comodule. Thus Ay (v) = (n(1) ® v).

To end this section, lets note a proposition that is similar to proposition [2.6}

Proposition 2.11. Let H be a bialgebra. Let M, N and P be H-comodules and give k the trivial
‘H-comodule structure. Then (M @ N)@ P= M @ (N ® P) and k® M = M = M ® k are isomorphic
as H-comodules.

Furthermore, if H is abelian, then 7y nv: M ® N = N ® M is an H-comodule isomorphism.
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3 Lie algebras and the enveloping algebra

Since the Hopf algebra U,(sl(2)) is the quantum deformation of U(sl(2)), as in, if one takes ¢ = 1,
then Uy (sl(2)) = U(sl(2)). It is natural to first look at the classical object before we will discuss the
quantum deformed one. However, since U(s((2)) is the so called universal enveloping algebra of the Lie
algebra s((2). The first step is to understand the properties of the Lie algebra s((2), as U(sl(2)) will
be generated by the basis elements of s[(2).

In this section we will study the concept of Lie algebras. We will do this by first looking at Lie groups,
even though we will not use them further on. The reason for this, is that Lie algebras are tangent
spaces of Lie groups and it feels natural to me to introduce Lie algebras in this way. However, since
we do not necessarily need to know anything on Lie groups, we will also define Lie algebras without
the use of Lie groups.

After we have introduced Lie algebras and the enveloping algebra. We will end this section by studying
U(s1(2)) and certain specific modules of this algebra.

3.1 Lie groups and the exponential map

Now, even though Lie algebras can be introduced fully algebraically as is done in [6], they are still
closely connected to Lie groups. And as I find it natural to first speak of Lie groups and then about
Lie algebras, the concept of Lie groups will be shortly introduced in this first section. We mostly use
information from [7] for the part on Lie groups.

Do note that these concepts will not be of use for our subject, so this section is fully optional. Lie
algebras will in turn also be reintroduced algebraically in a later part in definition Due to this,
we will also not give any proofs on any of the facts on Lie groups. However, the proofs can all be fined
in [7].

Definition 3.1. A Lie group G is a smooth manifold G equipped with smooth maps:

w: G x G— G (x,y) — xy,
i:G =Gt
turning G into a group.
The unit of G will be denoted by e € G, thus we get that u(x,i(x)) =e, z € G

Similar to algebras and coalgebras, we also have Lie group homomorphisms.

Definition 3.2. Let G and H be Lie groups and let ¢: G — H be a smooth map. Then, if ¢ is a
group homomorphism from G to H, ¢ is called a Lie group homomorphism.
If, in addition, ¢ is a bijection and its inverse ¢! is also a group homomorphism, then ¢ is called a
Lie group isomorphism. In this case, if G = H, ¢ is called an automorphism.

We will give some short and simple examples of Lie groups.
First, let G be a finite group. Then G itself is a Lie group of dimension 0.
Now, let G be a vector space over the field R. Then define p(z,y) = z + y and i(x) = —x. Then, G
turns into a Lie group with the functions u and ¢. This is also an example of an abelian Lie group, i.e.
a Lie group G such that p(z,y) = u(y,z) Yo,y € G.
For a third example, take G = R*, the multiplicative group of real numbers. This is itself immediately
a Lie group. Moreover, G = Ry U R_g and the subgroup of positive real elements Rvg C G is also a
Lie group, hence called a Lie subgroup similar to subalgebras.

Definition 3.3. Let G be Lie group and let H C G be a subgroup. Then, if H is equipped with a Lie
group structure, it is a Lie subgroup of G if the inclusion map ¢: H — G is a Lie group homomorphism.
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3.1 Lie groups and the exponential map

We will give two more examples, but this time in the form of propositions. These will be a product
of two Lie groups and a submanifold of a Lie group.

Proposition 3.4. Let G; and G2 be two Lie groups with multiplication p; and pe and inverses
11 and 19 respectively. Define H12: (Gl X Gg) X (Gl X GQ) — G1 X GQ by /L12((:L’1,:L’2),(y1,y2)) =
(p1(z1,91), p2(w2,y2)) and d12: G X G2 = G1 x G2 by i12(w1,22) = (i1(21),2(22)) for z1,y1 € Gy,
T2, € Gs.

Then G1 x G, together with @12 and 419, is a Lie group.

Proposition 3.5. Let G be a Lie group and let H C G be an embedded submanifold of G and also
a subgroup of G. Then H is a Lie group with multiplication u|gx g and inverse i|g.

Theorem 3.6. Let G be a Lie group and let H C G be a subgroup. Then the following are equivalent:
1. H is closed as a subset of G,
2. H is an embedded submanifold in G.

Thus, the assumptions of the previous proposition can also be reworded to H C G being a
subgroup of G and closed as a subset in GG. Such a Lie subgroup is also referred to as a closed Lie
subgroup. Do note that not all Lie subgroups are closed, so this theorem does not show how one could
find all Lie subgroups.

Lastly we will see some examples that will look familiar, the Lie groups GL(n, k) and SL(n, k) for
n € Nsg. First, let Mat(n, k) be the set of n x n-matrices with values in k. Then Mat(n, k), together
with addition and scalar multiplication, is a linear space.
For M € Mat(n, k), let M;; be the entry of M in the i-th row and j-th column and let (;;: Mat(n, k) —
k; (;j(M) = M;j. Then, one can define the determinant function det: Mat(n,k) — k by:

det(M) - Z Sign(g)qla(l) (M) e Cna(n) (M)a

O'GSn

which shows that det is a smooth function. More specifically, det is a Lie group homomorphism.

Let GL(n,k) = {M € Mat(n,k): det(M) # 0} be the set of invertible matrices equipped with
matrix multiplication. Then GL(n,k) is the pre-image of k{0} under det and as det is smooth,
GL(n,k) C Mat(n,k) is open and thus a smooth manifold.

Now, using the maps (;;j, matrix multiplication pu: GL(n,k) x GL(n,k) — GL(n,k) for matrices
M,N € GL(n,k) is coordinate wise given by (;;(u(M,N)) = > p_; Ciw(M)Cj(M). Thus, matrix
multiplication y is also a smooth map.

Lastly, to show that GL(n, k) is a Lie group, we need to show that taking the inverse of a matrix is also
a smooth map. This follows from the fact that i(M) = det(M)~! - M, where M is the co-matrix
of M. Now, the co-matrix of M is defined coordinate wise as (;;(M) = (—1)" . Mi;;(MT)), with
Mi;;(M) the (i, j) —th minor of M, the determinant of the matrix obtained from deleting the i-th row
and j-th column of M.

So we see that GL(n, k) is indeed a Lie group, which is closely related to GL,(A) and even the same for
A = k. Furthermore, we claim that SL(n,k) is also a Lie group. To show this, we will use theorem .
First, note that SL(n,k) = {M € Mat(n,k): det(M) = 1} C GL(n,k) is a subgroup of GL(n,k).
SL(n,k) is also a closed subset of GL(n,k), since its the kernel of det. Thus, from theorem it
follows that SL(n,k) is indeed a Lie group. And we also have that SL(n,k) = SL,(A) if A= k.

We will give one final remark about these last two examples, as the Lie groups noted in the remark
below will also be used later on. Let V' be a n-dimensional vector space over k, then one could show
that the set of linear endomorphisms from V to V, End(V), is isomorphic to Mat(n,k). This can
be shown by fixing a basis (e1,...,e,) of V, then constructing matrices that act the same way as
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3.1 Lie groups and the exponential map

endomorphisms on this basis of V.

Since the composition of functions in End(V') corresponds to matrix multiplication in Mat(n,k). And
the determinant function on functions f € End(V') is independent of any chosen basis of V. It follows
that GL(V) is group and that GL(V') ~ GL(n, k), where GL(V) is the set of invertible endomorphisms.
Then, since the map sending an endomorphism f on V to its matrix form is a diffeomorphism. And
GL(V) ~ GL(n,k) as groups, it follows that GL(V) is even a Lie group, which is isomorphic to
GL(n,k)

One could then define SL(V) = {M € GL(V): det(M) = 1} in a similar manner, where det is again
the function defined on endomorphisms of V' via the isomorphism End(V') ~ Mat(n, k).

The Lie groups GL(V') and SL(V) are, in a sense, the generalised versions of GL(n, k) and SL(n, k),
n = dim(V). As it is defined for any vector space V" and not just for k™.

To go from Lie groups to Lie algebras, we still need a few more tools. One of them is the exponential
map, but we need to do some work to define it for Lie groups. First, let M be a smooth manifold and
let V(M) be the linear space of smooth vector fields on M. Now, a vector field v € V(G) is called left
invariant if Yo,y € G Ty(ly)v(y) = v(zy), where G is a Lie group, l,(y) = p(x,y) and Ty(l;) is the
tangent map of [, at y.

From this equation, it follows that the subspace of left invariant vector fields, V7(G), is completely
determined by its value at the identity e. As in, if v € V1(G) and = € G, then v(x) = Te(Iz)(v(e)).
Moreover, there even exists an isomorphism between Vi, (G) and T.(G), the tangent space of G at e;

Lemma 3.7. Let G be a Lie group, let X € T.G and define vx(z) = Tc(l;)(X). Then vx(z) € VL.(G)
for x € G and the map sending X — vy defines a linear isomorphism from T.(G) — Vi.(G). The
inverse of this map is the map that sends v € V1(G) to v(e) € T.(G).

Definition 3.8. Let G be a Lie group and let X € T,G. Then ax is the mazimal integral curve of
vx with initial point e. In other words, ax(0) = e, ax is a smooth map and Zax(t) = vx(ax(t))

Definition 3.9. Let G be a Lie group and let R™ be the group of real numbers under addition. Then,
a smooth group homomorphism ¢: R™ — G is called a I-parameter subgroup of G.

Lemma 3.10. The maximal integral curve ax has all of R as its domain and it is a 1-parameter
subgroup of G. Moreover, R x T,(G) — G; (t,X) — ax(t) is a smooth map.

Using the above definition, we see that ax being a 1-parameter subgroup means that ax(s+1t) =
ax(s)ax(t) Vs,t € R. With this, we can finally define the exponential map.

Definition 3.11. Let G be a Lie group. The exponential map exp: T.G — G is given by exp(X) =
ax(1).
Note that if we look at the Lie group GL(V) for some finite dimensional vector space V', the

exponential map exp: T.GL(V) = End(V) — GL(V) is given by exp(M) = eM. Here eM is the
exponent of an endomorphism which can be defined by eM = Y™ LM™. Which shows that the

n=0 n!
exponential map does not need to be different to the usual known exponential function.

This fact can be deduced by showing that the maximal integral curve a.x satisfies %a(t) = a(t)X. Since
the map t — €' X is a solution to this equation, it follows that the exponential map exp: End(V) —
GL(V) is given by the usual exponent of endomorphisms.

Lemma 3.12. Vs,t € R, X € T.G, we have that
1. exp(sX) = ax(s),
2. exp((s +t)X) = exp(sX)exp(tX),

3. exp: T.G — G is smooth and Thexp = idr,q,
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Moreover, 3U C T.G open, 0 € U, and 3V C G open, e € V, such that exp|y: U = Visa
diffeomorphism.

Lemma 3.13. Let G be a Lie group and let X € T.G. Then ¢: Rt — G; t — exp(tX) is a 1-parameter
subgroup. Moreover, any 1-parameter subgroup of G is of this form for some unique X € T.G.

This then leads to a really nice application of the exponential map:
Lemma 3.14. Let G and H be a Lie groups and let ¢: G — H be a Lie group homomorphism. Then

G—H

eTpG eTpH

Teo
the following diagram commutes: TG T.H
Before, we saw the left translation map I,: G — G for a Lie group G, z € GG, but we can also define
a right translation map r,: G — G; r:(y) = u(y, z) for z,y € G. With both maps, we can define the
conjugation map Cp = lyoryl: G — G; Cu(y) = xyz~! for z,y € G. Note that C,(e) = e, thus
T.(Cy) € GL(TLG).

Definition 3.15. Let G be a Lie group and let x € X. Then define Ad(z) = T.Cy, so Ad: G —
GL(T.G) and its called the adjoint representation of G in T.G.

The following lemma shows why calling Ad a representation is logical:

Lemma 3.16. Let x € G with G a Lie group, then VX € T.G
Cyrlexp(X)) = zexp(X)x~! = exp(Ad(z)X).
Furthermore, Ad: G — GL(T.G) is a Lie group homomorphism.

This shows that Ad(x) acts on T.G from the left and is also a Lie group morphism from G to
End(T.G). Thus, it is a representation in the same sense as a representation that describes an algebra
module. Only, this time it is a Lie group morphism instead of an algebra morphism. But, one could
regard to T.G as a G-module, where the left action of G on T.G is constructed via the action of Ad.

3.2 Lie algebras

Note, we will first continue with defining what a Lie algebra is with the use of the concepts introduced
in the sections about Lie groups. This will be done by constructing a bilinear form |-, -| with the use
of the adjoint-representation Ad. Then showing that the tangent space T.G has some nice algebraic
structure with respect to this bilinear form.

Now, since the first part of this section uses information on Lie groups, it is also optional and can
be skipped. The definition of a Lie algebra will be given fully algebraic and this short dive into the
concept of Lie groups will end at definition where we will go back to the main topic of this thesis.

To start, we will first give the relation between Lie groups and Lie algebras.

Lemma 3.17. Let G be a Lie group. Then TG together with the bilinear map [, -|: T.GxT.G — T.G
given by [X,Y] =T, Ad(X)Y, X,Y € T.G, is a Lie algebra.

Due to this lemma, its natural to denote the Lie algebra T.G associated with the Lie group G with
the lower case Gothic letter g. Due to this, we will in general use lower case Gothic letters for Lie
algebras. Also, if ¢: G — H is a Lie group morphism, one often denotes the associated tangent map

Tc¢ by ¢s.
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Lemma 3.18. Let G, H be Lie groups and let ¢: G — H be a Lie group morphism. Then the
associated tangent map ¢.: g — b is a Lie algebra morphism. Moreover, the following diagram

¢
—>H

o

—>[)

G
eTpG ‘ eTpH
g

commutes:

We will quickly sketch how to prove the above lemma. First, let G be a Lie group, then note that
Ad(e) = idr,¢ and Tiq,, GL(T.G) = End(T.G). So we see that the tangent map at e of the adjoint
representation Ad is linear.

Definition 3.19. Let the linear map ad: T.G — End(T.G) be given by ad = T, Ad.

Note that VX € T.G, ad(X) = %\tzoAd(exp(tX)) and we even have that Ad(exp(X)) = eX.
Now we finally arrived at the definition of the Lie bracket:

Definition 3.20. Let G be a Lie group and let X,Y € T.G. Then, the Lie bracket is given by
X, Y] = ad(X)(Y).

Proposition 3.21. Let G be a Lie group and let X,Y, Z € T,G be arbitrary. Then, the Lie bracket
[-,:] of G satisfies the following properties:

1. it is bilinear: [X + Z,)Y] =[X, Y]+ [Z,Y] and [X,Z + Y] =[X,Z] + [X,Y],
2. it is antisymmetric: [X,Y] = —[Y, X],
3. it satisfies the Jacobi-identity: [X,[Y, Z]] + [Y,[Z, X]] + [Z,[X.Y]] = 0.

The last identity follows from the fact that if ¢: G — H is a Lie group morphism, then T.¢[ X, Y]g =
[Tedp X, TepY |- In other words, ¢ = Te¢ is a Lie algebra morphism if ¢ is a Lie group morphism.
Using this identity with the Lie group morphism Ad: G — GL(T.G), together with the fact that

ad(X)(Y) = %h:oAd(emp(tX))(Y) = %\tzo(etx Ye )= XY -YX

for X,Y € GL(V) for some finite dimensional vector space V', will lead to the Jacobi identity, when
one applies ad[X,Y] to Z for X,Y,Z € G.

Now, we finally have all the information that is needed to define what a Lie algebra is if we did not
want to skip on the theory on Lie groups. As that theory is not needed for this thesis, and this was
mostly a fun little detour, the definition of a Lie algebra will now also be given fully algebraic.

Definition 3.22. Let k be a field. A Lie algebra | over k is a vector space equipped with an anti-
symmetric bilinear form [-,-]: [ X [ — [ satisfying the Jacobi-identity, i.e. VX,Y,Z € [

(XY, Z]] + v, 12, X]] + [2,[X, Y]] = 0.
[ is called abelian if [X, Y] =0VX,Y € L.

Since Lie algebras are almost always denoted by lower Gothic letters. We will also use them to
denote Lie algebras. For example, we will often denote Lie algebras by g or [.

Now, similar to previous structures, we again can define subalgebras, ideals, morphisms, the direct
sum of two Lie algebras and also quotient algebras. These definitions are again fairly similar to the
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3.2 Lie algebras

versions of the previous discussed structures, so we will quickly go over these definitions.

First, if [ is a Lie algebra, I' C [ a subspace of [ such that VX, Y € [ ([X,Y] € '), then [' is called a Lie
subalgebra.

An ideal of a Lie algebra [ is a subspace i C [ such that VX € [[Y € i we have [X,Y] € i. Note, due
to the anti-symmetric property of the Lie bracket, we do not have left- and right-ideals this time. We
can only have ideals, since [l,i] = [i, [].

Let ¢: [ — £ be a linear map between two Lie algebras [, £. Then ¢ is called a Lie algebra morphism if
O([X, Y]1) = [(X), 6V )]t VX, Y € L.

Now, let [, £ be two Lie algebras. Then we can turn [ € into a Lie algebra by equipping it with a
bracket [(X,A), (Y,B)] = ([X,Y],[A4, B]) for X,Y € [and A, B € . Note that the injections from [
and from ¢ into [ @ € are both Lie algebra morphisms.

Lastly, let i C [ be an ideal. Then we can define a Lie algebra structure on the quotient space [/i. Let
X +1,Y +i € [/i. Then we can define a Lie bracket by taking [X +1,Y +1i] = [X,Y] +1i. This is
indeed a well-defined Lie bracket, due to the fact that i is an ideal of [. The vector space [/i together
with this Lie bracket is called the quotient Lie algebra.

We will give two short examples of a Lie algebras. Let A be an algebra and define [-,-]: Ax A — A
by [X,Y] = XY —-YX for X,Y € A. Then [-, -] is an antisymmetric bilinear form and for X, Y, Z € A,
we see that

(XY, Z]+ [V, [Z2, X]]+[Z,[X,Y]]
=X(YZ-2Y)=(YZ-ZYV)X+Y(ZX —XZ)— (ZX = XZ)Y + Z(XY - YX) = (XY —YX)Z = 0.

Thus this bracket also satisfies the Jacobi-identity and induces a Lie algebra structure on the algebra
A. The Lie algebra induced by the algebra A will be denoted by L(.A).

This specific bracket is also referred to as the commutator of X and Y. Since, if it is just defined on
any algebra A, then the relation XY —Y X =0 for X, Y € A is true if and only if X and ¥ commute
with each other.

Another example is the opposite Lie algebra. Let [ be a Lie algebra with Lie bracket [, -]. Then we
can construct a new Lie algebra structure on [ by defining another bracket as

[XvY]Op:_[Xﬂy]:[Y7XL

for X,Y € . Then, the Lie algebra [ with Lie bracket [-, -],, is denoted by [’ and is called the
opposite Lie algebra.

Another similar concept is that of representations. Recall that a representation of an algebra A on
a vector space V was an algebra morphism p: A — End(V).

Definition 3.23. Let [ be a Lie algebra and let V' be a vector space over k. Then, a representation of
[in V is a Lie algebra morphism 7: [ — End(V).

This definition looks similar to that of a representation of an algebra. But this is not weird, since
we even have the same concept of equivalence with modules.

Definition 3.24. Let [ be a Lie algebra and V' a vector space over k. Let V' be endowed with a bilinear
operation (X,v) — Xwv.
Then, V is an [-module if

[X,Y]v=X(Yv)-Y(Xv),

for X, Y elLveV.
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Now, the same concept of equivalence between modules and representations arises again due to the
fact that the existence of a representation 7: [ — End(V') implies the existence of a [-module structure
on V and vice versa. In other words, 7: [ — End(V) is a representation if and only if V' is a -module
with the bilinear operation Xv = n(X)(v) for X e [v € V.

So the concept of modules of Lie algebras is similar to that of algebras. We will later see that there
is another connection to algebra modules. That connection will even show that Lie algebra modules
are basically algebra modules in a certain sense. But for now we will look at one more useful remark
regarding modules and then at some more examples of Lie algebras.

Recall definition [2.4] on simple, semisimple and indecomposable algebra modules. These definitions are
the same for Lie algebra modules. However, in the case of representations, the first two definitions
are often called irreducible and completely reducible. One could just swap either term, but to make it
easy to see if we are talking about a representation or a module, we will stick to this notion.

The next two examples will be related to the previously constructed bialgebras GL(2) and SL(2),
but we will first start with the general cases. Let V' be a vector space with dim (V') = n. Then, we see
that L(End(V)) is a Lie algebra. More precisely, its the Lie algebra End(V) = Te(GL(V)) = gl(V') of
the Lie group GL(V'), containing all endomorphisms of V.

Now, this was already stated in the part about Lie groups, but if V is a vector space over k with
dim(V') = n, then End(V) ~ Mat,(k) as Lie groups. Thus, it follows that the Lie algebra gl(V') ~
gl(n) = L(Mat,(k)). This isomorphism of Lie algebras can also be shown algebraically.

Note, both gl(V') and gl(n) have their commutator as their bracket. By fixing a basis of V', one can
define a map that sends f € End(V) to a matrix in Mat, (k). This can then be shown to be an algebra
isomorphism from End(V) onto Mat,(k), since taking compositions of functions will correspond to
matrix multiplication under this map. Furthermore, since this map is linear, it will send the commu-
tator of End(V') to the commutator of Mat, (k). Hence gl(V') =~ gl(n).

Now, note that if X, Y € gl(n) have trace 0, then [ X , Y ] also has trace 0. To be precise, trace([ X , Y]) =
0VX.,Y € gl(n). It follows that the subalgebra sl(n) = {X € gl(n): trace(X) = 0} is also a Lie algebra,
as trace is a linear map and the bracket preserves the traceless property of matrices. It even follows
that sl(n) C gl(n) as an ideal, since the trace is a Lie algebra morphism gl(n) — k and sl(n) is the
kernel of this map.

To quickly look back at Lie groups for the last time. Note that SL(n,k) = {z € GL(n,k): det(z) = 1}.
In other words, x € SL(n,k) if it is in the kernel of det: GL(n,k) — k. Then, it follows that
sl(n) = T.SL(n,k) ={X € T.GL(n,k): Tc(det)(X) = 0} = {X € gl(n): trace(X) = 0}. So, by using
the theory on Lie groups that we have seen, we do indeed get the same Lie algebra.

Now that we have seen the general cases, we will take a more detailed look at gl(2) and sl(2). To
be precise, since gl(2) is just the matrix Lie algebra of 2 x 2-matrices in the most general sense. It is
more interesting to just focus on the Lie algebra s[(2)

3.2.1 The Lie algebra of SL(2)

First, for this part and the rest of this section, we will only work with the field k = C. In other words,
we will only look at complex Lie algebras and the Lie algebra sl(2, C) of the Lie group SL(2,C). From
the general example, it follows that the definition of s[(2) is given as

sl(2) = {X € gl(2): trace(X) = 0}.

We can construct a basis for this Lie algebra consisting of 3 elements, namely

-0 (s 0
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3.3 The enveloping algebra and the Verma modules

Since any element of s[(2) is a linear combination of X,Y and H and [-, -] is a bilinear operator, the
value of [A, B], for any A, B € sl(2), can be deduced by knowing [ X, Y], [H, X] and [H,Y].
Luckily, the values of [ X, Y], [H, X ] and [ H, Y] are rather nice. As we have that

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

Now, note that s[(2) C gl(2) and, as noted before, it is even an ideal. Furthermore, note that
CI = { (g 2) fa € C} is also a Lie subalgebra of gl(2). So, it follows that gl(2) ~ s[(2) ®CI, which
also holds if we used k£ = R. This also shows that study of the Lie algebra gl(2) can be reduced to that
of s[(2). Giving another reason why it is more interesting to just look at s[(2).

To add to this, s[(2) has no non-trivial ideals. This is an easy check, since if an ideal of s[(2) contains
H, then it is s[(2). And when it contains either X or Y, it contains H. Since kernels of Lie algebra

morphisms are ideals, it follows that any Lie algebra morphism f: sl(2) — g, with g a Lie algebra, is
either injective or 0. Further showing that we can study properties of gl(2) by just looking at s[(2).

As a final remark on Lie algebras, a non-abelian non-zero Lie algebra with no non-trivial ideals
is also called a simple Lie algebra. A Lie algebra that can be written as a direct sum of simple Lie
algebras is called semisimple. These types of Lie algebras have been studied in detail and all types
of semisimple Lie algebras are even classified [0]. So sl(2) is a well-known and thoroughly studied Lie
algebra, the same is true for its enveloping algebra, which we will look at next.

3.3 The enveloping algebra and the Verma modules

We will start this part with defining what the universal enveloping algebra is in an intuitive sense.
Then show how to concretely define it. This will be done with the help of [6].

After that, we will look at the Verma module of the universal enveloping algebra of s[(2). Do note
that we will not look at what the Verma module will be in general, as that is a whole other topic on
its own. The Verma module of U (sl(2)) will mainly be used as a great example for something similar
to the Clebsch-Gordan coefficients of U, (s((2,R)), namely the Clebsch-Gordan coefficients of U(sl(2)).
Which is why we will look at this specific Verma module.

Let [ be a Lie algebra. Intuitively, the universal enveloping algebra of [, U(I), is an associative
algebra such that:

1. [X,Y]=XY -YX for X,Y €1,
2. U(I) is generated by the elements of [,

3. the algebra U(I) is the maximal algebra that satisfies the previous properties.

Note, the multiplication in the first property is the multiplication of the algebra U(l). Before giving
the formal definition, we will look at two short examples.

Example 1: Let [ be a Lie algebra with basis given by a single element X # 0. Then, ([) needs to
be generated by X and since [ X, X ] = 0, it follows that any algebra generated by X satisfies
our first two properties.

To satisfy the last property, the algebra needs to not satisfy any other relation between the X",
n € N, so the X™ have to be linearly independent. In other words, U(I) = C[X].

Example 2: Let [ be an abelian Lie algebra, so [ X, Y] = 0 for all X,Y € [. Then, the first two
properties are satisfied if U([) is any abelian algebra generated by .
Now, as S(I) is an abelian algebra generated by [ and has no other relations regarding its elements.
It can be shown that S(I) also satisfies the third property. In other words, the symmetric algebra
S(I) is a universal enveloping algebra of an abelian Lie algebra I.
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Now, the formal definition of the universal enveloping algebra is a bit similar to that of the tensor
product of vector spaces. So, it is formally defined with the use of a theorem.

Theorem 3.25. Let | be any Lie algebra. Then, JU(l), an algebra, together with a linear map
v: L= U(L) such that:

)XY €L, (X, Y]) = s(X)uY) — (Y )(X),
i) the algebra U(I) is generated by the elements o(X), X €,

iii) if Ais an algebra such that 35: 1 — A, linear, with j([ X, Y]) = j(X)j(Y)—j(Y)j(X) VX,Y € [,
then lp: U() — A, algebra morphism, such that (1) =1 and ¢(v(X)) = j(X) VX € L.

A pair (U(I),:) satisfying the above theorem is called a universal enveloping algebra for . The
proof of this theorem shows that we can define the universal enveloping algebra in a more intuitive
manner with the use of the tensor algebra.

Definition 3.26. Let [ be a Lie algebra and let ¢(I) be an algebra. Let ¢;: [ — L(U([)) be a Lie algebra
morphism that is also an embedding, thus ¢;(X) = X and ¢([X,Y]) = XY - Y X for X, Y € L.

Let Iy C T(I) be the ideal of the tensor algebra generated by the elements X @ Y —Y @ X — [ X, Y ].
Then, the universal enveloping algebra of [ is defined as U(Il) = T'(I)/I.

Note, the Lie algebra morphism ¢ can be defined as ¢; = 7p() © t7(r), where tp() is the canonical
embedding of [ into the tensor algebra T'(I) and 77 the canonical surjection of T'(I) onto T'(1) /Iy = U(T).
Now, the reason why its called the universal enveloping algebra, instead of just the enveloping algebra,
is the fact that any two enveloping algebras of the same Lie algebra [ will be isomorphic. In other
words, the universal enveloping algebra is unique up to isomorphisms for any fixed Lie algebra I.

Before we move on, we will look back at two examples that we gave earlier. We can now check that
they are indeed universal enveloping algebras. But, this new definition will also make it a lot easier to
see that the given algebras are indeed the enveloping algebras.

Example 1: Again, let [ be an algebra with basis given by a single element X # 0. Then, I} = {0},
thus U(l) = T(I) ~ C[X], as the direct sum of T'(I) implies that it only contains finite linear
combinations of X™, n € N.

Example 2: Let [ be an abelian Lie algebra. Then I is the ideal generated by the elements of the
form XY — Y X, in other words, U(I) = S(I) = T(1)/I.

WE will now look at some properties of the enveloping algebra.

Theorem 3.27. Let | be a Lie algebra and let A be any algebra and f: | — L(A) any Lie algebra
morphism.
Then, o U(l) — A, algebra morphism, such that p o = f.

This theorem can be rewritten into the following expression:
Hompe(l, L(A)) >~ Hom4(U(1), A),

where Homp;e(I,I') denotes the set of Lie algebra morphisms from [ into I'. It easily follows from the
fact that one can extend f: [ — L(A) to a function f: T(I) — A.

There are two useful corollaries of this theorem. Which will help us show that the universal enveloping
algebra is also a Hopf algebra.

Corollary 3.28. Let f: [ — [’ be any Lie algebra morphism. Then, 3U(f): U(I) — U(I'), algebra
morphism, such that U(f): ¢y =y o f.
Also, if f': [ — I" is another Lie algebra morphism, then U(f" o f) =U(f") cU(f).
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The first part directly follows from theorem [3.27 and the second part follows from a direct calcu-
lation of U(f' o f) oy =U(f") cU(f) o 1.

Corollary 3.29. Let [,I' be two Lie algebras and let [& ' be their direct sum. Then U(I[H') ~
U @U).

Proof. Let f: 1l - LU @U(')) given by f(X,X') = y(X)® 1+ 1® tp(X’). Then f is a
linear map and even a Lie algebra morphism. Then, by theorem [3.27, we have an algebra morphism
e:U(lal) = U QUT).

The converse goes by constructing an algebra morphism ¢: U(l) @ U(I') — U(L S I'). This can also be
done with the use of theorem As it implies the existence of two algebra morphisms ¢y : U(l) —
U([@ [/) and s : U([’) — Z/l([@ [/) with ¢1(X) = L[@[/(X, 0) and wg(X/) = L[@[/(O,X/). Then, by
proposition (X @ X') = 1 (X)2(X') is an algebra morphism as ¢ (X)2(X") = ¢o( X )1 (X)
for Xel, X' el

Then, since 1) and ¢ are inverses of each other. It follows that U(I D ') ~U() @ U(I'). O

Now, as was noted before, these two corollaries help us to endow a Hopf algebra structure on
the enveloping algebra. One can define a coproduct A: U(l) — U(l) @ U(I) by A = ¢ o U(J), with
e:UBT) = U @U(I) as in the proof above and §(X) = (X, X) for X € L.

The counit of U(I) can be given by e = U(0). With 0: [ — {0} the Lie algebra morphism that sends
all elements of [ to 0. And the antipode can be defined as S = U(op), with the Lie algebra morphism
op: [ = 1°P op(X) = —X and [°P the opposite Lie algebra.

Proposition 3.30. The enveloping algebra U([) of a Lie algebra [ is a cocommutative Hopf algebra
with A = polU(d), e =U(0) and S = U(op).
Then, for X1,..., X, €, we have A(X)=1® X + X ® X and

n—1
AX1 Xp) =10 X1 X+ 3D Xoy Xop) ® Xo(pen) - Koy + X1+ Xn @1,

p=1 o

with o running over all (p, ¢)-shuffels of Sn. And S(X;---X,,) = (—-1)"X,,--- X;.

The proof for this boils down to just checking that the diagrams used in the Hopf algebra definition
commute. In other words, it is sufficient to show that A is a well-defined algebra morphism and a
coproduct. From this, it follows that if we have two U ([)-modules V,W. Then V ® W turns into a
U(l)-module via the action

Xvow)=AX)(vew)=Xvw+v e Xw,
which is the same fact we saw earlier for any Hopf algebra H.

One of the most important theorems about the universal enveloping algebra is the Poincaré-
Birkhoff-Witt theorem, in short the PBW theorem. The reason for this, is that this theorem shows a
lot of the structure of any enveloping algebra, which makes it a lot easier to work with, compared to
only seeing it as a quotient algebra of the tensor algebra.

Theorem 3.31 (Poincaré-Birkhoff-Witt). Let | be a finite-dimensional Lie algebra with basis
X1,...,X,, then the elements of the form

k1 y k2 k
)(1 X2 Xn"7

for ki € N, span all of U(1) and are linearly independent.
Furthermore, the elements X1, ..., X, are linearly independent.
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The last remark in this theorem is why we can just write X, instead of ¢(X) as it shows that it
is indeed injective. Even though the theorem does not look too difficult to prove, showing that all
X{“XSQ ..~ XFkn are linearly independent is not easy. Due to this, the length of the proof is several
pages long. So, the PBW-theorem will be taken as a fact in this paper and anyone that is interested
in the details can read the full proof in [8]. Do note that we used the same finite-dimensional version
of this theorem, but the theorem is still true for infinite dimensional Lie algebras.

As a consequence of the PBW-theorem, we have the following nice corollary about the enveloping
algebra of a Lie subalgebra.

Corollary 3.32. Let ' C [ be a Lie subalgebra. Then there exists a natural injection ¢: U (') — U(I)
given by «(X7--- X)) = X7 -+ X, for Xq,..., X, €.

Now, before we go to the Verma module of ¢/(s((2)), we will return to the remark about Lie algebra
representations and how they are related to algebra modules.

Proposition 3.33. let 7: [ — gl(V') be a Lie algebra representation. Then, 3!7: U(l[) — End(V') such
that 7(1) = I and 7(X) =n(X) VX € L.

This follows immediately from applying theorem with A = End(V) and j(X) = w(X). Since
the converse is also true, we have a equivalence relation between U([)-modules and l-modules. As a
U(l)-module is the same as an algebra representation 7: U(l) — End(V'). Which is equivalent to a Lie
algebra representation 7: [ — gl(V'), which in turn is the same as an [-module. So, we can relate any
Lie algebra module to an algebra module.

3.3.1 The enveloping algebra U(s[(2) and its Verma modules

As was noted before, we do not want to fully delve into the theory on Verma modules, since it is
mostly used as a good example for what we want to do later. It will also show how nice the finite
dimensional modules of U(s((2)) are. But before we can look at these Verma modules, we first need
to define U(sl(2)). Luckily, this is an enveloping algebra that we can easily describe with the help of
three generators.

Definition 3.34. The enveloping algebra U (sl(2)) is isomorphic to the algebra generated by X,Y, H €
s[(2) such that
XY -YX=H, HX -XH=2X, HY —-YH =-2Y.

For convenience, we will use the |-, -] to denote the commutator, as we will only work with this
bracket from this point onwards. Then the above relations can be rewritten into

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

Also, by the PBW-theorem, it follows that (sl(2)) has a basis given by {XinHk}i,j,keN. Due to this,
it is useful to look at certain relations between elements of U(s((2)). These relations are useful if one
wants to calculate products of basis elements of U(sl(2)) and, in our case, they are also useful in the
construction of the Verma modules.

Lemma 3.35. For any p,q € N, XY, H € U(sl(2)), we have

XPHI = (H — 2p)9XP, YPHI = (H + 2p)IY”,
(X, YP]=pYP " (H—-p+1)=p(H+p-1)Y"",
[XP, Y] =pXP"(H+p—1)=p(H —p+ )X

Another nice thing about the enveloping algebra U(s[(2)) is that its center is generated by a single
element.
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Lemma 3.36. Let C = XY +Y X + HTQ € U(sl(2)), called the Casimir element, then C € Z(U(s((2))).
Furthermore, Z(U(sl(2))) is generated by C.

We would love to show that the center is indeed generated by the Casimir element, but that is a

lot easier with the help of certain modules. So, we will first at look some special modules of U(sl(2)).
To be precise, we want to look at the finite-dimensional simple modules.
Recall that a simple module is just a module with only trivial submodules. In other words, we want
to look at finite-dimensional modules that we cannot make "smaller". We will prove that every finite-
dimensional simple module of U(s(2)) is of the same type. All of these modules will be generated by
a single vector with a special property.

Definition 3.37. Let V' be a U(sl(2))-module and let A € C. If v € V\{0} such that Hv = Av, then
v is said to be of weight A.
Furthermore, if Xv = 0, then v is called a highest weight vector of weight .

Proposition 3.38. Any non-zero finite-dimensional U(s((2))-module has a highest weight vector.

Proof. dim(V') < oo and C is algebraically closed, so IA (Hv = Av,v # 0). Assume that Xv # 0, else
v would be of highest weight. Then,

H(X") = (A4 2n)(X"v),

by lemma and (X™v),>0 is a sequence of eigenvectors of H with distinct eigenvalues.
Hence dn € N (X"v #0NX"y = 0), as H can only have dim (V') distinct eigenvalues. Thus X"v is
of highest weight. O

Lemma 3.39. Let v be a highest weight vector of weight X\. Let n € N and define v,, = %Y”v, then

Huv, = (A—2n)v,, Xv,=A—n+1lv,_1, Yv,=(n+ 1)vy41

So we see that if v is of highest weight A and we order the v, by their subscript, then v, is an

eigenvector of H, X sends v, to the previous eigenvector v,_1 of H and Y sends v, to the next
eigenvector v, 1 of H. Thus, we can cycle through all the eigenvectors of H with the actions of X and
Y on w.
Furthermore, we have seen that any non-zero finite-dimensional module has at least one highest weight
vector v. Since we can define actions of U(sl(2)) on v in such a way that we get new vectors vy, we
can construct a vector space that is, in a sense, generated by this vector v. The following theorem will
show that every non-zero finite-dimensional simple U(sl(2))-module is generated by a highest weight
vector v in the sense of lemma

Theorem 3.40. Let V be a finite-dimensional U(sl(2))-module generated by a highest weight vector v
of weight A. Then

i) A=dim(V) —1,

i) if v, = %Y”v, then v, =0 if n > X and {vg,...,v\} is a basis for V,
iii) the operator H acting on V is diagonalizable with eigenvalues {A\,\ —2,..., A — 2\ = =},
i) any w €V that is a highest weight vector is of weight A and w = av, a € C,

v) V is simple.

Furthermore, any simple U(sl(2))-module is generated by a highest weight vector. And, if W, W' are
two U(sl(2))-modules generated by highest weight vectors of weight X\, then W ~ W".
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Proof. Note, i),1i),iii) and iv) are direct consequences of the formulas given in lemma in combi-
nation with V being finite-dimensional. Since, again, from the fact that all v, are eigenvectors of H
with distinct eigenvalues, it follows that v, # 0 and v,41 = 0 for some n = dim(V) —1 € N.

Lemma shows then that v, = 0 for all m > n and v, # 0 if m < n. It follows that n = A due
to the fact that 0 = X0 = Xv,41 = (A — n)v,. From the formulas of this lemma, it also follows that
{vo,v1,...,v\} is a basis for V and that H acts diagonal on this basis.

For iv), note that any highest weight vector is an eigenvector of H. Thus it is a linear combination of
the v;, but lemma [3.39 implies that Xv; = 0 <= i = 0. Hence, any highest weight vector v has to
be of the form v = awy.

For v), let 0 # W C V be a U(sl(2))-submodule. Then it has a highest weight vector w € W by
proposition hence w = av for some a € C by w). Thusv e W —= VCW = W=V.
Showing that V is indeed simple.

For the last remarks, note that v) shows that if V' is any simple finite-dimensional module, it will be
generated by a highest weight vector v. Since the subspace generated by v would else be a submodule.
Lastly, if V, W are U(s[(2))-modules generated by vectors v, w of highest weight A, then ¢: v — w is a
U(s1(2))-module isomorphism. O

These finite dimensional U(sl(2))-modules are often denoted as V'(n), where n € N is the weight of
the vector that generates V(n). So, V(n) is of dimension n + 1. This is a useful classification, since
these modules are unique up to isomorphism by the last remark of the above theorem. These modules,
or even any highest weight U(s[(2))-module, are a quotient of the Verma module given in lemma [3.41]
To show this, we first need to look at infinite-dimensional U(s((2))-modules.

Notice that we restricted our modules to be finite-dimensional. But, we can easily construct an
infinite dimensional U(s[(2))-module of highest weight A with the formulas we saw before. Since the
actions of X,Y and H defined in lemma will induce a U(sl(2))-module structure, even if they act
on a non-finite-dimensional vector space.

Lemma 3.41. Let V()) be a vector space with basis {v; }ien, v; = %Y vg, such that X,Y, H € U(s1(2))
act on the v; as in lemma [3.39 Then, V()) is a U(sl(2))-module and it’s generated by the highest
weight vector vg of weight .

Proof. Note that the formulas in lemma directly imply that V' (\) is a U(s[(2))-module, since, for
n >0,

(X, Y]v,=n+1)A—=n)v, — (A —n+1)nv, = (A — 2n)uvy,
[H, X]Jon,=(A—n+1)(A=2(n—1)) —(A=2n) (A —n+1))v,—1 = 2Xv,

Similar calculation shows that [H , Y |v, = —2Yv,,.
Now, Huyg = Avg and Xvy = 0, so vp is indeed a highest weight vector. Lastly, Yv, = (n + 1)vy4+1
shows that v, 1 = %ann, so V() is indeed generated by vg. O

This lemma shows that we also have infinite dimensional U(s((2))-modules. This infinite dimen-
sional U(sl(2))-module of highest weight A is called the Verma module. To avoid confusion, we will
denote the Verma modules by V' (\), or other Greek letters, and the finite-dimensional simple modules
by V(n), or other Roman letters.

Do note that the Verma modules V(A) do not need to be simple modules. Since, if we take A € N,
then Xvy11 = (A—A)uy = 0. So, the infinite dimensional module generated by a highest weight vector
v of weight A, has a submodule generated by vyy1. Hence it is not simple.

A nice thing about the modules V(n) is that the Casimir element and any element of the center acts
on them as a scalar.
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Lemma 3.42. Let A € Z(U(sl(2))), then Zv = av for any v € V(n), a € C, n € N.
In particular, if v € V(n), then Cv = Mv.

Proof. Let A € Z(U(sl(2))), then the action of A on V(n) induces an endomorphism 7: U(sl(2)) —
U(sI(2)); v — Av. Since A is central, m is V(n)-linear and it has an eigenvalue o € C due to
dim(V(n)) =n+1 < oo.

Then, ¢ = 7 — aidy () is once again a U(sl(2))-linear endomorphism and ker(¢) C V(n) is a U(sl(2))-
submodule. Since V(n) is simple, it follows that ker(y) = V(n) = n(v) = av Vv € V(n). The proof
that Cv = WU follows from a simple calculation on v = vy. O

Note, since HAv; = AHv; = (n — 2i)Av;, for any A € Z(U(sl(2))), it follows that the eigenvectors
of A are the same as those of H, the vectors v; = %Yivo.
Furthermore, we have the following universal property for all highest weight modules.

Proposition 3.43. Any highest weight U(sl(2))-module V of highest weight A is a quotient of the
Verma module V().

Proof. Let v be a highest weight vector that generates V. Then f: V(\) = V; v; — %Yiv is a linear
map and lemma implies that f is U(sl(2))-linear. Since f(vo) generates V, it follows that f is a
surjective map, hence f: V(A) — V/ker(f) is a U(sl(2))-module isomorphism. O

Note that this proposition shows again that the Verma modules V' (\) need not be simple. Since
the simple modules V(n) are in particular the quotient of V(\) with A = n. Hence, V(\) cannot be
simple when A € N, as V(n) will always be a non-zero submodule that is not V' ()) itself.

Lemma 3.44. V()) is simple <= A ¢ N.

Proof. Note that the above remark already shows that V(\) is not simple if A € N, thus A ¢ N —
V(A) is simple.

To show the converse, assume that V() is not simple. So there is a non-trivial submodule V' C V().
We can assume without loss of generality that V' is simple, else we could take a submodule of V' that
is simple.

Now, dim(V') is either finite or infinite. If dim (V) < oo, then theorem implies that A € N.

So, let V' be an infinite dimensional submodule of V' (\). Then, v € V is a linear combination of the
v, since v € V(\). But, then Y™ = 0 for some n € N. Hence 0 # Y" v € V = awvg € V for
some 0 # a € C. Thus V =V (A) if dim(V) = o0, so V(\) cannot have non-trivial infinite dimensional
submodules.

Hence, V(A) is simple <= X ¢ N. O

We can use this, together with the theory on the Verma modules V(n), to finally prove that C'
generates Z(U(s1(2))). So let’s prove lemma [3.36]

Proof. Let U C U(sl(2)) be given by U¥ = {A € U(sl(2))|AH = HA}. We want to construct an
algebra morphism 7: U? — k[H] and use it to make an isomorphism from Z(U(sl(2))) into k[H?].
First, note that A € U¥ <= A=Y _Y"P,X", with P, € k[H]. Since,

(YIH'X®MYH = Y'H)(H — 2k)X* = Y{(H — 2k)HI X" = ((H + 2i) — 2k)Y* HIX*,

so by the PBW-theorem, it follows that A € U7 «— A = Y onen Y P X"M

Next, we claim that I = YU(s[(2))NU = U(s[(2)) XNU*H is an ideal. Note YU(sl(2))NU* is obviously
a left ideal and U(s[(2)) X N UM is obviously a right ideal. So if they are equal, it immediately follows
that I is an ideal. Now, A € YU(sl(2)) NUT = Py=0 < A cU(sl(2))X NU, so I is indeed
an ideal.

Since I is an ideal, it follows that we have an algebra morphism 7: U? — UH /I; A+ A+ I. Note
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that m(A) = 7(3 ey Y"PuX") = Py + I and k[H] NI = {0}. So it follows that U = k[H] & I and
we can rewrite 7 to be the algebra morphism 7: Uf — k[H]; 3 Y"P, X" — F.
Then 7 is called the Harish-Chandra morphism. By lemma [3.42] we know that if Z € Z(U(s1(2))), then
Z acts as a scalar on any v € V(n). Moreover, we even have that Zv = m(Z)(X\)v for any v € V with
V' a highest weight module of weight \. As, if vg generates the highest weight module V' of weight A,
then

ZUO = Z YnPanUO = P(ﬂ}() = P()()\)'Uo

neN

and since vg generates V), it follows that Zv = 7(Z)(\)v.
Furthermore, 7|z si(2))) is injective. Since, if 0 # Z € Z(U(sl(2))) and 7(Z) = 0, then Z =
o2, Y™ P, X™ for some non-zero polynomial Py, € k[K]. And we get

T(Z) N v = Zvp, = Y*PX*0, =0 <= k=0for v, € V(\), A ¢ N.

Thus it follows that P, = 0, but we can repeat this for any £ € N, thus Z = 0. So we see that the map
7 is injective.

Now, let 6: k[H] — k[H]; f(H) — f(H —1). Then ¢ = 6 o7: U(sl(2))¥ — k[H] is the normalized
Harish-Chandra morphism and we see that p(Z)(\) = o(Z2)(A\71) if Z € Z(U(s1(2))).

Since, if v, € V(n —1) and Z € Z(U(sl(2))), then Xv, = (n —1 —n+ 1)v,—1 = 0, so vy, is of weight
—n — 1. Thus Zv, = 7(Z)(—n — 1)v,, but v, € V(n — 1), thus Zv, = 7(Z)(n — 1)v,. So we see that

p(Z2)(n)on = 7(Z)(n = Dvp = m(Z)(=n = vn = ¢(Z)(=n)vp.

Since both § and 7 are injective, we again have that ¢ is injective. By the above, we have that
©(Z(Uy(s1(2)))) C k[H?]. Also,

il H? H2. H? 1
sO(C)zw(XY+YX+7):¢(2YX+H+7):5(H+7):7_,.

It follows that ¢(Z(U(s1(2)))) = k[H?], since it contains the polynomial H2. Hence,  is injective and
surjective when restricted to Z(U(sl(2))), thus Z(U(sl(2))) ~ k[H?] via ©|z@s1(2))-
Now, since ¢(C) generates k[H?], it follows that C' generates Z(U(s!(2))). O

As a remark on this proof, it is the specific case of theorem 7.4.5 of [9]. Since one can show that
the Weyl group acts by H +— —H on k[H]. So, the Harish-Chandra morphism indeed becomes an
isomorphism from Z(U(s[(2))) to k[H?], as those are the polynomials that are invariant for the change
H — —H. For more details regarding this specific case, see [10]. This uses more theory on Lie algebras
than we introduced, but rigorously goes over the case for U(sl(2)) unlike [9], which only gives the
general theorem. [10] also introduces all of the extra details that are necessary to understand the
Harish Chandra morphism in full detail. So, all theory on Lie algebras given in this section is enough
to understand what is done in this paper.

We started this part by saying that the finite-dimensional simple U(s[(2))-modules V'(n) are a good
example of what we’ll be looking at later on. The reason for this, is the existence of the Clebsch-
Gordan coefficients. Which, kinda like the 6j-symbols, show the relation between V(n) ® V(m) and
their decomposition into a direct sum of simple modules. These coefficients exist for any direct product
of two finite-dimensional modules due to the following fact.

Theorem 3.45. Any finite-dimensional U(s((2))-module is semisimple.

Proof. Tt suffices to show that if V, V' are arbitrary finite-dimensional U(s((2))-modules, V' C V, then
V" U(sl(2))-module, such that V =V @ V".
This will be proven in two steps. We will first show that such a V" exists in the case that V' C V is
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of codimension 1. Then we will proof that it holds in the case that V' C V is of any codimension.

So, let V, V' be two U(s[(2))-modules such that V' C V is of codimension 1. We will show V = V'@ V"
via induction on dim(V").

Let dim(V') =0, then V =V’ @ V. If dim(V') = 1, V' and V/V’ are of dimension 1 and there is a
basis {v1 € V', vy ¢ V'} such that sl(2)v; = 0 and s[(2)ve C V'. Then [s(2), sl(2) Ju; =0 for i = 1,2
and it follows that s[(2) acts trivially on V. So we can take any subspace V" C V with V"NV’ = {0}
and get V=V"@ V",

Assume dim(V') =n > 1 and that IV”, U(sl(2))-module, such that V' =V’ @ V" when dim(V’) < n.
Then, V' is either simple or it isn’t.

Say V' is not simple. Then, 3V; C V', submodule, such that 0 < dim(V;) < n. Let 7: V. — V/V] be
the canonical projection, then w(V’') C m(V) is a submodule of codimension 1 and by the induction
hypothesis W C 7(V'), submodule, such that 7(V) = (V') & W. Which gives us V = V' + 7~ 1(W).
dim(W) =1, thus V; C 7~ }(W) is a submodule of codimension 1 and the induction hypothesis again
implies V" C 7~1(W) such that 7= (W) = V1@V". Now, by construction, V = V/'4+V1+V" = V'+V"
and since dim(V) = dim(V") + dim(V"), we get V.=V @ V".

Now, if V' is simple, then C acts on V'’ as a non-zero scalar a. Thus, g acts as the identity operator
on V'. Since dim(V/V') =1, V/V" is a trivial U(s[(2))-module, thus C/« is a projection of V onto V.
Furthermore, it follows that < is an ¢(s[(2))-module morphism and V = V' @ ker(<).

Finally, let V! C V be U(sl(2))-modules and define W/ C W, vector spaces, with W = {f: V —
V' f(W)=av ;v e V', aek}and fe W if f(V')={0}.

Then W, W' C Hom(V, V'), so for f € W, f(v') = av’ Vo' € V', we have

(XH)() = XF() = F(XV) = X (') = a(X0') = 0.

Similarly, if f € W'
(X)) = Xf(v) = f(X0) =0-0=0,

so both W and W' are U(sl(2))-modules with the module structure induced by Hom(V,V").

Since W/ C W is of codimension 1, by the previous part, we have W = W/ @ W” with W a U(s(2))-
submodule of dimension 1. Then, W” is generated by some f: V — V' such that f(v') = av’ # 0 for
v € V, hence g is a projection from V onto V.

Lastly, since dim(W") = 1, it is a trivial U(s[(2))-modules, thus X f = 0 for X € sl(2) and f € W".
Hence, X f(v) — f(Xv) = 0Vv € V and it follows that g is a U(sl(2))-module morphism. Thus
V=Va® ker(g).

So, it follows that there always exists a U(sl(2))-module V", such that V =V’ @& V" when V' C V are
U(sl(2))-modules. Hence, all finite-dimensional U(s[(2))-modules are semisimple. O

From this theorem, it follows that V(n) ® V(m) is semisimple, since it is a U(s[(2))-module as
U(sl(2)) is a Hopf-algebra. So it can be decomposed into a direct sum of simple modules.

Proposition 3.46. Let n > m € N\{0}, then

m

V(in)@V(m) ~ @ Vin+m—2k)
k=0

Proof. One can construct an embedding 7: V(n+m—2k) — V(n)®@V (m), that is also U(sl(2))-linear,
by showing that V(n) ® V(m) has a highest weight vector of weight n +m — 2k for 0 < k < m. =«
will be an embedding due to the fact that V(n 4+ m — 2k) is simple and ker(w) is a submodule of
V(n+m —2k). The next lemma shows how to construct highest weight vectors of weight n +m — 2k,
so we will assume that we can embed any V(n +m — 2k) into V(n) ® V(m).

Now, since all V(n + m — 2k) are simple and of distinct weight, their sum in V(n) ® V(m) is direct.
And, since dim(>_}L V(n+m—2k) => ;" yn+m—2k+1 = (n+1)(m+1) = dim(V(n))dim(V (m)),
it follows that V(n) @ V(m) ~ @,V (n+m — 2k). O
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Lemma 3.47. Let n > m € N\{0} and let (™ € V(n), v™ € V(m) be highest weight vectors. Set
U,in) = %ka(”) and U’(Cm) = %ka(m) for kK > 0. Then

k
(n+m—2k) __ (m k+ ) (TL — Z)' (n) (m)
! B ;( L (m — k)In! iU
is a highest weight vector of V(n) ® V(m) of weight n +m — 2k.

So we get two different bases for V(n) ® V(m), namely {vl( ®w }0<z<n 0<j<m and a basis given

by all vectors v(-"er_zk) = %Yjv(’”rm*%), for 0 <k <mand 0 < j <n+m — 2k. This last basis is

casier to work with as a U(s[(2))-module, as we can just use the known actions of X,Y and H on the
Verma module V(n +m — 2k).
We can compare both of these basis and even go from one to the other. In other words, a relationship

(n+m—2k)

between a v and all UZ(") & w](-m) can be constructed. The coefficients describing this relation

are called the Clebsch-Gordan coefficients. They are given by
U}()n+m—2k) _ Z Cnanrm 2k (n) ® v ( )

7]7p
0<i<n, 0<j<m

Now, one can show that the terms v}(}n—&-m—?k) are linear combinations of the vectors vi(n) ® v,(gn_lz +p DY

induction on p. Since,

vgn"'m_%) = Fy(n+m 2k) (Z Q;v; ® Ve Z) = Z Ozz((Z +1D)vi1 QUi +v; @ (K —i + 1)Uk—i+1)
i

= (i v @ vp_ir + (k — i+ 1)v; @ vp—it1).

i

And

= ai((i + Dvis1 ® Op—igp + v @ (k — i+ p+ 1)p_itps1)
i

= Z a;(k+p+1)v; ® vp_itpr1
5

n,m,n+m—2k
7J7p

Z(U(s1(2))) acts as a scalar on simple non-zero finite-dimensional modules. So, Av

From this, one can deduce that C;’ =0if i+ 5 # p+ k. Furthermore, recall that A €

n+m—2k __ (n+m2k)
5 = A\vp .

And since C' generates the center of U(sl(2)), we have, in particular, Cvy+™= 2k — )\Cvz(,n+m2k). This,

together with the fact that v(n+m 2k) =, (Xw/,(C ,)H_ , shows that . ojv; (n) ®v,(€m§+p has to be an
eigenfunction of C for any 0 < p < n+m—2k and 0 < k <'m, given that n > m. These eigenfunctions
can be described by the so called Hahn polynomials [11].

The fact that these are eigenfunctions for the Clebsch-Gordan coefficients is something that we will
also see in the next case, the quantum case, and also in the part about the modular double. Here we
just ended with these eigenfunctions as a last fun fact. But, we will use the eigenfunctions in a later

part to fully compute the Clebsch-Gordan coefficients.

Since this is all fairly similar to that of the quantum case, we will stop here with looking at
these coefficients. In the quantum case we will dive a bit deeper into some of the properties of these
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coefficients, but most of that could be done similarly for this case. The biggest reason to focus more
on the quantum case is the fact that our main goal is to look at certain modules of U, (sl(2)), which
itself is a quantum deformation of U(sl(2)).

This will also be where we stop looking at the classical case, and we will finally move on the the
quantum analogues of most of the things that we have discussed up till now.
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4 The quantum plane and quantum algebras

Now that we know what the universal enveloping Lie algebra U(sl(2)) is, we can build towards ex-
plaining what the quantum enveloping algebra U, (sl(2)) is. We will do this by first introducing the
quantum plane, which is a quantum deformation of the affine plane. In short, the quantum plane is
nothing more than the affine plane, k[x,y], with a small deformation. This deformation will change
the commutation property to be yxr = gxy instead.

After we studied the quantum plane, just like how we first looked at SL(2) before we studied U(sl(2)),
we will first introduce SL4(2), the quantum analogue of SL(2). This is, similar to the quantum plane,
a one-parameter deformation of SL(2). SL4(2) will be one of our first examples of quantum groups,
which is why it’s referred to as the quantum analogue of SL(2).

We will end this chapter with a new type of Hopf algebra structure, the Hopf *-algebra. A Hopf
x-algebra will be shown to be nothing more than a Hopf algebra with an extra involution * added to
the structure. Which is similar to the difference between bialgebras and Hopf algebras.

In the end we will show that the quantum algebras SL,(2) and GL4(2) are Hopf x-algebras and even
show that the Hopf algebra U(s[(2)) can also be turned into a Hopf *-algebra. Now, the x-structure of
the Hopf *-algebra will not be used directly in later parts. But, it will still play an important part for
when we construct a module for the Hopf x-algebra U, (s[(2)).

4.1 The quantum plane and the g-binomial formula

Let z,y be two non-zero elements, then the regular affine plane is the abelian algebra generated by x, y
such that yz = zy. In other words, the affine plane is the algebra k[x,y]. Now, the quantum plane is
obtained by modifying the commutator relation yx = xy to yr = qxy.

Definition 4.1. Let ¢ € k be an invertible element. Let I, C k{z,y} be the ideal generated by the
elements yx — gxy. Then the quantum plane is the quotient-algebra kg [z, y] = k{z, y}/1,.

So, one can just look at the quantum plane as the algebra generated by two non-zero elements
x,y such that yr = gxy. Now, the quantum plane k,[z,y] is abelian if and only if ¢ = 1. Recall
that if Z C k{x, y} is the ideal generated by elements of the form zy — yz, then k{x,y}/Z = kz, y].
Thus, it follows that k;[x,y] = k[z, y], which is what one would expect. As it shows that the quantum
deformation is just the classical case when the commutation relation is not deformed.

Proposition 4.2. Fix ¢ € k to be invertible and let i, j > 0. Then, y/z’ = ¢ 2%y’ for z,y € ky[z,y].

Eventually we want to be able to calculate powers of x +y in the quantum plane, or similar, powers
of linear combinations of elements of U,(sl(2)). To make this easier, we will introduce the Gauss
polynomials.

For this part, fix ¢ € k to be an invertible element. Now, as a first remark, all of the below formulas
will be equal to their classical formulas if ¢ = 1.

First, set (n)g =14+q+-- gl = %_11, for any n € N5g. Then we can define the quantum analogue
of the factorial, the g-factorial, by: (Oq>!q =1,

(=)@ —-1)--(¢"—1)
(¢—1)"

This is a polynomial in ¢ with integral coefficients. Now, we can define the Gauss polynomials, the
quantum analogue of the binomial coefficients, by

<:>q:m nkeN, k<n.

Similar to the g-factorial, this is also a polynomial in ¢ with integral coefficients.

(n)lg = (1)¢(2)g - (n)g =

y TLEN>0.
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Proposition 4.3. Let n, k € Ny such that k& < n. Then,
) (1), = (G2,

ii) (q-Pascal identity)
<n> <n — 1> " <n — 1) (n — 1) 7 (n — 1>
k), k-1/, k- /, k- /, k-1/,

The proof of this proposition is similar to that of the classical case. Now, this then leads to the
following formula for (z + y)™.

Proposition 4.4. Let x,y be variables such that yx = gxy, then for all n € N5y we have
(x+y)n _ Z n xkyn—k
k .
0<k<n q

Another property of the binomial coefficients is the Chu-Vandermonde formula, which has the
following quantum analogue.

Proposition 4.5. For n,m,p e N, m > p < n,

m+”) 3 <m—k><p—k>(m> ( n )
< p a  0<k<p k q p—Fk q

4.2 The algebras M,(2), GL,(2) and SL,(2)

In this part we will be looking at the quantum deformation of the Hopf algebras M (2), SL(2) and
GL(2). We will then show that, similar to the classical case, that they are all bialgebras and that
SL4(2) and GL,(2) are Hopf algebras in particular.

Just like in the classical case, we will be introducing the algebra SL2(q) as a quotient algebra of M,(2).
For this part, fix a ¢ € k to be non-zero and such that ¢? # —1.

Theorem 4.6. Let x,y be variables such that yr = qxy and let a, b, ¢, d be four variables that commute
with x and y. Let ',y 2", y" be four variables such that

)=o) G) (=6 26

Then we have an equivalence relation between

"0 /", 1

i) y'a’ = qa'y" and y'2" = qa"y",
ii) ba = qab, db = gbd, ca = qac, dc = qcd, bc = cd, ad — da = (¢~' — q)bc

This theorem follows from a simple computation, but it does show us how to define the quantum
analogue of M(2).

Definition 4.7. The algebra M,(2) = k{a,b,c,d}/1,, with I, the ideal generated by the six relations
given in theorem [4.6| i7).

Just like other g-analogue things, M,(2) is also isomorphic, as Hopf algebras, to its classical form
M (2) when ¢ = 1. For now we only know that M,(2) is an algebra, but we will soon see that it is
indeed a Hopf algebra.
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Since we associated the classical case with matrix algebras and also used the determinant to define
GL(2) and SL(2), it is useful to introduce a quantum analogue of the determinant.

Proposition 4.8. The element det, = ad — ¢~ 'bc = da — qbc € M,(2) is the quantum determinant
and det, € Z(My(2)).

It is an easy check to see that det, commutes with a,b,c and d.
We will see that the basis of M,(2) is exactly the same as that of M(2) = k[a,b,c,d]|. But since the
proof uses Ore extensions, and we do not want to introduce those, the following theorem will be stated
as a fact. The proof can be read in full details in [4].

Theorem 4.9. The algebra M,(2) has no non-trivial zero-divisors and has a basis given by {a'bIc*d'}; j x1>0-

Thus we see that M,(2) has some of the same properties as M (2).
Another similarity between M,(2) and M(2) is that they are both bialgebras.

Theorem 4.10. Let A: M, (2) — My(2) @ My(2) be the algebra morphism defined by:
Ala)=a®a+b®c, AD)=a®b+b®d, Alc)=c®a+dRc, A(d)=c®b+d®d,

and e: My(2) — k the algebra morphism defined by:

The above algebra morphisms induce a bialgebra structure on My(2). Furthermore, A(dety) = dety ®
dety and (dety) = 1.

Similar to the classical case, we can rewrite A and ¢ into matrix forms:

A(a b>:<a b)@(a b) 5(@ b>:<1 0>

c d c d c d)’ c d 0 1

which are actually the same matrix forms as that of the classical case.

Showing that A and e are indeed algebra morphisms is another simple computation. As it suffices to
show that they are well-defined algebra morphisms for the generators a, b, c and d. Similarly, showing
that A and e are coassociative and counital respectively, is also done via an easy computation. Then,

remember that M,(2) being both an algebra and coalgebra and A, ¢ being algebra morphisms, implies
that it is indeed a bialgebra.

Now that we know what M,(2) is, we can follow the same steps as the classical case to introduce
GL4(2) and SLy(2). They will be defined in the exact same way, but this time we will use the quantum
determinant det,. So, define GLy(2) = My(2)[t]/(t - dety — 1) and SLy(2) = My(2)/(dety — 1) =
GL,(2)/(t - 1).

Also, identical to the classical case, we can turn GL4(2) and SL,(2) into Hopf algebras by using the
same coproduct and counit as My(2) and, again, set A(t) =t ®t and e(t) = 1 for t € GLy(2). This
then leads to the following theorem.

Theorem 4.11. The coproduct A and counit € of My(2) are well-defined on GL4(2) and SLy(2) with
the extension A(t) =t®t and (t) =1 fort € GL4(2). Furthermore, they induce a bialgebra structure
on GLg(2) and SLy(2).

In addition, if S(a) = diq, S(b) = d_e‘il;, S(c) = q;eiq, S(d) = ﬁ and S(t) =t. Then S is an antipode
for GLy(2) and SLy(2) and induces a Hopf algebra structure on GLg(2) and SLy(2).
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Since this is also a proof that boils down to simple computations, as one just needs to check the
denoted conditions, we will once again skip writing it down. Do note that S can be rewritten in matrix

form to
a b\ .4 d —qb
s <c d) = dety (—q_lc a ) ’

which can be helpful to show that it is indeed an antipode.

As a final remark on these quantum groups, we will look at some details of the antipode S of
GLg(2) and SLg(2). First, note that we get the classical algebras GL(2) and SL(2) if we take ¢ = 1.
But, contrary to the classical case, the antipode S defined above, need not be an involution.

Recall that the antipode S of the classical case is defined as S’ (Z b> = det™! ( d _ab>, in other

d —c
words, S'(A) = A~ for A € GL(2) or SL(2). So, S = id.
Now, in the quantum case we get

(0= (be W) =0 ) ) )

c d g ¢ d 0 g™ c d 0 q"

So, if ¢ € C is a root of unity of order n, i.e. ¢® = 1, then we see that S?" = id, but S? # id. In other
words, S? is of order n instead of order 1. We will see another example soon where g being a root of
unity will give different results. So we see that one needs to be careful of the allowed choices for ¢ € C,
as the choice does impact some properties of the Hopf algebras SL4(2), GL4(2) and later on we will
see that the choice of ¢ also impacts properties of U, (sl(2)).

4.3 Hopf *-algebras

As was stated before, we can add another structure on GL4(2) and SL4(2). This will be the similar to
the difference of a bialgebra and a Hopf algebra, where only one function. the antipode S, was added
to the structure. In this case, to go from a Hopf algebra to a Hopf x-algebra, an antilinear involution
* is added to the structure.

Definition 4.12. Let (H,u,n,A,e,5) be a Hopf algebra over C. Then, H is a Hopf x-algebra if
Jx: H — H such that * is a antilinear involution and

i) *: H — H is a real algebra morphism, i.e. * is an antimorphism of real algebras,
ii) *: H — H is a real coalgebra morphism,
iii) Ve € H( S(S(x)*)" = x).

Two Hopf x-algebra structures %1, o are equivalent on H if 3¢: H — H, Hopf algebra automorphism,
such that ¢(z*!) = ¢(z)*2 Vo € H.

The following lemma will help with finding *-structures on Hopf algebras. Since it changes the
requirement to finding an algebra morphism « that is also an antimorphism of coalgebras. And for our
cases, it is a lot easier to find algebra automorphisms instead of coalgebra automorphisms.

Lemma 4.13. Let (H, u,n,A,e,5) be a Hopf algebra over C. H has a Hopf *-structure if and only if
Jv: H — H, antilinear automorphism, such that

i) v: H — H is a real algebra morphism,
i) v: H — HP is a real coalgebra morphism, i.e. v is an antimorphism of real coalgebras,

iii) Vo € H we have v2(x) = (S7)%(z) = =.
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Proof. Let x: H — H be an involution as in deﬁnition and set v = S~!ox*. Then ~ is an antilinear
algebra automorphism, as both * and S~! are antimorphisms. It is a coalgebra antimorphism, since
% is a coalgebra morphism and S~! is a coalgebra antimorphism. As Sy = *, it follows that S is an
involution and

V2= (ST ox)? = (x08)) 7 =idy}! = idy,
where the second equality follows from *? = idy. Thus if H is a Hopf *-algebra, we indeed have a
v = 871 o x that satisfies the desired properties.
Now, let v: ‘H — H satisfy the above properties and define x = S o . Then we claim that * satisfies
the properties given in definition [{.12]
It follows directly that %2 = idy, * is an algebra antimorphism and a coalgebra morphism by similar
reasons as noted before, and

(08 = (Soy08)> = (Soy)2 oy o (S0 oy =7 = idx.
Thus * = .S o~ does indeed induce a Hopf x-algebra structure on H. O

We will end this section by showing that three Hopf algebras that we saw before, can be turned
into Hopf x-algebras.

Theorem 4.14. 3! Hopf *-structure on the Hopf algebras GLy(2) and SLy(2) such that
a* =td, b* = —qte, ¢ =—q¢ b, d*=ta, t*=1t"".

Proof. Let v: SLy(2) — SLy(2) be antilinear and defined by v = T', where T" denotes the transpose
map. So, T(a) = a, T(b) = ¢, T(d) = d and T? = id. Then, ~ is an involution and an algebra
morphism. Also, note that it is a coalgebra antimorphism, since the transposition of matrices reverses
the product.

Now, v can be extended to GL,(2) by taking v(t) = t. Since detyt =1 in GLy(2) and y(det,t — 1) =
detst — 1, it is indeed also an algebra morphism on GL4(2).

Lastly, note that (S7) <z Z) =t <—qd1b _Ci]C), SO

(2 )=y T2 )2 )

and (Sv)(t) =t, so Sv is indeed an involution. Thus, * = S7 does induce a *-structure on both GL4(2)
and SLy(2). O

The third and final Hopf algebra that we will discuss here is U(s[(2)). Recall that we know that
U(s1(2)) is a cocommutative Hopf algebra by proposition Thus, by lemma , it follows that
we can define a *-structure on U (sl(2)) if we can construct an antilinear automorphism on s((2), as the
generators of s[(2) also generate U(s((2)).

Note that we can ignore that v needs to be an antimorphism of coalgebras. Since U(sl(2)) is cocom-
mutative, any coalgebra antimorphism is just a coalgebra morphism.

Proposition 4.15. The complex Hopf algebra U(s(2)) has 3 unique *-structures up to equivalence.
These *-structures are given by:

1: X*=-X,YV*=-Y, H = —H,
2 X*=X,Y*=Y, H = —H,

3: X*=-Y,V*=-X, H = H.

Note, the above fact can easily be shown with the use of the fact that any Lie algebra automorphism
of sl(2) is of the form f(A4) = uAu~!, with A € sl(2), u € SL(2,C). Since this fact relies on some
more knowledge on Lie algebras, we will simply assume this as a fact.
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Now, let f: sl(2) — s[(2) be an automorphism such that f2 = id. It then follows that f(A) is of
one of the following forms for A € s((2):

con- (3 2)a(3 2)
2 f(4) = <j51 1()1) 4 <i01 321)’

3: f(A):(l_aaz b>A<1_aa2 b@),withb#O,aGR.
v

5 —

Now, we can construct the 7 of lemma by calculating f(X), f(Y) and f(H) and letting v(U) =
f(U) for U € {X,Y,H}, then extend 7 to be an antilinear automorphism. We then get the above
x-structures by using <(1) ?), <(1) _01) and <(1) (1)> for the matrix u that defines f(A) = uAu~1.
Lastly, one can use the fact that two *-structures will only be equivalent in this case when Ju’ €
SL(2,C) such that w'u = wu', which holds if and only if w/'uu'~! = w, where u,w € SL(2,R) are the
two matrices that generate the two different #-structures. From this it will follow that the above three
forms of f(A) will indeed generate three non-equivalent #-structures.
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5 The Hopf *-algebra U, (sl(2))

We will finally introduce the algebra that will be the main subject of this thesis, the algebra U, (s((2)).
Similar to the quantum analogues of M (2), GL(2) and SL(2), U,(sl(2)) is the quantum analogue of
the Hopf *-algebra U(sl(2)). In this chapter we will be introducing U, (s[(2)) and looking at some
properties of it.

We will start with defining U, (sl(2)) for when ¢ # 1. This will give a simpler definition, but we will
obviously lose the property of U,(sl(2)) being isomorphic to the classical case U(s[(2)) when g = 1.
Because we still want U, (sl(2)) to be isomorphic to U(sl(2)) when ¢ = 1, a second definition will be
given, for which ¢ = 1 is a possible value.

After we know what U, (sl(2)) is, we will see that certain properties of Uy (sl(2)) will be similar to that
of U(sl(2)), given that ¢ is not a root of unity. To further illustrate the fact that one needs to keep in
mind which values for ¢ we allow, we will take a detailed look at modules of U, (s((2)) for when ¢" =1
for some n € Ny .

We end this section by showing that U,(sl(2)) is also a Hopf s-algebra. This will be done by showing
all possible *-structures up to isomorphisms.

5.1 U,(sl(2)) as a Hopf algebra

Before we introduce the Hopf algebra U, (sl(2)), we will first look at some notation. This will be related
to the g-binomial coefficients that we have seen in section
First, fix ¢ € C such that ¢ ¢ {—1,0,1}, then we know that ——; is well-defined and ¢? # 1. Let

q—q~"
n € N and define [n]; = q;:qq;n =q¢" 1+ ¢" 3+ + ¢ "L Unlike (n), = q;%ll, [n]q is symmetric,
as [-nlq = —[n]q and [m + nlg = ¢"[m]q + 7" [nly-

Note, if ¢¢ = 1, then we see that [d], = 0. This is not the only case that [n], = 0. Let d € N5y such
that ¢ = 1 and let

_Jd it disodd,
~ 1d/2 if d is even.

Note that the restriction of d is due to our choice of q. Now, set e = oo if ¢ is not a root of unity.
Then,
[n]g =0 <= n =0mod e.

We can also take factorials of [n] and use it to define another type of binomial coefficient. Let & € N
- !

such that £ < n and set [0],! = 1, then [k],! = [1]4[2]4- - [k]q and, if & > 0, [Z]q = m Now,

the remark on (n), was not fully out of place. Since we have

—(n— —(n— n —k(n— n
g =™ D), [nly! = "), Mq:q K k)(k)q27

so [n]q is fully related the the g-analogues of the factorial and binomial function. This also gives us a
new formula for (z + y)", given that x,y are variables such that yz = ¢*xy:

n g n— n n—
(@+y)" = ¢ " M oFynh
k=0 q

We will not be using this formula ourselves, but it is rather useful for calculating elements in U, (s((2)).
As we will see that there are elements in U, (sl(2)) that do satisfy the relation yz = ¢®zy, hence the ¢*
instead of just ¢ like in section

Now that we have seen some useful formulas to do calculations in U, (s((2)), we will finally define the
Hopf algebra U, (s((2)) for ¢ € C\{—1,0,1}.
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5.1 Uy(sl(2)) as a Hopf algebra

Definition 5.1. U,(sl(2)) is the complex algebra generated by the four elements E, F, K, K~! such
that

~1 -1 2 -2 K-K!
KK =K "K=1, KE =q¢EK, KF =q “FK, [E,F]ziil.
qa—4q
Note that the bracket [-, -] is the commutator bracket. Also, since U;(sl(2)) is undefined, we do

not have the property that the quantum analogue case with ¢ = 1 is equal or isomorphic to the classical
case U(sl(2)). In a bit we will see another definition of U,(sl(2)) that will allow every g # 0.
Obviously, we could have just used that as our definition immediately. But, to study the Clebsch-
Gordan coefficients, we will only look at the case that |¢/ = 1 and ¢ is not a root of unity. The
definition of U, (sl(2)) that allows ¢ = 1 is also a bit more complicated. So, since we are not that
interested in the case ¢ = 1, it is easier to use definition [5.I] However, we will still give the broader
definition and look at the case when ¢% = 1 for some d € N for completeness sake.

We will now give some properties of U, (sl(2)).
Lemma 5.2. Let w: Uy(sl(2)) — U,(sl(2)) be given by
wE)=F, wF)=E, wK)=K"

Then w extends uniquely to an algebra automorphism on U (s((2)).
Also, w is often referred to as the Cartan automorphism.

Proof. To show that w is indeed an algebra automorphism, we only need to check that it satisfies the
4 relations in definition 5.1} Now,

WKE) =w(K)w(E) =K 'F =¢@FK™ = Pw(EK),
K'-K K-K!

Ww(E,F))=FE—-FEF=—[E,F]= — =w —
q9—q q9—q

The other relations go similar. Thus w is indeed an algebra automorphism, as the image contains all
4 generators.
The uniqueness of w follows due to how it is constructed. O

Lemma 5.3. Let m € N and n € Z, then
EMK" — q—2mnKnEm FMEKT — qunKnFm

—(m-1)pg _ om-1g-1 m—=1p _ ,—(m=1) -1
(B, F™] = [m}Fm14 ! =t

q—q*
q—(m—l)K _ qm—lK—l m—lpr q—(m—l)K—l
q—q! q—q !

Proof. The first two equations follow directly from FK = ¢ 2KFE and FK = ¢°KF.
The third equation is proven by induction on m together with

m—1
F,

[E™, F]=[m] gl — [m]Emflq

Fm—lK B Kil

[E,F"|=[E, F" Y\ F+ F" Y [E, F]=[E, F" '|F + —
q—q!

Since it is true trivially for m = 1, assume it holds for all n < m. Then,

qm—2K _ q—(m—Q)K—l

K- Kt
-1
ool —

=m-1
qg—q! [ ] q—q

+Fm—lK_K_1

[E,F™]=[E, F"'F + —.
q—q!

Fm

One concludes this equation by pulling F™~! to the right using the second equation. Lastly, the final
equation follows directly from applying the Cartan automorphism w on the term [E, F™]. O
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The next proposition will show that the basis of U, (s[(2)) is also nice, just like that of U(sl(2)).
But, since the proof once again uses Ore extensions, we will just state this as a fact. Do note that
this is a really useful proposition, as it shows that we will only ever need to proof things for the terms
E'FFK! given that what we need to show depends linearly on F*FFK?.

Proposition 5.4. The set {E'FF*K'}; jenez is a basis for Uy(sl(2)). Furthermore, U,(s((2)) has no
zero-divisors.

Remember, for the quantum analogues, we normally had the nice, and intuitive, property that if
g = 1, then we end up back in the classical case. For example, SL;(2) ~ SL(2) and (n);! = nl. But,
due to how Uy(sl(2)) is constructed, we cannot define U (sl(2)), as q_(lrl is not defined in this case.
Since we still want to relate U,(sl(2)) to U(sl(2)) in such a way that U (sl(2)) ~ U(sl(2)), we have the
following proposition:

Proposition 5.5. Let U, (s[(2))’ be the algebra generated by the 5 elements F, F, K, K~!, L such that
KK '=K 'K =1, KE = ’EK, KF = ¢ FK, |[E,F]=1L,
(¢—¢HYL=K—-K'  [L,E]=q¢EK+K'E), |[L,Fl=—-¢'(FK+K'F).
Then U, (sl(2)) ~ Uy(s1(2)) for ¢ ¢ {—1,0,1}.

The bracket [-, -] is again the commutator bracket.
Notice that this definition is a bit more complex than the simple U, (sl(2)) defined in definition [5.1]
Just having one less generator and three less equation to worry about, will make the next parts a
lot easier. But, everything will off course still be true when one uses Uy (s1(2))" instead of Uy (s1(2))
everywhere, given that ¢ ¢ {—1,0,1}.

Proof. To show that Uy (s1(2)) ~ Uy(sl(2)), we will construct an algebra automorphism. Now, set
q € C\{—1,0,1} and let ¢: Uy(sl(2)) — U,(sl(2))" be a linear map such that

pE)=E,  oF)=F  ¢K)=K.

Then ¢ is obviously a well-defined algebra morphism. And, since ¢([E, F']) = L, it follows that ¢ is
surjective.
To show that ¢ is a bijection, we will construct a new algebra morphism v: Uy (sl(2))" — U,(s((2)),

V(E)=E, YF)=F  YE)=K, L)=[E, F]

Note, obviously ¢ o ¢ = idy, (si(2)) and ¢ 0 ¢ = idy, (s1(2)y, s0 it is only left to show that ¢ is indeed a
well-defined algebra morphism.

First, the first five equations of Uy(sl(2))" are obviously satisfied, so we only need to show that
Y(L,FE]) = q(EK + K~'E) and ¢([L, F]) = —q '%(FK 4+ K~'F). Then it follows that v
is an algebra morphism, as it is well-defined for all of its generators. Now,

-1
W[z, B) = [6(0), v(®)] = (1B, F], 5] = L P
_ (¢* - 1)EK + (q_"’l— HK'E — J(BK 1 KB
qa—4q
K- K1
w[L,F]:[[E,F],F]=[q_q_{m
- I)FI; - ;q_f “UKTF _ (rR 4 KF

So, : Ug(s1(2)) — Uy(sl(2)) is indeed an algebra morphism. Thus, ¢: Uy(s1(2)) — Uy(sl(2))’ is an
algebra automorphism and Uy, (s((2)) =~ U,(s((2))’. O
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We will now show how U (s((2))" is related to the classical case U(s[(2)). Since the quantum case
is generated by 5 elements and the classical case by only 3 elements, we do not get an equality.

Proposition 5.6. We have U (s[(2))" ~ U(sl(2))[K]/(K? — 1) and U(sl(2)) ~ U (sI(2))' /(K — 1).
Proof. Note, U (s[(2))’ is generated by E, F, K, K~!, L such that

KK '=K'K=1, KE=EK, KF=FK, |[E,F]=I,
K-K'=0, [L,E|=EK+K'E, [L,F]=—(FK+K'F).

The first three equations imply that K € Z(U;(sl(2))’) and K — K~! = 0 gives us that K2 = 1, so
(L, E]=2EK, L, F]=—2FK. Then, ¢: U (sI(2)) — U(s\(2))[K] with

o(E)=XK, ¢F)=Y, ¢K)=K, o¢L)=HK,

is a well-defined algebra morphism with ker ¢ being the ideal generated by K2 — 1. In other words,
Uy (s1(2)) ~U(s1(2))/(K? —1).

The other isomorphism U(sl(2)) ~ U (sl(2))' /(K — 1) is obtained via E — X, F - Y,L — H, K — 1.
This defines an algebra morphism from U (s[(2))" onto U(sl(2)) with kernel generated by K —1. Hence,
it induces an isomorphism U (s[(2))' /(K — 1) ~ U(s(2)). O

For now we have only seen that U,(sl(2)) is an algebra. But it is indeed a Hopf algebra and even a
Hopf x-algebra. To make it easier for ourselves, and since we are not fully interested in the case that ¢
is a root of unity, we will fix ¢ € C\{0} such that it is not a root of unity unless specified differently.
So, from this point on ¢ € C\{0} and ¢¢ # 1 Vd € N, unless we define ¢ otherwise.

This assumption will mostly avoid us having to do extra work due to powers of ¢ sometimes being
equal to 1. But we will not fully ignore the case that ¢ is a root of unity. For example, we will also
look at the Verma modules of U, (sl(2)) when g is a root of unity, but we will only look at this case as
if U,(s1(2)) was an algebra.

We will use the Hopf algebra properties of U, (s(2)) when ¢ is not a root of unity.

Proposition 5.7. A: Uy (sl(2)) — Uy(s1(2)) ® Uy(sl(2)) and e: Uy(sl(2)) — k are algebra morphisms
defined by:

AE)=19E4+E®K, AF)=K'QF+F®l, AK)=K®K, AK H=K oK
e(E)=¢e(F)=0, ¢e(K)=¢K =1

These algebra morphisms induce a bialgebra structure on U, (sl(2)).
Furthermore, S: Uy (s1(2)) — Uy(sl(2)) given by,

S(E)=-EK™', S(F)=-KF, SK)=K"'  SK =K,

defines an antipode for U,(sl(2)), i.e. Uy(sl(2)) is a Hopf algebra.

Proof. Note,
AK)AK™Y = A(KT)'AK =1,
AK)A(E)= (K®K)(1® E+E®K)=K®KE+KE ® K* = ¢*A(E)A(K)
AK)A(F)= (KKK '®@F+F®1)=FKF+KF® K =q 2A(F)A(K),
A(E,F))=(1®E+ERK)(K'®@F+F®1) - (K'9F+Fo1) (1 E+ E®K)
:K1®[E,F]+[E,F]®K:A(K;_qA(lK_l).
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5.1 Uy(sl(2)) as a Hopf algebra

So A is an algebra morphism. To check that A is coassociative, it suffices to show it for the generators
of Uy(sl(2)). For E,

(ARIAE)=101E+1ERK+FEFoK® K = (id® A)A(E).

This goes similar for F' and K.

Now, ¢ is obviously an algebra morphism. It also satisfies the counit axiom, hence, U, (s(2)) is at least
a Hopf algebra.

Lastly, we want to show that S is an antipode. First,

S(KHS(K) = S(K)S(K™') =1,

S(KE)=S(E)S(K)=—-EK'K' = —¢?K'EK~! = ¢*S(K)S(E) = S(¢°EK),
S(KF)=S(F)S(K)=-KFK ' = ¢ 2K 'KF = ¢ 2S(K)S(F) = S(¢ °FK),
S(|E,F])=KFEK ' -EK'KF=[F,E]= Ig_lq f( S(K; — 5(1 _1),

0 S Uy(s1(2)) — Uy(s1(2))° is an algebra morphism. Now, by lemma [1.28] it suffices to show that
2@ 8@") =32, S(@)" =e(2)l for x € {E, F, K, K~'}. Now,

1-S(E)+ E-S(K)=—-EK '+ EK ' =0=¢(E),
K 1. S(FY+F=K Y~KF)+F=0=¢(F),
K -S(K)=KK™'=1=¢K).

Applying S to the left side gives the same results, thus it follows from lemma that S is indeed an
antipode and (Uy(sl(2)), 1,1, A, €, S) is indeed a Hopf algebra. O]

Note, this is our first example of a non-abelian, non-cocommutative Hopf algebra. This is also clear
from the fact that S? # id. Even though S? # id, it is a nice function.

Proposition 5.8. S?(X) = KXK! for any X € U,(sl(2)).
Proof. S2(E) = ¢*E = KEK~',  S*F)=q*F=KFK~', S*K)=K. O

This now shows that we have another example of a Hopf algebra with an antipode of finite order
2n. As, if ¢ is a 2n-th root of unity, it follows that S?" = id

Since we know that the basis of U,(s[(2)) is given by {E'FFK'}; ienjez. if we can construct a
general expression for A(E'FF¥K'), it becomes a lot easier to calculate any coproduct in U, (s[(2)).

Proposition 5.9. Let i, j € N and k € Z, then

EZF]KZ qur(z r)+s(j—s)—2(i—1)(j—s) |: :| |:.7:| Ei—rFsKl—(j—s) ® ETFj_SKl+(i_T).
q

S
r=0 s=0 q

Proof. First,
AB'FIKYY = A(BYAFYAK) =19 E+E@K) (K '@ F+ Fe 1)) (K e K,
and
(E®K)(1®E)=¢(1®E)(E®K),

(K'9F)(Fo1)=@(Fo1) (K 'oF).
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So, we get that

A(E)Z _ qu(i—r) |:;LA:| Ei—r ® ErKi—r’
r=0 q

AFY =3 q'(j —s) [Z‘] FE=U=) @ pi=s,
q
0

We would love to also show that the center Z(U,(s[(2))) is generated by the quantum Casimir
element Cy = EF + %, since this also shows a nice property of U,(sl(2)), which is similar to
that of U(sl(2)). But, since this proof will use the concept of Verma modules of U, (s((2)), this will
have to wait until we have discussed U, (sl(2))-modules. This will be done in the next section. The
last thing that we will do in this section, will be showing that U, (sl(2)) is a Hopf *-algebra.

5.2 The x-structures of U, (s((2))

Now that we have shown that U, (s[(2)) is a Hopf algebra, we want to finally conclude the remark made
at the start, that U, (s[(2)) is a Hopf *-algebra.

Recall that the Hopf algebra structure is unique if it exists, but that is not the case for the *-structures.
We saw that this was the case for U(s((2)), as it had 3 unique *-structures up to isomorphism. Here
we will see that Uy (s((2)) can have up to three s-structures for certain fixed ¢ € C\{0}, with ¢ not a
root of unity.

Theorem 5.10. Let g € C such that ¢" # 1 for n € Ns1. Then, a Hopf x-algebra structure can be
induced on Uy(s1(2)) if and only if ¢> € R or || = 1.
Moreover, any Hopf x-algebra structure is equivalent to one of the following three x-structures:

i) B*=E, F*=F, K*=K,iflq =1,
i) B*=KF, F*=EK ' K*=K,ifqecR\{0},
iti) B* =iKF, F*=iEK™!, K*=K,ifq= M\, \ecR\{0}.

Proof. We will prove that the above three x-structures are indeed the only three up to equivalence in
the following manner. First, we will show some properties of the coproduct of U, (s((2)). Then we will
prove that all Hopf algebra morphisms f: U, (sl(2)) — Uy (s1(2)) are of the same form. Lastly, we will
proof that the above three x-structures are indeed the only three up to equivalence. This will be done
by constructing 5 *-structures, then ending with the fact that any *-structure will be equivalent to one
of those five and that two pairs of those *x-structures are equivalent with each other.

So our first step is to prove certain properties of A: U, (s1(2)) — Uy (sI(2)) @U,(s1(2)). Let x € Uy(s1(2)),
then we will show that:

i) A(z) =2®z <= ==K,
i) A(x) =1®x+2® K <= zis a linear combination of E and K'F,
iii) A(r) = K'®z+2®1 <= =z is a linear combination of F and FK !,

iv) A(r) =1z +20 K ! < x=0.
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5.2 The *-structures of U,(sl(2))

Recall that A(EszKl) — Zi:o ijo qr(i—r)+s(j—s)—2(i—'r)(j—s) [711] [g] Ei-rpsgl=(0—s) ®ETFj_SKl+(i_T).
So, if x is grouplike, then r = 0 and s = 0. Thus, i = 0 and j = 0, hence = K', which proves i) as
K' is obviously grouplike itself.

Now, note that A(E) and A(F) are of the second and third form respectively. Thus, A(S(F)) and
A(S(E)) are also of the second and third form respectively, as S: Uy (s[(2)) — U,(s1(2))°P is an algebra
morphism. This at least shows the if implications of i), i) and equation iv).

For the “only if” implications, note that A is linear, so we only need to check A(E'FJK!). Note that
A(E"Fi KUY and A(E*2F2 K') only have at least one similar term if they are equal. In other words,
A(x +y) will only be of the desired form if both A(z) and A(y) are of the desired form. Now, an easy
check shows that if A(x) =1® x4+ 2 ® K, then either i =0and j=k=1ori=1and j =k =0.
Thus x = aF + BKF. A similar check for iii) and iv) also shows that the "only if“ implications are
indeed true.

We want to use this to show that the following is true for Hopf algebra isomorphisms between U, (s(2))
and Uy (s1(2)).

Claim: 3f: Uy(sl(2)) — Uy (s1(2)), Hopf algebra isomorphism <= ¢ = +¢*! and if ¢’ = ¢, then

f(Ey=aE, f(F)=a'F, f(K)=K, foracC\{0}.

Let f:Uy(sl(2)) — Uy (sl(2)) be a Hopf algebra isomorphism. Then, if x € U,(sl(2)) is grouplike, it
follows that f(x) is also grouplike. Since f® f(A(z)) = f(z)® f(x) = A(f(z)). Thus, f(K) = K*! as
f has to be bijective. Since A(F) =1 E+FE® K, it follows that A(f(F)) =1 f(E)+ f(E)® f(K),
thus f(K) = K. Else, A(f(E)) = 0 by iv), which implies that f(E) = 0, contradicting the fact that
f is bijective.

So we at least have that f(K) = K. Also, by similar reasoning with i7) and i), f(EF) = aF + SKF
and f(F) =d'F + 8 EK~!. Now,

aKE+ BK’F = f(KE) = ¢*f(EK) = ¢*(aEK + BKFK) = ag’q¢* + 8¢*¢*K*F,

soq¢ =+qifa#0and ¢ =+q 'if B#0and a # 0 if and only if 3 =0 as ¢ # 0.
Similarly,

o'KF + B KEK ™" = f(KF) = ¢ *f(FK) = ¢ 2(/FK + §'E) = o/q ¢* + f'q *{ *KEK ",

soq =+qifo/ #0and ¢ = +q 1 if f/ # 0 and o/ # 0 if and only if 8’ = 0 as ¢ # 0. Thus it follows
that f can only be a Hopf algebra isomorphism if and only if ¢ = £¢*".
Now, set ¢’ = ¢, so f: Uy(s1(2)) — Uy(s1(2)). Then f(K) =K, f(E) = aF and f(F) = d'F. Since

[E, F]=[f(E), f(F)]=ad[E, F],

it follows that o/ = a~! and f is indeed of the above form.

As an extra remark, this last equation can also be used to show that o/ = —a~ ! if ¢/ = —q.

Since * is a coalgebra morphism, by the same reasoning as above, K* = K, E* = aF or E* = aKF and
F* = aF or F* = aEK~!. As changing the algebra morphism property to an algebra antimorphism
property in the above proof, does not impact the conclusion that at most one of @ and 8 can be
NON-Zero.

Since * has to be an involution, it also follows that we have two options for ¥, E* = oF and F* = a~'F
or E* = aKF and F* = o !EK™!. Set  to be given by K* = K, E* = aF and F* = o~ 'F. Then

aFK = (KE)* = (?EK)* = a°KF = a§°¢*EK,
so g%¢> = 1 implies |¢| = 1. When * is given by K* = K, E* = aKF and F* = a 'EK™!, we see

that
o 'E=(KF)"= (¢ ?°FK)* =a ' ?2KEK ' = o' ?¢’E,
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5.2 The *-structures of U, (s(2))

so g7 2¢? = 1 implies ¢> € R. So it follows that Uy(s[(2)) has a x-structure if and only if |¢| = 1 or if
¢ R

Claim: we have the following 5 *-structures for U, (sl(2)) and they are unique up to equivalence for
their given gq,

1. E*=FE, F*=F K'=K,ifl|q =1,

2. B*=KF, F*=FK ' K*=K,ifq¢cR.,

3. F*=—-KF, F*=—-EK!, K*=K,if ¢ € R,

4. B* =iKF, F*={EK™', L*=K,ifq= X, A\€Ryg

5. B* = —iKF, F*=—iEK ', L*=K,ifq= M\, A€ R.

It is easy to see that any of these x are at least involutions and that % 0 .S o* 0.5 =id. Also, from the
above it immediately follows that these are our only options up to the choice of v and that they are
at least coalgebra morphisms. But, we have also seen that they are algebra antimorphisms, as that
property implies what choice of ¢ is possible and vice versa.

So, by construction, we immediately see that these 5 options are indeed * structures and also our only
options up to the constant a. Fix ¢ € C and let %; be the corresponding *-structure given above, so
a =1, and let %3 be the corresponding #-structure but with o € C\{0} arbitrary.

Since f: Uy(s1(2)) — Uy(sl(2)), f(K) = K, f(E) = o(E), f(F) = o 1F is a Hopf algebra automor-
phism, with the property that f(z*2) = f(z)*' with 9. It immediately follows that %; ~ %9, in other
words, any s-structure on U,(sl(2)) is equivalent to one of the above 5.

Now, we claimed at the start that there are only 3 x-structures on U,(sl(2)) up to equivalence. Note
that if ¢ € Ryg, then —q € Rog and if ¢ = Ai, A € Ryg then —¢ = Ni, N € Rg. And earlier it
was shown that there exists a Hopf algebra automorphism f: U,(sl(2)) — Uy (sl(2)) if and only if
¢ = +q¢*', so options 2 and 3 and options 4 and 5 have the possibility to be equivalent *-structures.
Note that option 1 is in general unique, due to the fact that if |[¢| = 1, it need not be true that +q¢*!
is of the correct form for any of the other x-structures.

Now, fix ¢ € Rsg, then we have already seen that f: U,(sl(2)) — U_,(sl(2)) given by

is a Hopf algebra automorphism. Furthermore,
f(EB*)=f(KF)=-KF=FE*=f(E)", f(F)=f(EK')=FEK'=-F*"=f(F)",

so it follows that the x of U,(sl(2)) is equivalent to that of U_,(sl(2)). In other words, since ¢ was
chosen arbitrarily, *-structures 2 and 3 are equivalent. A similar calculation shows that x-structures 4
and 5 are equivalent.

Since we also showed that a € C\{0} can be chosen arbitrarily and the *-structure will be equivalent
to any of the 5 structures given with o = 1. It indeed follows that U,(sl(2)) has only 3 possible
x-structures up to equivalence. OJ
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6 The Verma modules of U/, (sl(2))

In this section we will look at the Verma modules of U, (s[(2)). All of this will look fairly similar to
the classical case, if we assume that ¢ is not a root of unity. In the case that ¢? = 1 for some d € N+,
we will still see that some simple finite-dimensional modules will be highest weight modules, but not
all of them.

Since this part will look fairly similar to the classical case. It will be structured in a similar fashion. We
will first start with looking at highest weight modules. Then show that any finite-dimensional simple
Uy (s1(2))-module is a highest weight module when ¢ is not a root of unity. We will then define the
Verma module of U, (s1(2)) and use that to show that the quantum Casimir element generates the center
Z(U,(s1(2))). After that, we will show that any finite-dimensional U, (sl(2))-module is semisimple and
define the quantum Clebsch-Gordan coefficients.

We will end this section with some theory on the U, (s[(2))-modules for when ¢ = 1 for some d € N,
but ¢ # £1. That part will be structured similarly to any of the previous parts on finite-dimensional
simple modules, but we will see that it becomes a bit more complicated when ¢ is a root of unity.

6.1 The Verma modules of U/, (sl(2)) when ¢ is not a root of unity

As indicated by the title, we will assume that ¢ € C is not a root of unity in this part. To be precise,
we will always assume that ¢ is not a root of unity, unless it is specified to be a root of unity. Now,
the following definitions are similar to that of the classical case.

Definition 6.1. Let V' be a U,(sl(2))-module and let A € C\ {0}. Then if v € V, v # 0 and Kv = v,
then A is called a weight of v. Furthermore, v is a highest weight vector of weight A if Ev = 0 and
Kv = Av. And a U,(sl(2))-module generated by a highest weight vector of weight A is called a highest
weight module of weight A.

Lemma 6.2. Let V be a Uy(s[(2))-module and let A € C\ {0} be a weight of v € V. Then ¢*) is a
weight of Ev and ¢~ 2\ is a weight of Fu.

Proof. K(Ev) = ¢?EKv = ¢?\Ev and K(Fv) = ¢ 2FKv = ¢~ ?\Fuv, showing that ¢\ and ¢ 2\ are
indeed weights of Ev and F'v respectively. O

Proposition 6.3. Any non-zero finite-dimensional U, (s[(2))-module V' has a highest weight vector.
Furthermore, the actions of ¥ and F on V are nilpotent.

Proof. Let V be a non-zero finite-dimensional U, (s[(2))-module. Showing that it has a highest weight
vector is similar to that of proposition [3.38]

Now, to show that the actions of E and F are nilpotent, it suffices to show that they can only
have 0 as their eigenvalue. Say Jv € V{0} such that Fv = Av with A\ € C{0}. Then, EKv =
¢ ?’KFEv = ¢ 2 \Kv, so {K™0},en is a sequence of eigenvectors with distinct eigenvalues ¢=2"\. But,
since dim (V') < oo, this is impossible. So E is nilpotent.

The proof goes similar for F', but then { K"v},cn is a sequence of eigenvectors with distinct eigenvalues
¢*"\, again showing that F is nilpotent. O

To construct certain highest weight modules, we will follow the same setup as in the classical case.

Lemma 6.4. Let v be a highest weight vector of weight A\. Let v9 = v and v, = ﬁF”v, n € Nyo.

Then (n1) L
—(n=1) ) _ gn—1 -
Kv, = A\qg" %, Ev, = g ?1 Vp—1, Fv, = [n+ 1vp41.
q9—4q
This directly follows from lemma It also shows that we have a similar cyclic behaviour for
highest weight vectors as in the classical case. In the sense that they are eigenvectors of H and F
sends it to the "previous" eigenvector and F' sends it to the "next" eigenvector. This behaviour allows

us, once again, to determine all simple finite-dimensional modules.
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Theorem 6.5. Let V' be a finite-dimensional Uy (sl(2))-module generated by a vector v of highest weight
A, then

i) A =¢eq?, with e = +1 and dim(V) =d + 1,

i) if vy, = ﬁF"v, then v, =0 if n > d and {v,v1,...,vq} is a basis of V,

i11) the operator K acting on'V is diagonalizable with eigenvalues {Eqd,aqd*Q, .. ,Eq*d“,gq*d},
i) any w € V that is a highest weight vector is of weight X\ and of the form av, a € C,
v) V is simple.

Furthermore, any simple finite-dimensional Uy(s(2))-module is generated by a highest weight vector.
And if W, W' are two Uy(s1(2))-modules generated by highest weight vectors of weight X, then W ~ W'.

Proof. i), ii),iii) and v) are a direct consequence of the previous lemma in combination with V' being
finite-dimensional. By lemma , we get that {v;}i>0 is a sequence of eigenvectors of K with distinct
eigenvalues. Thus 3d = dim (V) — 1 € N such that vy # 0, but vg11 = 0. Then,

qfdA _ qd)\fl

0= EUd.A,.l =
q—q!

Ud,

shows that ¢~ %\ = ¢?A\~! implies A = +¢% The other details are similar to the classical case, see
theorem O

Similar to the classical case, we again have unique, up to isomorphisms, simple U, (s((2))-modules
of dimension d 4+ 1 generated by highest weight vectors of weight e¢™. Since they are generated by
highest weight vectors of weight eq¢, we will denote these modules by V.,a- Note, the formulas given
in lemma can be rewritten for V, 4 to:

Kuv, = eq© 0, Ev, =¢e[d —n+ 1]v,_1, Fu, = [n+ 1v,41.

Now, similar to the classical case, the formulas given in lemma also define an infinite dimensional
Uy (s1(2))-module.

Lemma 6.6. Let V(\) be a vector space with basis {v; };en, then the formulas in lemma with
Evg = 0 induce a Uy (s((2))-module structure on V(\) and it is generated by the highest weight vector
0.

Proof. That the formulas induce a U, (s((2))-module structure immediately follow from simple compu-
tations.

Now, from these formulas, it follows that Kvg = Avg and Evg = 0, so vg is indeed a highest weight vec-
tor. Furthermore, F'v,, = [n + 1]v,41 shows that v,, = ﬁF"vo Vn € N, thus V() is indeed generated
by vg. O

The module V() that is generated by a highest weight vector of weight A is called the Verma
module, just like in the classical case. Just like in the classical case, these Verma modules also need
not be simple. We could again show this by constructing a submodule, but, just like in the classical
case, we have another way to show this fact.

Proposition 6.7. Any highest weight U,(s[(2))-module V' of highest weight A is a quotient of the
Verma module V().

Proof. The proof is similar to that of the classical case, proposition [3:43] but the linear map is now

given by f: V(A) = V; v; — ﬁFivo. O

— 57 —



6.1 The Verma modules of U,;(s/(2)) when ¢ is not a root of unity

This proposition is the quantum analogue of proposition [3.43 and shows that the Verma modules
V(M) need not be simple in the quantum case. Since the simple modules V; 4» are in particular a
quotient of the Verma module V' (g¢™), it follows that V' (£¢™) is not simple for n € N~ ;. Thus it follows
that V() is at least never simple when A = £¢" for n € Ny, since it has V; ;» as a submodule.
Furthermore, we even have a similar fact in the quantum case for when V' (A) can only be simple.

Lemma 6.8. Let 0 # X € C, then V() is simple if and only if A\ # +¢" for some n € N.

Proof. The above remark already shows that V' (\) is not simple if A = £¢" for some n € N. Thus, if
V(A) is simple, then A\ # +¢™ for some n € N.

For the converse, assume that V()) is not simple. So, there is a submodule V' C V(\) that is not
trivial. Then, we can assume without loss of generality that V is a simple module, since if V' is not
simple, we can take a submodule of V' that is simple. Now, dim (V') is either finite or infinite. If it is
finite, it immediately follows from theorem that A = £¢" for some n € N.

So let dim(V') = oo. Then, for v € V, since v € V(A), it is a linear combination of the v;. Hence,
E™y =0 for some n € N. But, V is a submodule, so E" v € V and E™v = 0 hence E™ v = avy for
some 0 # a € C, as A™!1 # X\. Thus V = V(A) and it follows that V()\) cannot contain a non-trivial
infinite dimensional submodule.

Hence V() is simple if and only if A # +¢™ for some n € N. O

Something else that is also similar, is the fact that central elements act like scalars on non-zero
finite-dimensional simple U, (sl(2))-modules.

Lemma 6.9. Let A € Z(Uy(s1(2))), then Av = aw for any v € V, \, a € C.

Since the proof of lemma[3.42]did not use any property of the U(sl(2))-module V(n), except that it
was non-zero, finite-dimensional and simple. A similar proof can be used to show that this also holds
in the quantum case. So, it directly follows that any X € Z(U,(sl(2))) acts as a scalar on any non-zero
simple finite-dimensional U, (sl(2))-module V.

This is still true when ¢ is a root of unity. Only, when ¢ is a root of unity, it will hold for different
modules. Since we will see that the finite-dimensional simple modules will not necessarily have the
same form when ¢¢ = 1 for some d € Nx;.

Another property that is similar to the classical case is the following theorem:
Theorem 6.10. Any finite-dimensional Uy(s((2))-module is semisimple, if q is not a root of unity.

To proof this, we will closely follow the proof of the theorem which is the classical version of
this theorem. For this we will need the following:
oy -1 -1 —17—1
Proposition 6.11. The element Cy, = EF + % =FE+ % € Z(Uy(s1(2))).
The proof of this proposition is a simple check that C; indeed commutes with F, F' and K. Note
that the equality follows from the fact that [E, F'| = EF — FE = %[(62}(_1).

The element Cj is called the quantum Casimir element and in a bit we will see that it generates the
center Z(Uy(s1(2))), just like in the classical case.

Lemma 6.12. 3C € Z(U,(sl(2))) such that C acts on V. as 0 and on Vs 4 as a non-zero scalar when
d>0.

Proof. Let C = Cy — 5(quqq:11)2. Then it acts on V; as

1

q+q g+q '
€ —€ =0

(g—q¢1)? “(¢—qh)?
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and on Vs 4 as

E/qd+1 4 gt . g+ q
(¢—q1)? (¢—q1)?
This is not 0, since & qd?;f;:f;; Do e(quqq;l)z =0 = @2 "2 "+ 1 =0 =
(¢""% —ec')(¢" —e€’) =0 <= q is a root of unity. So C doesn’t act as 0 on Vs 4 for d > 0. O

We will now prove theorem Since this will be fairly similar to the proof of the classical case,
theorem some of the details will be omitted.

Proof. We will follow the proof of the classical case step by step. Let V.V’ be finite-dimensional
Uy(s1(2))-modules with V' C V'. We first show V =V’ @& V" V" a U, (s1(2))-module, for when V' C V
is of codimension 1.

It is trivial if dim(V') = 0. If dim(V’) = 1, V' and V/V' are 1-dimensional modules with weights &
and 9. If &1 # €9, there is a basis {v1,v2} of V with V/ = kv; such that Kv; = v;, Ev; = 0 = Fu; for
1 =1,2, hence V = kv ® kuvs.

If &1 = ey, there is a basis {vy,v2} of V with V' = kv; and Kv; = g1v1, Kvg = 1v2 + avy, Then
Fv; =0 and Evy = Avy + pwa, so

e1A\v + u(e1ve + avy) = KEvy = PEKvy = alqz()\vl + puvg),

so Fvo = 0. From a similar computation, it also follows that Fv; = 0 for ¢ = 1,2. Hence K acts as
K~!'on V and it follows that @« = —a, so K acts diagonal on V. In other words, we have the same
case as when €1 # &s.

Now, assume the assertion holds for dim(V') < n and let dim(V) = n. Then V' is simple or not
simple. When V is not simple, the same arguments can be used as in theorem [3.45] So assume V is
simple.

Then V/V' is a module of weight ¢ = +1 and a similar argument shows that g is a projection of V'
onto V'. Thus, V =V’ @ ker(£), with C as in the previous lemma.

For the general case, one can use similar arguments as in the proof of theorem [3.45] with the same
spaces W and W' to show that the generator f of W, W = W' @& W" acts as a non-zero scalar « on
V. Hence £ is a projection of V onto V’. Once again, showing that f is U,(s[(2))-linear, completes
the proof. O

6.2 The center of U, (s((2))

Similar to the classical case, we can use the theory on Verma modules to show that the center of
Uy (s1(2)) is generated by a single element. We will show that Z (U, (sl(2))) is generated by the quantum
analogue of the Casimir element. But, we still need to be careful with our choice of q.

Lemma 6.13. Let ¢ € C\{0} such that ¢ =1, n € N5y, so ¢ is a root of unity.

n if nis odd,

Let e = Then, K¢ E°¢, F° € Z(Uy(s1(2))).

n/2 if n is even.

Proof. Note, that ¢** = 1 and [e] = 0, so it follows from lemmathat K¢, E° and F° indeed commute
with every element of U, (sl(2)), as they commute with all of its generators. O

This small lemma immediately shows why we need to be careful with our choice of ¢, since the
elements K¢, E¢ and F*© are obviously not in Z(Uy(s((2))) if g is not a root of unity.
The goal for this part is to describe to center Z(U,(sl(2))). We will do this with the Harish-Chandra
homomorphism, since we will see that this is an isomorphism from Z(U,(sl(2))) to a subalgebra of
k[K, K~1.
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Definition 6.14. Let U,(sl(2))X = {X € U,(s1(2))| XK = KX} and let o: Uy(sl(2))* — k[K, K]
be a projection. Then ¢ is the so called Harish-Chandra homomorphism.

It is not immediately clear why this is an algebra morphism or even a projection, so we will show
this. First, note that U, (s[(2))¥ is a subalgebra of U,(s[(2)) and k[K, K~!] is also an algebra. So, ¢
is at least a map between two algebras.

Lemma 6.15. X € U,(s1(2))X C U,(sI(2)) if and only if X = >iso F'PE" with P; € k[K, K] for
1> 0.

Proof. Since K(F'K'ENK~' = ?U")F'K'EJ and {F'K'E’}; jenjez was a basis of Uy(sl(2)). Tt
follows that KXK' =X <= X =), F'RE" O

Lemma 6.16. Let I = FU,(s1(2)) NU,(s1(2))5 = U, (s1(2)) E NU,(s1(2))X, then it follows that I is an
ideal of U,(s1(2))X and U, (s1(2))X = k[K, K| @ I.

Proof. Let X = 3. FIP,E" € Uy(s1(2))X. Then, if X € U,(sl(2))E, it follows that Py = 0, hence
X € FlUy(s1(2)). Conversely, if X € FlUdy(s((2)) it follows that Py = 0, hence X € U,(s((2))E and
FUy(s1(2)) N U, (s1(2))5 = U, (sl(2)) E NU,(s1(2)) K.

Note, FU,(s!(2)) NU,(s1(2))X is a right ideal and U, (sI(2))E NU,(s1(2))% a left ideal, as Uy(s1(2))E is
an algebra. Thus it follows from the above that I is indeed an ideal.

Hence, we have an algebra morphism m: Uy(s1(2))X — U, (sl(2))X/I; a = a + 1. Since a + 1 =
b+ 1 if and only if P¢ = P}, with a =", FIP*E b =", F'P’E*, and the form given in lemma
is unique, it follows that we can turn this into an algebra morphism 7: U, (s((2))% — k[K, K1 @ I,
a s (P8, 1). 0

This shows that the map ¢: Uy(s1(2))% — k[K, K~!] is is indeed an algebra morphism and it is
the projection of U, (sl(2))% onto k[K, K] via .
We want to use ¢ to describe Z(Uy(51(2))). Since Z(U,(s1(2))) C U,(s!(2))" and it is also a subalgebra,
we will do this by looking at the Harish-Chandra morphism restricted to Z(U,(s((2))).

Proposition 6.17. Let V be a highest weight module of U, (s[(2)) with highest weight A\. Then, for
any Z € Z(Uy(sl(2))),v € V, we have Zv = p(Z) ().

Proof. Let vy be of highest weight A, the vector that generates V', and let Z € Z(U,(sl(2))). Then,
Z=9(Z)+ Y ;50 F'PE". As Evg =0, Kvg = Ay = Zvg = ¢(Z)(A)vo.

Now, if v € V arbitrary, then v = Xvg for X € U,(s1(2)), thus Zv = ZXvy = XZvg = p(Z)(N\) X v =
AZ) (N .

Lemma 6.18. Let Z € Z(U,(sl(2))), then p(Z) = 0 if and only if Z = 0.

Proof. Let Z € Z(Uy(s(2))), Z # 0, with ¢(Z) = 0. Then Z = Y\, FIP,E! for 0 < k < l,k,l € N
and some P; non-zero, P, # 0. Let V(\) be a Verma module of highest weight A # £¢™, n € N.

Then, Ev, = 0 if and only if p = 0 and Zv, = ¢(Z)(X)v, = 0. Also, Zvy, = FkPLE*vy = cPL(Nvg, ¢ €
C\{0}, thus Px(\) = 0. From this it follows that P} is a polynomial with infinitely many roots, but
P # 0, hence Z = 0. O

We want to end this part with concluding that the center Z (U, (s[(2))) is generated by the quantum

Casimir element C;, = EFF + % =FFE + %. We will do this in a similar fashion as
in the classical case. So, we will show that the ¢(Z) have a special properties for Z € Z(Uy(s((2))),
then normalise the Harish-Chandra morphism with the use of this. Similar to the classical case, this
normalised morphism will be an isomorphism when restricted to Z(U,(sl(2)))

So, to start, we have the following property for central elements of U, (sl(2)):

Lemma 6.19. Let Z € Z(U,(s1(2))), then ¢(2)(¢7'\) = p(Z)(g71A71).
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Proof. Let n > 0 and consider the Verma module V (¢"~!). Then,

—(n—-1),n—1 _ n—1,,—(n—1)

"q
q—qt

aq q

FEv, = vp, = 0.

So, v, is of highest weight ¢"~!~2" = ¢="~!. By the previous proposition, Zv, = ¢(Z)(¢~" ')v,, but
v € V(g™ Y), s0 Zv, = ¢(Z)(¢" 1)vy,. In other words,

P(Z2) (g = e(2)(g" D).
It follows that ©(Z)(q~") = ¢(Z)(¢") and hence ¢(Z)(g'\) = p(Z)(g~1A71). O

Let &,: k[K, K] — k[K, K~!] be the map given by §,(P()\)) = P(¢~*A). Then §, o ¢ is the
normalized Harish Chandra morphism and we will see that it is an isomorphism from Z(U,(s((2))) into
k(K + K1)

To show this, we will use the following lemma in combination with the remark that d,(¢(2)) is still a
Laurent polynomial for Z € Z(U,(sl(2))).

Lemma 6.20. Any element of P € k[K, K 1] satisfying P(\) = P(A\™!) is a polynomial in K + K L.

This follows from a simple induction argument. So, for Z € Z(Uy(sl(2))), d4(¢(Z)) is a Laurent
polynomial with the property that §,(¢(Z))(\) = 64(¢(Z))(A™1). Hence, d,(¢(Z)) is a polynomial in
K + K~ The next theorem will conclude that the center Z(U,(sl(2))) is generated by the quantum
Casimir element C,.

Theorem 6.21. Let ¢ not be a root of unity, then Z(Uy(sl(2))) is generated by C,. Furthermore,
8q 0 lzw,s12)) : ZUqg(s1(2))) = K[K + K.

Proof. We know that <P|Z(uq(s[(2))) is injective, so it is only left to show that it is surjective. By the
remark, we know that Im(dq o ¢| 7, si1(2)))) C KK + K71

—1p—1 - .
Now, ¢(Cy) = %, thus 04((Cy)) = %. Thus Im(d4 © ¢| 7w, (si(2)))) contains the gen-
erator K + K1 of k[K + K], hence 6 o o(Z(U,(s1(2)))) = k[K + K] and Z(Uy(s1(2))) is indeed

generated by C. O

6.3 The quantum 3j-symbols of U, (s((2))

Now that we know that finite-dimensional U, (s[(2))-modules are semisimple, we can discuss a property
of Uy(sl(2)) that is similar to the Clebsch-Gordan coefficients in the classical case. But this time we
want to go one step further. Besides only showing a relation between two bases of V; , ® Vs ,,,, we also
want to show that the obtained basis is orthogonal.
Since we want to look at an orthogonality property, our first step is to construct a bilinear form on
Uy(1(2)).
Proposition 6.22. 3! algebra antiautomorphism 7': U,(sl(2)) — U,(sl(2)) such that T(E) = KF,
T(F)=EK ' T(K)=K and T is a coalgebra morphism.
Proof. First, assume that a linear map 7T exists as described above, such that T(AB) = T(B)T(A) for
A, B € Uy(s1(2)). Then,

T(KEK™Y) = K"YKF)K = FK = °KF = T(¢’E),

4 K—-K!
T(E,F|)=-[T(E),T(F)]=~-[KF,EK "|=[FE, K| S g

A similar calculation for KFK = ¢~ 2F shows that it is indeed an algebra antimorphism of U, (s((2)).
It obviously is an isomorphism, hence an automorphism. Showing that 7" is a coalgebra morphism also
follows from similar calculations.

Lastly, the existence and uniqueness follow directly from the properties of T O
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Theorem 6.23. On the simple Uy(sl(2))-modules V; q there exists a unique non-degenerate symmetric
bilinear form such that (vo,vo) = 1 and (Xv,v") = (v, T(X)V') for X € Uy(sl(2)), v,v' € V. q and T
defined as in proposition [6.23.

Furthermore, the basis vectors v, = ﬁF"vo, n > 0, are pairwise orthogonal and (v;,v;) = g (d=n=1n [ﬂq
4

Proof. Again, assume that a bilinear form as described above exists on V, 4. Then we want to show
that it is unique, so we want to show that the v; are pairwise orthogonal and that the last formula

holds. Now,
1 1 1

(vi,05) = = (Fuo, vj) = = (v0, T(F)'v;) = = (vo, (EK~1)';).
[2]4! [2]4! [i]q!
Since (FK )" = ¢!+ K~ E" for i > 0, it follows that T'(F)'v; = aE'vj, 0 # a € k, hence (v;,v;) = 0
if i > j. As (-,-) is symmetric, (v;,vj) = 0 if i < j. Lastly,
1 . o o i . » .
('Ui,Ui) _ ﬁqz(z—l-l) (UO,K_ZElUi) _ 6zqz(z+l)%(vo,]{—zvo) _ qz(z+1)—dz |:d:| (UO,UO)-
[i]4! [i]q![d — 1]q! tl,
Hence, this bilinear form is unique. For existence, note that (v;,v;) = g (d=i=1)i [‘ﬂ qéij clearly is a non-
degenerate bilinear form. A quick computation shows that this satisfies the last relation given in the
theorem, showing that a bilinear form with the properties given above truly exists and is unique. [

We can use this bilinear form to show that the two different bases of Vi, ® Vi, that we will
find, are orthogonal. Before that, we want to rewrite Vi, ® V1, as a direct sum of simple modules.
That will give us our two bases and the relation between these basis will be described by the so called
3j-symbols, also known as the Clebsch-Gordan coefficients.

Note that V. g ~ V; o ® Vi g ~ Vi 4 ® V.. Since we have that V; o = k, it suffices to only look at the
modules Vi, ® Vi, instead of V; ,, @ Vi .

Theorem 6.24. Let n,m € N, n>m, then V1, @ Vi = Viptm @ Viptem—2® - S Vip—m.

The proof of this theorem is exactly the same as in the classical case, proposition[3.46] The following
lemma shows that we will also have all the highest weight vectors that we want in the quantum case.

Lemma 6.25. Let n,m € N, n > m and let v(") € Vin, vm e Vim be highest weight vectors of

weight ¢" and ¢ respectively. Set v,gn) = ﬁFkv(") and w,(gm) = ﬁka(m) for p > 0. Then

k . .
n+m—2k) __ z[m —k+ Z]'[TL — Z]‘ —i(m—2k+i+1), (n) (m)
v = T g ¢ o

=0
is a highest weight vector of V(n) ® V(m) of weight ¢"+m2k,

One can prove that v(tm—2k)

FE act on it.

Just like in the classical case, we now have two different bases for Vi, ® Vi,,, namely {Ul(n) ®
—2k . —2k _ .

”a(‘m)}ogign,ogjgm and {up""" " o< ozp<ntm—n, with oy T = ppFPon o2 This first

basis directly comes from the tensor product and the second one is more suited to work with when

regarding Vi, ® Vi, as a Uy(sl(2))-module.

Since they are two bases of the same vector spaces, we can compare them with each other. In this

case, it is also a rather nice comparison, since

is indeed a highest weight vector by simply calculating how K and

(n+m—2k) _ nom n+m=2k @ _ (m)
K > L T

0<i<n,0<j<m

m n4+m—2k

J b
defined for 0 <k <mand 0 <p <n-+m—2k.

for certain coefficients } , which are referred to as the quantum 3j-symbols and are
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(m)

Lemma 6.26. For a fixed k£ and p, v;‘+m_2k is a linear combination of vectors of the form vz(n) Uy itk
[n m n+m—2k
so | . .
t 7 p
Furthermore,

]:Oﬁi+j#p+h

[n m  n+m-— Qk:} g+ g~ =29 4 [1] [n m n+m— 2]{:}
i j+1 pH1 p+1] i p '

Proof. We will proof this via induction on p. First, the case k = 0 follows directly from lemma [6.25]
Suppose we have vﬁ*m*% => ozivgn) ® vz()@Jrk, then

[p + 1]1)1()1-"1-m—2k?) — F,UI()n-‘rm—Qk:) — Zaz <K—1,U£n) ® F’U](;ibz_J'_p + F'Ul-n) ® U£T2+p> .

i

(n) (m)

i ®U, g The
last equation also follows directly from the above. O

From this, it follows that U;H_m_Zk is a linear combination of vectors of the form v

As stated before, the two bases we have given here, are orthogonal bases. Furthermore, there are
(n) ® o™
J

also orthogonality relations for the 3j-symbols. With these we can even express the vectors v, :
in terms of the vectors U;”rm*%. So we don’t just have 1 original bases and 1 basis that is expressed
in terms of the old one. We can indeed express both bases in terms of the other.

To do this, we will use the bilinear form of theorem Note that if we equip both Vi, and Vi,
with this bilinear form, then we can also define another symmetric bilinear form on Vi, ® V4 ,,, given

by (v1 ® v, ve ® vh) = (v1,v2)(v], vh) for vi,ve € V14, V], 05 € Vi .

Lemma 6.27. The above defined symmetric bilinear form is non-degenerate and the basis {Ui(n) ®

vj(m)}ogigmggjgm is orthogonal with respect to this bilinear form.

Furthermore, VX € Uy (s((2)), w1, w2 € V1, @ Vi, (Xw1, w2) = (w1, T(X)ws).

Proposition 6.28. i) The basis {vz(,n+m_2k)}0§k§m7OSp§n+m_2k is orthogonal with respect to the
bilinear of lemma [6.27

ii) For fixed p,q, k,l, we have

—i(—ie1)— i (i +m—2k|[n m n+m-—2q
Ozzq i(n—i—1) J(mjl)[@] [m] [” mon }[ . }
l )

i Wi vt g p vt g

when p # [ or k # g and

2
Z q*i(nfifl)*j(mfjfl) |:n:| |:m:| |:n m n-+m— 2k‘:| _ qu(ner*Qk*p*l) |:n +m — 2k:| '
o AR FARKAN P P

iii) Given i and j, we have

[n m n+m—2k]
m n+m—2k . .
(n) o (M) _ —i(n—i—1)—j(m—j—1) || | p(ntm—2k—p—1) L J p (n+m—2k)
g R e L e
— p_
b

The proofs of these two statements comes down to doing some calculations with the use of both
the 3j-symbols and the defined bilinear form. Since we are not too interested in how to do to use the
37-symbols for these kind of calculations, the two proofs of these statements will be omitted, but can

- 63 —



6.4 The Verma modules of U,;(sl(2)) when ¢ is a root of unity

be found in [4].
Now, similar to the classical case, since the central elements of U, (s[(2)) act like scalars on the modules

—2
V.4, it also follows that the EOSign,ogjgm [7; 7;1 n +17; k} v@(n) ® v](.m) are eigenfunctions of the
quantum Casimir element Cy, in the sense that
+m—2k _ v ndm—2k _ nomont+m=2k| ) m
A vy T = Cyuy T = Z Cy [z i » v ®v;

0<i<n,0<j<m

_ Z Ac, {n mon +m — Qk} vgn) ® vém)_
0<i<n,0<5< v p
—v = b —J—m

This can then be used to get an explicit formula for the Clebsch-Gordan coefficients. In this case, similar
to the classical case, the Clebsch-Gordan coefficients can also be described by certain polynomials, the
g-Hahn polynomials [12].

Before we move on to the Uy (s((2))-module that will be our main subject for the rest of this thesis.
We will take a short detour to look at the case when ¢ is a root of unity.

6.4 The Verma modules of U/, (s(2)) when ¢ is a root of unity

We have often said that the choice of ¢ matters a lot for when we looked at certain properties of
Uy(s1(2)). Moreover, we even choose ¢ € C\{0} to specifically not be a root of unity for most of the
last two sections. To really indicate why we did this, we will look at the simple finite-dimensional
modules of U, (s[(2)) for when ¢ = 1 for some d € Ny. This will then be a second example of why
we need to be careful with how we choose ¢, with lemma being our first example.
So, for this part, let ¢ € C\{0} such that ¢® = 1 for some d € Nss. So ¢ # #1. Recall that
_)d if d is odd,
°T d/2 if d is even.
The next proposition shows that in certain cases, there is no difference between the Verma modules
Ven when ¢ is or is not a root of unity.

and that [e] = 0.

Proposition 6.29. Let n € N such that 0 <n < e—1 and let V be a non-zero simple U, (s((2))-module
with dim(V) <e. Then V >~ V., ¢ = £1.

This proof is exactly the same as when ¢ is not a root of unity, theorem , since 1,¢2,...,¢" are
all distinct scalars when n < e. The biggest difference when ¢ is a root of unity are when we look at
modules of dimension > e.

Proposition 6.30. There are no simple finite-dimensional U, (sl(2))-modules of dimension > e.

Proof. We will show that if V' is a Uy(s[(2))-module, dim(V') > e, then we can find a non-zero sub-
module V' C V. Thus showing that V' cannot be simple.

Suppose there is an eigenvector 0 # v € V' of K such that Fv = 0, then the vector space generated by
v is a submodule. So, let V' be generated by the vectors v, Ev, ..., E* v, then V' is stable under the
action of K, E(E'v) = Et'w e Vifi+1<e—1and E(E* 'v) = E° = av for some a € C as E° €
Z(Uy(s1(2))) by lemma [6.13] And since Fv = 0, and F(Ev) = E'(Fv) — [i] q_(z_l);f;f’ll_lK_lEmflv,
V' is also stable under F', hence V' C V is a non-zero submodule that is not V itself.

Now suppose that there is no non-zero eigenvector v of K such that Fv = 0, so Fv # 0. Then we claim
that V' generated by v, Fv, ..., F¢ 1v is a non-zero submodule of V. It again suffices to show that V'
is stable under E, F and K. First, V' is again obviously stable under K and since F(F'v) = Fitly
and Fv = av for some 0 # « € C, V' is also stable under F.
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This time a # 0, else F(F® 1v) = 0 with F*~!v an eigenvector of K, contradicting our assumption.
Lastly, for ¢ > 0,

'K 4 qK! ¢ 'K +qK!
(q—q1)? (q—q71)?

thus E(F'v) € V' for i > 0, with Cy the ¢g-Casimir element and 8 € C. Since Fv = a 'EF°y, it
follows that Ev € V'. Hence V' C V is a non-zero submodule that is not V itself. So, for both cases

we could construct a non-zero submodule that is not V', hence V cannot be a simple module when
dim(V') > e. O

E(F'v) = EF(F'"'v) = (C, (F'~'v) = BF" 'y — (Fi~Lv),

The last part of this section will be dedicated to show that we can still describe all simple U, (s((2))-
modules of dimension e. Immediately notice that proposition [6.3] does not hold in this case. Since
the proof relies on the sequence (X"v),en to give distinct eigenvalues for K for all n € N. But, by
lemma [6.13 E¢ € Z(Uy(s1(2))), thus E°v has the same eigenvalue for K as v. Thus such a sequence
need not lead to a highest weight vector.

So, to find all possible simple U, (s1(2))-modules of dimension e, we will first construct two e-dimensional
vector spaces, then show that any simple U, (sl(2))-module of dimension e is isomorphic to one of those
two vector spaces.

First, set a,b, A € C, A # 0 and let V (A, a, b) be a vectors space of dimension e with basis {vg, ..., Ve—1}.
For 0 <p<e—1,set

PN —gPA!

Kup = )\q_vazh Evpi1 = ( —q1 [p+1] + ab> Up; Fup = vpta,

and Evg = ave_1, Fve_1 = bvg and Kve_1 = A\g 26Dy, _;. These formulas induce a Uy(s1(2))-module
structure on V (A, a,b).

Secondly, let y,¢c € C, u # 0 and let V(u,c) be another vector space of dimension e with basis
{vo,...,Ve—1}. For 0 <p<e—1,set

g Put —qPu

p——" [p + 1]vp, Ev, = vpi1,

Kuv, = ,uq2pvp, Fopiq =
and F'vg = 0, Eve—1 = cvg and Kve_1 = 1q 2ve_1. These formulas induce aU,(sl(2))-module structure
on V(u,c).

Theorem 6.31. Any simple Uy(s1(2))-module of dimension e is isomorphic to one of the following
modules:

1. V(M a,b) with b # 0,
2. V(N a,0) with A\ # ¢~ 1, 1<j<e—1.

Proof. Simple calculations will show that the actions of E, F, K on the vector spaces V (A, a,b) and
V(u,c) induce a U, (s1(2))-module structure. So, we at least know that the given vector spaces are
modules. More precisely, lemma shows that any vector space with basis given by {F"v}o<n<e and
{E"v}o<n<e have a Uy(sl(2))-module with the actions of E, F, K given by the formulas of V(A a,b)
and V (u, ¢) respectively. So, to show that any simple U, (sl(2))-module of dimension e is isomorphic
to one of the two given above, it suffices to show that can always generate a basis {v, Ev, ..., B¢~ v}
for some vector v of a module V.

Let V be an e-dimensional simple Uy (sl(2))-module. Then, by an earlier remark, we cannot assume
that it has a highest weight vector. But, since C is algebraically closed, we still have that
F0#AveV (Kv=M). And KFv = q 2FKv = q ?\Fv, so Fv and Ev are also eigenvectors of K.
Since 0,¢72,...,¢ "1 are distinct numbers and F¢, E¢ € Z(Uy(sl(2))), it follows that the sequence
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(F™)nen gives us e distinet eigenvectors of K, if Fiv # 0 when i < e. If F'v = 0 for some 0 < i < e,
then we still have e distinct eigenvectors from the sequence (E™v),¢y if, again, E/v # 0 if j < e.

Note, if F'o = 0 and E9v = 0 for some 0 < i < e,0 < j < e, then {v, Ev,...,E/v, Fo,..., Flv}
is a basis for V. Since, if these are not e linear independent vectors, it is a submodule of V. As
KEFv=FEFKv=)AEFv = EFv=av, acC.

Similarly, FEv = o/v, o/ € C. So it follows that the vector space with basis {v, Ev, ..., Ev, Fv, ..., Fiv}
is closed under the actions of F' and E, hence it has to be equal to V.

Thus, we get three options.

1. We have a basis of V given by {v, Fv,..., F¢ v},
2. we have a basis of V given by {v, Ev,..., B¢ lv},
3. we have a basis of V given by {v, Fv,..., Flv, Ev,..., E/v}.

This means that in the case of 1, we can change the basis to {vp,...,ve—1} with Fv, = v,y and
Fve_1 = F°vy = by for some b € C. In other words, we get that V ~ V() a,b).

For the second and third case, note that we assume that F'v = 0 for some 0 < i < e. So, in both
cases, we can look at the sequence (E™F*1v),cn. This sequence contains e different eigenvectors of
K, else V would not be simple by a previous remark. Thus, in both cases, we can construct a different
basis, given by {Fi~lv, Fv'=2v,... Fuv,v, Ev,...,E°"iv}. This can be rewritten into {vg,...,ve}
with Fv, = vpy1 and Fvg = 0, Fv._1 = E°y = cvg for some ¢ € C. In other words, both cases are
isomorphic to V(,u, c).

We claim that V (i, ¢) ~ V(u~",0,¢). This directly follows from the fact that the Cartan automorphism
w of lemma is U, (s1(2))-linear with the actions defined on V(u,c¢) and V(u~*,0,¢). So, this only
leaves us with one possible option for a simple U, (sl(2))-module up to isomorphisms.

First, say b # 0. Then we see that (F"v;),en is a sequence of e different vectors for all 0 <i <e —1,
as Fve_1 = bug # 0. So, V(A a,b) cannot have a non-trivial submodule in this case.

So, let b = 0, then Fv.—1 = 0. Then, if Ev; = 0, it follows that {v11,vi12,...,ve—1} generates a
submodule of V'(A, a,0). Thus, V(A a,0) can only be a simple module when Ev; 1 # 0for 0 <i < e—1.
Now, since b = 0,

=i\ — gt\"1 . . .
E’Ui+]_ = %[p + 1]1& = 0 < qil>\ — qz)\i1 = O < )\ = :l:ql
Thus V(A a,0) is a simple U, (s/(2))-module <= X # +£¢/ " for 1 <j<e—1. O
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7 A natural module for the modular double of /,(s((2))

In this section we will finally introduce the modular double of U, (sl(2,R)), Q, together with a vector
space P, on which we can define a natural Q-module structure.

However, before we will introduce the modular double and its natural module space, we will reintroduce
the Hopf algebra U, (s((2)). This will be done to get the same form for U, (sl(2)) as is used in [I]. After
reintroducing Uy (s((2)), we will show that our first definition will be a Hopf subalgebra of the new one.
After reintroducing U,(sl(2)) and defining the Q-module P,. We will look at some properties of this
module. So this section will mainly focus on the module P, itself. In the next section we will look at
the other main subject of this thesis, the Clebsch-Gordan coefficients of P,,.

7.1 The Hopf x-algebra U, (s((2,R))

Before we are going to define our new module, we will look at another way to construct U,(sl(2)), as
both [1] and [3] use a different construction for this Hopf algebra. After constructing this Hopf algebra,
we will show that we can project our earlier definition of U, (sl(2)), definition into the new one.
In other words, we will show that the Hopf algebra constructed in [I] and [3] is a bigger Hopf algebra,
but contains our earlier definition of U, (s[(2)) as a subalgebra.

Definition 7.1. The Hopf x-algebra U,(sl(2,R)) is the complex vector space generated by E,F, K
and K~ such that

K2 o K—2

KFE = gFK, KF = ¢ 'FK, [E,F]= —
q—q

)

with coproduct A: U, (sl(2,R)) — Uy (s1(2,R)) @ Uy(sl(2,R)) given by
AK)=K®K, A(E)=EK+K '®E, AF)=FeoK+K '®F,

counit given by
e(K)=ce(K ') =1, &(B)=¢F)=0,

antipode S: Uy (sl(2,R)) — Uy(sl(2,R)) given by
S(Ky=K7', S(E)=KEK™', S(F)=KFK!
and *-structure induced by the relations
K* =K, E*=F, F*=F.

Notice that there are a lot of small things that are different when compared to definition of
Uy(s1(2)). For example, the use of ¢ instead of ¢* in the commuting relation with K, the bracket
[E, F] uses K? instead of K and the coproduct does not have 1 ® X terms for X € sl(2). However,
the differences with the bracket [ E', F'] will help us to show why U (sl(2,R)) contains "more" elements
than U, (sl(2)).

Proposition 7.2. Let U, (sl(2,R)) be as above and let Uy(s[(2)) be generated by E’, F/, K and K'~!
as in definition Then, 7: Uy(sl(2)) — U,(sI(2,R)), given by

©(K')=K?  #(E)=FEK, 7(F)=K'F

is an injective Hopf *-algebra morphism. In other words, we can identify U, (s((2)) with a subalgebra
of U,(sl(2,R)) via 7.
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7.1 The Hopf x-algebra U,(sl(2,R))

Proof. It suffices to show that 7 is a well-defined Hopf algebra morphism for just E', F’, K and K'~!
as those generate Uy(sl(2)). First, 7(K'K'~1) = K2K~2 =1 and

7(K'E') = n(K')n(E') = K’EK = *EKK? = n(¢°E'K’),
m(K'F') = K*(K™'F)= K'K?F = ¢ 2K 'FK? = n(¢"*F'K’).
Also,

! /1—1 2 _ —2
Kq_fl ):Kq_qu B, F]=[EK, K-'F] = [x(E), =(F)].

") = (

So we see that 7 is at least an algebra morphism. We also have A(n(K')) = K?2® K? = n(K') @7 (K')
and

A(m(E") = A(E)A(K) = EK 9 K? +1© EK = (t @) 0o A(E)

A(r(F)=AK HWAF) =K 'Fo1+ K 2@ K 'F=(ner)oAF),

so 7 is a bialgebra morphism as € acts the same on U,(sl(2)) and U,(sl(2,R)).
For the antipode S, notice that m(E'K'~!) = EK~! and n(K'F') = KF, thus

(S (E"))=FEK!'=K 'KEK™' = S(EK) = S(n(E")),
(S (F') = KF = KFK 'K = S(K~'F) = S(n(F")),

and m(S'(K')) = S(K?), with S’ the antipode of U,(s[(2)). Thus we see that 7o S’ = S o7, showing

that 7 is also a Hopf algebra morphism.

Recall that U, (sl(2)) also has the *-structure that sends the generators E, F, K, K~ ! to itself. So, if

we induce U, (sl(2)) with this x-structure, 7 turns into a Hopf *-algebra morphism.

The injectivity of 7 is obvious. And we can identify U, (s[(2)) with the subalgebra of U, (s((2,R)) gener-

ated by K2, K2, EK, K~'F, given that we induce U, (s[(2)) with the same x-structure as U, (sl(2, R)).
O

As a remark, all the theory we discussed on the Verma modules of U,(sl(2)) also works for
Uy(sl(2,R)), it will only differ on some constants. As [E, F'| = K::qlfl_ > and EK = ¢KE, it fol-
lows that we get the same formulas as in lemma but with K2 instead. Then we get the same
formulas as lemma but with A2 in the terms of E. So we can indeed redo all the proofs the same
way, but with different values for A.

Now, since the relations between K, E, F' are different in U, (s[(2,R)) when compared to the relations
of Uy(s1(2)). It also follows that the quantum Casimir element C; of U, (s[(2,R)) is different than the
one we defined in proposition for Uy (s1(2)).

Similar to proposition note that

qK2 + q—lK—2 _q—1K2 + qK—2

EF — FE — =
(@—q71)? (@—q71)?
Definition 7.3. Let Cy = —FE— 2t/ then €, = —BF - T IS5 and €, € Z(Uy (s1(2,R))

is called the quantum Casimir element of U,(sl(2,R)).

That Cy is central, follows from a similar proof as in proposition Since we are already talking
about the quantum Casimir element, we will sketch how we will use this element in the next section.
This will also show why we care about reintroducing this specific element.

Recall that we said that one can use the Casimir element to compute the Clebsch-Gordan coefficients
of the Verma modules of U(sl(2)) and U,(sl(2)). This could be done via eigenfunction equations of the
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Casimir element and the same reasoning will be used in the next section. In other words, we will see
that the Clebsch-Gordan coefficients that will be constructed in the next section, can be computed via
eigenfunctions equations for Cy in a similar sense as in section

But, before we will talk about the Clebsch-Gordan coefficients, we will first look at a natural module
for the modular double of U, (s[(2,IR)) and some of its properties.

7.2 A short remark on unbounded operators

Since the actions of the generators E, F, K of Uy (sl(2,R)) will be given by unbounded operators on the
module that we will construct, we will quickly look at some definitions and properties of unbounded
operators, as the unboundedness of these operators will be one of the reasons why some of the state-
ments or proofs will look a lot more complex when compared to previous statements on modules or
tensor products of modules (e.g. section or chapter @

Definition 7.4. Let X,Y be Banach spaces, then an unbounded operator from X to Y is a pair
(A,D(A)) with D(A) € X and A: D(A) — Y a linear operator.
The subspace D(A) C X is known as the domain of A.

So we see that an unbounded operator on a Hilbert space H, only differs from a bounded operator
on H by the fact that it need not be able to act on all of H. However, this also means that we need
to be careful when we use an unbounded operator A or have A act multiple times on a single element.
Since we need to be certain that every element on which we let A act, is an element of its domain
D(A).

Now, the operators that we will be using later on, will not just be unbounded operators. To be precise,
they will be unbounded positive self-adjoint operators. So, we will also note a few facts on these types
of operators.

Let A be an unbounded operator on some Hilbert space H. Then, A is called densely defined if
D(A) C H dense.

Definition 7.5. Let A be a densely defined operator on a Hilbert space H. Then, the adjoint of A is
defined as the operator (A*, D(A*)) with

D(A") ={y e H[3g € H (V& € D(A) (z,9) = (Az,y))}
and A* is defined as A*y = g for y € D(A*).

So we see that the adjoint operator A* is similar to the adjoint operator of a bounded operator.
But we once again need to be careful of the domain for which A* is defined.
Now, A is called self-adjoint if we have that A* = A and D(A) = D(A*). Note that we do need that
A is densely defined, else the adjoint is not defined.

We ends this short remark with a remark on when an operator is positive and with a statement on
when an operator has a self-adjoint extension. This last statement will be given due to the fact that
the representations of U, (s((2,R)) that we will define will have self-adjoint extensions.

Definition 7.6. The spectrum o(A) of A is defined as
o(A) = {X € C| A — AI has no inverse}

Do note that if A is an unbounded operator, we have that the inverse B of A — AI need not be
unbounded. However, we do need that Bz € D(A) for any = € H, as we have x = (A — A\I)Bzx =
A(Bzx) — M (Bx).

Now, if A is a self-adjoint operator such that o(A) C [0,00), then we call A a positive self-adjoint
operator. Note that it is unnecessary to keep calling a positive operator self-adjoint, as it is self-adjoint
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by definition. However, we call them self-adjoint positive operators to make sure that it is obvious
that the operators are self-adjoint.

Lastly, if A is an unbounded densely defined self-adjoint positive operator, we can construct a positive
self-adjoint extension B that will be defined on the closure D(A) = H. Note, if x € D(A), then
Bx = Ax. Since we will not use these extensions ourselves, but are sometimes interested in the
existence of these extensions, just knowing when they exist suffices for our case.

7.3 A short remark on the Fourier-transform

Besides the use of unbounded operators, the module that we will study will also make use of the
Fourier transform. So we will also shortly talk about the Fourier-transform before talking about the
Uy (s1(2,R))-module.

We will give the definition of the Fourier-transform together with some small facts and useful theorems
for our setting.

Definition 7.7. Let f € L'(R), then the Fourier transform of f is the function f: R — C given by
flw) = / e 2T f(p)dx, w e R
Rd

The Fourier transform f is again a continuous function and it even vanishes at infinity. So, f €
Co(R%). Moreover, we have the following inversion formula:

Theorem 7.8. Let f € L'(R) N L*(R), such that f € L'(R), then

f(x) — / eQwiw:pf(w)dw7
R
for almost all x € R.

Note, the inversion theorem also holds when f € S(R). And if f € S(R), we even get that
f(x) = [pe*™® f(w)dw. Now, since S(R) C L2?(R) is dense, one can extend the Fourier transform
restricted to S(R) to an isometry to all of L?(R). Due to this fact, we will consider the given Fourier-
transform as a bijective unitary operator on L?(R).

Lastly, we have the following useful theorem and lemma that show when the Fourier transform of a
function is analytic.

Theorem 7.9 (Payley-Wiener). Let f € L*(R), ax > 0, then (€™ 4+ e 2™~ ) f € L*(R) <=
[ has an analytic continuation to {w € C|Im(w) € (a—,a4)} such that Yws € (—a—,ay)

f(- +iw) € LA R) and supw2<b/ | f (w1 + iws)|?dwy < 00 Vb€ (—a_,ay).
R

Lemma 7.10. Let f € S(R) = {f € C®(R,C)|Va, 3 € N (||f]

following are equivalent:

05 = SUPez [¢(97f)(x)] < o0). The

i) f = F|r of some function F': D — C, D C C, that is meromorphic in {z € C|Im(z) €
(—a—,aq)},ax > 0, with finitely many poles in the upper and lower half plane I = {z €
C| £ Im(z) > 0} and every map Fy(z) = F(z +1iy), y € (—a_,a4), is of rapid decrease.

ii) f(w) has the two following asymptotic behaviours if w — 400 :

f(w) = —2mi Z e Res(F(2)) + fa, (W) w — 00,
zel

f(w) = +2mi Z e Res(F(2)) + fa_ (w) W — —00,

Jelt

with fai decaying faster than e=2™%l Vg € (—a_,a,) as w — Foo.
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7.4 A family of U,(sl(2,R))-modules

In this part we will finally introduce the modular double of U,(sl(2,R)) and a natural module of
this algebra. But, before we will define the modular double of U,(sl(2,R)) and construct our desired
module, we will first fix some variables. These variables will be fixed for the rest of this paper, unless
stated otherwise.

Let Uy (sl(2,R)) be as above and fix

g=e forbe (0,1)NR\Q, Q=>b+b"', a=Q/2+is, scR.

Then we see that q is not a root of umty and |¢| = 1. Thus our choice of * is valid according to
theorem Furthermore, set § = ™~ and let K=, E and F be the generators of Ug i(sl(2,R)).
Then Uj (5[(2 R)) is another quantum enveloping algebra and we get the following definition of the
modular double by Faddeev [2]:

Definition 7.11. Let Q = U,(sl(2,R))®@Uj;(sl(2),R) be a tensor algebra. Then Q is called the modular
double of Uy(sl(2,R)).

Now, the elements of Q are given by U @ U for U € U,(sl(2,R)) and U € Ug(sl(2,R)). Then
U®1 e Q is the projection of U € U,(sl(2,R)) into Q. To make notation cleaner from this point on,
we will just write U € Q instead of U ® 1 for the projection into Q. This will be done as we will only
work with Q-modules from this point onwards.

Moreover, note that if U € U,(sl(2,R)), U € U;(sl(2,R)), then we get UU = UU in Q. So the
projections of the algebras U, (s[(2,R)) and Us(sl(2,R)) commute with each other in Q. However, they
are both not contained in Z(Q), since one could easily find an element V®1 or 1 ® V in Q that would
not commute with some U or U respectively. Thus the commutative property between Uy (sI(2,R))
and Uj(sl(2,R)) is a special property of these two Hopf *-algebras.

Now, since U,U € Q commute, it also follows that if V is a Q-module, the actions of U and U commute
on V. In other words, UUv = UUv for any v € V.

As we can also choose to only act with elements of U, (s[(2,R)) or only elements of Uj(sl(2,R)), it even
follows that any Q-module will be both a U, (sl(2,R)) and U;(s[(2,R))-module. So we can simplify our
notation even more, and just talk about elements of U, (sl(2,R)) or Us(sl(2,R)) instead of elements of
Q.

Furthermore, due to how our actions will be defined. It suffices to only talk about the action of
Usl(2,R)), since every proof will also be true for the actions of Ug(sl(2,R)). This will partly be due
to the fact that the only change between the two Hopf %-algebras is b — b~! and the only difference
between the actions will also be b — b~!. Thus one can basically replace b with b~! in every proof or
statement made for elements of U, (sl(2,R)) to get the proof or statement for the dual Us(sl(2,R)).
This is also precisely what we will do. So we will almost always only talk about the action of U €
Uy(sI(2,R)) and not talk about the action of U € Uj(sl(2,R)). Due to the fact that almost all proofs
and statements will be symmetric for the change b +— b~ 1.

Before we will start with the construction of the Q-modules, we will give one last remark on the
modular double. The module that we will look at, was originally a reason for Faddeev to unify the
algebras U, (sl(2,R)) and Uj(s((2), R) into one Hopf algebra. The reason for this is that the modules P,
that we will construct below have a nice self-duality property. It is both a U, (s[(2,R)) and U;(s((2), R)-
module by construction. Furthermore, the module P, will not change when we replace b with b=! in
its definition. Thus the module P, will be self dual in the sense of replacing b with 1.

However, we will immediately consider the modules P, as Q-modules, instead of having them also be
Q-modules as a consequence of this self-duality. The reason for this is that the construction of the
module P, will feel more natural this way in a mathematical sense, since we will see that P, will be
the largest subspace of L?(R) on which the actions of U,(sl(2,R)) and Ujz(s[(2),R) are well-defined.
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But to show this, we will need to use the fact that both U and U, for U € {E,F,K}, U € {E,F,K},
have to be able to act on P, at the same time.

Now, we will finally be looking at a certain "well-behaved" family of Q-modules. In the sense that,

the representations m coming from these modules, gives us self-adjoint integrable operators w(E), 7(F')
and 7(K). Similarly, the actions of E,F and K will also be given by self-adjoint integrable operators.
So the actions of Q will be generated by self-adjoint operators.
As was said above, to not constantly refer to both triples of generators of U, (s((2,R)) and Uj(s((2),R)
separately, we will in general only refer to the elements of U, (s[(2, R)) from this point onwards. Again,
do note that anything that will be said about the action of U € U, (s[(2,R)), will also hold for U, but
one just needs to replace every g with § or, equivalently, every b with b1,

Since we have U* = U for U € {K,E,F}, we need 7(E),n(F) and 7(K) to be self-adjoint

operators to have 7 to be a x-representation. Furthermore, there is no representation on U, (s((2,R))
that is generated by bounded self-adjoint operators. So, the actions of K, F/, F' that we will construct,
will be given by unbounded operators. Due to this, some care is needed to end up with an interesting
Uy (s1(2,R))-module.
In [I3] a notion of "well-behavedness" for U, (sl(2, R))-modules generated by self-adjoint operators was
defined. Here they define when a representation is called integrable and it leads to a natural notion
for well-behavedness for U, (s[(2, R))-modules. We will not be too concerned with all of the details of
this definition, but we will try to give enough details to understand what it means to be an irreducible
integrable representation of U, (sl(2,R)).

The U,(sl(2,R))-module that we will construct, will be dependent on one parameter, «, and it
will be a well-defined module for all allowed «. In other words, the module can be described as a
one-parameter family. Thus, we will not just construct one module, but we will construct a whole
family of modules, that are all similar, but differ due to the variable a.

Also, the actions of Uy(sl(2,R)) on this module will be given via finite difference operators 7%, the
shift operator, and the operator x. These are unbounded self-adjoint positive operators that act on
functions f € L?(R), with

xf(z) =zf(x) and  TYf(z) = f(x +ia).

Note, f(z) € Dom(T®), i.e. Ti® can only act on f(z) € L?*(R), if f has an analytic continuation to
{z e Cl|im(z) € [a—,a4]}, a— <0,a4 > 0.

Now, our one-parameter class of U, (sl(2, R))-modules will be denoted by P, and be given by

Po={f:C— C]|f is entire and f is meromorphic on C with possible poles w € 4},

Qy ={£s=+i <C§ +nb+mb1> , n,m € N},
So, if we € Q4, then we get that
wy =s+1i <C§ +nb + mb_1> =i(—a+Q+nb+mb ) =i(—a+ (n+1b+ (m+1)b71),
Wwo=—-5—1 (g +nb + mb—l) =ila—Q—nb—mb ) =i(a—(n+1)b— (m+1)b~ 1),

for n,m € N. The last form will be useful for us to show that P, is a module. For some details on
entire and meromorphic functions, see IAppendix B: Complex Functions, In short, if f € Py, then f is
analytic on all of C and its Fourier transform f is analytic on C\ (24 UQ_).
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At the moment P, is just a vector space of functions. We can induce a module structure on this space
by having E, F, K act on functions f € P,, x € R, by

ib b

Kf(@) =T7 f@) = fo+ ),

. ib . —ib ) ) . )
emb(Q—a)Tz2 _ e—ﬂzb(@—a)Tx 2 be emb(Q*a)f(x + %) — e*ﬂ'lb(Q*a)f(x _ %)

emib? _ p—mib?

Ef(a:) — 627rb:v f(:U) — e27r

emib? _ p—mib?
Py = ome O 2 OO ) e @ ) T lat )

emib? _ p—mib? emib? _ p—mib?

To make all of this easier to write, denote

ib —1b
sin(mba) 1 d emibaT,2 — emmiba 2
[y sin(wb?)’ T omdx’ [da+ aly

emib? _ o—mib? ’

then we can simplify the actions of E, F, K to

ib

Kf(z) =T f(x), Ef(z) = €™ [d, + Q — o]y f(x), Ff(z)=e 2™ —d, + Q — o]y f(z),

which in turn gives rise to a representation m, : Uy(sl(2,R)) — End(Ps) by

ib
To(K) =T, To(E) = eQﬂbx[dx +Q — alp, o(F) = ei2ﬂb$[—d$ + Q — alp.

Recall that we get the actions of Uz(sl(2,R)) by replacing b with =1 in the above given actions. To
summarise:

Definition 7.12. Let ¢ = e™” b € (0,1)NR\Q, @ =b+b~! and a = Q/2 +is for s € R. Then, we
have a natural family of Q-modules given by

Py ={f :C — C|f is entire and f is meromorphic on C with possible poles w € Q},
Oy ={+s+1 <C§ +nb+mb_1> , n,m € N}
with the actions of F, F, K € U,(s/(2,R)) and E, F, K € U;(sl(2,R)) given by

ib
To(K) =T, , To(E) = e%bx[dl« + Q — alp, To(F) = e_%bm[—d;p +Q — alp.
b1 N -

Ta(K)=Tp 2, 7a(B) =™ ldy+Q — aly-1,  ma(F) =e 2 %[—d, + Q — ay-1.

To show that m, is a well-defined representation, equivalently that P, is a well-defined @-module,
we need to check two things.

Lemma 7.13. i) if f € Py, then Ef, Ff, Kf € Py, and

ii) B, F, K, K~! generate a Q-module structure on P, with the above defined actions.
In other words, P, has a well-defined module structure and 7, : Uy(sl(2,R)) — End(P,) is a
well-defined representation.

Proof. Note, the operator T* gets mapped to the operator e~ by the Fourier transform in the sense
that

T f(w) = /R ™2 f (1 4 ja)dw = / e 2mE) f () dp = €7 f(w),

R
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s0 Tq (K) gets mapped to the operator e~™. Similarly, 74 (E) and 7, (F) get mapped to the operators
[—iw + a7 and [iw + a],T;% respectively. As,

i —Th ~ r —2miwx  27whr i -« ib —Tr —a ib
(€ N (B)f(w) = [ et (@) po g ) - T - ) ) d
:/ —2mi(wib)(z—2) rib(Q—o )f(x)dx_/eQwi(w+¢b)(x+";)emb(Qa)f(x)dx
R R

o mblw+ib) mib(Q—a) _ mb(wtib) e—m’b(Q—a)) / e~ 2miletitle p (0 0o
R

_e—wib(—iw+a)+eﬂib(—iw+a>/e—27ri(w+ib)a:f(l,)dl‘
R

with 7, (U) denoting the Fourier-transformed action of U € U,(s[(2,R)) on f(w). A similar calculation
shows that 7, (F) gets send to the operator [iw + a],T,;® by the Fourier-transform.

Now, f € Pa, so f is an entire function, so T4 f(z) = f(x+ia) will still be an entire function. Similarly,
since €*, z € C, is an entire function, e f(z) will be an entire function. So it follows that K f, Ef, F'f
are at least entire functions.

Secondly, multiplying a meromorphic function g with an entire function h, gives us a meromorphic
function hg with the same poles as g. By the above, we see that 7, (K), 74 (E), mo(F') get send to
operators that multiply f(w) with entire functions, as sin(z) is also an entire function, and shift w to
w = 1b.

If x € Q4, so z is a pole of f, then x F ¢b is a pole of Tzﬂbf. To show that the Fourier transform of
Ef,Ff, K f still only have poles in Q4 , we need to check that if z ¢ Q4 , then 7, (U) f(z) is well-defined
in C, for U € {E, F,K}.

Since K gets send to the operator e=™. It follows that m,(K)f(w) won’t have poles outside of Q..
It even has the same poles as f(w) Note, every possible pole is of the form i(—a + (nb + mb~1)),
n,m € Nsg and E, F both get send to a multiple of the shift operator 7.7 by the Fourier transform.
Since, i(—a+mb~1)+ib € Oy, m € Nyg and wy, = i(—a+mb~1) ¢ Qi. We see that w,, is a possible
pole of T4 (E) f(w), but should not be a possible pole if Ef € P,. Also, wy, is the only point such that
Wi & O, but wy, +ib € Q. In other words, wy, is the only point that could be a pole of 7y (E)f(w),
which should not be a pole if m, is a representation.

Similarly, we get that w!, = i(a —mb~1) & Qi, m € Nxg, but v/, —ib € Q_. So, w!, is a possible pole
of 7Ta(F )f(w), but should not be a pole if 7, is a representation. This is again the only point such
that w/, ¢ Q4, but w/, —ib € Q_. Thus there are two cases that we are concerned with and we want
to know what the values of Ty (E)f(wm) and 7o (F)f(w!,) are. As these values could be oo, but they
should have values in C.

Recall, [z], = Sin(mb) - thus 2], =0 <= 2 =nb"!, n € Z It follows that [—iw + o, is the

sin(mb2)
zero-operator in w = wy, and [iw + a]yT;% is the zero-operator in w = W, . S0, To(E)f(wn) =
0, WQ(F)f( ) =0VYf € Py Thus, wy, is not a possible pole of m,(E)f and w/,, is not a possible pole
of mof. Hence, Ef, Ff € P,.
It follows that the Fourier transform sends Ef, F'f, K f to meromorphic functions with possible poles
in Q4. So, mo(U): Uy(sl(2,R)) — End(P,) for U € {E, F,K}.
By i) we know that the actions of E, F, K, K~! are well-defined on P,, so the only thing left to check
is that the relations between E, F, K, K~ are still satisfied when considered as operators on P,.
Let f € P,, then

27rb(ac+%) eﬂib(Qia)f(x + Zb) — eimb(Qia)f(x) _

To(KE)f(z) =e = "V o En K f(z) = qro (EK) f(2),

emib? _ p—mib?
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a similar calculation shows that 7, (K F) = m,(¢ ' FK). Lastly, note

_e—mib?ib _ mib?p—ib + e2mib(Q—a)—mib? + e—2mib(Q—a)+mib?
X x

To(E)mo(F) =
o(E)ma(F) (g—q1)?
—q_lT;b _ C]Tx_ib + eQwib(Q—a)q—l + e—27rib(Q—a)q
N (a—q1)? ’
_em'b2 Tib _ e*ﬂ'ibQTfib + e?ﬂ"ib(Q*O&)*ﬂilﬁ + 6727rib(Qfo¢)+71'ib2
Ta(F)Ta(E) = - - —_ 1)
(=g
_qT;éb _ qflT;ib + e27rib(Qfa)q71 + 6727rib(Qfa)q
- (¢—q')? ’

so it follows that ([ E, F|) = WQ(K;:;S2).

Thus, the defined actions of E, F', K on P, induce a Uy (s[(2, R))-module structure and

To: Uy(sl(2,R)) = End(P,) is an algebra morphism, i.e. 7, is a representation.

Now, it follows that P, is also a Us(s[(2), R)-module, due to the fact that the above proof still holds
when we replace b with b=, Thus, since the actions of E, F, K commute with the actions of E, F, K

on P,, it follows that P, is indeed a Q-module. O

Note, in the above proof we did use the fact that f € P, was an entire function to show that
To(K)f € Po. However, a much weaker condition for f(x) is sufficient if we are only concerned with
Py as a Uy(sl(2,R))-module, instead of a Q-module. Since 7, (K)f(x) = f(x + %), it follows that we
only need that f(z) has an analytic extension to {z € C|im(z) € [ —¢, 2 + ]} for some £ > 0 and
n € Z. However, since we defined P, as a Q-module, we also need to be able to act with WQ(K ) on
f € P,. Hence, f(z) needs to also have an analytic extension to {z € C|im(z) € [% —g, tmb ")}
for some € > 0 and m € Z.

In particular, f(z) needs to have an analytic extension to a strip around %(nb+mb~1) for any n,m € Z
when we allow 7, (K )" 74 (K)™ to act on f(z) € Ps. And since {nb+mb~'|n,m € Z} C R dense due
to b € R\Q, it indeed follows that f € P, needs to be entire.

The module P, has the following intertwining property:

Lemma 7.14. The Q-modules P, and Pg_, are unitarily equivalent Le. 3Z,: L*(R) — L*(R),
unitary operator, such that Z,(Py) = Po_o and 70 o(U)(Zaf) = Za(Ta(U)f) YU € Uy(s1(2,R)) and
J € Pa.

Proof. Let I,: L*>(R) — L*(R) be given by (Z,f)(w) = %]‘( ), with Sy(z) defined as in [Ap-
pendix D: Special Functions| and let f € P,. Then ’Ssbaiaww)
operator.

Furthermore, the poles of Sy(x) are given by —nb — mb~! and the zeros of Sy(z) are given by

Q+nb+mb~!, n,m € N. So, it follows that %

and w = i(a + nb+mb~1). So, Z,f does have possible poles of the desired form.

| = 1 and it follows that 7, is a unitary

has poles in w = i(—a — nb — mb~1)

Note, % is zero at w = i(Q —a+nb+mb~') and w = i(a — Q —nb—mb~1). So, I,f is zero
if w is a possible pole of f In other words, Z, f is meromorphic with possible poles in 24 of PQ,q.
Lastly, the asymptotic behaviour of % as w — Fo0, shows that Z,f € L%(R). As %

acts as e2™%l ag w — +00 and lemma n shows us that f decays faster. Thus it follows that Z,
indeed maps P, to Pg_a-

Now it is only left to show that 70" o(U)(Zaf) = Zu(ma(U)f) YU € {E,F,K}. First, the Fourier
transformed action of K is given by e™™ for any . So, the Fourier transformed action of K com-
mutes with the action of ia.
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For the action of E, note that

g _ Sla—iw+Dd)  sin(nb(a —iw)) 4

T Ta(w) = Sp(Q —a —iw+b)  sin(rh(Q — a — iw))Ia

It follows that ¢ o (F)Zaf(w) = [~iw 4+ Q — alyTPZs f(w) = Za|—iw + aly T2 f(w) = Zama(E) f(w).
Similarly, note that Sy(x) = 2sin(7b(z — b))Sy(z — b) = —i(q~Le™* — ge~ ™) Gy (z — b). So,

b7 (w) _ Sb(a —w — b) B q—leﬂ'ib(Q—a—iw) _ ¢~ mib(Q—a—iw—b) B Sin(ﬂ'b(’iw + Oé)) B
WO S(Q —a—iw—b) g lemibla—iw) _ ge=mibla—iw) sin(mb(iw + Q — a))” "
and it follows that 7rQ a( ) ( ) = [iw+Q—alpT,; b7 f( ) = [wJ—i—a]bT ’bf( ) a ( )f(w)
Thus, 7Q—a(U)Za = Zama(U) for U € {E,F, K} and it follows that 7 _o(U)Zy = Zama(U) YU €
Uy (s1(2,R)).

Since the proof is symmetric under the transformation b — b1, it follows that 7, also commutes with
Ue{E,F,K}. Hence, P, ~ PQ,O[.
Sp(L+i(z—a')—a)

As a last remark, we get that Z, f(z) = [ Ba ') f(z)dz" with Bo(x —2") = Sp(2a) Su(Dita—a) o)

by the inverse Fourier transformatlon. We can see Z,, as the unitary operator that acts on the non-
Fourier transformed functions f(z) € P,. O

Thus we have an equivalence relation between two different modules of the same family. So we see
that not all modules of our family are necessarily unique.
Furthermore, this relation will later on be used to show that we can define the Clebsch-Gordan coef-
ficients of P, in more than one way. One definition will have nice analytic properties and the other
choice will be more natural, as it will make the Clebsch-Gordan coefficients invariant under the above
equivalence relation. In other words, it is possible to construct the Clebsch-Gordan coefficients such
that, if ia is used to go from P, to Pgy_q, the only change in the Clebsch-Gordan coefficients of P,
and Pg_, will be that o changes to @ — «.

We now know that our vector space P, is indeed a Q-module with our defined actions of E, F, K
and E, F, K. But, at the moment this class of modules seems a bit random and artificial. However,
we will soon see that P, is a natural vector space to induce a module structure of the modular double
of Uy(sl(2,R)) on. This is the case due to two facts. The first is that 7, (E), 7o (F) and 7, (K) are
positive self-adjoint operators on LQ(R) the second fact is that P, is the largest space for which our
given actions of E, F, K and E, F, K are well-defined.

More precisely, the first fact should be that m, is an integrable representation. Hence, we will show
that 7, is integrable, as this will show several nice properties of P,. Also, the fact that our operators
are self-adjoint and unbounded is also a consequence of the fact that P, was build as an integrable
representation.

However, it is best to keep in mind that we will care most about the fact that 7, (U), U € {E, F, K},
will be a positive self-adjoint operator. As that is in turn used to show that P, is the largest subspace
of L?(R) such that 7, is a well-defined representation. This property is also closely connected to the
fact that P, is a natural choice for a module of the modular double of U, (s[(2,R)). Since it allows us to
define the action of E, F, K € U;(sl(2),R) as certain powers of 7, (F), 7o (F) and 74 (K) respectively.

7.4.1 7, is an integrable representation

The notion of an integrable representation of U, (sl(2, R)) has been defined in [13]. We will go over some
definitions and conclusions to give a broad idea of what it means to be an integrable representation in
this sense.

This definition makes use of the definition of an integrable representation of R,[xz,y] given in [14], so
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we will start with given a short explanation on this definition. In other words, we give all the details
that are needed to understand what an integrable representation of U, (sl(2,R)) is in this part. This
will be done by summarising some main points of both [14] and [13]. However, we will omit the proofs
and some of the technical details, since they use results on operator theory that we do not want to
discus here.

Before we go on to the definitions and conclusion, let’s quickly sketch why it is called an integrable
representation. This will also sort of show why it is defined this way.

The notion of an integrable representation is used in representation theory of Lie algebras, -
representations and operator relations. For example, in the case of Lie algebras, a representation
would be called integrable if the representation would come from the associated Lie group. Recall that
the associated Lie algebra g of a Lie group G is defined as T.G. So, in a sense, calling a Lie algebra
representation of g integrable if it originated from a Lie group representation of G sounds logical. As
we can sort of go back to the Lie group via integration.

Now, in the case of representation theory of Lie algebras and mathematical physics, one sometimes
deals with self-adjoint operators that also satisfy a certain algebraic relation. For example, if one wants
to define a representation of the relation ab—ba = —i, one could require that the self-adjoint operators
a, b satisfy the Weyl relation e?®e®t = etseisbeite s t € R.

As another example, if a is self-adjoint, b is normal and F': R — R, then one could define the integrable
representations such that ab = F(a)b, by requiring f(a)b C bf(F(a)) for f € L>®(R). So, in a way,
being integrable is a notion of well-behavedness.

Since the definition of an integrable representation of U, (s[(2,R)) is defined via integrable repre-
sentations of Ry[z,y], the real quantum plane. We will first look at the latter case.
For this part, let X,Y be self-adjoint operators on some Hilbert space H, let ¢ = €% with |p| < 7
and ¢> # 1. Suppose Y > 0 or Y < 0 and that YX = ¢XY. If f € C[)\], then it follows that
fY)X = Xf(qY). So, it is natural to define integrability by having f(Y)X = X f(¢Y") be satisfied
for some nice functions f.

Definition 7.15. Let Y > 0 or Y < 0 and X be a self adjoint operator. Then, a pair {Y, X} of
self-adjoint operators is called an integrable representation of Rz, y| if 3k € Z such that

Y|#X === 2R XY | ¢ eR.

Y >0o0rY <0,let Hy = ker(Y) and Y1 = Y|H§' Then, {Y, X} is called an integrable representation

of Ry[z,y] if 3Xo, X1, self-adjoint operators, Xg acting on Ho and X; on Hp such that X = Xo @ X3
and {Y7, X1} is an integrable representation in the previous sense, as Y7 > 0 or Y7 < 0.

Note, if {Y, X} is an integrable representation, then we see that Y2X = ¢?XY?2. Then, if ker(Y) =
{0}, it follows that Y2 > 0 and that integrability for {Y2 X} is defined as usual. This reasoning can
then be used to define integrability for the pair {Y, X}, Y, X self-adjoint operators, using the polar
decomposition Y = Uy |Y|. So, integrability can be defined for any pair {Y, X'} of self-adjoint operators.
Thus, Y > 0 or Y <0 can be shown to be an optional requirement.

Since the operators we use in the representation of Q are all positive, we will not be looking at this
more general definition. However, one can find more details about integrability in [I4]. This goes over
more details on general integrability and also looks at integrable representations of two other quantum
groups.
Now, [I4] concludes with the following theorem on irreducible integrable representations {Y, X} of
Rq [.TC, y]:

Theorem 7.16. Each irreducible integrable representation {Y, X} of Rylx,y| is unitarily equivalent to
one of the following models:
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(Dey ekt ¥ = £1e9, X = gge~¢=2mR)P o 3y — L?*(R), with P = —i%, Q the multiplication operator
byt and e1,e9 € {—1, 1}, keZ,

eQ 0 0 e(fcp727r(k+1))P ) ) .
(D) Y = ( 0 6—@)’ X = (6(—go—27r(k+1))P 0 ) on H = L*(R)® L*(R), with k € Z,

(I1I)a0: Y =0, X =0 on H =C, with a € R,
(I1I)pn: Y =0, X =a on H =C, with a € R.

Immediately note that this is about irreducible representations. So any representation that is
unitarily equivalent to one in the above list, will automatically be irreducible in addition to being
integrable. Also, this list of integrable representations {Y, X} will be used to construct a full list of
possible integrable representations of U, (sl(2,R)).

Now, if {Y, X'} is a pair of self-adjoint operators with trivial kernels, i.e. ker(Y) = ker(X) = {0}.
Then it follows that if {Y, X} is an irreducible integrable representation of Ry[z,y] if and only if it is
unitarily equivalent to either:

(Mp): Y =e*Q@u, X = PP @y on H = L*(R) ® K, with a, 8 € R such that 2a8 = 7b? + 2k,
k € Z and u, v are commuting self-adjoint unitary operators on the Hilbert space K,

(M_1): Y = e ®00@1, X =P @0y @1 on L?(R) ® C?> ® K, with a, 8 € R such that 2a3 =
7b% + (2k + 1), k € Z, K a Hilbert space and

(1 0 (0 1
oo ) = (0)

Since we will be dealing with operators that are self-adjoint with trivial kernels, these two models
are the only ones that we will be dealing with. More precisely, for the next part it is assumed that
K, E, F are self-adjoint operators and ker(E) = ker(F') = {0}. This is almost the same setting as what
we had in the construction of the module P,, so these assumptions make sense for this specific case.
Do note that the operators K, E, F' are unbounded as a consequence of ¥ and F' having trivial kernels.

So, trying to construct "well-behaved" representations is also partly where some of the difficulties arise
from.

Definition 7.17. Let {K, E,F} be a triple of self-adjoint operators on a Hilbert space . Then
{K, E, F} is an integrable representation of Uy(sl(2,R)) if {K, E'} and {F, K} are integrable represen-
tations of Ry[x,y] and if the closure of Cy = —FE — LG

—g=1)2 is a self-adjoint operator that strongly
commutes with K, E| F'.

Note, if T is a bounded operator and S is a possibly unbounded operator on a Hilbert space H,
then T and S commute if TS C ST. So T and S commute when Dom(S) = Dom(TS) C Dom(ST)
and T'Sv = STw for v € Dom(S).

Now, two self-adjoint operators A, B on H strongly commute if (A—2)~! and B commute for z € C\R.
(A — 2)7! is well-defined for z € C\R as o(A) C R, with o(A) the spectrum of A (defined in [I5]).

Since the integrability of {K, E, F'} is fully dependent on the integrability on Ry[x,y|, the above
two models can be used to describe integrable representations on U,(sl(2,R)). Let K be a Hilbert
space and let ¢ be a self-adjoint operator on K. Then we get the following two models that describe
the structure of integrable representations on U,(sl(2,R)):

(My): K =e™®u, E =P @u, F = (q—q ") 2e PP (2™ 4 ¢72%) e P @ v 4 72 @ ve on
H=L*R)®K,
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(M_1): K=e*®R00RI1, E=e" @011, F = —(q—q ') 2e PP (e2* 4 e 20%) e PP @ 01 @ T +
e PP @o@conH=L*R)@C*2K,

where a, 8, k, 09,01 are as before.

These two models indeed satisfy the definition of an integrable representation of U, (s((2,R)). However,
F need not be self-adjoint necessarily. As one can show that it is sufficient to have that K, E are self-
adjoint and F' is symmetric. In [13] it is checked what condition needs to be satisfied for F' to be a
self-adjoint operator, but we will skip over this proposition to immediately look at the three conclusions
that follow this proposition.

These conclusions precisely show us when {K, E, F'} is an irreducible integrable representation of
Uy(s1(2,R)) with E, F, K self-adjoint. Furthermore, it also follows that the models we obtain will be
x-representations in the sense that U* acts as the adjoint of U on the given Hilbert spaces.

Theorem 7.18. Let {K, E, F'} be a triple of self-adjoint operators on a Hilbert space H with ker(E) =
ker(F) = {0}, then the following are equivalent:

i) {K,E,F} is an integrable representation of Uy(sl(2,R)),

ii) {K, A} is an integrable representation of Ry[x,y] and Cy is a self-adjoint operator that strongly
commutes with K and F,

iii) {K, E, F} is unitarily equivalent to either model My withn =0, ey (c) =0 or M_; with 2n+1+
sign(¢) = 0, e_(c) = 0 and e4(c), e_(c) are the spectral projections of the self-adjoint operator
C discussed in the above models corresponding to the intervals (—oo, (¢ +q)(q — ¢ 1)72) and
((q+9)(q—q 1) 72, 00) respectively.

Note, in our specific case of P,, we have ¢ = wb?>. Thus we already see that we only have one
possible representation up to equivalence.
The models can be simplified with the use of the next corollary, which also shows that {K, E, F'} is a
x-representation.

Corollary 7.19. Let {K, E, F'} be an integrable representation of U,(sl(2,R)), then 3D C D(K) N
D(K~Y)Nn D(E) N D(F) such that

i) KD=D,ED=D,FDCD, |K|®D=D, |E["D =D fort € R,
ii) D is a core for K, K™\, E F,ie. U|lp=U for U € {K,K~', E, F} with U the closure of U,
iii) the relations between elements of U, (s[(2,R)) also hold for vectors in D.

As noted before, we get the following corollary, which will conclude two possible models of irre-
ducible integrable representations of U,(sl(2,R), with the requirement of K, E, F being self-adjoint
operators.

Corollary 7.20. Any irreducible integrable representation of Uy(sl(2,R)) is unitarily equivalent to
one of the following;:
(Derescs K =16, B = 26, F = 2a(q— ") 2e PP(elg = g2+ % e 72%) on M = I2(R)
with 208 = ¢, e1,e2 € {~1,1}, ¢ < (¢ + (g — ¢ )72,
(ID)e: K =e™ @0y, B =P 90y, F=(q—q )2 P(c(g — g7)? — 2% — c20%)c=P 5 0y on
H = L*(R) ® C* with 208 = ¢ — sign(@)m, ¢ > (¢ +Q)(¢— ¢ )2
In other words, we see that there is only one possible integrable representation of U, (sl(2,R)) that

acts on L?(R) with ¢ = e™ b e (0,1)\(RN Q). This is also a srepresentation due to the previous
corollary. Also, it is a reasonable definition, as it is natural to want that the operators K, E, F' are
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self-adjoint with our *-structure. Besides that, this definition makes sure that both the real powers
and complex powers of K, E, F' satisfy the relations of U,(sl(2,R)).

Now, do note that we only have P, C L?(R) as our vector space. Thus our representation 7, doesn’t
act on all on L2(R), even though the above constructions do act on all of L?(R). The reason for not
having 7, (U), U € Uy (sI(2,R)), act on all of L?(R) is due to the fact that the self-adjoint extensions
of 7 (U) and 74 (U) need not commute on all of L?(R). But, since we want P, to be a Q-module, we
do need that these two operators commute on the whole module. However, we do get the following
fact, that shows that we can at least extend our representations 7, (U) to all of L?(R).

Proposition 7.21. The operators 7, (K), 7 (E) and 7, (F') generate an integrable representation of
Uy(s1(2,R)). So,
i) To(K), mo(E), 7o (F) have self-adjoint extensions to all of L?(R),

ii) the unitary operators m,(E)", 7, (F)® and 7, (K)® satisfy the commutation relations of U, (s[(2, R)),
ie.

Wa(K)isﬂ'a(E)it = q_tsﬂ'a(E)itﬂ'a(K)isa Wa(K)isﬂ'a(F)it = qtsﬂa(F)itﬂa (K)isa s,teR

iii) the action of the g-Casimir element Cy strongly commutes with 7, (K), mo(E) and 7o (F).

So we see that the extension of P, to L?(R) is our only choice up to equivalence for a representation
with the above nice properties. Also, note that we immediately get that P, is a simple module as
a consequence of corollary giving us only irreducible representations. Note, [I] proofs the above
proposition by showing that the actions of E, F, K on P, are given by

E=J EyJy=T% J'F.,Jo = o+ iw)yT, %o —iwly, J7l KaJo =™,

with the unitary operator J, given by Jaf(w) = Sp(a — zw)f(w) The above E|F, K are easily
recognized as the E, F, K in model (I); _; . if one replaces the x with w in this model.

Next we will see that P, is also a maximal subspace of L?(R) with the property that 7, (U), U €
Uy(s1(2,R)) is well-defined.

7.4.2 P, is a maximal subspace of L?(R)

From the previous part we know that the operators m,(U), U = E, F, K, are self-adjoint operators.
Furthermore, they are also positive operators by construction. So the above definition of integrability
is completely defined via the first definition, definition [7.15]

Now, to show that P, is a maximal subspace, we will first construct a basis for P,. Since 74 (E), 7o (F),
To(K) are positive operators, we see that
Ta(C) o (K) 2 T (E)"1o(K)2  and 7 (Cy) ' ma(K) 2 n0(F)™10(K)2, ,m e N, n € Z

n n

are also positive operators. The linear span of the elements (C,)!(K)2 (E)™(K)2 and (C,)'(K)2 (F)™(K)?2
forms a basis By for U, (sl(2,R)). So we get that m,(b), b € By is a positive operator.

As noted before, the actions of U, (s[(2,R)) on L?(R) are given by unbounded operators. Which is why
our module is given by P, and not all of L?(R). But, from the next lemma, it will follow that P, is
the largest subspace of L?(R) on which all of the operators 7, (U), U € Q are well-defined.

Lemma 7.22. P, is the largest space on which all 7,(U @ U) = o (U) @ 74(U), U € Uy(sl(2,R)), U €
U;(sl(2),R) are well defined. In other words,
Pa= [] Dom(ma(b@Db)).
bRbEB®B;

Furthermore, P, is a Fréchet space for all possible o with topology induced by the seminorms

1/1ls = sup|(ma (b @ b).f)(k)|, b@be By® By,
keR
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This lemma is proven in [I6]. The biggest difference with our definition of P,, is that this proof
shows that e“!f(w) € L?(R), a > 0, is a necessary condition for 7, (K)"f to be well defined for n € Z.
But, this is equivalent with f € P, being an entire function, since the proof uses the actions of K, E, F’
under the Fourier transform.

Note, both the condition that f(z) needs to be entire and that e®“! f(w) € P, for all a € R follow due
to the fact that {nb+ mb~!|n,m € Z} C R is a dense subset and that we want to act with both U
and U on P,.

In other words, this condition follows due to the fact that P, is a @-module. As the actions of K and
K imply that we either need to be able to analytically extend f(z) to a small strip around nb+ mb~!
or e~ mnbtmb™Hk £}y € P, for all n,m € Z.

Recall that {nb+ mb~1|n,m € Z} is only dense in R due to the fact that b € R\Q. So this specific
choice for b is necessary to get that P, is a maximal subspace.

Note that the basis By of U,(sl(2,R)) consists of only positive operators. So, the positivity of the
operators 7, (U), U € {E, F, K}, helps with showing that P, is the largest possible subspace of L?(RR)
that we can turn into a Q@-module, which is given by an integrable representation.

Furthermore, with the positivity of the operators 7, (E), 7o (F), 7o (K), we can directly define the
operators mo(E), o (F), mo(K). Since we have

TolB) = Ma(E)E,  7a(F) = ma(F)®,  mo(K) = ma(K)F,

S

which we can define via functional calculus due to the operators being positive. Combined with the fact
that the actions of 74 (U) and 74(U), U € {E, F,K}, U € {E, F, K}, commute on P, by construction.
We see that it is not a weird assumption to want the actions of U,(sl(2,R)) on P, to be given by
positive operators.

Furthermore, we saw that the chosen actions lead to the fact that P, is an integrable module. This
was also shown to be a unique module up to unitary equivalence. Together with the maximality of
P, we see why P, is a natural choice to define a Q-module structure on. As P, also naturally has
the same self-duality property for b — b~! as Q.

Besides being maximal, P, has another nice property. It is dense in L?(R). This is due to the
fact that 7, is an integrable representation and 7 (E), 7o (F), 7o (K) can be extended to self-adjoint
operators defined on all of L?(R), which is also true for the actions of E, F' and K.

Due to this, one could ask why we even bother with P, and not just use the self-adjoint extensions.
As we could define the action of any element of Q on any f € L?(R) via these self-adjoint extensions.
However, the issue is that it is not clear whether or not the self adjoint extensions of 7, (U) would
commute with the self-adjoint extensions of 7, (U) for U € {E, F,K}, U € {E, F, K} on all of L*(R).
And in general, they do not need to commute. So, for any arbitrary f € L?(R), it need not be true
that UUf = UUf, with Uf,Uf representing the action of the self-adjoint extension of o (U) and
7o (U) respectively.

Which is why we work with P, as our Q-module. Do note that we could turn all of L?(R) into a
Uy(sl(2,R))-module via these self-adjoint extensions. The above issue only arises if we are talking
about modules of the modular double Q, not when we consider P, as a Uy (s[(2, R))-module.

Now that we have a basic idea of what our module P, is, why it is defined in this way and what
some properties are. We can finally move on to describing the Clebsch-Gordan coeflicients of Py, ® Py, .
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8 The Clebsch-Gordan coefficients of the module P,

In this section we will be looking at the Clebsch-Gordan coefficients of the tensor product Pn, ® Pq, .
We will do this by studying how [I] calculated these coefficients and adding some extra details to the
proofs that are given in that paper.

We will see that, similar to the classical and quantum case, we can decompose the tensor product of
two simple modules P,, ® P,,. However, unlike the finite dimensional case, we cannot decompose
Pay @ Pq, into a direct sum of simple modules. However, we can decompose it into a direct integral
of simple modules, which is a generalisation of the direct sum, as shown in [Appendix C: The Direct|

8.1 Small remark on distributions

Since the Clebsch-Gordan coefficients will be defined with the use of distributions, we will shortly talk
about them. In short, a distribution ® is a linear functional that acts on Schwartz functions. This
is done via integration, so if f € S(R), then ®f = [ ®(x)f(x)dz. So, in a sense, one can think of a
distribution ® as a function that acts on f € L?>(R) by integrating the product (® - f)(x).

Recall that the Schwartz-space S(R) is dense in L?(R) and the Fourier-transformation is even a
unitary operator on S(R) and can be extended to an isometry to all of L?(R). Due to this, and since we
are working with functions in L?(R), it is useful to consider the space S’(R) of tempered distributions.
Then, if ® € S’(R), it acts on any f € S(R) such that

@fz/ﬂg@(a:)f(x)dw.

Thus ® € S'(R) is a linear functional ®: S(R) — C. We can then also consider the Fourier transform
of a distribution ® € S’(R) by setting ®f = ®f. It then follows that we have

@(m)246_2”iwxé(w)dw

2miwx

—2miwT jngtead of e in

as the inverse Fourier-transform for a distribution ®. Notice that we have e
this case. This is due to the fact that

[ o= [ [ b @i = [ o).

Now, for our case, we will be defining distributions with the use of limits of the index of certain
families of meromorphic functions. Let {®.}, € > 0, be a family of meromorphic functions ®.(x) that
contain a certain strip around R in their domain. Furthermore, assume that Ve > 0, ®.(z) decreases
rapidly as x — oo and that ®.(x) has finitely many poles with residues that do not depend on £ and
have distance ¢ from R.

Then it follows that ® := lim.|o ®. is a distribution that acts on S(R), so ® € S’(R).
It follows that we can generalise lemma to the space S'(R).

Lemma 8.1. Let ® € S'(R), then the following are equivalent:
i) @ = lim. o ., with ®., ¢ > 0, representing a restriction to R of a function ®.(x) that is
meromorphic in {z € C|Im(z) € (—a_,a4)}, ax > 0, with finitely many poles in the upper and

lower half plane I+ = {z € C| £ Im(z) > 0} at JL = {z; £ ie|z; € £I1} and every function
O, y(x) =P (z+1y), xz,y € R, y € (—a—,ay) are of rapid decrease.
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8.2 The decomposition of Po, ® Pa,

ii) @ is represented by a function ®(w) € C(R) that has the following asymptotic behaviours as
w — Foo:

(w) = +2mi Z ™% Res(®(25)) + Pa, (w) w — 00,
zj€J4

®(w) = —2mi Z ™% Res(®(25)) + Pa_ (W) w— —00,
z;€J—

with ®,, decaying faster than e=27*l Vg € (—a_,a.) as w — Foo0.

The biggest difference with the above lemma and lemma [7.10]is the change of signs. This is due to
the fact that the inverse Fourier-transform has a swapped sign for distributions.
As a quick remark, note that we have already seen some uses of distributions before. The non-Fourier-
transformed version of the unitary operator Z, of lemma is defined as

T.f(z) = /R Ba(z — ') f(x)da’,

hence 7, is a distribution. Another example of a distribution is the Dirac §. As we get that

/ 5(a’ — ) f(x)de = f(a!).
R

hence §(2' — x) is a linear functional on C(R).

We can mostly think about distributions as functions, but it is good to keep in mind why we can
integrate ®(x) - f(z) when f(z) € L*(R) if ® € S'(R). Also, we will use the changed Fourier-transform
of distributions later on too.

8.2 The decomposition of P,, ® P,,

Since Uy(sl(2,R)) is a Hopf x-algebra, we can turn Py, ® Py, into a Uy (sl(2,R))-module, with the use
of the coproduct. This gives us:

U(f@g) =AU)f®g9),  UeclUy(sl(2R)), f &€ Pay g€ Po-

Now, let m21(U) = 7oy @ o, (A(U)), then ma; is the representation belonging to the module Py, ® Py,
as

m1(U)(f@g) = AU)(feg) = ZUf@U”g*Zm N @7y (U")g = Tay @ Ty (A(U))(f @ 9),

for U € Uy(sl(2,R)), f € Pay, g € Pa,-

As before with the classical case and quantum case, we want to decompose P,, ® P,, into a "direct
sum" of simple modules. However, we will soon see that we cannot do this with the use of a direct sum,
but we will need to use the direct integral. For some details on the definition of the direct integral, see
[Appendix C: The Direct Integrall In short, the direct integral is a generalisation of the direct sum. So,
one could think of | ;B Padu(a) as if it is @, c s Pa, but with a different requirement than F' € ©aecsPa
if and only if 0 # F(«) = fo € Py for finitely many a € S. The precise requirement would be that

3]
Fe [ Pudute) < [ 1P dnto) < .
so every F(a) = fo € Py needs to be square-integrable.
Before moving on to the Clebsch-Gordan coefficients, we will note the following fact:
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8.3 Some properties of the Clebsch-Gordan coefficients

Lemma 8.2. P,, ® P,, C L*(R) ® L*(R) is dense.

So, the fact that P, C L?(R) is dense, still holds in the case of the tensor product.
Now, the main part of this section will be proving the following theorem:

Theorem 8.3. Let ma1: Uy(sI(2,R)) — End(Pu,@Pa,) be given by mo1 (U)(fRg) = Tay®@ma, (AU))(f®
g). Then,

)
Poy @ Pay =~ / Padu(a), S=Q/2+iR.
S

The isomorphism can explicitly be described in terms of Coy.ay: L2(R x R) — L2(S x R, du(asz)dzs),

Ca2,041 (f(l'val)) = Ff(ag,xg) = /

[ag 2 al] f(z2, x1)dxadxy,
R

r3 T2 I

with dp(a) = |Sp(2a)|? and the Clebsch-Gordan coefficients {(;3 (;2 31} are given by:
3 T2 1

(0] (0] [0} _mi _ _
{ 5T 1} = ¢~ 2 (Bag=Raz=8an) Dy (Bo: y39) Dy (B31; y31) Do (Bar; y21),
T3 T2 I

with Ag = a(Q — a), Dy(o;y) = 52285 and

= Se(yta)
. 1
Y32 Zl($3—1‘2)+§(043—0é2), B2 = —az +az — a1 +Q,
) 1
Y31 = —z(wg—x1)+§(a3—a1), fa1 = —az+ a1 —a1 +Q,
) 1
Yo1 = —i(z2 — 71) — 5(042 +a1) = Q + as, Par =az+az+a —Q.

Furthermore, the isomorphism is Uy(sl(2,R))-linear, so we have

Cg2  (ma(U) f(xa,x1)) = mas (U)CS3 . f(x2,21), U € U,(sl(2,R)),

2,01 a2,01

where C33 . f(x2, 1) = Fy(as,x3) € Pay is the projection of Pa, @ Pa, into Pa,.

a2,0]

Note, the last remark in the above theorem shows that the actions of U, (s((2,R)) intertwine with
our decomposition coordinate wise. But since it is true for any ag € S, it follows that the action
of Uy (sl(2,R)) intertwines with Py, ® Py, and [ 869 Podp(a). Also, we could write the representation
belonging to [ ;B Podp(ar) as |, ? Todp(a), which again shows a similarity with direct sums. As we get
f? Tadp(a)(U)F = f;e Ta(U)Fadu(a), where F € fge Podp(a) and Fy, is the projection of F' on P,.
In other words, the representation [ ;B modu(a) acts coordinate wise on the elements of |, ;B Podu(a).
Furthermore, recall that the representations m,, were integrable. Assuming that we indeed have that
the map Co, o, is a unitary isomorphism, it follows that m,, ® 74, is also an integrable representation.
This follows from the fact that the properties of proposition hold for 7y, ® 7y, by constructing

the self-adjoint extension via C ! ( f ‘? 7ra3du(a3)> . The other two properties also directly follow by

Q2,01

using this inverse mapping.

8.3 Some properties of the Clebsch-Gordan coefficients

Since the proof of theorem is rather long, we will do that in the next part. For now, we will focus
on some small facts about the Clebsch-Gordan coefficients.
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8.3 Some properties of the Clebsch-Gordan coefficients

a3 Qg O]

Corollary 8.4. The Clebsch-Gordan coefficients [ } have the following orthogonality and

T3 T2 T1
completeness relations:

/ [ag % Oél]* [/33 %) al} dzodry = |Sp(2a3)|726(a3 — B3)d(z3 — u3),
R

xr3 T2 I1 Yys T2 1

/|Sb(2a3)]2da3/[a3 @2 O‘l] [0‘3 2 al} drz = §(x2 — y2)d(x1 — Y1)
S R

xr3 T2 I1 r3 Y2 Y

*

Here [ag a2 al] denotes the complex conjugate of [a?’ a2 041].
xr3 Ty X1 xr3 T2 I

This corollary is similar to proposition [6.28] where we saw an orthogonality relation of the 3j-

symbols for the Verma modules of the quantum case.

Recall that we have an equivalence between the modules P, and Pg_,. At the moment the Clebsch-
ag a2 o
r3 T2 X1
twines with the unitary operator Z, of lemma [7.14] But, since P, and Pg_, are equivalent, it could

be natural to define C33 , in such a way that it acts similar if we change a; with @ — «;.

a2,01

Gordan coefficients [ ] have nice analytic properties, but it is not true that C<3 _  inter-

Lemma 8.5. Let Z, be defined as in the proof of lemma [7.14] and set

int
a3 a2 o a3 a2 o
= N(Oé3,0(2,0(1) . Then
r3 T2 I1 I3 T2 T1

Casos (1 ©Zg-—a,) = CoF Cas o (Ig-a, ®1) = CF’

@2,001 az,Q—ay’ 2,01 —a2,a1’

L0y CE ,, = C& 03

2,01 2,01

[NIES

is true ifN(Ozg,, a2, 041) = (Sb(2Q—a1—ag—ag)Sb(Q—al—a2+a3)Sb(a1—a2+a3)Sb(—oz1 +042+043))7 ,
int
with ng,al(f(l'?’xl)) = fR [ :| f(l'g,l’l)dﬂj’gdl'l.

a3 Qg Q]
xr3 T2 X1

This lemma is proven in [3]. Due to this lemma, we see that first definition of the Clebsch-Gordan
coefficients, theorem is not the only possible one. To be precise, we could let N (a3, ag, 1) be any
function and the intertwining property Cg3 , m21(U) = a3 (U)CS3 ., U € Uy(sl(2,R)) would still be
satisfied if we use the above definition for the Clebsch-Gordan coefficients. It follows that there is no

canonical way to define the Clebsch-Gordan coefficients for our module P,,.

8.3.1 Proof of theorem [R.3

We will now finally show that the decomposition given in theorem is well-defined and correct. This
will be done in a similar way as in the classical and quantum case, subsection and section[6.3] In
those cases, both sides of V(n) ® V(m) ~ @, V(n + m — 2k) where constructed in such a way that
they were generated by eigenvectors of H or K respectively. It was then only noted that one could
get an explicit value for the Clebsch-Gordan coefficients by using the fact that the Casimir and the
quantum Casimir element acted as a constant on the spaces V(n + m — 2k). This time, we will use
a3 Qa2 O]

this fact to show that the Clebsch-Gordan coefficients [
r3 T2 X1

} are of the desired form.

Thus, we will first get a decomposition of the space Py, ® P, into eigenspaces of the operator
71 (K). Then, since Cy acts as a scalar on the space P, thus also on all of the P,,, we will find
eigenfunctions of m1(Cy). These can then be used to show that the Clebsch-Gordan coefficients
are as defined in theorem [8:3] This last step will be done by constructing a unitary operator from
ff Padp(c) to Pa, @ Py, using the eigenfunctions of m1(Cy). In other words, we will show that
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8.3 Some properties of the Clebsch-Gordan coefficients

Cas,a, is an isomorphism by constructing an inverse map.
Now, since we do not just have a direct sum in this case, we have to do some more work. Recall that
the direct integral f§e Podp(a) contains elements F(a, x) in such a way that F(a,z) € P, and

/ |1 (o, 2)|[Pdpa(a) < oo
S

So, we need to show that the measure p satisfies this definition. However, note that

/ || E'f ( 043,903)”79& dp(as) //Ff a3, r3)Fy(as, 3) drsdu(as) = //|Ff ag, z3) [P drsdp(as),

thus the extra condition of the direct integral will be satisfied by the fact that Fy(as,x3) € L*(S x
R, du(as)drs). As the condition [g[|Fy( 043,:63)||7;a du(as) < oo is equivalent to Fy(as,x3) being
square-integrable.

Lastly, we need to show that the projection of F' € féB Padu(a) onto P,, intertwines with the action
of U, U € Uy(sl(2,R)). In other words, that we indeed have

Cg;’ al (7T21(U)f($2, xl)) = Wag(U)Cag alf($2a xl)v Ue MQ(B((ZR))'

The first step is to decompose Py, @P,, into eigenspaces of ma1 (K). We can do this by decomposing
all of L?(R x R) into eigenspaces. Similar to showing that P, is a maximal subset and P, ~ Po-a,
we will also use a Fourier-transformation to construct eigenspaces of w1 (K).

Let F: L*(R x R) — L*(R x R); f(z2,21) — F(kg,a3) = [p e‘”“‘“”“]"(%,%)daar7 with
x4+ = x9 + x1. Then,

Criken Ty +x_+1ib vy —x_ +1ib
f(m(K)f(acz,xl)):/e 3+f< T )dfu
R
= / e~ mirs(e i) £ <x+;x_7x+;$_) dry = e ™ (K3, z_).
R

So we get an eigenspace decomposition of L?(R x R) into spaces Ly, = {F(k3,z_) € L*(R)}, with
k3 € R, of functions with a fixed k3 € R. Thus we get the decomposition L?(R x R) = fﬁe Ly dks ~
fR L2 R)dks.

Now, let C’ Cy—
on P,. The action of 7r21(C ) on Py, ® Pq, is given by

ﬁ Then C’ is still a central elements of U, (s[(2,R)) and also acts as a scalar

—m(FE) @ m(K)* —m(FK ') @ m(KE) — m(K 'E) @ m(FK) — m(K')? © 7(FE)
N ((1—;_1)2 (qwz(K)Q @m(K)?+q 'm(K ) om(K ')+ 2)

Thus it follows that the transformed action of C’; under the Fourier-transform F is given by

lO

Cor(k3) — [z — $12 = [~iz— — $(a1 + a2 — Q) + (a3 — D)p[—iz — 3(c1 + a2 — Q) — (a5 — D))y

4 1
— [~iz + (a1 + a2) — Qs (e”b(MZ(a1+a2)){a_a2 + ik3}p
. 1 A
— C_Zﬂb(_lx_f(a1+a2)){a1 — Qg — ’i/ig}b> Tl,_fb
+ [—iz + (o1 + az) — Qo[ — iz + 3(on + a2) — 2Q) T, >,

where Cy1(k3) denotes the operator that acts as Coy(k3)F(f(z2, 1)) = .F(C;f(:vg,:vl)), i.e. it acts as

the transformed action of C,, with [z], = % and {z}, = Z.C;i(gr bbi)). The full calculations of the
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8.3 Some properties of the Clebsch-Gordan coefficients

action of Cy;(k3) on F(f(x2,x1)) can be found in

Notice that the action of Co;(k3) only shifts F'(k3,z_) in the z_ term. Thus, this action leaves the
eigenspaces L, of mo;(K) invariant. Furthermore, it follows that

(I)ag (012, aq |K‘3|"E) ME3as emv(QQ 208 2a2+“€3)@b(T7 y*)\pb(Ua VY, Wﬂ er)a

2,01
y+:—ix—%(a1+a2)+a3, y,:—ix—%(al—kag)—}—Q—ag,

T=az3+as+a1—Q, U=Q—-az3—ar+a, V=0Q—ikg—az, W=Q—ik3—a+ai,

t

[ 252

is a solution to the eigenfunction equation <Cgl(l'€3) — [z — % b) ® = 0 and it is proven in [I] that

{(®ny)* a3 € S} is a set of generalised eigenfunctions for the operator Cai(k3). In other words,
the functions @7, are eigenfunctions of Co1(k3) in an algebraic sense, but do note that they are not
necessarily elements of P,, ® Py, .

Lemma 8.6.

a3 o o ; a3 g o o
- / 627rm3x3 d$3 =€ THRsTE (I)ag (042, O‘l|"€3‘l’*)v
R3 T2 X1 R xr3 T2 I1

given that Moaggis — ewiag(ag—Q+oc3)e—ﬂi(Q—a3—in3)(o¢2—a3).

We then get the following corollary:
Corollary 8.7.

- , a3 o o«
Let Fy(as, k3) = [p e T35 O, (a2, ar|ksla_) f(z2, x1)de_dzy = [ [ 3 Q2 o

K3 o xl] f(xg,xl)dxgdxgdxl,

then we get
f(xa,x1) :/e”i”3w+/(®a3(a2,a1|ﬁ3\az)*F’f(ag,ﬁg)du(ag)d/ig
R S

Note, the above corollary gives us two maps that are both defined as a composition of a Fourier
transform with another operator. The function Fy(as, k3) is obtained via first sending f(w2,21) —
Jg Pas (2, ar|ks|z— ) (:Ug,fcl)dx, then applying the Fourier transform. Then f(z9, 1) is finally ob-
tained by sending Ff a3, K3) fS as (@2, a1|k3|r_)* Ff(Oég, k3)dp(as), then applying the inversion
of the Fourier transform.

We already know that the Fourier transform is a unitary operator on Py, ® P,,, €ven an isometry,
or at least the extended Fourier transform. So, it now suffices to show that sending f(z2,21) —
Jg Pas (2, ar|rs|z_) f(x2,1)dr_ is also a unitary operator, to show that Cy, q, is an isometry.

Lemma 8.8. The Fourier transformation of ®,,, &)% (w) = @a,g(ag,allmﬂw), decays exponentially
as w — 00. Furthermore, it has the following asymptotic behaviour as w — —o0 :

Bag (@) = N ()2 75 4 N_(a3)e>™" 4+ R_(w),

with R_(w) decaying exponentially as w — —o0, T+ = (a1 + as — Q) £ i(az — Q) and |Ni(a3)|? =
|Sp(2a3)| 2.

Proposition 8.9. Due to the previous lemma, we can define an "inner product" (®,,, <I>ag) as a
bi-distribution given by

(Pays Buy) = | N (3) P53 — o) = [Sy(2a3)| ~26(as — ).

Proof. To show that (<I>a3, ®,) = |Sp(2a3)| 728 (i3 — ), we will consider (Cay (k3)Pas, Do) —(Pay, Co1(k3) Py ),
with (f,g) = [ f( x)dx and f(z)* = f(T), and show that it is of the desired form.
Let @y, () = Pqy (052,051’/£3|$) and note that

Cor(k3) — o — L7 = 04 (2)e™ Q2™ — §5y(z) + 0_(z)e ™PQe2mbT

— 87 —



8.3 Some properties of the Clebsch-Gordan coefficients

with

5+(:L‘) = T;ib[dx — a9 + %ﬁg]b[dx — ] — %Fc?,]b,

dola) = 510} (QKT: " — ({202 — Qhy + ™4 {201 — Q) T2 + {203 — Q)
(5_(x) = T;ib[dx + ag + %Iﬁ:g]b[dm + oy — %Hg]b.

Since [ag — %]2 and dg(x) are self-adjoint, it follows that
((Car(k) = [as — §10)Pags Do) = (Pag, (Cor (K3) [ — $17)Puy) = (Car (K3)Pay, Pay) — (Pag, Co1 Do)
i (@

= (§;(2)e™IVmIED (2), By () — (Day (), 0;(2)e™ TR, (2)).
j=+

Since lemma shows the behaviour of <i>a3 (w), we want to know the Fourier transformed action of

5;(x)em IR a5 (f(x), g(x)) = (f(w), §(w)). Do note that in lemma the distributional Fourier-
transform was used, but in this case we will be using the standard Fourier-transform, similar to [I].
This will imply that the behaviour of ®4,(w) as w — oo is the same, but we get

Doy (W) = Ny (az)e™ ™%+ L N_(az)e” ™%~ L R_(w), as w — —00.

Let f € Pq, then

/ e—27rz'wx5+ (w)em‘erQWb:v f(:L‘)dZL‘
R
_ e™ibQ / o 2miws (e—nib(a2+a1)627rbxf(x) + €7rib(a2+a1)627rb($_2ib)f(l‘ _ 2’Lb)
—1)2
(a—q')? Jr
- (eﬂib(fa2+a1+ing) + efﬂib(fa2+a1+in3)) e27rb(x7ib)f(x o Zb)) dr

ib
— ﬂ (e—rrib(oc2+oc1) + emb(a2+a1)e47rbw . ((emb(—ag—i—m-i-m?,) + e—m‘b(—a2+a1+m3)) eQwa) Tibf(w)
(¢—q7")? i
— (q_lq_l)g (eﬂb(SQ""Sl) + e—ﬂ'b(52+31) Arbw 2 + <( mb(sz—s1—53) + e—wb(SQ—sl—ng)) 627rbwq) T‘be(w)
=0y (w) f(w + ib)

and

/ e—27riwx5_ (x)e—m‘er—Z ﬂbxf(iv)d.l‘
R
—mibQ , , , .
_ e — / e—27r7,wx (ewzb(a2+a1)e—27rbxf(w) + e—7rzb(()¢2+a1)e—27rb(:c—22b)f(x _ 21())
(@—a')? Jr

- (ewib(a27a1+i1@3) +677rz‘b(a27a1+m3)) —2mb(z— zb 113 o Zb)) dr

= (qe_Trql_Ql)Q (emb((m-i-ozl) + e—ﬂib(a2+o¢1)e47rbw _ ((ewib(ag—a1+m3) +e —mib(og— a1+m3)> egﬂbw) be )
= ((1_2—1)2 <€7rb(—82—81) + e—ﬂb(_52—51)64ﬂ'bwq—2 + <(e7rb(—sz+s1—n3) 4+ e b(—s2ts1—K3 )627rbw —1> zbf( )

5 () f(w— ib),
with aj = % +isg, k € {1,2}, where 6;(w), j € {+, —}, is used for a shorthand notation for the Fourier
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8.3 Some properties of the Clebsch-Gordan coefficients

transformed action of 9;. It follows that
(C21(53)Pas, Poyy) — (Pag, Co1(K3)Pay)

~ lim Z / 0) B (0 i) By () = (Barg ()65 () By 0+ i) ) v

S

W—jib 5 5 5
= Jim 3"~ / ()"0 ) o0+ it = [ (B ()5 (0) oy (o + )
= Jw W —jib
w ~ * g .. o W —jib % & ..
as [Ty )0 (W) Py (w + jib)dw = (Bas (w)) 0 (w) Py, (w + jib)dw
+ fWW Jzﬁb w))*éj(w)cbalg (w+ jib)dw + fW—jib Do, (w))*6(w) Py, (w + jib)dw, since neither §;(w)

nor ®,, (w) have singularities inside this contour. Furthermore,

W—jib B 5 w _ _
/ (o ()73 () B (0 + i) o = / By (10 — )53 — Jib) Doy (1)
W

—W—jib
W ~ — W ~ ~
— [ Ty G5 @ ) = [ (56) 0w+ 51D) By ()
W -Ww
since dm0(W=iib)gi2 — eAmbw =32 4 e2mb(w—jib) gil — e27bw,—jl  Note that every other term of 5;(w)

is either real or invariant under complex conjugation. Thus this is indeed enough to prove the above
equalities. .
Now, by lemma ., (w) decays exponentially as w — oo, hence

W—jib ~ R
lim (P (W) 0 (w) Py (w+ jib)dw = 0,
W—o0 w 3
and it follows that
(Cor (58) By Doy, ) — (Barg, ot (1) Boy, ) = V&lgloo Z / o (B ()6 (w) By (0 + jib) oo,

g wib(sg+s . . . . . . .
Now, 0;(w) — % as w — —o0, in combination with the previous noted asymptotic behaviour
J (a—a~")

of By, (w), we get
(021 (’{'3)(1)043a o ’) - (q>a3a 021 (’{'3)(1) /) —

( W}Im Z / N+( ) —Qﬂiw(sg—s’g)eZijs’B + N_(Odg)*N_ (aé)eQWiw(sg—sé)e—%rjbsé
q—q _>°° W— ]zb

+ N+(a3) N_(Otg) 727mw(53+53) —2mjbsh +N_ (0[3) N+( ) 27iw(s3+s%) 27r]bs3dw

lim / Oé3 N+( ) 27iw(s3—s%) 27rjb53+N (a3) N_(Oé/ )627riu.;(733+5’3)6727rjbs;’3
(q q 1 Wﬁooz W— j'Lb ’

4 N+(043) N,( 3) 27rzw(83+s’3)e—27rjbsg 4+ N_ (ag)*NJr(ag)e—Qmw(sg-i-sg)eijbsgdw

lim z : 2 : 81 O£3 82 (ag)e?ﬂ'iW(Els3—628§)627Tj52b5,3(1 . 627rjb(£183—azsé)).

W J—
(q q- —oo A 2mi(e153 — €25%)

According to the proof in [I], the above term simplifies to

e2miW (p3—p3) _ o—2miW (p3—p3)

i

. /12 . 2 . 2
— lim |V
([ips] — lipsly) Wl_m‘ +(as)l 2mi(p3 — p3)
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8.3 Some properties of the Clebsch-Gordan coefficients

due to the Riemann-Lebesgue Lemma and the fact that

e2mbpy + e—2mbpy _ o2mbps _ o—2mbps [ /]2 [ ]2
- = Zp - Zp3 :
e 31b b

From this, it follows that

e2miW (p3—p3) _ o—2miW (ps—p5)

((I)asa (I)ag) = M}E}noo |N+(043)‘2

9

2mi(ps — ph)

and we get
| e27riW(p3—pg) _ e—QﬂiW(pg—pg) p
. I _
5 Wrsoo 2mi(ps — p3) s(exs, s )yl )
) 627riW(p3) _ e—27riW(p3) , , ,
SVI}gnoo 27T’i(p3) Ff(a3 +O‘3”€3)d/‘(a3) = Ff(a3”€3) ':U’(O‘Z&)’

due to the Dirichlet kernel. It then follows that

. sin(mz) B
Jim /R F(@)dz = £(0)

a—0 ™

for any f € S(R). From this, it follows that, if we set p(as) = [Ny (a3)|~2 = |Sy(2a3)|?, then
/S(‘I’ag,‘I’ag)ﬁf(%’/fs)d#(as) = | N (o) [* () Fy (0, k3) = Fy(ads, r3).

In other words, we see that (®a,, Poy) acts as INy(a3)25(ag — o) if we set p(ag) = |Sp(2a3)|>. O

From this, it follows that the operator sending f(z2,21) = [p Pay (a2, a1|kslz_) f(z2,1)dz_ =
Fy(az,z4) is a unitary operator if we set pu(a) = |Sp(2a)|?. Its inverse is then given by Ff(asz,z.) —
J5(®as (a2, a1 K3z )*Fy(as, 24 )dpu(as). Since the composition of two unitary operators is still unitary,
it follows that both Ff(as, k3) and f(w2,21) in corollary are defined via unitary operators. Thus
it follows that the map C,, o, is indeed a unitary isomorphism.

To conclude the proof of theorem @ it is only left to show that CF3 , satisfies the intertwining
property and also that C33 , f(x2,21) € P, for all ag € S.

2,01

Proposition 8.10. The projection Cg? , maps Pa, ® Py, into Pay. Furthermore, we have

Cas o (M1 (U) f (w2, 21)) = 7oy (V)OG5 o, f (w2, 21), VU € Uy (sI(2, R)).
a3 Qa2 o7
K3 T2 X1
and f(xg,21) is entire, it follows that the Fourier-transform of Fy(as,z3),

Proof. First, due to the fact that { } has poles at k3 = +(Q — az +nb+mn~1), n,m € N,

~ a3 g
F = dzod
(s, K3) /R2 [’iS . :LJ f(z2, z1)dzodxy,

has poles of the same form as elements of P,,. To show that Fy(as,x3) is entire, we will give an
explicit analytic continuation to z3 € {z3 € C|im(z3) € [0, 2]} and 23 € {z3 € C|im(z3) € [-2,0]}.
This can then be generalized to any {z3 € R|im(z3) € [0, 2]}, n € Z, and also holds for b1, due to
the invariance of the Clebsch-Gordan coefficients for the change b — b~! and also due to the fact that
the proof is symmetric for the change b — b~!, since the poles we are dealing with are of the form
z3; = Fi(e +nb+mb 1), n,m eN, j € {2,1}, £ > 0 and small.
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8.3 Some properties of the Clebsch-Gordan coefficients

Now, one can construct an explicit analytic continuation to {3 € C |im(z3) € [0, 5]} by first integrat-
ing over x1, then by integrating x3s = 3 — 9 — %(83 + s9) along the contour Cy which is the union of
(—o00, —0d], [§,00) and the half-circle in the upper-half plane at x32 = 0 with radius 6, b > § > %. In
other words, one gets

a3 Qo a1
Fy(as, x3) = ,1)dz1dg,2,
o= [ L[5 5 St

for an explicit analytic continuation, with C} visualised by:

Im(xgg)

T
R€($32)

-6 6

To construct an explicit continuation to {z3 € C|im(z3) € [—5,0]}, one first integrates along xs.
Then integrates x31 = x3 — x1 + %(53 + s1) along the contour Cs, which is the union of (—oo, —d],
[0, 00) and the half-circle in the lower-half plane at x31 = 0 with radius 6, b > ¢ > %. In other words,

one gets
a3 Qg Qi
Frlas,x3) = T2, x1)dxady,1,
(o3, 3) /02/]1{[%3 . xl]f(2 1)dxady,n

for an explicit analytic continuation, with Cy visualised by:

-6 4

Re(l’gl)
T

Im(xgl)

Note, in both cases the half-circle is needed to avoid the pole in 4i(e + nb + mb~!). Since this
construction can be extended to {z3 € C|im(zs) € [0,”2]} for n € Z and also works when b is
replaced by b~', it follows that Fy(cs,x3) is entire. In other words, C33 , f(x2,21) € P, for any
f(z2,21) € Pay @ Pa, -

The last thing to prove is that the projection g3 ,, is also Uy(sl(2,R))-linear. To do this, we will

rewrite Coy o, m21(U) f(x2,21), U € {E,F,K}, then use the above analytic continuations to get to
m3(U)Ff(as,x3). The analytic continuation is needed due to the fact that m3(U) contains the shift

£ib
operator 1,2 as U € {E,F,K}.
i b _ib b
First, note that mo1(U) consists of a linear combination of the shift operators T,2 T,2 , Ty, 2 Ti> and
i _ib
T.,% Ty, 2. Due to this, we are mostly concerned with how one would calculate

ib
a3 g oy .ty
T,. To,x1)drodr1. Now
fRz[xs - 961] v~ f(x2, v1)drod2y )

ib
as s o]+ a3 o o« -
/2 [ 3 02 1} Ty, ? f(a2, 21)dzadz) = /2 [ 3 2 1} flzo £ 2, 21)dwaday
R R

r3 T2 I r3 T2 I

a3 az ib o3 a9 a1
= , xo £ 2, x1)dx1dx +Res://[ ; ] x2,x1)dx1dze + Res,
/]R:FZQb /]R |:$3 Z2 l‘1:| f( 2 2 1) ! 2 RJR |3 X2 F % 1 f( 2 1) 1 2

where we shifted the contour of g to R F % in the second step and Res is the contribution of the
residue due to this shift. This would be the contribution of the pole at z = x1 — 5(2a3 — a1 — az) —
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8.3 Some properties of the Clebsch-Gordan coefficients

i(e+nb+mb~t) or 21 = xo — L(an + a2 — 2a3) +i(e + nb+mb~1), n,m € N, in the case of a shift in
x1. Since mo1(U), U € {E, F, K}, only contains shift operators as described above, it follows that we
get

/ [oz?, o2 al} 7721(U)f($2,331)da:1d$2:/
R2

r3 T2 X1 R

= t a3 az o
_/CQ /01 <7T21(U) |:333 T2 1-1:|> f(-TQ;xl)dCCle'l’

a3z Gz Qa1
r3 T2 X1

) <7T21(U)t |:a3 &2 Oél:|> f(fL‘Q,ZEl)d{Ele‘l

r3 T2 X1

where 751 (U)! denotes the operator that acts on [ } via the above described shifts in the

b
. 5 as a
integral. For example, (7,2 )! Qs oz a3 a2 ! ib |-
T3 T3 T 3wy T1—Y
Since we have that oy (U)? [QB o2 al] = m3(U) [
r3 To I1 xr3 T2

from the functional equation of Sy(x) as seen in [Appendix D: Special Functions| It follows that we get

/ [ag Qg 041} 7721(U)f(372,$1)dx1dx2:/
R2

T3 X9 T R2

az Qo (;1] for U € {E,F,K} [, this follows
1

Q3 Q2 O]
T3 T2 21

7['3(U) |: :| f(l’g,l’l)dl’lde,
for U € {E, F, K}. Lastly, since E, F, K generate U,(s[(2),R). It follows that the projection onto Pas,

Cg3 ., is indeed Uy (sl(2,R))-linear for any a3 € % +iR. O

2,017

We now see that the map Cy, o, : L?(R?) — L?(S x R, du(as)dzs) is indeed a unitary isomorphism
that explicitly describes how to decompose

(&)
Pay & Pay = /3 Pagdpi(as).

Again, notice that the condition of Cg3 , being U, (s[(2, R))-linear is necessary and sufficient for Co, o,
to be a U, (s1(2, R))-module morphism. Without this fact, we would only have an isomorphism between

the tensor product Py, ® P,, and f? Posdp(as) as vector spaces.

In the last two sections we showed how one could find the values of the Clebsch-Gordan coefficients
and a similar strategy could also be used in sections 3 and 6 to calculate the Clebsch-Gordan coeffi-
cients of the Verma modules for the classical and the quantum case. However, since the operators in
those two cases aren’t unbounded operators, finding eigenfunctions does become a lot simpler. But
the idea is similar.

In the next section we will that we can generalise the strategy to calculate the Clebsch-Gordan coeffi-
cients. Since we will be looking at the Racah-Wigner coefficients. In short, these coefficients describe a
similar relation as the Clebsch-Gordan coefficients, but this time for the triple tensor Pn, ® Pa, @ Pa,
instead of the regular tensor P,, ® P,,. However, we will not give an explicit calculation, but only
describe how one could find an explicit formula, similar to sections 3 and 6.

Even though we will not do any explicit calculations, it is still useful to shortly look at these Racah-
Wigner coefficients. As that will show how we could decompose any number of tensors of P, into a
direct integral of simple modules. Concluding that we are not restricted to only the tensor product of
two irreducible representations.
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9 The Racah-Wigner coefficients for the module P,

We have seen that we can decompose the tensor product P,, ® P,, into a direct integral of simple
modules. One could wonder if this process could be generalised to the tensor product of more than two
modules. And this is indeed possible by decomposing "smaller" tensor products with known methods,
until one gets a full decomposition.

In this section, we will look at how to decompose a triple tensor product of modules P, and we will
also look at what problems one will find in that case. Most notable, similar to the case of Py, ® Py,
we will find self-adjoint extensions for the operators (7a, ® T, @ Mo, 0 (A®id) o A)(U), U € {E, F, K}.
But, since we will soon see that we can construct such an extension in two ways, it is not immediately
clear that the self-adjoint extensions of these operators are unique.

Do note that this question arises due to the fact that the action of U,(sl(2,R)) is integrable and
unbounded. Since we are only talking about self-adjoint extensions due to the unboundedness. So this
is mainly a problem we get due to our specific setting.

9.1 The decomposition of the triple tensor product

Let ag,as, 1 € S = % +tR. Then, we want to decompose the triple tensor product Py, @ Pa, @ Py
into a direct integral of irreducible representations. Now, the representation of U,(sl(2,R)) on Py, ®
Pay @ Py, is given by

7321 = (Mg @ Tay @ Tay ) © (A ®id) 0 A = (Tpy ® Tay @ Tay ) © (id ® A) o A.

To decompose the module Py, @ Po, ® Pq,, we will use what we know of the previous sections and
we will also decompose it in two canonical ways. Note, Pa, @ Pay @ Pay = (Pasz @ Pay) ® Pay =
Pos @ (Pay ® Pay ), so we can see the triple tensor as the tensor product of (Pu, ® Po,) and Py, or
as a the tensor product of (Py, ® Py, ) and Pa,. Since we already know how to fully decompose the
tensor product of P, ® Pg for arbitrary a, 8 € & with the isomorphism C, g, we can first decompose
(Pay @ Pa,) into |, ‘? Po,di(ay), then decompose Py, ® Pqoy, Yoy € S, to fully decompose the triple
tensor. This decomposition is often referred to as the t-channel.

Similarly, we can decompose Po; ® (Pa, ® Pa,) by first applying id ® Co, e, and then decomposing
Pas @ Pa,, Yas € S, which is often referred to as the s-channel. We will first describe the t-channel in
more detail.

Define a unitary map Czgy: L*(R?) — L*(8? x R, du(as)dp(ay)dzy), f(x3,x2,21) — F}(ag,at,x4),
then [} is given by

L oy oy o« o a3«

F(ay, ag, r4) = lim lim 4 £t T2 f(x3, xo, x1)drsdrodridr,

f ) ) ) ) )
e2l0e1]0 Jp2 |T4 Tt X1 ey JR2 Ty I3 T2 o

x4 € R, ay,ar € S. Note that this does indeed show that we first decompose Py, ® Pq,, then apply
the unitary map of theorem once more to fully decompose the triple tensor. To simplify notation,
set X = (x3,x2,21) and dx = dxszdzredx;, then we get

a3 Qa3

el0 Jps M las o

¢ las ag B ay ap a1 o az o
oy, (z4,%x) = dzxy.
ay o R T4 x o |z w3 w2,

Since the map C(3g); is constructed as a composition of Uy, 0, and maps Cq, q,, it follows that the
action of Uy(sl(2,R)) on P,, intertwines with the action of 7321 on Py, @ P, ® Pq,. In other words,

if Cé‘g;lf(x) is the projection of F}(O&4, at,x4) onto PL . then

F}(a4,at,x4) = lim ! [ ] (r4,%) f(x)dx,

with

og

7Ta4(U) (C(Oglz’ﬁtf(x)) = 0(32)1 (7?321(U)f(x)) , Yag,ap € S, U € Uq(s[(Z,R)),
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9.1 The decomposition of the triple tensor product

similar to the intertwining property described in proposition [8.10}

Note, we need both oy and a4 as we have a double direct integral in this case, so there are two
variables that act similar to coordinates. For example, only projecting onto a4 would still give us a
iy )-measurable vector field that depends on a;. So we only get L?(R) functions after fixing both ay
and oy € S.

From this, it also follows that

D @
Pay ©Poy & Pay = [ [ Phdulaiten).
S JS
As noted before, we have a second canonical way to decompose the triple tensor Py, ® Puy, ®
Pa, by using the s-channel. Similar as above, define a unitary map Cyq): L*(R?) — L*(8? X
R, du(ay)du(as)dzy), f(xs, xo,x1) — FJ‘?(oz4,oz5,:C4), with F]‘?(a4,as,x4) given by

L a4 3 o« s Qy o

F?(ay, as,z4) = lim lim 408 s s f2 ™ f(z3, 2, x1)drodrdr3ds

f 9 ) ) ) )
e2l0e140 Jp2 (T4 T3 Ts ey JR2 Ts T2 T1 -

4 € R, ay, a5 € §. This can then be simplified to

a3 (2

s T s
Fi(as, a,24) = lim | @7 [044 ar

€l0 JRrs

| (a7

with
(0% (6% « (6% (6 « « (6%
q)gég 3 2 (LE4,X) :/ 4 3 s s 2 1 dl‘s.
T4 R [T4 T3 Ts c Ts T2 T1 c

This then leads to the decomposition

(&) ()
Pay @ Poy @ Pay = [ [ Phdulan)dnan)
S S

and we also have a similar intertwining property given by

Tas(U) (5555 1)) = Coon (man (D) f (X)), Vau,ay € S, U € Uy(s(2 R)).

Now, just like in the previous section, due to the fact that the maps C(3p); and C3(o1) are unitary
and the representations ¢! and 7gs are integrable, it follows that the representation msp; is also
integrable. We can construct self-adjoint extensions of m321(U), U € {E,F, K,Cy}, via the inverse

maps C(_S;)l and 03(51)' Call these self-adjoint extensions 732y (U) = (_3%)1 f;’z 7ot (U)dp(o)dp(og)

4
and m3(21)(U) = 03_(;1) fg 7os (U)dp(oy)dp(as) respectively.
Now, since these two extensions are obtained via different unitary maps. It is not immediately clear
that 7(32)1(U) and 73(21)(U) act similar on all of L?(R?). In other words, the self-adjoint extensions,
m32)1(U) and 73051y (U), of m321(U) to all of L*(R*) need not be the same or even equivalent. But,
that would imply that a self-adjoint extension of 7321 (U) to all of L?(R?) need not be unique.
Luckily enough, we will soon see that the self-adjoint extensions will be the same and it will follow
that the self-adjoint extension of w31 (U) will be unique for U € {E, F, K, C,}.

To show that the self-adjoint extension of 7321 (U) is unique for U € {E, F, K, C,}, we will be looking

043 a2 "
oy a1:|6 ($47X) and (I)Oét |: :|8 (x4,X). NOW, the

Fourier-transform of these distributions is given by

Yo las o . oy o
q);i |: 3 2] (/{4’ X) _ / 627rm4904 (I)gi |: 3 2] ($4, X)dx4.
€ R €

agz Qa2

at the relation between the distributions ®, [
s (o7 Neq]

aq Oaq aq g
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Furthermore, since C(32); and Cj3(g1) are unitary maps, we get the following relation between the
functions F;(oz4, as, Kq) and F;(oz4,ozt, Kq):

Ff 044,Oés,f<~'4 / / {(M o }Ff (044,0%,H4)d/ﬁ(/€4)dﬂ(044)d/i(at)
S2 ar K

Q4 O

with the distribution IC { 24] given by:

054 O[t

K{af O Hﬂ = lim lim// // <<I)t { OQ] (nﬁ,x)) <I>s [a?’ 042} (K4, x)dxsdz1dxs.
oy oy Ky p—00 €l0 aq oy o

Now, similar to the classical case, we will see that this relation will be 0 for a lot of values of o/, and
. To be precise, we will see that K [34 ZS :?] will be 0 whenever o) # a4 and &l # k4. From
4 t 4
this, it will follow that the self-adjoint extension of w31 (U) will be unique for U € {E, F, K, C,}.

Proposition 9.1. The distribution K is of the form

Q4 Qg R4| ) ! Qg Qg
K[O&ﬁl o ,{ﬁj—é(azl ay)o(kg — Ky K [54 Olt:|’

with K [ZM ZS] a distribution that only depends on ay, as, oy and k4.
4 t

Proof. To prove this proposition, we will show that the following holds:

2 2
g2k o]
2 b 2 b 054 Ot K,4
/ o4 Q5 K4l _
(/{4 54)IC [Oéﬁl a, /iﬁj =0.

Then, as stated in the proof in [I], if the above claim is true, the statement in our proposition will
follow due to a certain theorem. This known fact implies the following:
Let f € S(R) be such that f(x) # 0if & # 29 and f(xg) =0, x,29 € Rand fg(z) € S(R) Vg(z) € S(R).
Let T € S’(R) be a tempered distribution such that T'f(z) = 0 Vo € R, then T = ag(zo)d(x — x0). In
other words, it suffices to show that the first claim of this proof is true. The proposition then follows
from the above fact.

2 2
In our case, if we indeed have that ({ou; - %} — [a& - %] ) KC [Oéjl o Fiﬂ =0 and
b b ay O Ry
(ke — Ky K [af‘ s Rﬂ = 0, it then follows from the above fact that K [af‘ s Hﬂ = 0(ky —
064 Oét Kl4 064 Oét /‘414
K)oy — ap)aop(au, ka; as; o). As K [Z% Zs Z?] satisfies the conditions of the above fact if we take
4 Qr Ky
f € S(R3) with f(ay,as, k) = 0if ay = o) or Ky = K.

Recall that 72 (Cy) and 72 (K) decomposed L?(R?) into eigenspaces with eigenvalues e~™ and

2 ~ Tas o . ~ i las « ) . L
[a3 _ %} . As @Y 3 ™2 (k4;%) = lime_y0 P, 3 2 (k4;x), which consists of a multiplication
b flou o tlaa o,

of two Clebsch-Gordan coefficients, it follows that we also have

~. ~. - 2 -~
7Ta4 (K)F}(O[4, (7% K/4) = e_ﬂ—bHALF}(O[Sa [o7% K/4)’ 7rOl4 (C(/])F}(allv g, "4/4) = |:O[4 - %:| b F}(O{4, Qg ’{'4)7
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with i € {s,t}.
Now, it follows that we get

2 2
Q|7 rQ Qy Os Kg _
<[a4 2]1; [a4 2}b> K [a+4’ o HZ]
lim 1 3y a2 r. Nas |3 Q2 ]
Jim lmp—>00// / << [ p alL (R4,X)> T321(Cq) @3, LM a1l , (K43 %)

_ <W321(C;)<I)tat [a? a2] (IiﬁﬁX)) QJNSQ[O[?’ 042:| (/@4;x)> drsdzidxsy
€1 2

oy Q1 a4 7 c

for the action of C(lz’ with the above regarded as a distribution.

To show that this indeed vanishes, one can do something similar as what was done in the proof of
proposition . First, we have that 7321 (Cy,) acts on f(x3, z2, 1) by shifts of the form TisibTis2bissh,
si =+, 1 € {1,2,3}. Now, we can rewrite how 7T321(C(/]) acts into shift operators of the form Tjo3 =
T\ Ty, Ty, Tor = Ty, Tt and T = Ty, T, to get

T3+ xo
2712 2"3
ib b ib
7321 (C, E E E Poy ngns (23, 02, 01) T 53 To T32 )

n1=—3n2=0n3=0

with Pp; ny.ns (23, T2, 1) some polynomial that depends on n1,ng, n3 and 3, x2, v1 and Tty = Ty T Ty,

Tsy =Ty, T, % Tsy = Ty T, It follows that 7321 (Cy) contains positive imaginary shifts up to 2ib of the
variables x21, 32 and x31, with x32 and z3; as in proposition and 291 = 29 — 21+ %(32 + 81 —283).
Furthermore, the shifts of the form T}, T}, Ty, can be replaced by e~ in the above integral. So we
indeed do end up with shifts in only x32, 31 and xo1.

Now, by shifting the contours of integration, similarly to proposition [8.10] we get

popp [~ * ~
// / (I)th [a? OQ] (K); %) 7r321(C')<I>55 |:O[3 aﬂ (kq; x)dxsdridry =
RJ—pJ—p @y 0], Qg o],

p 2 ’ S5 o |as a2 . _

// / ms(C (q; [041 aJ . (I%X)) b, [0@ 041]52 (s x)dradidies =

pore ~ s
// / 7T321(C(;)(I>Zt [Z? ZQ:| (/gil;x) (I)ZS |:Z3 32:| (/<;4;x)dx3da:1d$2,
RJ—pJ—p 4 Sy 4 Pl

with 7391 (Cy)* the transposed operator m321(Cy). It follows that we indeed have that

Q1° /Q2Ka4as/i4_
a4_5b_ a4_§b o ap KL

A similar reasoning also shows that

Q4 Q5 Ka
(/@4—/—{2)IC ;0 T =0,
Oé4 Oét K:4

when one uses the action of K instead of that of ;. Hence, it follows that

Q4 Qs Kgf| N o Qg Qg
K[aﬁl o Kﬁj—é(oq ay)o(kg — ky) K [H4 aJ’

by the first remark of the proof. O
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From this proposition it now follows that the self-adjoint extension of 7321 (U) obtained via the

inverse mappings C’éé)l and C’;él) are the same for U € {K,C,}. Via similar reasoning as in the
above proof, one can also show that we have 739)1(U) = m3(21)(U) for U € {E, F'}. In other words,
the two self-adjoint extensions of 7321 (U) obtained via the inverse mappings C(_:),;n and C;él) are the

same for U € {E, F, K,Cy}. So these self-adjoint extensions are indeed unique.

As a final remark on the triple tensor, we would like to quickly give a definition of the Racah-
Wigner coefficients, also known as the 0-65 symbols. Similar to the Clebsch-Gordan coefficients, the
Racah-Wigner coefficients also gives us a relation via a linear transformation. But, instead of showing
us how the decomposition is related to the tensor product, the Racah-Wigner coefficients give us a
relation between the two differently obtained decompositions.

Proposition 9.2. We have the following relation between ®% (z4,x) and ®f, (24, x):

P, [ag OQ] ($4,X)=/ {al . as}@gt [ag OQ] (74, x)dox,
s layg o1 s 3 Q4

Qg Qg Qq
where this relation is either considered as

i) a relation between two analytic functions in

AW = {(21, 20, 23, 24) € C|im(z1) < im(z2) < im(xs) Aim(z1) < im(xq) < im(zs) Aim(zs—z1) < Q}

ii) a relation between meromorphic functions on C*,

a3

Qg
o 041] (z4,x) for 0 € {s,t}

iii) a relation between distributions defined as boundary values of ®?, s [
and (x4,x) € R,

Note, the above can also be written as a relation between the functions F} (g, s, z4) and F}(a4, g, T4).
This gives a fairly similar looking relation,

(O %)
F3 (o, s, 24) = /
s (&3 Qg

which is obtained with the use of the transformation between F~J§(a4, ag, Kg) and F}(a4, (s, Kq) Via the
Qg Qs Ryq

ay o "ﬂﬁj '

Finally, one can get the following explicit value of the Racah-Wigner coefficients [1]:

Qg
ay

} F}(aila O, $4)d0[t,

distribution K {

Proposition 9.3.

a1 9
a3 04

as} B NSb(Oéz + as — a1)Sp(ar + a1 — ay)
Sp(az + o — ag)Sp(as + az — ay)
1Sy (202 /ioo Sp(Uy + 8)Sp(Us + 8)Sp(Us + 8)Sp(Uy + 9)
—ioo Sp(V1 + 8)Sp(Va + 8)Sp(Va + 8)Sp (Vi + 5)

Qg

ds,

with N a certain constant and

Ul = a5+ a; — as, Vi =20Q 4+ as — a; — as — ay,
Uz =Q+az —az—a, Vo=Q+as+a; —ag — as,
Us + as + ag — ay, V3 = 2as,

Uy =Q+ as — a3 — oy, Vi=Q.
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9.1 The decomposition of the triple tensor product

Do note that because the Racah-Wigner coefficients give us a relation between F' Jf(a4, as,x4) and
F}(aﬁl, ay, T4), any obtained explicit value for the Racah-Wigner coefficients depend on the normaliza-
tion of the Clebsch-Gordan coefficients. In other words, the choice that is made for N(as, a2, 1) in
lemma [8.5] will influence the obtained value for the Racah-Wigner coefficients.

Lastly, one can calculate the constant N of the Racah-Wigner coefficients either explicitly, or one could
use a similar approach as what was done earlier to get an explicit value for the Clebsch-Gordan coeffi-
cients. In other words, one can describe the Racah-Wigner coefficients with the use of eigenfunctions
of certain finite difference operators.

In[I] this is done by fixing three of the four variables of x1, ..., x4 in proposition . This then gives a
linear transformation that depends on only one variable. One can then solve an eigenfunction problem
similarly to the eigenfunction problem of the Clebsch-Gordan coefficients to get a fully explicit value
for the Racah-Wigner coefficients.
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10 Summary

To give the reader a good idea how to work with Hopf x-algebras, we started with some general theory
on quantum groups and their modules. This started with general information Hopf algebras, where
we also looked at M(2), GL(2) and SL(2) as they are a great explicit example on Hopf algebras.
Especially since their quantum deformations My(2), GL,(2) and SL4(2) have fairly similar structures.
Since we also wanted to introduce U,(sl(2)) as a quantum deformation of U(s((2)), we also looked at
some general theory on Lie algebras. This contained some useful facts, like the Poincaré-Birkhoff-Witt
theorem [3.31] and the general structure of a universal enveloping algebra. This part also contained our
first explicit example of a module, the Verma modules. We showed the form of every finite dimensional
simple U(sl(2))-module and that the same construction could be used to get the infinite-dimensional
Verma modules.

The general theory ended with the study of the Hopf *-algebra U, (sl(2)). Here we showed all possible
s-structures of U, (sl(2)), which was also done for GL,(2), SL,(2) and U(sl(2)). We then proceeded to
look at the Verma modules of U, (sl(2)). The study of these modules and all finite dimensional simple
modules of U, (s[(2)) was shown to be fairly similar to that of U(sl(2)), except for the fact that some
care was needed for the choice of the parameter gq. To further show why care is needed, we ended the
general theory by looking at what happens when ¢ is a root of unity. This changed several facts and
possible options on the finite dimensional simple modules of U, (s[(2)).

We also looked at the tensor product of two Verma modules of U(s((2)) and U,(s[(2)) as an introduction
the the part about the modular double Q introduced by Faddeev. There we looked at a simpler version
of a decomposition into simple modules and also discussed how one could get an explicit formula for
the Clebsch-Gordan coefficients. Even though the setting was simpler, most of the strategies could
still be used in a similar way in the later sections on Q.

Our next main subject was a certain module of Q. Now, by defining P, to be a O-module by
definition, we saw that this space was a natural choice to induce a Q-module structure on. This was
because of two facts. The first was that P, C L?(R) was a maximal subspace on which 7, (E), 7 (F)
and 7, (K) where well-defined. Where we needed both actions of 74 (K) and 7, (K) to deduce that
f € P4 needs to be an entire function and the actions of 74 (E), 7o (F), 7o (E), mo(F) showed that the

Fourier-transform of f, f , has to be meromorphic with possible poles at
i(a—Q —nb—mb 1) and i(Q—a+nb+mb ), n,mecZ.

The other reason was due to the fact that the actions of E, F, K were defined via positive self-adjoint
1
operators. Due to this fact, we can define the operators 7, (U)¥* for U € {FE,F, K}. The action of
1 - .
o (U)8? is the same as that of m,(U). Combined with the fact that the actions of 7, (U) and 7, (U)
1

commute by construction, P, would automatically turn into a Q-module if one wants 7, (U)?* to also
act on the module.
Besides seeing that P, is a natural space to define a Q-module structure on, we also saw that the
representations m, was unique up to isomorphism. This followed from the fact that 7, was an inte-
grable representation and there was only one, up to isomorphisms, irreducible integrable U, (s((2,R))
representation that acts on L?(R). So, in a way, P, is both a natural choice for a Q-module and also
the only choice up to isomorphism.

Later on we saw that the tensor product Py, ® P,, was decomposable into irreducible representa-
tions, similar to the classical case. It followed that

D
Pay @ Poy =~ /S Posdp(as), with S = % + iR,
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10.1 Outlook

and this isomorphism was given via

2 a3 Q2 O]

L*(R?) > f(x2,21) = Fylas,3) :/R |:.733 o 561] f(zo, x1)dxod.

We then discussed how to decompose |, ga Posdp(as) into eigenspaces for the Fourier-transformed ac-
tions of 7a,, (K) and ma,, (Cy). This then gave us the following equation for the Fourier-transformed
Clebsch-Gordan coefficients in terms of the eigenfunctions ®,:

o (0% (6% i (6% (6 (0% ]
. / e2miraws |8 T2 O gy — emmim @)@ (g, |Kg| e — 1)
K3 T2 T1 R T3 T2 X1

In the end we saw that we were not limited to only decomposing the tensor product of two modules
into a direct integral of simple modules. For example, we showed that we got

Pas @ Pay @ Paoy =~ /2 P dpogdp(os),
S
by first decomposing the Py, ® Py, , then decomposing the obtained tensor products Py, @ P, .

10.1 Outlook

We will end this by noting some possible options that could be studied in more detail or what one
could study to add to this thesis. First, there are still some details of [I] that were not fully worked
out. For example, the proof of proposition [8.9 was for a part assumed to be correct, as it was not
possible to check some details in time. So, the details of this proof could be worked out in detail, or
one could look at other papers or use other methods to verify some of the facts on the direct integral
J ﬁa Podu(a).

Furthermore, we did not look at how the eigenfunctions ®,, were calculated or look at the spectral
analysis of the operator 7r21(C'(’J). This spectral analysis could be studied in more detail. The method
used to find the eigenfunctions ®,, could then also be used to give a detailed proof for a set of
generalised eigenfunctions in the case of the Racah-Wigner coefficients.

Something that could be studied next is obviously the Racah-Wigner coefficients of Py, ® Pa, @Pa,,

as we only briefly went over a fact on the self-adjoint extension of 7321 (U) and gave the definition of
the Racah-Wigner coeflicients as a fact. This could then also be combined with looking at applications
of the Racah-Wigner coefficients with respect to Liouville theory.
A more theoretical option could be to study universal R-matrices. These are, for example, used by
Faddeev in [2] to construct the modular double and also to point out some of the difficulties. So this
could then also be used to take a more detailed look at the exact construction of the modular double
of U,(sl(2,R)).
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Appendix A: Tensor Products

In this appendix we will look at some small facts on the tensor product of vector spaces. We will also
look at how the tensor product of two linear maps f: U — U’ and g: V — V' relate to linear maps
h:VoU-—=U V.

Theorem A.1. Let U,V be vector spaces over a field k. Then A U ® V, vector space, and a bilinear
map ¢o: U XV = URV such that V W, vector space,

o)

Hom(U @ V,W) — Hom(U x V,W);  f— fody,
s a linear isomorphism.

The vector space U ® V' in the above theorem is called the tensor product of U and V. This leads
to the following definition,

Definition A.2. Let U,V be vector spaces over a field k. The tensor product U @ V of U and V is
the vector space consisting of elements of the form u® v, u € U, v € V, where u ® v = ¢o(u,v).

Since ¢y is bilinear, we get the following relations in U ® V:
Let u,v' € U, v,v' e V,A €k

(ut+v)Rv=u®v+u v,
u@v+v)=u@v+ue
A (u®v) = u®@v=u® v,

also, every element w € U ® V is of the form
n
wZZW@W, UQ,y ..., Uy € U, vg,...,0, €V, n €N,
=0

Now, a nice thing about the tensor product with vector spaces, is that it sort of acts distributively
and commutatively. k also acts like the identity for the tensor product in the following sense:
UV)eW2U(VeW);via (u®v)@w—u® (v w),
kU=2U=2Uk viaA®ui— A-uvand u— u®1,
UV2VU;viau®@w—w® .

Besides acting commutatively on vector spaces, the tensor product also acts commutatively on the
direct sum of vector spaces:

Proposition A.3. Let U be a vector space and let (V;);c; be a family of vector spaces with I being
its index set. Then,
U@V @ U
il il

Corollary A.4. Let U,V be vector spaces with bases {u;}ier and {v;j};cs respectively. Then, {u; ®
Vj}(ij)erxs forms a basis of U ® V and dim(U ®@ V') = dim(U)dim(V').

This corollary follows due to the fact that we can write U = @@, .; ku; and V = EB]-EJ kv;.
The previous corollary allows us to define the tensor product of linear functions on vector spaces

in an intuitive way. Let U, U’ be vector spaces over a field k and V, V' be vector spaces over a field k’.
Since linear functions can be fully determined by how they act on the basis of their domains. If we have
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two linear functions f: U — U’, g: V — V', we can define the tensor product f@g: UV — U' @V’
by
fogludv)=flu)® flv); welUwveV,

This then gives rise to the following map:
A: Hom(U,U") ® Hom(V, V') - Hom(V @ U,U' @ V'); f®g— (f®g)oTvu.

Theorem A.5. The map X\ is an isomorphism if at least one of the following pairs consist of finite
dimensional vector spaces: (U,U"), (V,V') or (U,V).

Corollary A.6. The map \yyv: V ® U* — Hom(U,V); v® a — a(-)v is an isomorphism if U or V'
is finite-dimensional.
In particular, if dim(U) < oo, Ayy: U ® U* — Hom(U,U) = End(U) is an isomorphism.

Here V* = Hom(V, k). This new, less generic, A1y can also be used to express the more generic A
of Theorem [A5]

Lemma A.7. Let U,V be vector spaces over a field k and let U’, V' be vector spaces over a field k’,
then the following diagram commutes:

UeU*V' e@V* roy ® vy Hom (U, U")®@Hom(V, V")
id @ Ty v ®id

UV eU*eV* A
id ®id ® A

UV e(VeU):* Aveuyev Hom(V @ U,U" @ V')

Also, note that Ay ® Ay,y is invertible whenever U or U’ is finite-dimensional, but both V' and
V' are not finite-dimensional vector spaces.
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Appendix B: Complex Functions

This appendix summarises a few small facts about complex functions that are used in the definition of
the module P,. Proofs and more details can be found in [I7].

Definition B.8. Let f: D — C, D C C be a function. Then f is called complex differentiable at

a€ D if
f(z) = fla)

zZ—Q

lim—_sq exists.

We have a few statements that are equivalent to the above definition of a function f being complex
differentiable at a point a.

Proposition B.9. Let f: D — C, D C C, then the following are equivalent:
i) f is complex differentiable at a € D with [ = f’(a),

ii) 3¢: D — C, continuous at a € D, with f(z) = f(a) + ¢(2)(z — a), ¢(a) =1, z € D,
iii) 3p: D — C, continuous at a € D, with f(z) = f(a)+1-(z—a)+ p(2) - (2 —a), pla) =0, z € D,
iv) 3r: D — C, continuous at a € D, with f(z) = f(a)+1-(z—a) +r(z) = limz_mg =0 <
limz_,a% =0.
Now that we know what it means for a function to be complex differentiable at some point a, we
can finally talk about what it means to be meromorphic or entire. These two terms are used in the

definition of P, thus we are mostly interested in what these terms mean.

Definition B.10. Let f: D — C, D C C open, then f is called analytic or holomorphic in D if f is
complex differentiable in all a € D.
If f: C — C, then f is called entire if f is analytic on all of C.

Now, before being able to introduce the notion of being meromorphic, we first need to know what
singularities of an analytic function f: D — C, D C C open, are.

Definition B.11. Let D C C and let a € C. Then a is called an accumulation point of D if
Ve > 03d € D such that 0 < |d —a| < e.

A subset D C C is called discrete if a € C is an accumulation point of D, then a ¢ D.
Now, let U.(a) = {2z € C|0 < |z —a| < r}, so U,(a) is the open ball around a with radius r, with a
removed.

Definition B.12. Let f: D — C, D C C open and f analytic in D. Let a ¢ D such that 3r > 0 with
U,(a) C D. Then a is called a singularity of f.

Note that D U{a} = DU U,(a) is open.

Definition B.13. Let a ¢ D be a singularity of an analytic function f: D — C. Then a is called
removable if 3f: D U {a} — C, analytic, with f|D = f. In other words, a is called a removable
singularity if f can be analytically extended to D U {a}.

a is called a non-essential singularity if 3m € Z such that g(z) = (2 — a)™ f(2) has a removable
singularity at a.

a is called a pole if a is a non-removable non-essential singularity.

Lastly, a is called essential if ¢ is not an non-essential singularity.

We get the following facts on singularities of an analytic function f: D — C:
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Proposition B.14. Let f: D — C, D C C open, be an analytic function. Then a singularity a ¢ D
is called:

i) removable <= f is bounded in a neighbourhood around a,
ii) a pole <= lim,_q|f(2)| = o0,
iii) essential <= f comes arbitrary close to any value in any neighbourhood around a.

Now, meromorphic functions are precisely analytic functions on an open subset D C C, which are
extended to take on the value oo in every a € C that is a pole.

Definition B.15. Let f: D — C = CU {oc}, D C C open, is called meromorphic if
i) S(f) = ft({oo}) = {w € C| f(w) = oo} is discrete in D,
ii) fo= flp\s(y is analytic,
iii) if w € S(f), then w is a pole of fo.

Lastly, lemma uses the residue of f to determine its asymptotic behaviour when w — +oo0.
The residue of an analytic function f can be determined by using the Laurent decomposition. This
leads to the following lemma:

Lemma B.16. Let f: U,(a) — C be analytic with a singularity in a € C. Set f(2) => -2 an(z —
a)"™, then Res(f(a)) = a_; is the residue of f at a.
Furthermore,

i) a is removable <= a, =0 Vn <0,
ii) ais a pole <= a_; # 0 and a,, = 0 Vn < —k for some k > 0,
iii) a is essential <= a, # 0 for infinitely many n < 0.

For more details on the Laurent decomposition of a function, see [17], this also has more details on
how to calculate the residues of a function using integrals along a contour.
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Appendix C: The Direct Integral

This appendix will be dedicated to some details regarding direct integrals, as defined in [I8]. This
appendix is mostly here for completeness sake and to give concrete definitions. Around the end of
this appendix we will once again see that the direct integral can be regarded as a generalisation of the
direct sum.

For this appendix, it is assumed that the reader knows what Hilbert spaces are and what it means to
integrate a function or operator with respect to a measure.

Definition C.17. A Borel space (E,B) is a set E together with a set B of subsets of E such that
i) 0 € B,
ii) if B; € Bfori e N = |J;,cn Bi € B,
iii) if B; e Bfori € N = [,y Bi € B.
The subset B € B of E are called the Borel sets of E.

The third property for Borel sets is equivalent to B being closed under taking complements. Also,
one can think of the Borel sets of a Borel space E as all of its open, or closed, sets.

Definition C.18. Let (E, Bg), (F,Br) be Borel spaces and let f: E — F be a surjective map. Then
f is called a Borel map if the inverse map f~1(X) € Bg VX € Bp.

Two examples of Borel structures are the induced Borel structure and the discrete one. If (E, B) is
a Borel space, E' C F is a subset of ' and X C B is a Borel space of E. Then, the set X N E’ define
a Borel space structure on E’, called the induced Borel structure. So By = {X N E'| X € B}.
A Borel space (E, B) is called discrete if B={X|X C E}, so if every subset of E is a Borel set of E.
This example will later on be used to show why one can think of a direct integral as a generalisation
of direct sums. For now, we will move on to measures.

Definition C.19. Let (Z, B) be a Borel space, a positive measure v: B — [0, 0] is a map such that
i) if X1, Xo,... € Bsuch that X; N X; # 0 for all ¢ # j, then v(U;2, Xi) = >0y v(X5),
i) Z =, Y; with »(Y;) < 0o Vi € N,

Now, a subset Z' C Z is called v-negligible if Z' € X € B, with v(X) = 0. And Z' C Z is called
v-measurable if Z' = X U N, with X € B and N v-negligible.

Now, the set M ={Y C Z|Y is v-measurable} is closed under taking countable unions and count-
able intersections. So we can extend the measure v to also be defined on M. Set ¥(X UN) = v(X)
for X € B and N v-negligible. Then v is defined on M and is still a positive measure.

To define a direct integral, we will also need the concept of fields of Hilbert spaces. As the direct
integral will be a field of Hilbert spaces together with a positive measure v.

Definition C.20. Let (Z,B) be a Borel space. A field of complex Hilbert spaces over Z is a map
¢~ H(C), ¢ € Z, such that H(() is a complex Hilbert space for all ¢ € Z.

In other words, one could think of a field of Hilbert spaces as a collection of several Hilbert spaces
that are indexed by the elements of a Borel space (Z,B). From this definition, we see that the direct
product F' = I¢czH(C) is a complex vector space. F' contains vector fields  that are in a sense maps
on Z, with z(¢) € H(¢). The vector fields = are called vector fields over Z.

Now, if Y C Z, then y € Il;cy H(() is called a vector field over Y. Notice that Ilscy H(¢) is another
vector space.
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Lemma C.21. Let (Z,B) be a Borel space and let (z,,)nen be a sequence of vector fields such that
the functions ¢ — (2,,,(¢), ,(¢)) are measurable.

For ¢ € Z, let X({) be the complex vector space algebraically generated by the vector fields z,(¢) and
set d(¢) = dim(X(¢)). Then

z:={Ce Zld(() =p}, peN,

is measurable and 3(y,)nen, a sequence of vector fields, such that
i) V¢ € Z (the y,(¢) algebraically generate X (()),

i) if d(¢) = No, then the y,(¢), n € N, for an orthonormal system, if d(¢) < Ro, the yo(¢), y1(¢), - -, Yae)(€)
form an orthonormal system and y,(¢) = 0 for n > d((),

iii) Vy,3 a cover of Z of disjoint measurable sets Z;, Za, ... such that

Y2y yn(C) = Z Fi(Q)zi(€),

with f; measurable complex-valued functions which are identically 0 for sufficiently large .

Now, if one looks at the direct integral, it is given as f;e H({)d(¢). So, we are kind of trying
to integrate Hilbert spaces. So, to be able to define this, we need more than just functions to be
measurable.

Definition C.22. Let (Z,B) be a Borel space, ( — H(() a field of complex Hilbert spaces and
F =Tl¢czH(C). Then, the H(() for a v-measurable field of complex Hilbert spaces if 3S C F, linear
subspace, such that

i) Vy € S( ¢ l[y(O)lla(c) is v-measurable),
i) ify € FF(Vs € S(¢ — (s(¢),y(¢)) is v-measurable )) = y € S,
ill) 3(xn)nen, zn € S (V¢ € Z (21(C))nen is a total sequence in H(() ).

The last point is similar to (2,({)), € N being a basis for H(¢), but not the same. However, for
our purposes, it is good enough to think of the (x,({))nen as a basis for the Hilbert spaces H((). As
we will soon see that this is the case for when we are working with direct integrals.

Now, the vector fields s € S are called v-measurable vector fields. And, the sequence (zy,)nen of 9ii)
is called a fundamental sequence of v-measurable vector fields. Also, property 4ii) implies that the
Hilbert spaces H(() are separable.

Also, if z,y are measurable vector fields, then (z(¢),y(¢)) is a linear combination of ||(x + y)(C)H%{(O,

||(z — y)(C)H%{(C), l|(x +iy)(C)H§{(O and ||(z — iy)(C)qu(C) and it is a measurable function in . We also
see that if we multiply x with a complex-valued measurable function f, then f-x is again a measurable
vector field.

To get a bit more used to measurable fields of Hilbert spaces, we will give two examples.
First, let (Z, B) be a discrete Borel space. Then, every map f: Z — C is measurable. It follows that
the only option for S C F such that { — H(() is a measurable field of Hilbert spaces, is S = F.
Next, let Hy be a separable complex Hilbert space and let (Z, B) be a Borel space. Then we can define
a v-measurable field called the constant field corresponding to Hy over Z in the following way:

i) set H(() = Hy ¥¢ € Z,

ii) the v-measurable vector fields s € S are precisely the v-measurable maps from Z into H
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This is indeed a v-measurable field of Hilbert spaces. Property i) of the definition is satisfied by
construction.

Note, the constant map s : ( — h, ( € Z, h € Hy, is measurable, thus s € S. Let x € F such that
¢ — (2(¢),y(C)) is measurable Yy € S. Then ¢ — (z(¢),s(¢)) = (x(¢), h), is measurable. Since this
is true for all h € Hy and all { € Z, it follows that this map is only measurable when x is measurable
itself. Hence x € S. So property i7) is also satisfied.

Lastly, if (z)nen would be a total sequence in Hy, then ¢ +— a, forms a fundamental sequence of
measurable vector fields. Showing that this construction satisfies property iii). Hence, this constant
field corresponding to Hy is indeed a measurable field of Hilbert spaces.

We now know when we have a measurable field for a given Borel space (Z, B). However, we would
also love to define a subspace for a measurable field in a certain sense.
So, let Y C Z be a measurable subset. Then if y is a vector field over Y, it is called measurable if it can
be extended to a measurable vector field over Z. Now, y can be extended to all of Z if { — (y(¢),z({)),
¢ €'Y is measurable for any x € F.
Since, if the above holds for y, we can extend y to all of Z by setting y({) = 0 for ¢ € Z\Y. Then y is
indeed a measurable vector field over Z.
Now, the measurable vector fields over Y also induce a measurable field of Hilbert space structure on
¢~ H(C) for ¢ € Y. This measurable field is called the induced field by Y. And one can sort of think
of this field as a subspace of { — H(() for ¢ € Z.

As a final remark on measurable fields of Hilbert spaces, let 11 be a positive measure on Z that is
equivalent to another positive measure v5. Then, if the H({) form a v; measurable field of complex
Hilbert spaces with the subspace S C F, then it is also a measurable field of complex Hilbert spaces
with respect to 5. In other words, the notation of v-measurable Hilbert spaces involves the class of
positive measures v.

For the next part, let (Z,5) be a Borel space, v a positive measure on Z and ¢ — H(() a v-
measurable field of complex Hilbert spaces.

Proposition C.23. The set z, := {¢ € Z| d(¢) = p} is measurable.
Moreover, 3(yn)neN~,, ¥i V-measurable vector fields, such that

i) if d(¢) = Vg, then (y1(¢), y2(¢),...) is an orthonormal basis of H((),
ii) if d(¢) = p, then (y1(C),...,yp(C)) is an orthonormal basis of H({) and y;({) = 0 for i > p.

So we see that we can find a sequence of vector fields such that the first n vector fields in ( form
a basis for H(¢). A sequence (yn)nen., satisfying the property of the above proposition is called a
measurable field of orthonormal bases.

Proposition C.24. Let (z,)nen., be a fundamental sequence of measurable fields. z € F' is measur-
able, if the functions A — (z({), z;({)) are measurable.

Proposition C.25. Let p € {1,2,...,X¢} and set 2z, = {¢ € Z| d(¢) = p} and let H, be a complex
Hilbert space with dim(H,) = p. Then, the field induced by (H(())¢e-, is isomorphic to the constant
field corresponding to H,,.

Proposition C.26. Let (xy,)nen., be a sequence of vector fields such that
i) the functions ¢ — (2;(¢),x;(¢)) are measurable for 4, j € N5,

ii) V¢ € Z, the (,(¢))nen., form a total sequence in H(().
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Then, 3! measurable field structure on the H({)’s such that all of the z; € F' are measurable.

We somehow want to turn a r-measurable field of Hilbert spaces into a new Hilbert space. This
new Hilbert space will then be defined as the direct integral. But, we cannot do that with just
v-measurability, we need something stronger.

Definition C.27. Let ¢ — H(() be a v-measurable field of complex Hilbert spaces. A vector field
x: ¢ H(() is called square-integrable if x is measurable, so z € S, and if [, Hx(()||§{(ody(g) < 0.

So, again, let (Z,B) be a Borel space, v: Z — [0, 00| a positive measure and S C F' = Il;czH (()
the subspace of measurable vector fields. Let K := {s € S| [||s(¢)]|?dv(¢) < oo}, so K is the set of
square-integrable vector fields. Then K is a complex vector space.

Now, for z,y € K, ( — (z((),y({)) is a square integrable map. Define a scalar product (-,-): K x K —
C by

(2,y) = /Z (2(), 5())dw ().

Then we can turn K into a pre-Hilbert space with respect to the norm ||z||? = = [, llz(¢) H(C dv(Q).
We see that if x € K and ||z|| = 0, then z is almost zero everywhere. So, we can construct a Hausdorff
pre-Hilbert space H associated with K by setting z € H to be the class of y € K that are almost equal
everywhere to x € K.

We can consider the elements z € H as vector spaces, but note that the values x(¢) can only be deter-
mined up to within negligible sets. Since we are now dealing with classes of vector spaces that are equal
almost everywhere, instead of regular vector spaces. Nonetheless, we get the following proposition:

Proposition C.28. The above defined Hausdorff pre-Hilbert space H is in fact a Hilbert space.
Furthermore, if a sequence (xy,)nen, Tn € H, converges to some x € H with respect to the norm of .
Then, 3(zp, )ken, a subsequence of (z,)nen, that converges to x almost everywhere.

Now, the above defined Hilbert space H is called the direct integral of the Hilbert spaces H((),
¢ € Z and is denoted by H = [ H(¢)dv(¢). And if x € H, one can write = = [5 «(¢)dv().
Do note that H depends on the choice of S, as K, the set of square-integrable vector fields, is a subspace
of S. So, sometimes the direct integral is denoted as Sf ge H({)dv((¢), to indicate the specific choice of
measurable vector fields.

Just like Hilbert spaces have subspaces, we can also identify subspaces of a direct integral. Let
Y C Z be a measurable subset, then the square-integrable vector fields x that vanish on Y form a
closed linear subspace of H. In other words, we have a subspace fﬁa H(¢)dv(¢), which we can identify
as the direct integral of the induced measurable fields ¢ — H(¢), ( € Y.

We will end this appendix with two examples of direct integrals.
First, let (Z,B) be a discrete Borel space and take v({) = 1 for ( € Z, so v is the counting measure.
Recall that every map Z — C is measurable, and thus, every vector field x is measurable.
It follows that [, [|z(¢)]|?dv(¢) < oo <= docez l|[2(¢)||? < oo. In other words, H = Dz H(Q).
So, in this special case, the direct sum is the same as the direct sum. Which is why one can think of
the direct integral as a generalisation of the direct sum. Furthermore, notice that we can identify the
subspaces of H with the use of the Hilbert spaces H((). This is also not always the case.

For a second example, let Hy again be a separable Hilbert space and let ¢ — H(() be the constant

field over Z. The square-integrable vector fields are in this case the square-integrable functions from
Z into Hy. So, H = [ H(¢)dv(¢) = L*(Ho,v).
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Appendix D: Special Functions

In this appendix we will describe a few facts and properties on special functions that are used to
describe the Clebsch-Gordan coefficients. We will first introduce the so called double sine function,
then build the other used special functions with the use of this one. To construct the double sine
function, we will use two approaches. One is via the quantum dilogarithm, which is used to define the
double sine function in [3], and the other approach is via the double Gamma function [1]. We will only
be giving definitions and properties here, for proofs of some of the identities see [I].

Note, the quantum dilogarithm is also related to the double Gamma function. So both approaches do
give the same function. We only describe both approaches to give more intuition on the double Sine
function. Regardless, it is best to keep in mind that the properties of these functions is what we are
most concerned about.

Since the quantum dilogarithm is also related to the double Gamma function. We will first start
with describing the latter one. The double Gamma function is a special function introduced by Barnes
and is defined by

a o
log Ia(slwr,w2) = | 5 > (54w + ngwy)

n1,n2=0 =0

Now, the double Sine function is defined via the I';(x) function, which is given by
Ty(x) = To(zlb,b™).

So we see that this function is invariant under the change b — b~!'. Furthermore, we can also define
I'y(x) with the following integral representation:

I
log Ty (x) :/O ! e e Q-2 (@-20))

t\(1—eW)(1—e't) 8t t

Properties of I'y(z) are:

1
functional equation: T'y(z +b) = V27 bbz*ifb_l(ba?)l“b(:c)

analyticity: I'y(x) is a meromorphic function with poles at x = —nb — mb~!, n,m € N.

Now, the quantum dilogarithm is related to the double Gamma function, but was also eventually
introduced independently. Let x € C, im(z) < %, then we get the following integral representation of
for the quantum dilogarithm:

1 B—Qitx
(x) = exp —/ — dt
@ R_so 4t sinh(bt) sinh(b=1¢) )’

with the contour going around the pole at ¢ = 0 in the upper-half plane. We can then define s,(z) =

6%x2+§—1(b2+b—2)

ep(x). The analytic continuation of sp(z) to all of C is a meromorphic function with
the following properties:

sb(x+%bi1)

= 2 cosh(mb*!
sb(z—%biU cosh(mb™ ),

functional equation:
reflection property: s;(x)sp(—z) =1,

complex conjugation: s,(x) = s(—7),
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poles and zeros: s,(7)™! =0 <= 4z ¢ {z% +nb+mb~t|n,m € N},

N _ i
residue: Resm:_i% (sp(z)) = oS

~ @24 L (02 4572))

s

e as |z| = oo, arg(x)| < §

asymptotic behvaiour: s,(z) ~ ,
y (z) o S (@275 (P 4+b2)

) as |z| — oo, |arg(z)] > 5
Now, the double Sine function can now be defined in two ways,

Sp(x) = Fb(%(f)@ = sp(iz — @).

2
Another useful function, related to the double Sine function, is
Gy(z) = e 27 Q) G (1),
These two functions have the following properties:
self-duality: Sy(z) = Sp-1(z), Gp(z) = Gyp-1(),
functional equation: Sy(z + b) = 2sin(wbzx)Sy(z), Gy(z +b) = (1 — e2™)Gy(x),
reflection property: Sy(z)S,(Q —z) =1, Gp(2)Gp(Q — x) = e”(’”Q*IQ),

analyticity: Sp(x) and Gy(z) are meromorphic functions with poles at iz = —nb — mb~! and zeros
at iz = iQ +nb+mb~ ', n,m € N,

emi(#=2Q) a5 I'm(z) — —oc.

~H(2?-2Q) g Im(z) — oo () 1 as Im(x) — o0
i) x) ~
+5 (@7-2Q) 4 Im(z) - —oc0 ’

asymptotic behaviour: Sy(x) ~ {e
e

We also have the following integral identity for Gy(x), called the b-beta integral:

L[ anirg GolT +0) \_ Go(@)Gy(B)
i/iooe Gb(T+Q)dT_ Gy(a+ p) )

We then get the following function, which is also used to define the Clebsch-Gordan coefficients,

v Gy
O = Gy vy

Bb(av /8) -

Note that the b-beta integral can be seen as a Fourier-transform for ©,(y; «) as,

1 100 )
Op(y;a) = i) / , MO (T + y; Q + y)dr.

The last special function that we use in the definition of the Clebsch-Gordan coefficients is ¥y (av, 85 7; y),
which is also given by an integral:

oL s Gel(s +y)Gi(s + v — B)
WolasFini) = i /ioo ‘ Gp(s +y+ a)Gyp(s + Q)ds'

For the Racah-Wigner coefficients, we will see that we can represent the coefficients with a certain
integral relation. This integral can be calculated with the use of the b-hypergeometric function. Thisis a
function that is defined via the following contour integral, which seems similar to that of ¥y (a, 8;7;y):

1SW/ ’i00627ri8y Sb(a+s)5b(,8+8)
i Sp(a)Sp(B) J—ico Sp(y + 5)Sp(Q + )

Fy(o, By y) =
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The contour is taken on the right of the poles at is = —a —nb—mb~! and is = —3 — nb —mb~! and
on the left of the poles at is = nb+mb~! and is = Q — v 4+ nb+ mb~! with n,m € N. Moreover, this
function is a solution to the equation

(1 + allss + 8] — )b + 7 — QD File G i) =0, du= o

We end this appendix by given analytic properties of the Clebsch-Gordan coefficients and of the
Zi Zi . For the Clebsch-Gordan coefficients we have the following analytical and asymp-
totic properties, as given in [I]:

kernels &9, s [

i) [Q ; as ;Q (;1} decays exponentially as e=2™l%il if any |z;| — oo for i € {1,2,3},
3 2 71

ii) The Clebsch-Gordan coefficients are meromorphic in x1,x2 and x3 and have poles with respect
to x1 at:

a1+ ag — 2a3) +i(e +nb+mb~1),
ag+ai — Q) +i(e +nb+mb 1)
Q— a1 —ag) —i(Q +nb+mb1),
200 — a3z — 1) — i(Q + nb+mb~1),

Upper half plane: z1 = 29 —

D=

Tr1 = X3 —

N~~~

Lower half plane: z; = z9 —

o, NI o)

—

Tr1 = T3 —
with n, m € N and poles with respect to x5 at:
Upper half plane: zo = z1 + 4(Q — a1 — a2) +i(Q + nb+ mb™1),
9 = X3 — %(20&1 — Qg3 — 042) + Z(Q + nb + mb’l)
(203 — a1 — ag) —i(e +nb+mb~1),
(Q — Q3 — 042) — i(E + nb+ mb_l).

Lower half plane: zo = 21 —

VESS

Tr9 = T3 —

a3

For the kernels 6135% [
Q4

32} (x4,%), 0 € {s,t}, we have the following analytical and asymptotic
1
properties:

) o, |

as « . L
a3 aﬂ (z4,x) is meromorphic with respect to
4 o
g

z1 in {z; € C|im(x1) € (—Q,b)}, xz3 in {z3 € C|im(x1) € (—b,Q)},
x2 in {xg € C|im(z1) € (—b,Q)}, xq in {zg € Clim(xy1) € (=b,b)},

with poles at

:cl—w2+%(a2+a1—2a5)—2i&?:0,
x1— 22+ (e + g — 2(Q — ) —ie = 0, r1 — 24 + £( — o) — 2ie = 0,

xl—as3+%(a3+a1—2(@—044))—2i6:0, xg—x4+%(a4—a3)—|—i€:0,

and it decays exponentially as e~ 7@ if any |z;| — oo for i € {1,2,3,4},

. as . o
i) ®f, [ai oj] (24,x) is meromorphic with respect to
g

z1 in {z; € C|im(x1) € (—Q,b)}, x3 in {xz3 € C|im(x1) € (—b,Q)},
x2 in {xg € Clim(z1) € (—Q,0)}, x4 in {xg € C|im(z1) € (—b,0)},
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with poles at

T3 — xgi%(ag + a9 — 2a4) + 2ie = 0,
xg—xg—%(a3+a2—2(Q—at))—|—i5:0, 1 —334—1-%(&1 —054) —1e =0,
T1 — x3+ %(ag +a1 —2(Q —ag)) —2ie =0, T3 — x4 + %(a4 — ag) + 2ie =0,

and it decays exponentially as e~ @il if any |x;| — oo for i € {1,2,3,4}.
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This appendix contains the calculations that are needed to simplify the action of the representation
Tag,ar (Cq — ﬁ) = ma1(Cy) on the Fourier-transformed functions F(f(x2,21). It starts with the
exact defined action and all following segments contain the calculations for each single term. No
conclusion is given, as the simplification is exactly as is stated in

7T21(C)f(372,1’1)

m21(C) f(w2,21) =

(7T2(FE)® 7T1(K)2 +7T2(FK71) ®7T1(KE) —i-ﬂ'(KilE) ®71’1(FK) +7T2(K71)2 ®7T1(FE)) f(acg,xl)
1

- m(qm(ff)2 @m(K)? +q¢  'm(K) 2 @m(K) % +2)f(ze,21) =

mib? —mib? -1
f(.%'2+ib,$1+ib)< € —Tvg q_l)Q)—i-f(l'Q—ib,.%'l—ib) <( € — q ) >

(¢—q¢1)? (¢d—q g—q " (¢—q')?

+f(3327$1) < 1 1 . |: e—mb 2Q—az— a1) —27bxo ® 627rb(:m+%) _ emb(QQ*az*al)e%rb(ng%) Q 627rbac1:|
q —q
==
C(q—q)?
—|—f(.%’2,.1‘1 + lb) < 1 1 5 |: e—mb2 —27mib(a2—Q) 7rib2e27rib(oz2—Q) + emb(ag—al)e—wax‘g Q 627rb(x1+%)

+6—Wib(a2—a1)€27rb(x2—%) ® e27rb:m:| )

—|—f($2 —ib,z1 + lb) <( 1_1)2 |:677T’L'b2 - eﬂib(2Qfagfa1)6727rbmg ® 827Tb(1‘1+%)
qa—4q
_e—Trib(ZQ—ozz—041)627rb(a:2—%) ® e—27rbz1 + em‘bz] >
+f(xg —ib, 1) <(q 7 [*6_71—11726_27”1)(&1_@) _ mib? 2mib(a1—Q) + o~ Tib(az—an) ,—2mba> ® e27rb(a;1+3b)

_{_eﬂ’ib(agfal) 27Tb(x277) Qe 27rbx1:| )

Immediately note that since ¢ = embz, the terms regarding f(xo£1ib, 1 £1b) have no contributions.
So we will ignore those two terms from this point on.
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F(f(xg —ib,xy + b)) term of g-Casimir

F ((efﬂibQ 4 em’b2 . eﬂib(ZQ*QQ*al)e*ZWme ® 627rb(11+%)
o Tib(2Q—az—an) 2mb(z2— iy Qe 27rbgc1> Flas — ib, 1 + Zb))

_F ((e—m'b2 n em‘b2 _ eTrib(QQ—OLQ—Oél)e—Qﬂb(-Z‘Q—Il_%) _e—m'b(2Q—a2—a1)e2wb(x2—%—l‘1)> f(xg — b,z + Zb))

—_ <ef7rib2 + eﬂ'ib2> / efﬂ'iwx-t,-f (‘T‘i‘ +x_ —2ib Ty — T + 2Zb> d$+
R

2 ’ 2
o em'b(QQ—ocg—al)/ 7rzwa:+e 2mb(x—— )f <$+ +r_ — 22[)’ Ty —T_ + 22[)) dzs
R 2
o e—m'b(ZQ—ag—al) / e 7rzwx+627rb(x, )f <l'+ + 1'5 — 2Zb7 Ty —T_ + 2Zb> dﬂ’j+
R

_ <e—m'b2 + ewib2> Tx_fib]:(f(l'g, 331)) o 6mb(2Q_a2_al)6_27rb(x7_E)T;?Zb]:(f(lj, xl))
- efm'b(QQfagfal) 2wb(z—— ) ZZbJ—_'(f(l,Z’ $1))
_ (efm'bQ L emib? _ omib(2Q—an—an) ~2mba_ omib? _ —wib(2Q—0az—a1) 2mbr_ efml#) T;{_%b]:(f(m,m))

_ (_e—m'bQ _ ewibQ + e7rib(3Q—o¢2—o¢1)€—27rb:c, + e—ﬂib(3Q—a2—a1)627er:,> Ta;_fib]:(f(l‘% 331))

In the last line, we used that Q = b+b"', s0 b-Q = b+ 1 and thus, emib? = mi(bQ-1) — _omibQ Now,

67rib(3Q—a2—a1)6—27rbx, _ eﬂ'ibQ _ e—wibQ + 6—7rib(3Q—a2—a1)627rbz, _

eﬂib(3Q—a2—o¢1+2ix) . ewibQ . e—m'bQ + e—ﬂib(3Q—a2—a1+2im) _

(eﬂ'ib(2Q—%(a2+a1)+iz) o e—mb(QQ—%(ag-l—al)—l—ix))(eﬂ'ib(Q—%(az-‘ral)—‘rim) _ e—m'b(Q—%(ag—l—aﬂ-‘rim)) —

a9 — Oél) — Q]b[—ix + 1 oo + 041) + QQ]b

dfiz — (02— aa) + Qhliz — g (e — ) +2Q)y = A[ i + ]

2 2(

Where we used that sin(—x) = —sin(x).
Thus we see that the terms of the g-Casimir operator resulting in f(x2 — ib, x1 + ib) are mapped to
the operator [—iz + 3 (a2 — a1) — Qlp[—iz + F (a2 + a1) + 2Q]T, % under the Fourier-transform F.
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F(f(x2,21)) term

F (f(xg,xl) <(q _2_1)2 |:_€—7rib(2Q—0c2—o¢1)€—27rb:cz ® eQTrb(arl—l—%) o em'b(ZQ—ozg—al)eQﬂ'b(xz—%) ® e—27rbx1:|

F (f($27$1) (_e—m'b(2Q—a2—oz1)e—27rb$2 & p2mb(@1+5) _ mib(2Q—az—a1) 2mb(z2— ) ® 21 4 2))
— F (f($2, xl) (_e—Trib(2Q—042—al)e—Qﬂb(zz—xl—%) o ewib(?Q—az—al)e%rb(xl—%—:cl) + 2))

b

— f(f(xQ, :1/,1)) (_efm'b(QQfagfal)6727rb(w_7%) - eﬂib(2Qfa27a1)€27rb(z_f%) + 2) )

This can then be rewritten to:
_e—m'b(ZQ—az—al)e—27rb(x_—% - ewib(2Q—a2—a1)e27rb(x_—%) +92=
_efm'b(QQfagfal)ef%rbx_ eﬂ'ib2 o em’b(QQfagfal)eQﬂbx_ 6771'z'b2 +2=
efm'b(QQfazfalfoQix_) + 67rib(2Qfa27a17Q72ix_) _ e*ﬂ"ib(Q*C&Q*Oﬂ*Qiﬂ?_) + eﬂib(Qfagfalfﬁx_) 49
Which in turn can be rewritten into:
2 . 1 . 1
[l + [—ix — 5(041 +as — Q) + c]p[—iz — 5(0(1 +as — Q) — dp,

which follows from

(ec o e—c)? + (ea—I—c o e—(a+c))(ea—c o e—(a—c)) _ eQa o 6—20 . ch + 6—2(1 + e?c —1-1+ e—2c

_ €2a + 6—2(1 o 2’

with 2a = 7ib(—2iz — (1 — ag + Q)).
Note, this does use the fact that [z], = 21EZZ§ = emz’;__qejlmbz. Now we can also take ¢ = a3 — %
the desired action that only depends on the variable ag of the decomposition.

to get
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F(f(z2,z1 +ib) term

7 ((_efmbzefZﬂ-ib(oﬂfQ) _ eﬂierQﬂ’ib(QQ*Q) + eﬂib(a27a1)e*27rbx2 ® 627rb(x1+%)
te—miblaz—ar) 2mb(w2— 2) Re 2”b$1) f(xo,x1 + Zb))

_ (_e—mb2e—27rib(a2—Q) 7rib2 QWib(az—Q)) / e—TriwaJ+f <$+ +T_ T2+ 27‘b> dIL‘Jr

2 ’ 2

+ em’b(agfal) / T —27h(x f <$+ +ao- .CE+ —r_+ 2lb> dl’+
R 2
+ e—wib(ozz—oq) / e mwx+€27rb f <$+ +ao- .1)+ —r_+ 2Zb) dl’+
R 2
= (_e—mb2€—2m‘b(a2—Q) _ emb2€27rib(a2—Q)) /Re—m'w(mjL—ib)f <$+ - Z) + x—’ Ty — -T2— + Zb) dzs
+ ¢mib(az—a1) / e~ miw(zy—ib) ,—2mb(z—F )f (er —ib+ x*j Ty — T+ Zb) dzy
R 2 2
4 e~ mib(az—ai) / e*ﬂ"iw(w-i—*ib)eQﬂ'b(x—*%)f <‘T+ - Z) + x_, Ty — $2— + ib) dz.
R

_ (_efm'bzef%rib(ang) o eTK"L’bzeQﬂ"L’b(a27Q) + eﬂib(agfal)ef%rb(m_f@
_|_e—7rib(a2—a1)627rb(z, —%)) emb(iw)TI_jb}—(f(xg, 1'1))

In step two we changed the variable xy — z — ib.
The terms in front of 7}, ® can then be rewritten to:

(efﬂibQGfQﬂ'ib(ang) - eﬂib2€27rib(ang) + eﬂib(agfal)ef%rb(:p_f%) + e*ﬂib(agfal)e%rb(m_f% )eﬂib(iw) —

(e—m'er—QTrib(ag—Q) + emeGQTrib(aQ—Q) o ewib(a2—a1)e—27rbac,e7ribQ

- e—ﬁib(ag—al)e%rba:, e—ﬂ'ibQ) ewib(iw) _

e—wib(Qag—Q—iw) + eﬂ'ib(2a2—Q+iw) - emb(ag—al—i-Qim,—i-Q—l-iw) - e—wib(ag—al—l—%w,—l—Q—iw)
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F(f(xy —ib,xq)) term
F ((—e*mbzefzmb(alfQ) — et 2rib(a1=Q) | gmmiblaz—an) o=2nb(za—a1-3)
_|_e7rib(a2—a1)e27rb(x2_%_ml)> f(ﬂ?g — b, 51:1))

_ (_e—mb2e—27rib(a1—Q) o eﬂ'ib2€27rib(al—Q)) /

e—Triwaerf <$+ +x_ —2ib Ty — .CE_> dIL‘Jr

R 2 2
+ o~ mib(az—a1) ,—2mb(z_— %) / ¢TI § <$+ tz- — 2ib’ T4 — $> da.
R 2 2
+ emiblaz—a1) 2mb(z——3) / e TwT § <x+ +x— — 2ib7 LT+ — :E_> da.
R 2 2
_ (_e—m‘zﬂe—mb(al—Q) _ emb2627rib(a1—Q)) / ¢~ +ib) ¢ <f’3+ +a- — ’ib’ Ty —x— + ib) dz,
R 2 2
+ 6—7rib(a2-a1)6—27rb(z,—%) / e—wiw(z++ib)f <$+ tT — Zb’ Ly =T — Zb) dl‘+
R 2 2
+ emiblaz—a1) 2mb(z——3) / efm‘w(au—ﬂ'b)f (x.,. + 5;— - ib7 T4+ — $2— - ib) dry
R

_ (_e*ﬂibQQ*Qﬂib(O‘l*Q) — Tt 2miblon=Q) | pmiblaz—an) o= 2mbla— )
+ewib(a2—a1)€2wb(a;,—%)> =) T T ( (29, 21))

We again used a translation of x4 in the second step, but this time x, — x4 + 4.
Then, the terms before T % can be rewritten to:

(_ e~ ib? o= 2mib(o1~Q) _ mib? 2mib(o1~Q) y —miblaz—a1) o 2mb(z-—%) 4 miblaz—a1) ewa(x,_%)) o~ mib(iw) _
(e—ﬂier—Zwib(al—Q) + ewibQ€27r7Lb(o¢1—Q) - e—ﬂib(az—a1)e—27rbx_ ewibQ o ewib(ag—al)e%rbr_ e—ﬂibQ>e—m’b(iw) _

e—ﬂ'ib(Qal—Q-i—iw) + eﬂib(Qal—Q—iw) o e—wib(—al—&-ag—Qix,—Q-‘riw) o eﬂib(—a1+a2—2iw7—Q—iw)

We can combine these terms together with the terms obtained from the f(x9,z; + ib) part of the
Fourier transform, as both get send to a multiple of the operator T*. Recall, those terms were:

e—m’b(Qozg—Q—iw) + eﬂib(2a2—Q+iw) - ewib(ag—a1+2ix_+Q+iw) - e—ﬂib(ag—a1+2ix_+Q—iw) _

efm'b(Zazfoiw) + 67Tib(2a27Q+iw) - efﬂ*ib(fangaleix_foiw) - eﬂib(fa2+a172ix_7Q+iw)
And note that

o eﬁib(—a2+a1—2im,—Q+iw) - ewib(—al—&-ag—Zix,—Q—iw) + 67rib(2a1—Q—iw) + 67rib(2a2—Q+iw)

+ e—wib(?ag—Q—iw) + e—m'b(Qoq—Q—l—iw) _ e—ﬂib(—a1+a2—2ix7—Q+iw) o e—wib(—ag—i—al—%xf—Q—iw) _

— [~ix — %(al +ap — Q) + (a3 — %)]b <e“ib(’m’%(“1+a2)){a1 — g Fiwly — e”’ib(*ix’%(m*a?)){al — g — iw}b>
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