Universiteit

4 Leiden
The Netherlands

Subproduct systems from SU(2)-representations
Ge, Y.

Citation
Ge, Y. Subproduct systems from SU(2)-representations.

Version: Not Applicable (or Unknown)

License to inclusion and publication of a Bachelor or Master thesis in
the Leiden University Student Repository

Downloaded from: https://hdl.handle.net/1887/4171543

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:1
https://hdl.handle.net/1887/license:1
https://hdl.handle.net/1887/4171543

Subproduct systems from
SU(2)-representations

THESIS

submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE
in

MATHEMATICS
MATHEMATICAL INSTITUTE, LEIDEN UNIVERSITY
Author : Yufan Ge
Student ID : 52443988
Supervisor : Dr. F. Arici

Second readers : Dr. M.EE. de Jeu & Dr.ir. O.W. van Gaans

Leiden, The Netherlands, Exam date: 1.7.2021






Subproduct systems from
SU(2)-representations

Yufan Ge

Mathematical Institute, Leiden University
Niels Bohrweg 1 2333 CA Leiden

Exam date: 1.7.2021

Abstract

This thesis is motivated by the study of multivariate operator theory as
well as the study of SU(2)-symmetries of C*-algebras. We partially ex-
tend the results in [1]. In particular, we extend the fusion rules of the
SU(2)-equivariant subproduct system from irreducible representations to
the case of multiple copies; we extend the commutation relations of the
resulting Toeplitz algebra of SU(2)-equivariant subproduct system from
irreducible representations to the case of multiple copies. As applications,
we prove the commutation relations in the resulting Cuntz—Pimsner alge-
bra and obtain that the resulting Cuntz—Pimsner algebra is the closed span
of noncommutative polynomials of a specific form.



The impression that I have after many years is that each human being is
unique and could well be a hero of some kind depending on the circumstances.
— Alain Connes
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Chapter 1

Introduction

Background

The theory of operators on Hilbert spaces is at the basis of the mathe-
matical foundation of quantum mechanics, thanks to the works of Werner
Heisenberg [9] on matrix mechanics, and later by von Neumann on rings
of operators [14]. Later work by Gelfand and Naimark in [8] formally es-
tablished the theory of C*-algebras as an independent research field within
mathematics.

Following results by Gelfand, there exists an equivalence relation be-
tween the category of commutative C*-algebras over C and the category
of locally compact topological spaces. This analogy gives birth to non-
commutative topology as the study of not necessarily commutative C*-
algebras.

On the other hand, operator theory on Hilbert spaces led to the prosper
of the theory of partial differential equations, for instance, Riesz represen-
tation theory implies the existence of weak solutions for elliptic PDEs [7].

The development of operator theory and operator algebras is getting
more and more prosperous nowadays. This project focuses on the theory
of subproduct systems and their associated C*-algebras, a relative new
branch within operator algebras.

Motivations
Dilation theory is a powerful technique in operator theory. The general
philosophy is to study a complicated class of operators (e.g. contractive

operators) by viewing them as compressions of a well-studied class of op-
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8 Introduction

erators (e.g. unitary operators). For example, let T € B(H) be a contrac-
tive operator on some Hilbert space H i.e. ||T|| < 1, then we have 1 — T*T
is positive. The von Neumann inequality can be proved easily using the
tools of dilation theory: by using the continuous functional calculus and a
limit argument, we have that

T Vv1I-TT*
v1-=T*T —-T* '

is a self-adjoint operator on H & H. Moreover, we have T = PyU for
Py :H®H — H®0 = H an orthogonal projection. Then we claim that
for every polynomial p, we have ||p(T)|| < SUP|5(—1 |p(z)| whenever T is

u:=

contractive: let p € C[z], we have

Ip(D| = 1Pap(W)[ull < l[p(U)]| = SU(}ZI) p(2)] < ‘81|1Pl p(z)l, (1)
zeor Z|=

where we use the spectral theorem for unitary operators. The inequality
Ip(T)[| < sup,_q [p(2)] is the famous von Neumann inequality [16, The-
orem 1.1].

An important recent research direction in dilation theory is the study
of subproduct systems. Those consist of a family of Cx-correspondences
indexed by a semigroup, typically INg, and subject to certain compatibility
conditions. Subproduct systems were first formally described by Shalit
and Solel in [15] and were independently studied by Bhat and Mukherjee
in the Hilbert space setting [3], under the name of inclusion systems.

Outline

Inspired by dilation theory, multivariate operator theory [2] as well as the
recent paper [1], in this thesis, we focus on SU(2)-equivariant subproduct
systems of finite-dimensional Hilbert spaces. We recall the results from
[1] on SU(2)-equivariant subproduct systems induced by an irreducible
SU(2)-representation. Then we show how to generalize those results to
some reducible cases. Finally, we describe the commutation relations in
the resulting Toeplitz and Cuntz-Pimsner algebras in both irreducible and
reducible cases. We end the project with a corollary of how the result-
ing Cuntz-Pimsner algebras can be described as completion of algebras of
polynomials, and with an outlook on open problems.
The outline of the thesis is as follows.




Chapter 2 is devoted to preliminaries on the classical theory of C*-
algebras and their representation theory.

In Chapter 3, we introduce the theory of subproduct systems of Hilbert
spaces and the resulting Toeplitz and Cuntz-Pimsner algebras, which are
our main objects of study.

In Chapter 4, we describe the structure of an SU(2)-equivariant sub-
product system induced by an irreducible representations, following [1],
and then generalize our treatment to some reducible cases.

Chapter 5 we start by recalling the commutation relations in the Toeplitz
algebras of an irreducible SU(2)-subproduct system. Then we prove the
commutation relations in the Toeplitz algebras arising from reducible rep-
resentations. Finally, we describe the commutation relations in the Cuntz-
Pimsner algebras and end the chapter by showing that the our Cuntz-
Pimsner algebras are the closed span of noncommutative polynomials of
some form. We conclude with an outlook section concerning possible fur-
ther research questions.

This thesis contains three appendices: one on the theory of Lie groups
and their representations, one on subproduct systems of C*-correspondences,
and the last one on some integer sequences appearing in this work.







Chapter 2

Preliminaries: C*-algebras and
Their Representation Theory

Mathematics is the art of giving
the same name to different things.

Henri Poincaré

In this Chapter, we will firstly define C*-algebras and recall some im-
portant results. Then we will turn to representation theory of C*-algebras
in which the famous GNS Theorem will be proved.

2.1 C(Cr*-algebras

The main references for this chapter is [12].

2.1.1 C(*-algebras and their properties

Definition 2.1 (Normed algebra). Let A be an algebra over some field IF, we call
A anormed algebra if A is endowed with a norm || - || such that ||ab|| < ||a|| - ||b]|.
We call A unital if there exists 14 € A such that 1pa =aly =a,Va € A. If A
is unital, we also assume ||14]| = 1.

From now on, the ground field F of all vector spaces and algebras will
be fixed as C. Once we have norm, the most interesting spaces are the
complete ones.

11



12 Preliminaries: C*-algebras and Their Representation Theory

Definition 2.2 (Banach algebras). A Banach algebra A is a normed algebra that
is complete in the topology induced by the norm, that is, all Cauchy sequences in
A converge in A.

One of the standard examples is the vector space C" with point-wise
multiplication.

Example 2.3. Let A denote the vector space C". We claim that A is a Banach
algebra with the Euclidean norm and point-wise multiplication. The Euclidean
norm is complete since C" is finite dimensional. The remaining thing to check is
the inequality ||xy| < ||x|| - ly||- Let x = (x1, %2, ..., %n), ¥ = (Y1, Y2, - -, Yn)
we have xy = (X1y1, X2Y2, - - -, XnYn) and

xy||> = Z [E=7R
= Z [EAE R
i=1
< (Yl - O vl
i=1 i=1

= [lx[I?[ly 1>
Then A is a Banach algebra.
Let us look at another example of Banach algebras.

Example 2.4. Consider the set C(X) of continuous complex valued functions on
X, where X is a compact space. We endow C(X) with the supremum norm (which
is well-defined as X is assumed to be compact)

| - lleo : C(X) = sup |f(x)| < oo.

xeX

One can check that C(X) is an algebra with respect to pointwise addition, mul-
tiplication, scalar multiplication, and with the function 1x(x) = 1,Vx € X
as unit. Furthermore, we have ||fglloe < ||flloo - I€]loo and (C(X), || - ||eo) is

complete. Therefore C(X) is a unital Banach algebra.

Definition 2.5 (Involution). An involution on an algebra A (over C) is a conjugate-
linear map * : A — A such that (x*)* = x and (xy)* = y*x*. If an algebra A

is endowed with an involution, we call A a x-algebra. If B is a subalgebra of A
with x* € B,Vx € B, we call B a x-subalgebra of A.

12



2.1 C*-algebras 13

Roughly speaking, the C*-algebras are Banach algebras with an isomet-
ric involution, that is compatible with the norm in a way we shall describe
below.

Definition 2.6 (Banach *-algebra). A Banach x-algebra A is a x-algebra, to-
gether with a complete norm such that ||ab|| < ||a|| - ||b|| forall a,b € A. If A'is
unital with ||14]|] = 1, we call A a unital Banach x-algebra.

Remark 2.7. Some authors define the involution * of a Banach *-algebra to be
isometric e.g. [12], however, we do not follow this convention in this thesis.

We are now ready to formally define C*-algebra.

Definition 2.8 (C*-algebra). A C*-algebra A is a Banach *-algebra with an
involution * such that

x| = [l 2.1)
The identity 2.1 is called C*-identity.

An element a € A is self-adjoint (or Hermitian) if a* = a. We call a
normal if aa* = a*a. A projection in a C*-algebra A is an element p € A
such that p* = p = p?. For a unital C*-algebra A, we say an elementa € A
is invertible if there exists b € A such that ab = ba = 1.

Remark 2.9. If B is a closed (with respect to the norm topology) *-subalgebra of
a C*-algebra A, then B itself is again a C*-algebra.

Definition 2.10. Let A, B be two C*-algebras, a x-homomorphism ¢ : A — B is
an algebra homomorphism such that

p(a*) =¢(a)*, Vac A
We list some important properties of C*-algebras below.
Lemma 2.11. Let A be a C*-algebra then we have
1. Forany x € A, if x*x =0, then x = 0;
2. The involution is bijective and isometric;
3. If x € A is invertible, then (x*)~! = (x~1)*,
Proof. Those properties follow from the C*-identity:

1. By the C*-identity we have x*x = 0 implies ||x||?> = 0 thus x = 0;

13



14 Preliminaries: C*-algebras and Their Representation Theory

2. The fact that (x*)* = x implies * is surjective and ||x||> = ||x*x|| <
||x*||||x|| implies ||x|| < ||x*]||. If we replace x by x*, we have ||x*|| <
||x||, which implies that ||x|| = ||x*||. Hence the involution is bijective

and isometric.

3. If x is invertible, then there exists x 1 € A such that x“1x = 1, which
implies that 1 = 1* = x*(x~!)* thus we have (x*)~! = (x71)*.

O
We will now consider some examples of C*-algebras.

Example 2.12. The simplest example of C*-algebra is the complex numbers with
the standard norm (||a + bi|| = v a? + b?), and with complex conjugate as invo-
lution. Indeed, write x = a + bi then we have||x*x| = ||Xx|| = ||a®> + b?|| =
70 = [

Example 2.13. Let H be a Hilbert space and B(H) be the algebra of bounded
operators on H with norm the operator norm. Then we have that B(H) is a C*-
algebra with the adjoint as the involution. The only non-trivial thing is the C*
identity: take A € B(H)

|A%x[? = (A"x, A*x) = (AA™x, x) < || A[l[| A" [1x]].

Thus we have |A*x|| < ||Alll|lx]| = ||A| when ||x|| = 1. It implies that
|A*|| < ||A| and thus ||A*|| = ||A||. On the other hand, we have ||Ax||> <
|A*A||||x||> = ||A*A| when ||x|| = 1, thus ||A]|> < ||A*A||. Therefore the C*
identity holds:

IAIZ < lA”A]l < | A*[[|A] = [A*  implies || A*A] = [|A]l%.

We conclude that B(H) is a C*-algebra.

2.1.2 Spectral theory

In finite-dimensional linear algebra, eigenvectors as well as their eigen-
values play an important role. Here we will define the notion of spectrum
which plays the role of eigenvalues in the infinite dimensional case.

We first state some results on unital Banach algebras, then turn to the
case of C*-algebras.

Definition 2.14 (Spectrum). Let A be a unital Banach algebra. The spectrum of
a € Aisdefined as o(a) := {A € C: A-1— ais not invertible}.

14



2.1 C*-algebras 15

Definition 2.15 (Positive element). Let A be a unital C*-algebra. We call a
A positive if a is self-adjoint and o(c) € [0, 00).

The following theorem describes the geometric property of the spec-
trum o(a) foralla € A.

Theorem 2.16. Let A be a unital Banach algebra then o (a) is a non-empty com-
pact subset of C, for all a € A.

Proof. We first show o (a) is bounded. We claim that for all x € A, ||x —
1| < 1 implies that x is invertible. Indeed, let y := 1 — x. Then Y ;> ;"
converges as ||y|| < 1 and

I Z}/ I< Z ™[ < Z Iyl" =

||y||
implies that x 1 = ¥, y", since
- ny _ 1; _ o+l
x(ig)y)—nlglgox(l—ky—k c+y") = lim 1—y"" =0.

Moreover, A € o(a) implies that A —a = A(1 —a/A) is not invertible.
Thuswehave |1 — (1 —a/A)|| = ||a/A|| = ||a]|/|A] > 1 otherwise 1 —a/A
would be invertible. Therefore we have |A| < |a]|.

To show the compactness of o(a), it is sufficient to show o (a) is closed.
However, we have that O(A), the set of invertible elements of A, is open
and f(A) := A —a is clearly continuous. Then we have c(a) = C\
f~1(O(A)) is closed.

The proof of the fact that (a) is non-empty for all 2 € A can be found

n [12, Theorem 1.2.5]. O]

We can now state the famous Gelfand—Mazur’s theorem.

Theorem 2.17 (Gelfand-Mazur). Let A be a unital Banach algebra. If all non-
zero elements of A are invertible, then A = C1.

Proof. Let a € A. Then by Theorem 2.16 we have that ¢(a) is non-empty:.
Then there exists A € C such that A — a is not invertible. By assumption

we have A —a = 0, thatisa = A. O

Using Theorem 2.16 we can define the concept of spectral radius.

15



16 Preliminaries: C*-algebras and Their Representation Theory

Definition 2.18. Let A be a unital Banach algebra. We call

r(a) := sup |A]
A€o (a)

the spectral radius of a € A.

It is not hard to compute the spectral radius by Beurling’s Theorem
below.

Theorem 2.19 (Beurling). Let A be a unital Banach algebra then we have r(a) =
limy, o0 ||a™||Y/" forall a € A.

Proof. The proof can be found in [12, Theorem 1.2.7]. O

As a quick consequence, it is easy to determine the spectral radius of
normal elements.

Corollary 2.20. Let A be a C*-algebraand a € A be a normal element i.e. aa™ =
a*a, then r(a) = ||a|.

Proof. By using C* identity we have ||a®"|| = [|a®' (a®")*||'/2. Then we have
2% (a®)*||? = ||(aa*)?"||"/? = ||a||*" as a is normal. That leads to ||a|| =
|a%"||V/%" thus r(a) = lim,, ||a"||'/" = lim, ||a®"||'/?" = ||a| by Beurling’s
Theorem. O

Now we turn our attention to Abelian C*-algebras. Actually, the results
presented here hold for general Abelian Banach algebras.

Definition 2.21. A character T of an Abelian Banach algebra A is a homomor-
phism from A to C. The set of characters is denoted by Q(A).

We shall list some properties of characters without proof, and then
prove the Gelfand representation theorem.

Lemma 2.22 ([12, Theorem 1.3.3]). Let A be a unital Abelian Banach algebra.
Then we have:

1. If T € Q(A) then we have ||T|| = 1;
2. The set Q) (A) is nonempty;
3. If Ais unital then o(a) = {t(a) : T € Q(A)}.

In fact, O(A) is even compact when endowed with the weak-* topol-

ogy.

16



2.1 C*-algebras 17

Theorem 2.23. If A is a unital Abelian Banach algebra, then Q)(A) is a compact
Hausdorff space.

Proof. We have that ()(A) is weak * closed in the unit ball of A* asif 7) €
Q(A) converges weakly to 7, then we have 1) (a) — 7(a) foralla € A.
That gives Ty(axb) = 7)\(a) x TA(b) — T(a) * T(b) where % stands for
addition and multiplication. Then by Banach—Alaoglu’s theorem, we have
that Q(A) is compact. O

Now we are ready for the main theorem of this section.

Theorem 2.24 (Gelfand). Let A be a unital Abelian Banach algebra. Let the
Gelfand transform be defined by:

p:A—CQA)),a— (a:T— T(a)).
Then the following hold:

1. The Gelfand transform is a norm-decreasing homomorphism and r(a) =
1leo-

2. If A is a unital Abelian C*-algebra then the Gelfand transform is an iso-
metric isomorphism.

Proof. 1t is easy to check that ¢ is a homomorphism. Indeed, we have
p(axb)(t) = t(axb) = t(a) xT(b) = ¢(a)(7) * ¢(b)(7) where x stands
for addition and multiplication since T is additive and multiplicative on
A. Then, to show that ¢ is a homomorphism, it is sufficient to show that

@(a*) = ¢(a). That follows, as

¢(a*) (1) = T(a*) = 7(a) = ¢(a).

By Lemma 2.22, we have that the range of @ coincides with the spectrum
ofaand ||t|| =1, thus r(a) = sup{|A| : A € 0(a)} = ||4]|co-

The fact that the Gelfand transform is an isometry is due to the C*-
identity:

le@)I% = llg(a)g(a)"llee = llp(a*a)||o = r(a*a) = [la*al| = [la]]*.
To show that we have an isomorphism, it is sufficient to show that ¢(A)
is a closed *-subalgebra of C(Q2(A)) that separates points. The closed-
ness of ¢(A) is clear and for any 7 € )(A) we have a € A such that
T(a) as ||t|| = 1 which means that ¢(A) separates points. By the Stone-
Weierstrass theorem [5, Theorem 8.1], we have ¢(A) = C(Q)(A)), as de-
sired. O

17



18 Preliminaries: C*-algebras and Their Representation Theory

2.2 Representation theory of C*-algebras

2.2.1 Ideals and positive linear functionals

For non-unital C*-algebras, approximate units play an important role by
extending the notion of unit to this setting.

Definition 2.25 (Approximate unit). An approximate unit for a C*-algebra A
is an increasing net (1)) e Of positive elements within the closed unit ball of A
such that lim) o auy = limy o upa = aforalla € A.

The standard example of approximate unit is the net of projections in
K(H), where K(H) denotes the C*-algebra of compact operators from a
separable infinite-dimensional Hilbert space H to itself.

Let {e, : n € IN} be an orthonormal basis for H. Let {p;} be the
projection onto span{ey, ..., e} then we have that { p;} is an approximate
unit for K(H). Indeed, as the set of finite rank operators which we denote
by F(H), is dense in K(H), it is sufficient to show limy_,., pAT = T under
the operator norm, for all T € F(H).

The following Theorem ensures the existence of approximate units in
arbitary C*-algebras.

Theorem 2.26 ([12, Theorem 3.1.1]). Every C*-algebra admits an approximate
unit.

Indeed, an approximate unit can be constructed as follows: let A de-
note the set of positive elements with norm less than one in A, which has a
natural order. Set uy = A € A. Then we have that {u, } is an approximate
unit. This is called standard approximate unit.

Using Theorem 2.26, we can easily show the existence of approximate
unit for closed ideals.

Corollary 2.27. Let L be a closed left ideal of a C*-algebra A. Then L admits an
approximate unit {u,} € I.

Proof. Set B = LN L*. Since B is a C*-algebra, B admits an approximate
unit by Theorem 2.26. Let a € L. We have a*a € B, which implies that

lim a*a(1 —u,) = 0.
A—00

Then we have
lim fla(1 - 32 = lim [[(1— up)a"a(l - )|
A—r00 A—ro0
< lim |la*a(1 —uy)|*> =0.
A—00

Hence we have lim)_,o, au)y = lim,_,, u a = aforalla € L. H

18



2.2 Representation theory of C*-algebras 19

Corollary 2.28. If I is a closed ideal in a C*-algebra A, then I is self-adjoint and
therefore a C*-subalgebra of A. If {u, } is an approximate unit for I, then for all
ac A:

Ja-+ 1| = lim la — auy | = Tim [la — ]

Proof. The proof uses Corollary 2.27 and the details can be found in [12].
O

By using Corollary 2.28, we can prove that the quotient of a C*-algebra
by a closed ideal is a C*-algebra.

Corollary 2.29. If I is a closed ideal of a C*-algebra A, then the quotient A/ I is
a C*-algebra with the operations defined on the quotient, and the quotient norm.

Proof. Let {u, } be an approximate unit of I, which exists by Corollary 2.27.
By Corollary 2.28, for eacha € A,b € I we have

o+ 11 = limn []a — auy |2

= lim |(1 — wy)a"a(l - )P
= tim | (1 — ) (@ + b= b) (1 — ) 2
< fla*a + b+ lim b — buy |

= [la*a +b],

which gives |la + I||?> < ||a*a+ I|| < ||a + I||*>. Thus A/I is a C*-algebra.
[]

We are now ready to prove the main theorem of this section.

Theorem 2.30. If ¢ : A — B is an injective *-homomorphism between C*-
algebras, then ¢ is isometric.

Proof. 1t is sufficient to show ||¢(a*a)|| = ||a*a||, thus we can restrict to the
case A is generated by 1 and a*a and B = ¢(A) which are Abelian.

Let T be a character on B, thus T o ¢ is a character on A. Clearly we have
that the *-homomorphism ¢ induces a continuous map ¢* from Q(B) to
Q(A) which sends T to T o ¢. As Q(B) is compact, we then have ¢*(Q(B))
is closed in ()(A). By Urysohn’s Lemma, there exists f : (Q(A) — C such
that f|,+ = 0. However, via Theorem 2.24, we have f = £ for some x € A.
Then we have 0 = £(T o0 ¢) = To ¢(x) for all T € Q(B) which shows that

19



20 Preliminaries: C*-algebras and Their Representation Theory

x = 0, a contradiction! Therefore we have Q(A) = ¢*(Q(B)), from which
it follows that

x| = [|£]lc = sup [[T(x)[| = sup [[t(¢(x))]] = l[@(x)]]
TEN(A) 7 €Q(B)
I7ll=1 l7]|=1

]

The last essential concept in the representation theory of C*-algebras is
that of a positive linear functional.

Definition 2.31. A linear map ¢ between C*-algebras A and B is said to be
positive if it maps positive elements to positive elements. A linear functional is
said to be positive if it is positive as linear map from A to C. A state is a positive
linear functional with norm 1.

Let us look at some properties of positive linear functionals.
Lemma 2.32. Positive linear functionals are bounded.

Proof. Let T be a positive linear functional. Suppose 7 is not bounded, then
there exists {s;, : ||sy|| < 1} such that 7(s,) > 2". Then we have the series
S =), 5+ converges:

DI ESNENED I RESE
n n n

On the other hand, we have thats > s, for all s,, by construction. Therefore
we have 7(s) > 1(s,) > 2" for all n € IN, which is a contradiction. Hence
we conclude that 7 is bounded. O

Lemma 2.33. If T is a positive linear functional on a C*-algebra A , then T(a*) =
w(a) and |t(a)? < |[7l|x(a"a).

Proof. Let {u,} be an approximate unit of A. Then we have

T(a*) = li}LnT(a*u;\) = li}LnT(u,\a) = 1(a),

where the second equality is due to the fact that (x,y) := 7(y*x) defines
a sesquilinear linear form. The inequality |t(a)|> < ||7||T(a%a) is a conse-
quence of

[T(@)? = lim |7 (upa)[* < lim |7(u})|7(a"a) = | 7l|7(a"a),

which in turn follows from the Cauchy-Schwarz inequality. O

20



2.2 Representation theory of C*-algebras 21

The following Lemma provides a characterization of the positive linear
functionals.

Lemma 2.34 ([12, Theorem 3.3.2]). Let T be a linear functional. The following
facts are equivalent:

1. T is positive;
2. For every approximate unit {u, } we have lim) t(uy) = ||t||;

3. For some approximate unit {u, } we have lim, 7(u,) = ||7||.

Corollary 2.35. Let A be a unital C*-algebra, then we have

1. If T is a bounded linear functional on A, then T is positive if and only if
(1) = [l

2. If Tand T are positive linear functionals on A, then we have ||T+ T || =
(M) +7 1) =zl + 7l

Proof. Let T be a bounded linear functional on A, then by Lemma 2.34, we
have that 7 is positive if and only if lim, 7(u)) = ||7|| for every approxi-
mate unit. Since A is unital, we can take u) = 1 for all A, which proves the
first statement. The second statement follows from the first one. O

Theorem 2.36. Suppose T is a positive linear functional on a C*-algebra A. Then
we have

T(b*a*ab) < ||a*a||T(b*b), Va,b € A.

Proof. We may suppose T(b*b) > 0 otherwise 7(b*a*ab) = 0by the Cauchy-
Schwarz inequality. Then define the positive linear functional

T(b*ch)

T(b*b)

p:A—=C,c—

Let {u, } be an approximate unit for A, the above functional satisfies

loll = limp(uy) = ImT(b"upb)/T(b70) =1,

which implies p(a*a) < ||la*al|, thus T(b*a*ab) < ||a*a||T(b*D). O
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22 Preliminaries: C*-algebras and Their Representation Theory

2.2.2 Gelfand-Naimark-Segal Theorem

Definition 2.37. A representation of a C*-algebra is a pair (H, ¢) where H is
a Hilbert space and ¢ is a - homomorphism from A to B(H). We call (H, ¢)
faithful if ¢ is injective.

Given a representation (H, ¢), we call H the representation space. If
(Hx, @A) e is a family of representations, the direct sum of H, is auto-
matically a representation space, and the *- homomorphism is defined as

@(a)(xx) = (pa(a)(xa))a, xa € Hy.

Moreover, if all (H), ¢, ) are faithful, (&) H,, )¢, ) is faithful.

We shall prove that for any positive linear functional on C*-algebra A,
there exists an associated representation. This result is known as the GNS
construction.

Lemma 2.38. Let T be any positive linear functional on A. The set
r={aecA:t(a"a)=0}.
is a closed left ideal of A.
Proof. Letb € A,a € N, we have
0 < 7((ba)*ba) = t(a*b*ba) < ||b*b||T(a*a) =0 implies ba € Nr.
Let {a)} be anetin N,
T(a*a) = T(li}Ln ayay) = li)r\n T(ayay) = li£n0 = 0.
Therefore, N is a closed left ideal of A. O
On A/ Nz, define the inner product:
(a+ Nz, b+ Ni) — t(ba).

To see that the inner product is well-defined, take a1 + N; = a, + Nr i.e.
a1 —ay = a € Ny then

(a1 + Ne, b+ Nz) = (a2 +a + Ny, b+ Ny) (2.2)
= 1(b*ay) + t(b*a) (2.3)
= 1(b*ap) (2.4)
= (a2 + Nz, b+ Ny (2.5)
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2.2 Representation theory of C*-algebras 23

where equality from (2.3) to (2.4) is due to the Cauchy-Schwartz inequality
by considering the sesqui-linear form described in the proof of Theorem
2.33.

Hence the space (A/ Nz, (+,-)) is a pre-Hilbert space. Denote by H; the
Hilbert space completion of A/ Nx.

Now, let us construct the representation ¢. Define a *-homomorphism
¢:A— B(A/N¢) by

@(a)(b+ N;) = ab+ Nr.

Then we have

lp(a)|*=sup ()b + No)l|?
[[b+Ne[|<1
= sup t(b*a*ab)
[1b+Ne||<1
< sup [a]*z(b*D) < |a],
T(b*b)<1

where the first inequality follows from Theorem 2.36 .

The the operator ¢(a) can be uniquely extended to a bounded operator
¢<(a) on Hr. The map ¢ : a — @ (a) is clearly a x-homomorphism.

The representation (Hr, ¢) constructed above is called the Gelfand—
Naimark-Segal (GNS) representation associated to the positive linear func-
tional 7.

Definition 2.39 (Universal representation). Let A be a C*-algebra, the uni-
versal representation of A is defined as the direct sum of (¢, Hr) for all states T
on A.

This leads us to the famous Gelfand-Naimark-Segal Theorem:

Theorem 2.40 (Gelfand—Naimark-Segal). If A is a C*-algebra, then it has a
faithful representation. Specifically, its universal representation if faithful.

Proof. Let (H, ¢) be the universal representation of A. Then suppose (H, ¢)
is not faithful i.e. there exists 2 € A such that ¢(a) = 0. Since a*a is nor-
mal, there exists a state T such that ||a*a|| = T(a*a). Setb = (a*a)'/*, using
functional calculus, we have

lall? = l|la*all = T(a"a) = T(b*) = [lp=(b)(b + Nx) |
On the other hand, we have ¢(b*) = ¢.(a*a) = 0 hence we have
¢-(b) = 0 implies ||a|]| = 0if and only ifa = 0,
from which we conclude that (H, ¢) is faithful. O
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We end this section with an application of the GNS theorem.

Example 2.41. Consider the matrix algebra My, (A) with entries in a x-algebra
A. The involution operation on My (A) is defined as (ajj)j; = (a ]1)1] If there is a
x-homomorphism between A and another x-algebra B, then there is a correspond-
ing a x- homomorphism between matrix algebras, by sending (a;;) to ¢(a;;).

Let H be a Hilbert space, and H"™) be the direct sum of n copies of H. Choose
u € M, (B(H)), we define p(u) € B(H™) by

n n
p(u): (x1,. .. xn)T = ulxr, . x)” = () wixg), Zun]x]
j=1 j=1

Clearly, the homomorphism ¢ is a x-isomorphism. We call it the canonical *-
isomorphism. Thus the matrix algebra of B(H) can be identified with B(H™),
Note that M,,(B(H)) has no norms right now. We define the norm by setting
lullp = ll@(w)||. As B(H™) is clearly a C*-algebra, it is not hard to show
M, (B(H)) is a C*-algebra with the norm || - || p1. Moreover, by using the GNS
Theorem we can prove that || - || a is the only norm with which M, (B(H)) be-
comes a C*-algebra. This fact holds in much bigger generality, as the next theorem
shows.

Theorem 2.42 ([12, Theorem 3.4.2]). If A is a C*-algebra, then there is a unique
norm on My (A) making it a C*-algebra.
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Chapter 3

Subproduct Systems from
SU(2)-representations

3.1 Subproduct systems of Hilbert spaces

Subproduct systems were originally defined in the Hilbert space setting
in [3]. Later, the concept of subproduct system was extended to the more
general setting of C*-correspondences in [15]. The interested reader can
refer to the Appendix C for a detailed introduction to subproduct systems
of C*-correspondences. In this section, we only focus on subproduct sys-
tems of Hilbert spaces.

Definition 3.1. Suppose that H = {H;,},m € Ny is a sequence of Hilbert
spaces and that 1 ,, : Hii, — Hyp ®c Hy, is a bounded isometry for every
k,m € INo. We say that (H, 1) is a subproduct system over C when the following
holds for all k,1,m € INo:

1. HO :C,'

2. The structure maps 1oy, : Hy — Ho ®@c Hy and 1,0 : Hy — Hy ®c Ho
are the canonical identifications and;

3. The two bounded isometries (1x @ 11 ) © tg 14 a1d (4] @ L) © lggp i
Hi i 14m ® Hy ®c H; ®c Hy, agree, where 1y and 1,, denote the identity
operators on Hy and H,,, respectively.

Let us look at an example.
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26 Subproduct Systems from SU (2)-representations

Example 3.2. Let H be a finite-dimensional Hilbert space over C. Then we have
that {H®"}S_ is a subproduct system with structure maps given by the canoni-
cal identifications H®"t" = H®" @ H®™. This subproduct system is called the
full product system.

Example 3.3. Let H be a fixed finite-dimensional Hilbert space. Define the pro-
jection py from H®™ onto the symmetric subspace of H*" by

1
Pr(l1®G® - ®&y) = ) Z (’;(771(1) X (:(771(2) K- & égfl(n),

T oES,

where S, denotes the n-degree permutation group.

We define E,, := p,(H®™") and the structure maps 1y as the adjoints of the
maps uy; : Ex ® Ej — Eyyy such that uy(x @ y) = pry(x @ y). The only
non-trivial thing to check is the third identity in the Definition 3.2. It is sufficient
to prove that

U1 © (Ui @ 1) = Upejim © (L @ Uy ).
Indeed, we have

Uy 1,m © (Ur) @ 1) (x @Y ® 2)

= U 1m (P11 (X ®Y) ®2)

= Prrim(X @Y ®z2)

= Uk l+m © (x @ pram(y®@2))

= Upiym © (Lk @ up) (X QY @ z).

Therefore, (Ey, t) is a subproduct system, which we call the symmetric subproduct
system.

3.1.1 The Toeplitz and Cuntz-Pimsner algebras of a sub-
product system

Once we have a subproduct system, we can associate to it two C* algebras,
namely, the Toeplitz and Cuntz-Pimsner algebras. They were studied by
Viselter in [17]. Before introducing the concepts, we shall firstly define the
Fock space on which we will represent the Toeplitz C*-algebra.

Definition 3.4 (Fock space). Given a subproduct system (E, 1), its Fock space
is defined as the infinite direct sum of Hilbert spaces F := @72 E;.

For every ¢ € Ey, we define the creation operator Tz € L(F) by

TéZF—>F, Tér(g) = L,t,m(gf@C), (eE,CF
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3.1 Subproduct systems of Hilbert spaces 27

Via the creation operators, we can define the Toeplitz C*-algebra of a sub-
product system.

Definition 3.5 (Toeplitz algebra). Let (E, 1) be a subproduct system. The Toeplitz
algebra of (E, 1), denoted by Tg, is defined as the smallest unital C*-subalgebra of
L(F) containing all creation operators.

The following definition gives the Cuntz—Pimsner algebra of a subprod-
uct system.

Definition 3.6 (Cuntz-Pimsner algebra). Given a subproduct system (E, 1)
consisting of finite-dimensional Hilbert spaces over INg. The Cuntz—Pimsner al-
gebra Og of (E, 1) is the unital C*-algebra obtained as the quotient of the Toeplitz
algebra T by the ideal KK of compact operators over the Fock space F.

Remark 3.7. In the setting of a subproduct system of C*-correspondences, the
Cuntz—Pimsner algebra is defined by quotienting the Toeplitz algebra by a suitable
ideal. Interested readers may refer to Appendix C for more details.

3.1.2 G-subproduct systems

In this project, we are interested in subproduct systems of Hilbert spaces
with some additional structure in the form of a Lie group action.

Definition 3.8 (G-action). Let G be a locally compact topological group and H
be a Hilbert space. Then a G-action on H is a pair (G, p) where p : G — B(H)
is a strongly continuous homomorphism i.e. the orbit map &, : G — H sending
g to p(g)(x) is continuous for all x € H.

Note that we will abbreviate the action on some x € H to g(x) in the
rest of this thesis.

Definition 3.9 (G-subproduct systems). Let G be a locally compact topological
group and let (E, 1) be a subproduct system of Hilbert spaces E,,,m € Ny. We
say that (E, 1) is a G-subproduct system when there is a G-action p on each fiber
E.., m € Ny, such that

0(8) o tim = gm0 p(8), kmeN. (3.1)
The G-action on E, ® E,, is given by g(E ® 1) := g(&) ® g(n).

Property (3.1) is called G-equivariance.

Once we have a G-subproduct system, then its Fock space inherits the
group action by g({Gm}—o) = {8(Cm) }ni—o-

Furthermore, thanks to the following Lemma, the group action on a
subproduct system induces an action on its Toeplitz algebra.
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28 Subproduct Systems from SU (2)-representations

Lemma 3.10 ([1, Lemma 1.6]). Let G be a locally compact group and suppose
that (E, 1) is a G-subproduct system. Then the assignment g(Tz) := T¢(&) de-
fines a strongly continuous action of G on the Toeplitz algebra TE.

As Cuntz—-Pimsner algebra is defined as a quotient algebra of the Toeplitz
Tg, the action on Tg descends to an action of G on Og. Indeed, this follows
immediately, since g(Kr) C Kr forall g € G.

Example 3.11. Consider the Lie group U(1) and the subproduct system defined
in Example 3.2. We define a U(1)-action p on {H®™ : m € N} by multiplica-
tion:

0(2)(Gm) ==z Gm, YEm € H™™.

Clearly, this action is U(1)-equivariant as structure maps are linear.

3.2 Subproduct system from SU(2)-representations

Let T : SU(2) — B(H) be a strongly continuous representation of the Lie
group SU(2) on a finite-dimensional Hilbert space H. Since SU(2) is com-
pact, then we shall furthermore assume that 7 is unitary. In this section,
we will construct a subproduct system starting from a representation of
SU(2).

We first define the determinant of an SU(2)-representation.

Definition 3.12. Let (T, H) be a representation of SU(2). The determinant of T
is the subspace of H @ H whose elements are fixed under the diagonal action:

det(t) := {¢ € Ho H: 1(g) ® 7(g) () = &}.

For each m € {2,3,...} and each i € {1,2,...,m — 1} we define a
strongly continuous unitary representation A, (i) = 1901 @ (t%2) ®
120m=i=1) . S11(2) — U(H®™). We denote the subspace of H®" invari-
ants under Ay, (i) by Ky (). Finally we define Ky, := Y1, K ().

Remark 3.13. Note that we have K, = K, @ H?("=2) 4 H® K, @ H®(m=3) 4
4 H20m2) @ K,

We are ready to construct a subproduct system associated to the SU(2)-
representation (H, T). Set

Ky ,m>
En(t,H)={H ,m=1. (3.2)
C ,m=
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3.2 Subproduct system from SU(2)-representations 29

The following Lemma shows that the diagonal representation on H®™ re-
stricted to Ey, is still strongly continuous.

Lemma 3.14 ([1, Lemma 2.2]). Let m € {2,3,...}. The diagonal represen-
tation T®™ : SU(2) — U(H®™) restricts to a strongly continuous unitary
representation of SU(2) on the subspace E,, C H®.

Finally we let i ,,, : Ex1,;, — Ex ® E;; be the map obtained from identi-
fication H®(k+m) = gk o om,

Proposition 3.15. The pair (E, 1) defined above is a subproduct system.

Proof. Firstly, the case k = 0 holds as Ey = C and C ® E;;, = E,;. Now let
k =1, wehave E; ® E;;, = H® E;;, which is trivially a subspace of H ® E;,
itself.

Let k,m € N with k,m > 2, it is sufficient to show that Ey,,, C Ex ® E,
which is equivalent to showing that KkL—&—m C Ki* ® K;;. First assume that
k,m > 2. By definition, we have on the one hand

K @ H™ + H* ® Ky C Kiym
On the other hand, we have
(K¢ @ Kbt = Ky @ H®" + H** @ K,y

which implies that Kki . C K- @ K;%, as desired.

A Case Study: the standard Representation

Example 3.16. We are now going to describe the subproduct system induced

by the standard representation (or fundemental representation) p : SU(2) —
u(c?).
Let fo, f1 denote the standard orthonormal basis for C?, we claim that

det(p,C2> = spanc{fo® f1 — f1® fo.}

Assume that v = aoofo ®f0 + a01f0 (%) f1 + alOfl & f() + 1111f1 & f1 € det (p, Cz) .
Then, by the definition of determinant, we have

(p(X) ® p(X))(v) = v, VX € SU(2),
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30 Subproduct Systems from SU (2)-representations

which holds if and only
agp = agoX> + apg Xy + ajpxy + a11y2
ag = —Elo()xy + ap; |JC|2 — ﬂloyz =+ anfy
ajp = —AagoXy + do1 |y|2 -+ a10|x|2 + anxy

2 — — 2
a11 = agoy” — Ap1Xy — A10Xy + a1 |x|

where we write p(X) = {_xy %} with |x|? + |y|*> = 1. By using the fact that
det(p(X)) = 1, we have that the solution space is one dimensional and it is
spanned by fo @ f1 — f1 ® fo.

Therefore we have that Ky, (i) = (C*)®0Y @ span{fo® fi — i ® fo} ®
(C2)2m=i=1) forallm € {2,3,... yandi € {1,2,...,m —1}.

Recall from Theorem A.18 and Example A.29 that every n-dimensional irre-
ducible representation (¢, Vy,) with dim(V,,) = n + 1 is isomorphic to

(p®n+1, (C2)®5n).

For simplicity, we denote (0“1, (C2)®s™) by (pn, (C?)®s™). As a conse-
quence of Clebsch—Gordan theory and properties of symmetric subproduct system
(Example 3.3), we have

En(p,C?) = (C?)®s™.

Let py, be the orthogonal projection from (C2)“™ onto the symmetric tensor prod-
uct (C2)®s" C (C?)®™. We define the vectors

fo i = pm(f @ f7).

Then the set { f&f"* .k = 0,1,...,m} forms an orthogonal basis for Ex(p, C?)
with norm satisfying
_ k!(m —k)!
gtz = SRR

Define the number operator N : Dom(N) — F(p,C?) by sending & to
m - ¢ whenever ¢ € E;,. Itis clear that the number operator is unbounded
and self-adjoint. Then we have the following famous result.

Theorem 3.17 ([2, Proposition 5.3]). The Toeplitz algebra T(p, C?) induced by
the standard representation is the universal C*-algebra generated by two opera-
tors To := Ty, and Ty := Ty, which satisfy the following commutation relations:

1. ToTy = Ty Ty,
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3.2 Subproduct system from SU(2)-representations 31

2. TyTo+ TiTy = (24 N)(A1+N) 7,
3. T[T = T;Ti = (14 N)~'(é1 = T;T})

In this thesis, we plan to extend this result to representations other than
the fundamental one.

Moreover, as proved in Theorem A.30, we can identify the symmet-
ric tensors and homogeneous polynomials. This yields an isomorphism
between the Fock space F(p, C?) with the Drury-Arveson space H3.

Theorem 3.18 ([2, Theorem 5.7]). The Toeplitz algebra T(p, C?) contains the
algebra of compact operators on the Drury—Arveson space H2, and we have an
exact sequence of C*-algebras

0 — K(H3) — T(p,C?) — C(S%) — 0,

where C(S3) is the commutative C*-algebra of continuous functions on the 3-
sphere S3 C C2. In particular, we have that the Cuntz—Pimsner algebra O(p, C?)
is isomorphic to C(S3).

3.2.1 The structure of the determinant

In this section we shall study the structure of determinant. Let L, =
(C?)@s™ be the representation space of an irreducible SU(2) representa-
tion. Consider the orthonormal basis defined by

ek::n—!-fkf”_keLn k=0,1,...,n (3.3)
k!(n —k)! 701 ’ SR

Proposition 3.19 ([1, Lemma 2.8]). Suppose that T : SU(2) — U(H) is irre-
ducible and let V : L, — H be a unitary operator intertwining T with p,. Then
the determinant det(t, H) C H ® H is an one-dimensional vector space spanned
by the vector

Furthermore, we have the following Proposition describing the deter-
minant in the case of a reducible representation.
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32 Subproduct Systems from SU (2)-representations

Proposition 3.20 ([1, Proposition 2.10]). Let H = Y >, Likn  Then we have
det(t, H) C H ® H has dimension Y _o k2, and it is unitarily isomorphic to
the Hilbert space

o0 2 o0 )
D det(pm, L) € @ (L @ L)
m=0 m=0

Proof. Let us compute the tensor product H ® H using the isomorphism
H=y% oLy

m

HeH2 () L)@ () L) = P (L@ L™,
m=0 m=0 s,1=0

Then by Theorem A.33 we have that L; ® L; contains some copies of the
trivial representation if and only if s = [. This leads to

det(t, H) = det (@fnc’zopﬁk’", Z L%k*") o EB det(om, Lm)@kg".
m=0

m=0

as desired. O]
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Chapter I

Fusion Rules for SU(2)-subproduct
Systems

I used to say: “Everything is
Representation Theory”. Now I
say: “Nothing is Representation
Theory”.

Israel Gelfand

4.1 Irreducible case

In this section, we shall recall and describe the fusion rules for the fibers of
the subproduct system induced by an irreducible SU(2)-representation.
Our main reference for this section is [1]. Our main goal is to prove the
following;:

Theorem 4.1 (Fusion rules, [1, Theorem 3.1]). Let k,m € Ng and put | :=
min{k, m}. We have an SU(2)-equivariant unitary isomorphism

l

Wk,m : @ Ek+m—2j — Er ® Ey.
=0

Let (p, H) be an irreducible unitary representation of SU(2) on a finite-
dimensional Hilbert space. We define two linear operators G, : E;,—1 —
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34 Fusion Rules for SU(2)-subproduct Systems

K41 and G,/ﬂ : Em—1 — Ky recursively:
Gi(1):=06, Gu:i=Gpu @1+ (—1)m+Din=g .1, 102G,
G(1):=06, G,:=10G, +(-1)Dm=Ng .G ®1,_1,

where ¢ is such that C - § = det(p, H). The reasons behind this definition
will become apparent later.

Lemma 4.2. Let m € IN. The linear maps Gy, and G,, are equivariant i.e.

05" (9)G = Grpi "V (g), Vg € SU(2), (4.1)
05" (9)Ghy = Grpi ™" V(g), Vg € SU(2). (4.2)

Proof. We only give the proof of (4.1) since the proof of (4.2) works simi-
larly. We prove it by induction on m € IN. For m = 1, we have

05 P ()G1(1) = 0P (g)(6) = 6 = G1(1)p5°(g), Vg € SU(2),

where the second equality is due to the definition of 5. Now assume the
(4.1) holds for m < k. Then we have for ¢ € Ej

o 2 (9) Gy (8)

= 0 " ((Ge®1)(&) + (—1) " ka2 @ 6)

= (G ® 1)p*(9)(2) + (~1) "+ D¥dy - p2K(g) (8) @ 6
= Gr105%(2)(8),

which completes the proof. O

Lemma 4.3 ([1, Lemma 3.6, Lemma 3.12]). Let m € IN. The linear map G,
satisfies the following identities.

L ((Gu®1)(8),n®0) = (=)™, s /dy- (&), V&€ Ep1®@
El/;/] S Em/

2. {Gm(8), Gm(1)) = pm - (&1, V&1 € Emn;
3. {(Gm @1)(8), Gmya (1)) =0, V€€ Eu1®Ey1n€Em.
Similiarly, we have the following three identities for G,,:

1 {(1®Gy) (@), ©6) = (=)™ Hd, 1 /di - (g,n), VEE€En1®
El/ﬂ E ETHI
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4.1 Irreducible case 35

/! /

2. <Gm(g)/Gm(77)> = Hm - <§/77>1 vérﬂ €En_1;
3. (190G (), G 1(n) =0, VEGEE, 1®E,n€Ey.

Lemma 4.4 ([1, Lemma 3.7, Lemma 3.13]). There are unitary isomorphisms of
Hilbert spaces

(Km ® El) S Gm(Em—l) = Km—HI Vm > 1,
(E1 @ K) ® Gy (Emp—1) = Kpyin, Vm > 1.

Note that the image of G, is equal to K41 N (E;; ® Eq) and the im-
age of G,, is equal to K41 N (E; ® Ey;). Combining this observation with
Lemma 4.3, we obtain that the following two maps are isometries

(_1)(n+1)(m—1)

\/ Fm
, ( 1)(n+1)(m 1) ,
Vo= ; "Gl Ep_1 — E1 ® En. (4.4)
\ rrm

Lemma 4.5. Let {d,, } be the sequence of positive integers defined recursively by
the following:

d_1:=0, dyo:=1, dy:=n+1, d,:=didy_1—dn_o m>2.

Then the sequence of fractions {dy_1/dm};._, is strictly increasing and con-
verges to the limit v, := (n+1—+/(n+1)2—4)/2.

Proof. We first note that d,, > d,,,—1 for m € N since d,, —dyy—1 = (dy —
Vdy1—dpyo=m—-1dy 1+dy_1—du—2/dyu_1. Indeed, we have dy >
d_iand d,; > 0,VYm € N then d,, > d,,_1 follows from an induction
argument.

By using Lemma B.2 we have that

m . ]2__ , m
;d__d-_zz did; >

which yields that dy,, /dy+1 — dy—1/dm = 1/dmdy—1 > 0, thus {dp,/d 1}
is strictly increasing.
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36 Fusion Rules for SU(2)-subproduct Systems

To compute the limit, we observe that if we take the limitof 4, /d,,,—1 =
n+1-—d,_»/d,;_1 onboth sides, we have

1
lim d,,/d,;,_1 :Tl—l-l—n%iin dpno/dy 1 — —=n+1—1,.

m—00 ’)’n

which gives that v, = (n+1—+/(n+1)? —4)/2 € (0,1]. O

We claim that the sequence {d,,} agrees with the sequence of dimen-
sions of the fibers E,;,.

Corollary 4.6. It holds that dim(E,,) = dy, for all m € N.

Proof. By Lemma 4.4 we have that

dim(E, 1) = (n+1)""! — dim(K,,11)
= (n+1)""! —dim(K;, ® E;) — dim (G (Ep—1))
= (n+1)"" — (n +1)dim(K,,) — dim(E,,_1)
)

= (n+1)dim(E,) — dim(E,,_1).

where the last equality uses the fact that dim(E,,) = (n +1)™ — dim(Kj,).
Finally the fact that dim(Ey) = 1 and dim(E;) = n + 1 completes the
proof. O]

Proposition 4.7. Let m € IN. The linear maps

(lm,lf Vm) : Em+1 DEn1— En®E
(41,m/ V;;L) :Emi1 ®En1 — E1 Q@ Eyy,

are SU (2)-equivariant unitary isomorphisms.

Proof. We only prove the first isomorphism, the second one can be proved
similarly. The map (1,1, Vin) is clearly a linear isometry. By a dimension-
counting argument, we have that (1,1, V},) is an isomorphism. Indeed, we
have

dim(Ey+1 @ Ep—1) = dim(Ep11) + dim(Ep—1)
- dm—l—l + dm—l
= dldm
= dim(E;) - dim(E,,)

which completes the proof. O
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4.1 Irreducible case 37

Since the image of G,, and G,), lie in the intersections Ky, 1 N (E; ® Eq)
and K;,+1 N (E; ® Ey,), respectively, we may define the following maps

= (J;;®1)Gy and G, := (1®J%)Gm, (4.5)
where [, is the inclusion from E,, into Ei@m, given by
T = (111 @19"2) . (ty—21 @ 1) (ty—11) : Em < EJ™,
which step by step isometrically sends
En k@EPY to  E, g q®@EPFT,
fork=0,1,...,m

Lemma 4.8. Let m € IN. We have that the maps G and G\;n defined in (4.5)
satsify

(tm-11 @ 1) G = (Gt @ Viyy_pq + (=)D =Dg 1, 1 @G,
(1Q@um1)Gp=0100GC, imo—+ (=) VEDg G @1,_1.

>Q>

Proof. We shall prove the claims via induction. For m = 1 we have that

(1o ®1)G1 = (191 ® 1)(J; ® 1)Gq

= (
)
= (Go®@1)ty_p1 + (—1)VOVg 11, 106,
holds trivially. Then suppose the claim holds for m < I. Form =1+ 1 we
have

(11 ®1)Gri1

=i (G119 Gy

=01 (5, @19 (G o1+ (-1)"TVd, 1, @ Gy)

=(G@1)y_11+(-1)"g; .1, G

where the last equahty uses the definition of G;; and the induction hypoth-
esis. The proof for G,, works similarly. O

Before proving our main theorem, we need some further lemmas.
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38 Fusion Rules for SU(2)-subproduct Systems

Lemma 4.9 ([1, Lemma 3.15]). Let m € IN. It holds that

G = (_1)(n+1)(m_1)dm—1 (10 @) (L1 @ é1),

G, = (—1)(”+1)(m_1)dm,1 (1® lik,m—l)(él ® Ly_1).

Lemma 4.10 ([1, Lemma 3.16]). Let m € IN. It holds that

B3 d /\* o~
G1q = (—1)<”+1>m+1—d 1 - (1 ® G}) (G ®1) : Eyy—1 ® E; — En,
o

* d ~/ % -~/
Y1 = (—1)(n+1)m+1d—11 ((G1)"®1m)(1®G,y,) : 1 ® Eyp—1 — Em.
-

Lemma 4.11 ([1, Lemma 3.17]). Let m € IN. It holds that

d ~ A%
Pm-11 =11 ®1+ (—1)(%1)%151—11 (Gu-1®@Gy) (2,1 ® 1),
o

d ~ N
Pim-1=1@1y1+ (—1)(n+1)m+1d—11(cik ® Gy 1) (1® 11 m-2).
m—
where Pm—-11 : Eyn 1®E — E,;_1®Eq and P1,m—1 : E1®E,;1 — E1®
E,_q.

Now we shall introduce an essential SU (2)-equivariant linear map which
plays an important role in the proof of the fusion rules. For k, m € INp, we
define the map by: 0y ,,, : Ex ® Ejy — Exq ® Ejgq

e = (Les1 © 8 ) (Grir @ 1),

Combining Lemma 4.9, Lemma 4.10, and Lemma 4.11, we obtain the
following proposition. For the sake of simplicity, we omit the subscripts
when no confusion could arise.

Proposition 4.12 ([1, Proposition 3.18,Proposition 3.19,Proposition 3.20]).
Let k,m € Ng and and j € IN. We have the following identities
Ay m Ay — .
Ex ® Ejy — Ex ® Ep;

] did,,— —1 dmfldk+‘—l H
2. 0c*0) = P 1—#0] S glg*
Hietj ( itjdd,, i 4q )+ Ae—1m+j—1

Ex ® Em = Egtj-1 @ Epyj—1;
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4.1 Irreducible case 39

3. 0"l =0;

- ' ded,,
4. (oY oy = TTeq i (1 — 775521 ) ig .

dicyilmyi

where we use the notation 07 := Oy jmj - - - Ot 1,m10%m, ANA ¥ty = Egioy —
Ex 1 ®Ep-1.

Finally, we can prove the main Theorem of this section.

Theorem 4.13. Let k,m € Ny and put 1 := min{k, m}. We have an SU(2)-
equivariant unitary isomorphism

1
Wk,m = (Wl?,mwl},m e Wli,m) : @ Ek—l—m—Zj — Ex ® Ep,.
j=0

where le,m : Exym—2j — Ex @ Ep is defined by

NI—

I]—[ dg ]dm j—1 ol
e
P e\ i i S

forallje{1,...,1}, and ngm = lm * Expm — Ex ® En.

Proof. (of Theqrem 4.1) Firstly, the third identity in Lemma 4.12 implies

that (W,im)*Wli » = Owheneveri # j. Secondly, the last identity in Lemma
4.12 implies that

dkdm—l
 dirilmrioa

*
k,m lkm-

(Wli,m)*wlj(,m = Lz,m ]U]lk m H .uk—H

where (4 ,, is an isometry thus W,il ., 18 an isometry. Therefore we have W]i’ "
is an isometry and thus Wy, : @ézoEker—Zj — Ex ® Ej, is an isometry.
Surjectivity of Wy ,, follows from a dimension counting argument by
(B.3).
Finally, SU(2)-equivariance follows from the definition of Wy ,,, in which
all factors are SU(2)-equivariant. O
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40 Fusion Rules for SU(2)-subproduct Systems

4.2 Several copies of the same irreducible repre-
sentations

By Theorem A.25, we know that the matrix Lie Group of SU(2) is com-
pletely reducible, thus any representation of SU(2) is a direct sum of irre-
ducible ones. In this section, we will study the fusion rules for reducible
case.

Let us consider the case when the representation space H is isomorphic
to the t copies of L, i.e., H = LP" and T = pj}".

Let K, denote the det (oS!, LZ*). By Proposition 3.20, we have that the
dimension of K; is 2. We set

~m:K2®H®m_2+H®j<;®H®m_3+"'+H®m_2®K2.

We define each E,, as in (3.2):

KL ,m>2
En(t,H)=E,={H ,m=1.
C ,m=0

We have the following lemma.

Lemma 4.14. For the subproduct system we constructed above, we have the re-
currence formula for E,, when m > 3:

Ew=E®E, 1NE, 1®E (4.6)
—H®E, 1NE, 1®H (4.7)

Proof. Observe that K, = H ® K;;,_1 + K;;,—1 ® H then we have
En =K
= (H®Ky_1+ Ky_1® H)*
= (E;®Kyp_1)t N (K1 @ E1)*
=E1®Ey_1NEy,_1®E;.

where the third equality is due to the fact that (V; + V2)t = Vi-n Vst O
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4.2 Several copies of the same irreducible representations 41

We claim:
Kn=Ko@H®" 2+ HoK,@ H"" 3 +... + H*" 2@ K,
2 _ m—2 _ m—2 2
= K"

Therefore we have

En = Ky = (K3'")F = (K;,)®" = E5™. (4.8)
Indeed, we have E; = L = E*!. Then assume (4.8) holds for Ej for
all k < m — 1, we have for E,,:
Ew=E®E,1NE,1®E
= (B @ By ) N (ES", @ B
= (El X Emfl)@tm N (Em,1 X El)@tm
~ Egt.

which also proves the isomorphism (4.8).
By using the fusion rules for the irreducible case (Theorem 4.1), we
have that
~ =~y k I k+1
Ex®E = El?t X El@t = (Ex B E 2B E|k_1|)®t . 4.9)
To sum up, we have the fusion rules for the ¢ copies case.
Theorem 4.15 (Fusion rules for H 2 L), Let k,1 € N we have E,, = E2!",
and there exists an SU (2)-equivariant unitary isomorphism
k= [k=1]

~ ~ o~ ~ 2 ~
Ek®E = En®E), ,& - &F", (4.10)

Proof. By (4.9) we have Ex®E = (Eu ®Ep10® - @ E|k71|)@tk+l- By
definition, we have

k—+1
(Ex41 @ Exs12® -+ - @ Epey) ™
g EEBtk-H E@tk-H @ o @ E@tk-H

k+1 k+1-2 k1|
~ potft! otktl-22 pplk—t-E =l
=Ly ©EL4 GER,
~F alsle o etk
SEpOEL, ,D D E‘k_” .
which completes the proof. =
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42 Fusion Rules for SU(2)-subproduct Systems

Let us look at a concrete example.

Example 4.16. Let us consider the case H = L?z. We firstly compute the deter-
minant:

det{¢ € L{? @ L{?|o(g) @ p(8)¢ = &}

First note that we have

det(p,L1) = spanc{fo ® f1 — f1 ® fo},

which is one dimensional from Example 3.16.
Then by Proposition 3.20 we have the dimension of determinant of (02, L?z)
is four. Let us define

61:=(fo®0)®(f100)— (1D0)® (fo0)
6= (fo®0)®@ (0D f1) — (0 f1) ® (fo ®0) 411)
63:= (08 fo)®(f180)—(f190)® (0 fo)
o= (0@ fo) @ (0 f1) — (00 f1) ® (00 fo)

Claim 1. The determinant of (02, L{'?) is spanned by the elements {5;}4_, i.e.
Kz = det <p@2’ L?2> = spanc {(51, 02,03, 54}.

where each 6; is defined in (4.11).

We prove the claim for 61. The other cases can be checked in the same way. Let
p(8)P% ® p(g)®? be the matrix

a b 0 0 a b 0 0
9 Pope2= | 0 2 el 00,
0 0 —b a 0 0 —b a
then we have
(&) @p(@)P((fo®0) @ (1®0) — (L ®0) @ (fo©0)) (4.12)
a b 0 0]%
= _Ob?) 2 2 (fo®0)®(1®0)— (fi®0) @ (fo®0)). (4.13)
0 0 —b a
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4.2 Several copies of the same irreducible representations 43

Then by the definition of tensor product of linear transformations, we obtain that

(p(8)¥* @ p(g)%%)(61) equals

ab(fo ®0) @ (fo®0) + |al*(fo®0) @ (1B O) — |b]*(fr ®0) @ (fo B O)
—ab(fy®0) @ (f1 ®0) —ab(fo®0)® (fo®0)+ab(fi ®0) ® (f; ®O)
+bP(L®0) @ (fo®0) —|al*(fo®0) @ (f1®0),

where the last equality is due to the fact ¢ € SU(2).
As many terms cancel, the above expression equals

(fod0) @ (1®0) — (190)® (fo®0),

as desired.
Then we have that

IZm — Kz ® (LgaZ)®m—2 44 (Lgﬂ)@m—z ® I”<“2
— K2 ® ((CZ)@2)®m72 44 ((C2)@2)®m—2 ® KQ
= span{d;}iy ® (CH" 2 4 -+ ((CH*" 2 @ span {5}y

By using the recurrence formula above (Lemma 4.14 ), we have E,, = H ®
Ep1NEyu_1®H. Then to compute the En,m € N, it is sufficient to compute
E, = IZZL which is the orthonormal complement of the span-{é1,062,03,04} in
C?eC2 N .

Moreover, for every m we have dim(E,,) = (m 4 1) - 2" since E,, = ES?"
and dim(Ey,) = m + 1.
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Chapter 5

Commutation Relations for the
Resulting C*-algebras

5.1 Toeplitz algebra

5.1.1 Irreducible case

In this section, we consider the commutation relations for the Toeplitz al-
gebra induced by an irreducible SU(2)-representation. Fix n € IN and
consider the irreducible representation p, : SU(2) — U(L,), we let {e,}
denote the orthonormal basis for L, introduced in (3.3).
We define the Toeplitz operators T; as creation operators over the Fock
space F:
Ti=T,:F—>F j€ {0,1,...,n}.

Similarly, we define the bounded operators T]f =1y (E®e;) forall § €

E;. We call T]' the right creation operator associated to the basis vector

ej € Ey = Ly. Then we define the SU(2)-equivariant bounded operators
I, = l,m—1: F - E{® F and 1y := lp—11 F — F® E;. We set lL(g) =
lR(g) = O/‘: € EO =C.

Lemma 5.1. We have the identities

N
M~ %
I
1=

B
(e}

(ej, ) ®T;: Ey®F = F,

T;® (ej,") : FR Ey — F.

o
I
=

T
(e}
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46 Commutation Relations for the Resulting C*-algebras

Proof. Let¢ € Ey ande; € {eo,...,en} we have

n

(e ®¢) =11, 1(e;@¢) = Ti(8) = (e, e) Ti(E) = ) _({ej, ) @ T)(e; @),

j=0
RE®e) =1 11C®e) = Ti@) = Ti(§) e e) = ) (T;® (g, ) @e),
j=0
which completes the proof. O

Furthermore, recall the isometries V;;, and V,; defined in (4.3) and (4.4)
we shall relate those isometries with the Toeplitz operators.

Lemma 5.2. Let m € IN. For every ¢ € E,,_1, we have the identities

n

Vin(©) = V1 /dw - Y (1) T,(2) @, (5.1)
j=0

V(&) = VA1 /dm - Y (~1)e; ® T, (€). (5.2)

j=0

Proof. By definition of V,, we have
(_1)(n+1)(m—1)

Vm - Gm
v Hm
dm—l
= L, 1191)(60®¢
dm—l d —i /
= —-1)" T, . ®e;.
Hm (];)( ) e

The third equality follows from the expression of 6 and Lemma 4.9.
The second identity can be proved similarly. O

We define the following SU(2)-equivariant positive bounded operator

®:F > F, @(g):dd—’ilg, V& € Ep.
m

Lemma 5.3. The invertible operator ® belongs to the Toeplitz algebra TE.

Proof. Let v, € (0,1] be the limit of the quotient of the sequence of dimen-
sions calculated in Lemma 4.5. Since & — v, - 1 is the limit of a finite rank
operator, then it is compact on F. Then @ € T follows from the fact that
Kr C T where Kr denotes the algebra of compact operators on F. O
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5.1 Toeplitz algebra 47

Lemma 5.4 ([1, Proposition 4.5]). For ¢ € E,;_1 C F, we have identities

n

VR(E) = V(&) = Y (-1)" T T, _@'2(&) e

j=0

Finally we can present the commutation relations for the Toeplitz alge-
bra in the case of irreducible representation.

Theorem 5.5 ([1, Theorem 4.6]). Let n € IN, and consider the irreducible repre-
sentation p, : SU(2) — U(Ly). Then the Toeplitz operators T; withi =0, ...,n
satisfy the following commutation relations:

1L 5 T(T)" =1-Qo
2. Y1 o(-1)'TT,_; =0
3. TH(T}) = 6i1e + (=1)((n+1) - 1p = @ T, T,

4. V()T = @71

5.1.2 Reducible cases

In this section, we shall focus on the case H = L,eft. First of all, by Theorem
4.15 we then have E,, = E&*". _

By Proposition 3.20 we have that the dimension of Kj is t2. Let s =
ﬁ Yiio(—1)'e; ® e,,_; be the generators of the determinant in the irre-

ducible case. We have that K; is spanned by the elements 5{ , defined by

) 1 n o )
5] = -1 lel ®€] ,
v MRS
with the convention that e;'( =080&H---B e P---PD0. The set
~—~—

jth
{6k, 1=1,...,1t},

forms an orthonormal basis for K5.
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48 Commutation Relations for the Resulting C*-algebras

Then we can give recursive formula for ém : Em_l — Km+1: Define
G/ (1):=4,
Gl =G/ @1+ (1) VmNg, 1, 1 @GY,m>2,

t

Gn = P (G

ij=1
Note that for each k, [, spandy; is isometrically isomorphic to the K; by
the map ei‘ ® e;_i — e; ®e,_;wherek,l =1,2,...,t, from which it follows
that G/ (Em—1) = Gu(Ep_1).
Then let us compute the inner product (G, (&), Gy (1)) for & = @fgl i €
Ep_1,1 = @lem € E,;_1. By Lemma 3.6 in [1] we have

tml

(Gm(S), Z Z Gy (&), Gl (i) = P (S 1)

i,j=1 k=

(—1)m -1~ . ~
— Gy is an isometry from E,,_; to

E, ® E;. One thing to note that is, this map is not surjective as the dimen-
sion of E,; ® E; is d,,d1t™ ! while the dimension of the image is dyy_1t™ L,

Therefore, the map V,, :=

Lemma 5.6. We have a unitary isomorphism of Hilbert spaces
(Km ® El) S ém(gmfl) = Kerl-

Proof. The proof follows from the fact that each component satisfies the
isomorphism in Lemma 4.4. More precisely, we have

t . -
(Km ® El) ® Gm(Emfl) (Km ® El)EBthl 82 @ (G;ﬁ])@t 1(Emfl)

ij=1
~ m—+1
= ((Km ® E1) @ Gu(Em-1))"
~ thrl

=K'
= Km+1~

Proposition 5.7. Let m € IN. The linear map

~ ~m2y ~og2 ~ ~
(tm,lr Vneqat ) : Em+1 D E@t -1 — En ® El/

~ 2
(Ll,m/ (Vm)®t ) E m+1 D E 1 — El & EWI/

are SU (2)-equivariant unitary isomorphisms.
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5.1 Toeplitz algebra 49

Proof. We prove the first identity, and the second one can be proved by
a similar argument. The claim follows from a dimension-counting argu-
ment. By the results discussed in Chapter 4, we have dim(fm) =d, - t".
Thus we have

dlm( m—1 D E@t2 1) =dmy1- P g T

= thr1dm—|—1dm—1

Since (I, 1, Vneftz) is clearly injective, we finish the proof. O

Now let us turn to the Toeplitz algebra coming from pf : SU(2) —
U(LPY). Let {ef : i =0,1,...,mk = 1,2,...,t} denote the basis of L;".
Then we have the associated Toeplitz operators T;; := T; and the right

creation operator (Tj;) := (€@ ef: ),¢ € E;. We define operators /], :
F — Ey® F and g : F® E;j by setting 11.(§) = t1,,-1(¢) and () =
lm—l,l(g) for ¢ € Ep.

Lemma 5.8. We have the identities
= Z : itE1®F = F,
] 1’ t
Z e, ) : Fo Ey — F.

]:

g %
||

Proof. Let & € E,, and for each (i, j) we have

Gl @) =1, )
= Tij(@)
Z ek, ®le 6 ®€)
k1

A similar computation holds for the second identity. O

Now, we are going to analyze the isometries V,, and V,.
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50 Commutation Relations for the Resulting C*-algebras

Lemma 5.9. Let m € IN. For every ¢ E,i_1, we have the identities below

. Lt . n /d , )
Vin = EB V!, where V] = Z(—l)”_k m_1 (T_ki) ® e{c,
t/dy ’

ij=1 k=0
t . n /d

~/ ~i,7\/ ~ / _ —1 :

Vo=@ V), where(Vy) = 3 (=1)"" J;— 1€ ® Ty

m

ij=1 k=0

Proof. By using the Lemma 3.15 in [1] we have
(_1)(n+1)(m—1) "

© ==
—1)(n+1)(m-1)
- (Gl a e

For simplicity, we only compute the map G below. The other maps can
be described using the same method.
Let& € E,yq <> Eyp_qand ¢ := (—=1)"*Dm=1g | we then have

Gl (&) =c- (1,11 ®1) (11 ®67)(E),
1

n .
c- (1;21—1,1 ® 1)(1m71 ® \/Tl——f‘l (_1)1611 ® 611171')(6)/
i=0

(11 @) (L1 ® ei ey ) (),

o/, /
1Y) @l

]‘.

Thus we complete the proof. O

Define the operator ®:F — F, sending ¢ € E, to diﬁ(j, where F :=
@ﬁzofm denotes the Fock space for reducible case. We have ) belongs to
the Toeplitz algebra by Lemma 5.3.

Then we can reformulate Lemma 5.9.

Lemma 5.10. For every & € F, we have identities:

£ . oy n _ , .
V= Vi , where V;) = Y (—1)" V(T 4,) ®e], (5.3)
ij=1 k=0
¢ L, o, n ) "
V=@ W), where(V,)) = Y (-1)" F- ek @ T, ;@Y% (54)

m
ij=1 k=0

50



5.1 Toeplitz algebra 51

Theorem 5.11 (Commutation relations of the Toeplitz algebra T). Let n €
N, and consider the reducible representation p* : SU(2) — U(LY'). Then
the Toeplitz operators T, withi = 0,...,n;k = 1,2,...,t satisfy the following
commutation relations:

1 Y Ti(Tig)* =1—Qo
2. Y o (=1)iTixT,_i; = O wherek, 1 =1,2,...,t
3. (Tix) " (Tj) = 8ij0ksle + (=) T, D(T,— )"

4. S (T Ti = (t—1)(n+1)1p + D!

Proof. The first identity is from [2, Lemma 2.8], and the second one is from
the expression of the determinant.

Leti,j € {0,1,...,n} and k I € {1,...,t}. By definition of the Toeplitz
operators, we have T;; = ( ® 1fF) and T;x = It (ef ® 1F), thus

(Tik) " (Tjp) = ({ef, ) @ 1p)ILT] (€ @ 1p).

Recall that (7, (V,,)®") is a unitary isomorphism from E,; @ E;‘it_zl to
E, ® Eu. Therefore we have 1p ® 1 = 11 7% + tz(ZnS:l,_wt(V,;i)"S). It implies

that
({ef,-) @ 1p)LT; (¢ @ 1p)
=00k — (el ) @1 Y (V)™ (e @ 1)

r,s=1,...t

=601+ (=1)THT, D(T, )",

where the last equality is due to equation (5.4).
For the last one, we have

Y (Ti) Ty =tn+1)1p =2 Y T iy ®(Tyip)*

i=0,...,n i=0,...,n
k=1,...t k=1,..t
(t - 1)(” + 1)1F + o1 Z T, zk(Tn zk)
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52 Commutation Relations for the Resulting C*-algebras

where the second equality holds for that

T;x(Em) C Epy1and dy — dyin/dpi1 = dm/dps1,

which yields that
~ dm
Tnfi,kq)(é) = —Tnfi,k(é)
dm+1
= ((n + 1) — dm+2/dm+1)Tn7i,k(C)
= ((i’l + 1)11: — q)il/tz)Tn—i,k(g)'
Then we complete the proof. =

We finish this section by showing that the Toeplitz algebra is even gen-
erated by the one-shift T; i.e. it is the closed span of non-commutative
polynomials with variables T;.

Proposition 5.12. The Toeplitz algebra T of a SU(2)-equivariant subproduct
system (E, 1) is generated by the identity operator and one-shift T; : F — F which
sends ¢ € Ep to 1] (e, ® {) withi =0,...,dim(L,) — 1.

Proof. It is sufficient to show that for all creation operators Tz € Ej, we can
write it as linear combination of products of one-shifts. By the linearity of
Ik m 1t is sufficient to show that for T can be written as product of one-shift
where ¢ is a basis vector of Ey. Since i ,, is an isometry, we have that L;;m
is surjective. Therefore we have that E,, is spanned by the i  ({® ()
where ¢ and ( are basis vectors of E; and E,;, respectively. Then for x € E,,
by using the associativity of the structure maps, we have

TeTy(x) = Te(tun(C © X))
= emin(§ @ Ly (TR X))
= lmin (ke @ 1y ) (@ T @ X)
= e (e (E © 0) @ x)
- TIZ,M(C@@C)(X)-
which implies that T, where 7y € E; is a linear combination of Tz T; where

¢ € Ex, € E; where k+ m = n. Hence by an induction argument we
conclude that the Toeplitz algebra TF is generated by the one-shifts T;. [
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5.2 Cuntz—Pimsner algebras 53

5.2 Cuntz-Pimsner algebras

Now we are ready to describe the resulting Cuntz-Pimsner algebra. Since
the SU(2)-equivariant subproduct system consists of finite-dimensional
Hilbert spaces, we have that the resulting Cuntz—Pimsner algebra O =
Tg/Ig = Tg/Kg where Kg denotes the space of compact operators on
the associated Fock space.

5.2.1 Irreducible case

By the definition of ®, we have the following lemma:

Lemma 5.13. The operator &1 — in is compact.
Proof. By definition we have vy, = lim;—y0o 1/ dyy+1. Then we have e 11—
% is the limit of finite rank operators which implies that ®~1 — 71 is a

n n
compact operator.

Let S; and @~ denote the equivalent classes of T; and @ in the quotient
algebra T /Kg. We can formulate the following theorem.

Theorem 5.14 (Commutation relations for Cuntz—Pimsner algebra Of: ir-
reducible case). Let n € IN, and consider the reducible representation p, :
SU(2) — U(Ly). Then the Cuntz—Pimsner algebra Og is generated by the
one-shift Toeplitz operators S; withi = 0,. .., n which satisfy the following com-
mutation relations:

1. Y58 =1
2. %" (=188, =0
3. 8;Sj = Gijlp + (=1)"H 1,8, ;S

4. Y SiSi= o

Proof. To prove the theorem, it is sufficient to determine the compact op-
erators in the relations.

For the first relation, recall that in the Toeplitz algebra we have } ; T; T =
1 — Qo where Qp is a projection from the Fock space F onto Ejy and it is
clearly compact. Hence in the quotient algebra the first relation holds.

The second relation holds since zero operator remains zero in the quo-
tient algebra.
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54 Commutation Relations for the Resulting C*-algebras

For the third relation, we have that the third relation in Theorem 5.5 for
Ofr becomes the following

SiSj = Gilr + (=)™ ((n+ 1)1 — ®1)S, S, _;

. 1 1 _
= 51',]'11: + (—1)1+]+1((1’l +1-— —)11: + —1p — <I>*1)Sn_,-Sjj_]~

Tn Tn
L 1
=6 jlp+ (=) (n+1— ,Y—)lF)Sn—iS;fj'

n

Recall the fact that (n + 1)y, = 1+ 2. Then we have n +1 — % = T
which yields that

SiSj = bijlp + (=) 19,S, S5 . (5.5)
The forth relation holds since Y; T/ T; = @~ ! = &1 — % + %, then in
the quotient algebra we have } ; S7'S; = % O

Corollary 5.15. Let n € IN, and consider the irreducible representation p, :
SU(2) — U(Ly). Then every element in the Cuntz—Pimsner algebra O can be
written as a polynomial of the form

P(So,...,Su) =Y _apqp(Sg,---,S5) - q(So,-- ., Sn)-
pA

where a, ; € C and p, q are non-commutative polynomials.

Proof. By the Proposition (5.12) we have that O is the closed linear span
of one-shifts. Theorem (5.17) shows that for the non-commutative polyno-
mials, we have:
( 1 ) i+j+1
SISHES T(SZ—isn—j — 6ij1F).
Therefore we can write the non-commutative polynomials of variables S¥
and §; into the product of non-commutative polynomials p(Sg, - - ., S;;)and

q(SO,...,Sn). D

For the case n = 1,t = 1, we have that the Cuntz—Pimsner algebra
O is isomorphic to the algebra of complex continuous functions on S i.e.
C(S%) which has been studied in [2, Theorem 5.7].

Example 5.16. Let n = 2,t = 1, we then have vy, = 3_7\@ and % = HT\@ We
then have the following commutation relations in the Cuntz—Pimsner algebra O:
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5.2 Cuntz—Pimsner algebras 55

1. SoSy + 5157 + 5255 =1

S052 + 5250 = 5151

S551 = (2—=¢)S257, S5S2 = —(2 — ¢)S2S; and S7S» = (2 — ¢)S15;
5550 = —¢ - 555,551 = —¢ - 515 and 555, = —¢ - 505}

S

5550+ 5151 +855 =1+¢

where ¢ is the golden ratio. Note that the the first relation shows the tuple
(S§,S1,S%) is a row-contraction.

5.2.2 Reducible cases

Recall that from commutation relations in the irreducible case we have
(Tige)* (Tjp) = 8; 0k 1F + (= 1) T, @ (T, ;)"
Using Lemma 5.3, we have d1-1 /yn is compact. Therefore we have
(Tip)*(Tjp) = 60k 1F + (=1) 7T, @ (T, )
= 60 1r + (1) TS (@ — vy + 70) (Ty )™
which implies that in the O, we have
(Sik)*(Sjp) = 810ki1E + 1 (=1)"T1S, 4 So). (5.6)

Then we can formulate the commutation relations in Of for the subprod-
uct system induced by the reducible SU(2) representation.

Theorem 5.17 (Commutation relations for Cuntz—Pimsner algebra Ok: re-
ducible case). Let n € IN, and consider the reducible representation o' :
SU(2) — U(LY). Then the Cuntz—Pimsner algebra Of is generated by the
one-shift Toeplitz operators Sij withi =0,...,n,j =1,...,t, which satisfy the
following commutation relations:

1 Yico,.. mj=1,..t 5ijS;; = 1
2. Yico, mjet,.t(—1)'SijSu_ij =0
3. §14Sj1 = 0ij0kiLr + yu(=1)F1S, Sy

4 Yo, mj=1,.451;Sij = (t=1)(n+1)1p + -

55



56 Commutation Relations for the Resulting C*-algebras

Proof. The first two relations hold for the same reason with irreducible
case. The third one is due to (5.6). The last relation holds for that in the
Toeplitz algebra we have

Y, TATi=(t—1)m+ 1)1+
i=0,...,.m;j=1,...t

=(t—1D)m+ D1+ (@ —=1/70 +1/7n).

and the fact that &1 — 1/, is compact implies that

1
) §7iSij=(t-1)(n+1)1p+—
i=0,...1m;j=1,....t n
then we complete our proof. O

Corollary 5.18. Let n € IN, and consider the reducible representation pjy" :
SU(2) — U(LY"). Then every element in the Cuntz—Pimsner algebra O is a
polynomial of the form

P(Sz‘,j) = Z”p,qp(szj) "7(51‘,]')-
pY

wherei =0,...,n;j=1,...,t; a5, € Cand p,q are non-commutative polyno-
mials.

Proof. The proof is almost the same as the proof of Corollary 5.15. O
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Chapter

Outlook

There are at least three main questions remaining to be studied:

1. The first thing is that we still do not know whether the fusion rules
exist for the disjoint direct sum case. If so, it is interesting to consider
the resulting Toeplitz and Cuntz-Pimsner algebra and to investigate
their commutation relations.

2. Secondly, we would like to know whether the Toeplitz and Cuntz-
Pimsner algebras are universal in any sense with respect to the SU(2)-
representations and Hilbert spaces. For Cuntz-Pimsner algebra, there
is a U(1)-gauge invariant uniqueness theorem. But we do not know
if there exists some SU(2)-gauge invariant uniqueness theorem.

3. Finally, the K-theory of Toeplitz algebra from the irreducible SU(2)-
representation has been studied by Arici and Kaad. It is worthwhile
to extend the arguments in [1] to the reducible case.
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Appendix A

Lie Groups and Their
Representations

A.1 Lie groups

In this section, we shall briefly introduce Lie groups and their representa-
tion theory focusing in particular on SU(2) and its irreducible representa-
tions.

Definition A.1 (Topological groups). A topological group G is a topological
space which is at the same time a group, and the group operations are continuous
with respect to the topology T of G. That means the following operations are
continuous:

m:GxG—G,(x,y)—xy (A1)
i:G—Gxr—x! (A2)
Lie groups are special cases of topological groups. Roughly speaking,

a Lie group is a topological group with a smooth manifold structure, and
the group operations are smooth.

Definition A.2 (Lie groups). A Lie group G is a smooth manifold endowed with
a group structure such that the group operations (A.1) and (A.2) are smooth.

In fact, Lie groups are almost everywhere in our daily mathematical
study and research. In order to get accustomed with the notion of Lie
group, let us look at two examples.

Example A.3. The vector spaces R" and C" with the operations of addition and
the zero vector as unit, are Lie groups.
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62 Lie Groups and Their Representations

Example A.4. The multiplicative groups C* := C \ {0} and R* := R\ {0}
with the usual multiplication and one as unit, are Lie groups.

we will now describe how we can construct new Lie groups from the
old ones.

Lemma A.5. Let Gy, Gy be Lie groups then G := Gy X Gy endowed with the
product manifold structure and product group structure is a Lie group.

Proof. The product manifold structure and product group structure are
clear. The only nontrivial thing to check is the smoothness of the group
operations. The multiplication map satisfies

n((x1,y1), (x2,¥2)) = (x1x2,y1y2) = p1 X p2((x1,22), (Y1, ¥2)),

which implies that 4 = (1 X p2)(idg, x S x idg,), where S : G; x G, —
Gy x Gy sending (x,y) to (y,x) . Then we have that i is a composition of
smooth maps, thus y is smooth. Indeed, take point (x,y) € G x G, pick
any chart ((¢, ¢), U x V) containing (x,y) then we have

(¢, 9)oSo(p~l,¢7") =id

thus S is smooth. And the smoothness of the remaining maps is trivial.
Finally, the inverse map ¢ = (11, 1) is clearly smooth due to the smoothness
of 11 and 15. O

Since a Lie group is not only a group but also a smooth manifold, a
subgroup may not inherit smooth manifold structure thus may not be a
Lie group anymore. However, under certain assumptions, this is still the
case.

Lemma A.6. Let G be a Lie group and let H C G be a subgroup. If H is also a
sub-manifold of G then H is a Lie group.

Proof. Let u be the multiplication on G, then consider the iy = y|gxn
from H x H to H. Since H is a submanifold of G we have H x H is a
submanifold of G x G. Therefore, smoothness of u implies smoothness of
u restricted to H x H. Moreover since H is a subgroup, then we have H is
closed under the multiplication pp (i.e. the image of yp is still in H). For
the same reason, we have 1y := t|y : H — H is smooth and closed. Hence
H is again a Lie group. [

Remark A.7. Indeed, if H C G is a subgroup that is closed in the sense of
topology. Then H is a sub-manifold thus a Lie group. The proof of this remark
can be found in [4].
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A.1 Lie groups 63

Let us look at two examples about the new Lie groups constructed via
above lemmas.

Example A.8. The vector space R"" = R" x R™ is again a Lie group.

Example A9. Let T = {z € C : |z| = 1} C C*. Clearly we have T is a
submanifold and a subgroup. Therefore T is a Lie group.

In order to be able to classify Lie groups, we will introduce the concept
of isomorphism between Lie groups.

Definition A.10. A Lie group homomorphism from a Lie group G to a Lie group
H is a smooth map ¢ : G — H that is also a group homomorphism.

A Lie group isomorphism is a bijective Lie group homomorphism such that the
inverse is also a Lie group homomorphism (and thus a diffeomorphism between
smooth manifolds). Lie group isomorphisms from G to itself are called automor-
phisms and the set of automorphisms is denoted by Aut(G). Aut(G) is a group
with respect to composition of maps.

Finally, we can talk about Lie subgroups.
Definition A.11 (Lie subgroups). A Lie subgroup of a Lie group G is a sub-
group H endowed with a Lie group structure such that the inclusioni: H — G
is a Lie group homomorphism.

Now, let us turn to matrix Lie groups.

A.1.1 Matrix Lie groups

Since most interesting Lie groups are matrix groups and we mainly focus
on SU(2) in this thesis, in the rest of this appendix, we will restrict our
attention to those that are matrix groups.

Firstly, we introduce the notion of matrix exponential.

Proposition A.12. For all A € M, (R). The matrix exponential

AZ AS ) A”
exp (A )—I—i—A—I—?—l———i— Z

is convergent.

Proof. Firstly, since all norms on a finite-dimensional linear space are equiv-
alent, to show the convergence of exp(A) it is sufficient to show conver-
gence in the operator norm. We have

ooAn

| exp(A !—||Z

which proves the convergence of exp (A

f— e”AH < ool

<L
)
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64 Lie Groups and Their Representations

Definition A.13 (Matrix exponential). Let A be a n X n martix. The matrix
exponential exp(A) is defined as the convergent series:

A2 A3 00
exp(A )—I+A+—+—+ Z

A_
2! n!

n:

The matrix exponential shares many nice properties with the usual ex-
ponential as summed up as the following lemma.

Lemma A.14. The matrix exponential satisfies the following properties:
1. Zexp(A) = Aexp(A)
2. If AB = BA then exp(A) exp(B) = exp(AB) = exp(BA)
3. exp(A) is invertible with the inverse exp(—A).

We cannot avoid Lie algebras when talking about Lie groups. Simply
speaking, a Lie algebra is a tangent space of a Lie group at the identity
with a Lie bracket operation [, -]. And from now on, for the convention of
Lie algebras, we denote M, (R) by gl(n).

The matrix exponential exp gives a smooth map from gl(n) to GL(n),
we shall prove that the local inverse log indeed exists.

Lemma A.15. There exist neighborhoods 0 € U C gl(n) and I € V C GL(n)
such that the matrix exponential exp restricted on U is bijective.

Proof. The proof follows from the Inverse function theorem directly: we

can identify gl(n) by R" and GL(1n) C R™. Therefore we have the Jaco-
bian matrix of exp(A) is defined by the following:

—a(eXP(A)n) d(exp(A)q) d(exp(A)q;) i
dayy dayp T 0y
d(exp(A)p)  9I(exp(A)p) o d(exp(A)q,)
Dexp(A) = 361.11 aﬂ.lz ' aa'nn
Aexp(A)y)  Aexp(4),,) 3(exp(A),,)
L dan dayp te ann

On the other hand, we have exp(A) = I + A + O(A?) therefore we have
Dexp(0) = I € M,2,,2(R) which is clearly invertible. Thus we have
exp(A) is invertible near zero and we denote its inverse by log. O]

Remark A.16. The logarithm function is analytic, with convergent series

Az A3
log(A) = A—7+?+
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Before the important theorem which reveals the relation of Lie groups
and Lie algebras, we need the famous Baker—Campbell-Hausdorff for-
mula.

Theorem A.17 (Baker-Campbell-Hausdorff formula). Forall X,Y € U(0) Ce
M, (FF) where U(0) is a sufficiently small neighborhood of zero, we have

exp(X)exp(Y) = exp (X + /01 g(exp(adx) exp(t - ady))(Y)).

where g(z) = 113‘251 and adx (Y) := XY — YX.
The proof of Baker—-Campbell-Hausdorff formula can be found in [6].
Theorem A.18. Let G be a topologically closed subgroup of GL(n). Define
g={Xegl(n):exp(tX) € G,Vt € R}
then we have
1. g is a vector space;
2. For X,Y € gwe have [X,Y] = XY -YX € g;
3. The vector space g defined above is the tangent space of G at 1.
Before proving this theorem, we state the following version of Baker—
Campbell-Hausdorff formula.
Proposition A.19. We have that

exp(X) exp(Y) = exp (X—i— Y + [Xéy] + X, [1};' LI LY [1); Y] —|—f(X,Y))

where f(X,Y) consists of a linear combination of the Lie brackets of X, Y.
Now we can prove Theorem A.18.

Proof. We firstly show that g is a tangent space of G. To show g is a tan-
gent space of G at the identity, it is sufficient to show that for any curve

y(t) € G with 9(0) = I we have %]0 € g. That means, we need to

prove exp (sd';—(:) |0> € G for all s € R. We claim that it is enough to show

eXP(dE—(tt)!o> € G. Indeed, define B(t) := 7(ts), then we have iii_f _ Siii_lty'
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66 Lie Groups and Their Representations

Let h(t) = logy(t) for small s (in order to make it well-defined), then we

have
o) dlogls)  dr(), i)
at ° ds =0 dr 0T ar Y
so it is sufficient to show that exp(dh(0)/dt) € G. We have
dh(0)

Y~ lim r(1/m) —1O) _ lim nh(1/n).

dt n—oo 1/n n—»o0

Since exp(h(t)) = v(t) € G then we have that exp(nh(t)) = y(t)" € G.
As G is topologically closed, we have

n—s00 dt n—00 n—s00

lim exp(M> = lim exp(nh(1/n)) = lim v(1/n)" € G.

Therefore g is a tangent space of G at I.
We now prove that g is a vector space and it is closed under the bracket
operation. We define the following curves
71(t) := exp(sX) exp(sY);
Y2(t) 1= exp(sAX);
v3(t) :=exp(X+v/s) exp(YV/s) exp(—XV/s) exp(—Y/s).

Since g is the tangent space of G at the identity, then we have the deriva-
tives of the above curves at zero should be in g. That is

71(0) = X exp(0X) exp(0Y) 4 exp(0X)Y exp(0Y) = X + Y € G,
75(0) = AX exp(0X) = AX € G.

which prove that g is a vector space. To show the bracket operator is
closed, we shall use the Baker—-Campbell-Hausdorff formula above:

73(t) = exp(XV/s) exp(YV/s) exp(—Xv/s) exp(~Y V)
= exp (s[x, Y] - s[X+Y, X+ Y]+ 0(53/2))
= exp (S[X, Y]+ O(s3/2)>
which implies 74(0) = ([X, Y] + O(v/s)) exp(0[X, Y] + O(0%/2)) = [X, Y].
Therefore we have [X, Y] € G. O

The vector space g we defined above is the so-called Lie algebra of the
Lie group G. The formal definition is as follows
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A.2 Representation theory of Lie groups 67

Definition A.20. A vector space L is called a Lie algebra if it is endowed with a
bilinear operator [-,-] : L x L — L satisfying the following:

1. [x,x] =0,Vx € L;
2. Jacobian identity: [x, [y, z]] + [v[z, x]] + [z, [z, y]] = 0.

A linear map ¢ : L — M between two Lie algebras is called a Lie algebra homo-
morphism if ¢([x,y]) = [¢(x), 9(y)], Y2,y € L.

As stated in the Theorem A.18, a Lie algebra of a (matrix) Lie group is
the tangent space to the group at the identity element. For every abstract
Lie group, the associated Lie algebra is defined likewise as the tangent
space at the identity.

Homomorphism between Lie groups induces homomorphism between
Lie algebras. Indeed, if ¢ : G — H is a Lie group homomorphism,
then the induced Lie algebra homomorphism is given by the differential
De:g—b.

In some cases, the representation of Lie group (homomorphism from
G to the matrix Lie group GL(n)) is equivalent to the representation of
Lie algebra (the corresponding differential). This is a consequence of the
famous Lie’s third theorem.

Theorem A.21 (Lie’s third theorem). Define the functor Lie between the cat-
egories of simply connected Lie groups and finite-dimensional Lie algebras which
sends every Lie group to its Lie algebra and homomorphism of Lie groups to the
corresponding Lie algebra homomorphism. Then Lie is an equivalence between
category of simply connected Lie groups with Lie group homomorphisms and cat-
egory of finite-dimensional Lie algebras with Lie algebra homomorphisms.

The proof is a corollary of the theorem below whose proof is beyond
the content of this thesis.

Theorem A.22 ([11, Theorem 8.49] ). Every finite-dimensional Lie algebra is a
Lie subalgebra of gl(n, R) for some n.

A.2 Representation theory of Lie groups
In this section, we will introduce the basics of representation theory of

Lie groups. In particular, the representations of SU(2) will be studied in
detail.
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68 Lie Groups and Their Representations

A.2.1 Representations of Lie groups

Definition A.23 (Representations). A representation 7t of a Lie group G is a
Lie group homomorphism 7t : G — GL(V') where V is a (complex) vector space
and it is called the representation space. A unitary representation 7 of G is the
representation with the representation space being a (complex) Hilbert space H
and 7t(x) being unitary for all x € G;

Given two representations (71, V') and (@, W), the linear map ¢ : V.— W is
called equivalent (or intertwining) if the following diagram commutes:

if @ is invertible we call ¢ an isomorphism and two representations (7, V') and
(¢, W) isomorphic. A sub-representation of (7t, V') is a subspace W C V together
with the representation 7t|w such that w(x)|lww = m(x)w C W,Vw € W.
A representation (71, V') is irreducible if the only sub-representations are trivial
ones.

The following lemma allows us to classify unitary representations of a
Lie group.

Lemma A.24. If G is a Lie group and (7t, H) is a finite-dimensional unitary rep-
resentation of G, then (7t, H) decomposes into a finite direct sum of irreducibles.

Proof. Suppose (7r, H) is a unitary representation of G that is not irre-
ducible. Let H; be a nontrivial invariant subspace. Since we have assumed
that the dimension of H is finite, H; as a subspace is closed, thus also a
Hilbert space. We claim Hj" is also invariant: for any x € G, take w € H;
and v € H{- we have

(rr(x)v,w) = (v, 71(x " Hw) =0 implies m(x)v € Hi,Vx € G.

Therefore we have H = H; & Hi- i.e. H decomposes into the direct sum of
sub-representations. If H; and Hi are irreducible, we complete the proof,
otherwise we do the same step as above until H decomposes into a direct
sum of irreducibles. O

As one can see in the proof, the unitarity of (71, H) is essential and it
leads to the following theorem which helps us understand the representa-
tions of compact Lie groups.
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Theorem A.25. If G is a compact Lie group, then all finite-dimensional repre-
sentations of G are completely reducible.

Proof. The key of the proof is the so-called Weyl’s unitary trick. To use
the Lemma above, we need to construct an invariant inner product. Let
(-,-) be an arbitrary inner product on G, we claim that the following inner
product is invariant.

(,0)g 1= [ (r(x)u, m(x)o)dp(x).
where p1 denotes the Haar measure. It is not hard to check that (-, -); is

indeed an inner product (which requires the compactness of G). Moreover,
the representation 7 is unitary with respect to this inner product:

(), 7 ()o) = [ ey, m(y)m(x)o)dp(x)
= [ (e, m(yx)o)dp(x)

= | (m(yx)u, w(yx)o)dp(yx)

Q

G
= (w,v)¢,
where in the third equality we used the right invariance of the Haar mea-
sure. n

Remark A.26. We have thus proved that for any compact Lie group G, every
the finite-dimensional representation of it is unitarizable i.e. there exists an inner
product such that the representation is unitary.

Now we shall turn to the case of SU(2) which plays a central role in
this thesis. Since SU(2) is compact, the representation of SU(2) can be
understood completely once we classify the irreducible representations of
any fixed dimension.

A.2.2 A case study: representations of SU(2)
Definition A.27. The matrix Lie group SU(2) is defined as
SU(2) = {A € My(C): A*A = I},

Clearly, we have

Su(2) = { {—QE Z} a* + b =1,a,b ec}.
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70 Lie Groups and Their Representations

To classify the representations of SU(2) by Theorem A.25, it is sufficient to
tind all irreducible representations.
Let us start by looking at some examples of representations of SU(2).

Example A.28. The representation (o, C?) defined by p(A) = A,VA € SU(2)
is clearly a representation. We call (p, C?) the standard representation of SU(2).

Example A.29. Let V},, denote the space of homogeneous polynomials of degree
m in two (complex) variables. Define a representation (7ty, Vin) by:

Tn(A)(p(2)) = p(A™'2),

where z = (z1,22)T € C? and p(z) is a homogeneous polynomial.
Clearly Vyy, is an (m + 1)-dimension space with basis { px(z) = z’l’l_kzé k=
0,1,...,m}. It is not hard to see (70, Vin) is indeed a representation:

7tm(AB)(p(2)) = p((AB)'z)
=p(B'A™'2)
= 7tm(B)p(A~2)
= 7tu(A)(7tm(B)p(2)).

We will show that (7T, Vi) is irreducible and indeed all irreducible representa-
tion of dimension m + 1 is isomorphic to (7ty,, Vin). The representation of SU(2)
is built from the "bricks” (7tm, Vi), that is, every representation of SU(2) decom-
poses into the direct sum of representations of the (7ty, Vi) and the decomposition
is unique up to isomorphism.

Theorem A.30. The representation (7ty, Vi) is irreducible and all irreducible
representations of dimension m + 1 are isomorphic to (7ty, Vin).

We first the Schur’s lemma which implies that (71, Vi) is irreducible.

Lemma A.31 (Schur’s lemma). Let (7r, V') be an irreducible representation of
a group, then the intertwining map ¢ : V. — V has the form Al for some scalar
AreC.

Conversely, if (rt, V') is unitary (or unitarizable) and the intertwining maps
are of the form Al for some scalar A € C. Then (71, V) is irreducible.

Proof. Suppose ¢ : V — V is a homomorphism between vector spaces,
then there exists an eigenvalue A with its corresponding eigenspace U
(since C is algebraically closed). Since 71(g)¢ = ¢mn(g) for all ¢ € SU(2)
then U is indeed an invariant subspace of V. By irreducibility, we conclude
that V = U and thus ¢ = Al
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A.2 Representation theory of Lie groups 71

Conversely, if (7r, V) is unitary and assume W C V is a nontrivial in-
variant subspace (then so is W+). Then consider the projection P from V
onto W which is intertwining. Thus we have P = AI, which implies that
A%l = P? = P = Al Therefore we have A> = A. For A # 0 we then have
A=1land W =PV =V. O

Now we can prove Theorem A.30.

Proof. Since SU(2) is compact (thus unitarizable), to prove that a represen-
tation is irreducible, it is sufficient to show that the intertwining maps are
all of form Al Let {pi(z) = zi"*z*} be a basis for the vector space V,, and
consider the following two closed subalgebras of SU(2):

e 0 cosa sina
T := {t,x = [O e_i‘"} :ocE]R},R:: {ra = [—sinzx coszx} ca € R}

Suppose ¢ : V — V is an intertwining map. We observe that

7(t)pr(z) = (€"21)" (e 22)" = "2 p(2),

which shows that each py is an eigenvector of 7(t,). Choose a such that
each ¢!("~20)% is different. Then, since ¢ is intertwining, we have Cpy is an
eigenspace of ¢. Say, the eigenvalue of ¢ with respect to Cpy is A;. Let
now Ey be the eigenspace with eigenvalue Ag. What we will do is to prove
that Ay = Ag for each k. Since 7(a,) @ = ¢m(a,) then we have

@7t(ay)po = ¢((cosazy + sinazy)") (A.3)
n
=o(), (Z) cos™ azl' sin" " azl ™) (A4)
=0
Tlm n
= Z (m) cos™ asin " aA,_z{'zy " (A.5)
m=0

On the other hand, we have

n

7(aq)ppo = Ao( ) (Z) cos™ azy' sin™ " wzl ).
m=0
Combining it with (A.5), we obtain

n
n e _

) ( ) cos™ asin " a(Ay_m — Ao)z]'z5 " = 0.
m

m=0
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Therefore we have Ayp = Ay forall 0 < k < n. Hence ¢ = Apl and then
(714, V) is irreducible.

The uniqueness is due to the uniqueness of irreducible representations
of s5[(2) (the Lie algebra of SL(2)). Interested readers can refer to [6]. [

Let us look at another irreducible representation of SU(2).

Example A.32 (Tensor product of representations). Let (¢, V) and (¢, W)
be two representations of SU(2), then we define the tensor product of two repre-
sentations (¢ @ ¢,V @ W). If {v;} and {w;} are the basis of V and W respec-
tively, then {v; ® w;} is a basis for V@ Wand ¢ ® ¢(g) (v @ w) := ¢(g)(v) ®
o(3)(w).

Now we can define the symmetric power of representations. Let V be a vector
space, consider the following map S : V" — V" such that

1
5(01®02®"'®0n)zm Y Vo) ® Up(a) @ - -+ @ Ug(y)

T oESy,

Then we call the image of S the symmetric power of V and denote it by V®s". We
claim that for the standard representation (p,C?) we have (0", (C?)®s™) is an
irreducible representation with dimension n + 1 thus by the Theorem A.30, it is
isomorphic to the representation in Example A.29.

We end the appendix with the so called Clebsch-Gordan formula which
reveals the decomposition of tensor product of (7, Vi) and (7t,, Vi,). The
proof can be found in [6].

Theorem A.33 (Clebsch-Gordan formula). Let (71, Vi) and (71, Vy,) be two
standard irreducible representations of SU(2). Then we have the following for-
mula of decomposition:

Vin @V EViin ®Vipyn 2@ - - @ V\n—m|+2 8% V|n—m\ (A.6)

Remark A.34. The proof relies on the notions of character of a representation.
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Appendix B

Integer Sequences Arising from
SU(2)-subproduct Systems

In this chapter, we shall define an integer sequence which encodes the
dimensions of the fibers in our subproduct system.
Let us recall the definition of dimension sequence firstly.

Definition B.1. Let {d,, } be the sequence of positive integers defined recursively
by the following:

d—l = O,do = 1, dl =n-+ 1, dm = dldm—l — dm_z,m > 2.
Lemma B.2. Let m, k,I € INg. We have the identities:

ds — dy_1dpin =1, (B.1)
I
Y dkimani = disidpgr — de_adm—1, (B.2)
i=0
min{k,m}
dydm = ), desm—2min{km)—2j- (B.3)
=0

Proof. We firstly prove the first identity by induction. For m = 0, the iden-
tity dg = 1 =1+ d_1d; = 1 holds clearly. By definition, we have
Adp—1dmi1 +1=dy_1(d1dm —dpy—1) +1
=didy_1dy —d% | +1
=didy_1dm — (dp—2dm +1)+1
= dpu(d1dy—1 —dm-_2)
=d2,.
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74 Integer Sequences Arising from SU(2)-subproduct Systems

We likewise prove the second identity by induction. For [ = 0, we have to
show that

Ak rm = dgdm — dx_1dm—1 (B.4)

For m = 0,1 there is nothing to prove. So suppose (B.4) holds for m < n.
Then we compute that

dk+n+1 = dk+nd1 - dk+n—1
= (didy — dx_1dy—1)d1 — didy—1 + di_1dn—2
= di(dpdy — dy—1) — dx—1(dp_1d1 — dy—2)
= dydn+1 — dx_1dn.

Then suppose (B.2) holds for I < n. Then we have

n+1 n
Y diimrai = Y Akrmrai + emra(nr)
i=0 i=0

= diyndmin — dp1dm—1 + d(k+n+1)+(m+n+1)
= dk+ndm+n —dg_1dpm—1 + dk+n+1dm+n+1 - dk+ndm+n
= diyn19mant1 — dg—1dm—1-

Finally, combining (B.2) with the recursive definition, we obtain

dgdm = dk+m +dk_1dm—1
= dk+m + dk71+m71 +di—2dm—2
I

dk+m—2 min{k,m}+2j-
=0

This proves the lemma. O
Finally we end this appendix by introducing sequence { iy, }.

Lemma B.3. Let {j, } be the sequence defined as

- dmdm—l
]/lm . dl .

We have
Pm + Pmt1 = dzm-
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Proof. Tt follows from d2, = py, + piy1. Indeed, we have

dmdm—l + dm—i—ldm

_ dm (dm+1 + dmfl)
dq
_ dm (dldm — dm—l + dm—l)
dq
=d2.
[l
Furthermore, the sequence {y,, } satisfies the recurrence relation:
=Ly =n+1? =L pu = ((n+1)° = 2)pm — p1+1
which one can check by the following;:
1 = (1 +1)% = 2)pm — pn—1 + 1 (B.5)
< prs1 + = A+ 1= (i + pon1) (B.6)
— & =didydy, 1 +1—-d% 1. (B.7)

by using (B.1) we have that (B.7) is equivalent to

1+dydu—1 = didudy,—1+1— d2 e dm—H =didy —dy_1.

m—1

as d,,—1 # 0 and the right hand is the definition of the sequence.
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Appendix C

Subproduct Systems of
C*-correspondence

C.1 Hilbert modules and C*-correspondences

The general definition of subproduct system consists of C* correspondences,
a special case of Hilbert C*-modules.

Definition C.1 (Hilbert C*-module). Let A be a C*-algebra, an inner product
A-module is a vector space E which is a right A-module endowed with a map
EXE— A, (x,y) — (x,y) € Asatisfying the followings

1. forall x,y,z € E,a, B € C we have (x,ay + Bz) = a(x,y) + B{x,z);
2. forall x,y € E,a € A we have (x,ya) = (x,y)a;
3. forall x,y € E we have (y,z) = (x,y)";

4. forall x,y € E we have (x,x) > 0 and the equality holds if and only if
x=0.

This yields a well-defined norm || - || on E defined by ||x|| := ||{x, x)||'/2. We
call E a Hilbert A-module (or Hilbert C*-module over A) if E is complete with
respect to this norm.

Roughly speaking, an (A, B)-C* correspondence is Hilbert C*-module
with an additional left module structure given by endomorphisms. The
formal definition is as follows:
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78 Subproduct Systems of C*-correspondence

Definition C.2 (Adjointable C*-honomorphism). Let E and F be two Hilbert
C*-modules over a C*-algebra A. We define L 4(E, F) to be the set of all maps
¢ : E — F for which there is a map ¢* : F — E such that

(@(x),y) = (x,¢"(v))-
We abbreviate L4 (E, F) to L4 (E) when E = F and call such map adjointable.

Furthermore, the maps in L(E, F) are bounded and A-linear [10].

Definition C.3. Let A and B be C*-algebras. An (A, B)-C*-correspondence is a
pair (E, @) consisting of a right Hilbert B module E and an injective nondegerate
C* homomorphism ¢ : A — L (E) which means that the image ¢(A)E is dense
in E.

Remark C.4. Note that some authors define C*-correspondences without the re-
quirement of injectivity and density of ¢(A)E, instead, if such conditions are
satisfied, call the C*-correspondence faithful and essential respectively. For the
simplicity, we choose to put such requirements in our definition and abbreviate
¢(a)x to ax for all x € E.

From now on, we abbreviate C*-corredpondence (E, ¢) to E when there
is no confusion. Given two C*-correspondences, one can take their prod-
uct in a properly defined sense.

Definition C.5 (Interior tensor product of C* correspondences). Let X and
Y be (A, B) and (B, C) correspondences respectively. Then the interior tensor
product X ®p Y is the completion of quotient of X ®,14 Y by the subspace spanned
by

{xb@y—xxby,x € X,y €Y,b e B}.
Note that we get a right C-module by (x @ y) - ¢ = x® (y - ¢) forall ¢ € C with
respect to the inner product defined as the following

(x1 @Y1, 22 @ Y2) := (y1, ({x1,%2) )y2).

The fact that the linear map (x; ® y1, X2 ® y) is an inner product is
nontrivial, the detailed proof can be found in [10].

We are now ready to give the general definition of a subproduct system
of C*-correspondences.

Definition C.6. Suppose that E = {E,, },m € Ny is a sequence C* correspon-
dences over a C*-algebra B and that 1y, : Eyi,, — Ex ®p Ey is a bounded
adjointable isometry for every k,m € WNy. We say that (E, 1) is a subproduct
system over B when the following holds for all k,1,m € INg:
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C.1 Hilbert modules and C*-correspondences 79

1. Eg = B;

2. The structure maps i, : Eyy — Eo ®p Eyyand 1y, : Eyy — Ey ®p Eg are
the canonical identifications and;

3. The two bounded adjointable isometries (1 @ 1] ;) © tg 4 AN (15 ] @ 1) ©
Uetim * Ex+i4m ® Ex ®p E; ®p Eyy, agree, where 1y and 1, denote the iden-
tity operators on Ey and E,,, respectively.

Let us look at an example.

Example C.7. Let X be a B-correspondence where B is a C*-algebra. Then we
have {X®B"}%° . is a subproduct system with the structure maps given by the
canonical identification X®B" M &2 X OB @ p X OB,

Definition C.8 (Fock correspondence). Given a subproduct system of C*-
correspondence (E, 1) over INy, we define the Fock correspondence as the infinite
Hilbert C*-module direct sum F := @7 _E,.

Similarly, we have the Toeplitz algebra of subproduct system of C*-
corrrespondences. For each ¢ € Ej, we define the creation operator Ty €

L(F) as
T:(0) == u(E®L), VT € En.
Definition C.9 (Toeplitz algebra). Let (E, ) be a subproduct system over INy.

We define the Toeplitz algebra of (E, 1) denoted by T, as the smallest unital C*-
subalgebra of L(F) that contains all the creation operators.

Finally, we define the Cuntz—Pimsner algebra as follows.

Definition C.10 (Cuntz-Cuntz-Pimsner algebra). Given a subproduct sys-
tem (E, 1) of C* correspondences over Ny. Let Q, : F — F be the orthonormal
projection onto E,. The Cuntz—Pimsner algebra of (E, 1) is the unital C*-algebra
obtained as the quotient of the Toeplitz algebra T by the ideal

If := {X € Tg: nlg]go ||an|| = 0},
which is denoted by O := Tg/IE.

Remark C.11. Note that in the subproduct system of finite-dimensional Hilbert
spaces, the ideal I is isomorphic to the ideal Kr of compact operators over the
Fock space. Therefore the Definition C.10 coincides with the Definition 3.6.
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80 Subproduct Systems of C*-correspondence

C.2 G-subproduct systems

In this section, we consider subproduct systems with group actions. Be-
fore defining group actions on subproduct systems, we shall firstly define
group actions on C*-algebras.

Definition C.12 (G-C*-algebra). Let G be a locally compact topological group,
a G-C*-algebra A is a C*-algebra endowed with a strongly continuous action of
G by x-automorphisms.

We remind the reader that the strong continuity means that the orbit
map ¢, defined by
Ca:G— A, g ga

is continuous for all 2 € A.
Actions on C*-correspondence are defined in a similar way.

Definition C.13 (Automorphisms of C*-correspondences). Let X be an A-
correspondence. An automorphism from X to X is a pair (¢, ¢) wherep : A — A
is a x-isomorphism and ¢ is a bijective adjointable map from Hilbert C*-module
X to itself such that

¢(ax) = ¢(a)(x).
Now we are ready to define the G-C*-correspondence.

Definition C.14 (G-C*-correspondence). Let G be a locally compact topologi-
cal group, a G-C*-correspondence E is a C*-correspondence with a strongly con-
tinuous action of G by automorphisms of C*-correspondences.

Using the above concepts, we can define G-subproduct systems.

Definition C.15 (G-subproduct systems). Let G be a locally compact topolog-
ical group and let (E, 1) be a subproduct system over a C*-algebra B. We say
that (E, 1) is a G-subproduct system when B is a G-C*-algebra and E,, is a G-
C*-correspondence for all m € IN, such that the structure maps iy, : Expy —
Ex ®p Ey, are G-equivariant for all k,m € INg i.e. § © 1y = Ly © & The action
on Ey ®p Ey is given by g(& @ 17) := g(Z) @ g(11).
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