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In this work, I offer an alternative presentation theory for C*-algebras with appli-
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for the presentation. This modification allows clear definitions of a “relation” for
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Chapter 1

Background

1.1 Introduction

This dissertation consists of one primary theme, a new view of presentation theory
for C*-algebras. While there already exists a presentation theory for C*-algebras,
featured in [4] and [27], a key feature of the perspective given in this work is its
ability to use combinatorial algebra techniques, such as Tietze transformations and

other formal manipulations. In particular, Theorems |3.9.7] and |4.7.2| yield Tietze

transformation results analogous to the well-known group theory result of [38].

Also, the methods by which this presentation theory is built enable new types of
relations to be imposed within the C*-algebras. Specifically, the continuous and ana-
lytic functional calculi allow relations such as “sin(z) = 07, “x > 0”7, and “||z|| < \”
to be imposed, among innumerable others not viable in pure algebraic settings. Table
1.1] gives a listing of the main examples presented within this work, a presentation
for each, and where each is located.

The notion of applying combinatorial algebra to C*-algebras is not completely

new, considered previously in [19]. However, this treatment uses only *-algebraic



Table 1.1: Main Examples in Considered in this Work

C*-algebra H Sample Presentation \ Example ‘
C2 e W= NU{0} <(x,n7r) sin(x) =0, > 3.6.1
e =rrt /.
C*"2 new <(az, Ty mr) CO*S(‘Z) ~ 2’ > 3.6.2
2 rr=2xx 1C*
C10,1] (z,1) |z = 2") ;0 3.5.2
C(T) (z,1) |27 =22 = 1), o 3.5.3
C([-2,-1]U[1,2]) (z,2) |z =z, 2" > 1),c- 3.11.6
C(A12) ((z,2) |2"r = 22", 2" > 1), 3.11.7
C D|, A0 <A,10,oo Y= vx,yeA> 3.15.7
T (z,1) "z =1),0- 3.5.4
C[Ov 1] CO(Oa 1] .2
{CO(O, 1 0,1 ((,2) |z == )1 3.12.7
1), (g, 1 . 3.10.2
{co(o, 1) Cfo,1] A
C10,1] %¢ C(T) (z,2) |27z > 1, 22™ > 1), o 3.11.8
C10,1] ¢ T ((z,2) |z7"e > 1), 3.11.9
Co(=1,0) U (0,1) @D =) 62
Co(0,1] ((z,1) ] > 0)cn 4.6.5
=\ \ Jr xy = ya,
CO ((/H D) \ {O > ,A 75 (Z) <A, 1[0700) a:y* _ y*x V:c,y S A>C* 4.6.7
€A
C[0,1]  Co(0,1]
" {(2,2) ]|z = x2>c* 4.6.8
00(07 1] CO(Oa 1]
Cl0,1]  Co(0,1) 2
° (o0 22020 ] s
Co(0,1)  Cpl0,1) 1=¢ =0 /..




relations, which limits the manipulations which can be performed. In Remark 2.4.1.13
of [19], it is conjectured that a Tietze transformation theorem for C*-algebras would
require so many assumptions as to be practically worthless. Using only *-algebraic
relations, this may well be true, but the perspective of the current work attains such
theorems with few initial assumptions by means of relations made from the functional
calculus as described above. A more detailed comparison is given in Section 4.3,
showing that the current work extends that of [19].

Further, since there does already exist a presentation theory for C*-algebras, sev-
eral sections of this work are made specifically for recapturing these well-known ideas

in the context of the new perspective. Notions such as abelianization (Sections

and [A.5)), unitization (Section [1.4), free products (Sections and [1.8)), separability
(Sections and [4.9), and projectivity (Sections and 4.10)) are all considered

and given very natural characterizations, directly reflecting their classical interpreta-
tions. Also, many of the examples of the existing presentation theory are shown to
coincide appropriately with the new perspective of the current work, as seen in Table
I

Lastly, the methods used in this work for C*-algebras have potential to be used
in other normed algebraic settings. In particular, the foundational work in Chapter
and the constructions within Sections and are very general and can be
translated into other settings with relative ease. For this reason, Chapter [2| holds
more general results than are needed for the main thrust of constructing C*-algebras.
However, it is of note that in the general setting of Chapter [2] many well-known
constructions of normed objects reappear without any notion of linearity or distance.

To outline the contents of this dissertation, the remainder of this chapter ex-
plains the fundamental failure of applying classical combinatorial methods to normed

structures, as well as some previous work which has developed as a result. Chap-



ter [2| describes the foundational structure for the presentation theory, a crutched set,
which encodes the norm data. Chapter|3|builds the presentation theory for unital C*-
algebras from the ground work of Chapter [2|along with the classical notions explained
in Section [I.2] These constructions and characterizations here are very algebraic and
categorical in flavor, so some readers may want to read Appendices [A] and [B] for
relevant background. Chapter 4] repeats this process for general C*-algebras, noting

differences where necessary.

1.2 Classical Situation: Sets & Free Algebras

This section considers the algebraic notion of a free algebra, derived as a reflection
along a forgetful functor. This construction is classical and well-known, but it is very
central to the contents of Chapter 2] Here, these ideas will be treated summarily,
stating results without proof. Full treatments of these notions can be found in most
resources on the subject, such as [6] and [25].

Fix a commutative ring R with unit 1. Let R1Alg denote the category whose
objects are unital R-algebras and whose arrows are unital R-algebra homomorphisms
under composition. Explicitly, Ob(R1Alg) is the class of all unital R-algebras, and for
A, B € Ob(R1Alg), R1Alg(A, B) is the set of all unital R-algebra homomorphisms
from A to B.

Let Set denote the category whose objects are sets and whose arrows are functions
under composition. Explicitly, Ob(Set) is the class of all sets, and for S, T € Ob(Set),
Set (S, T) is all functions from S to 7.

As every A € Ob(R1Alg) is a set, there is a natural “forgetful” map to Ob(Set)
where one regards A as a mere set, ignoring all its R-algebra structure. Similarly,

given A, B € Ob(R1Alg) and ¢ € R1Alg(A, B), ¢ is firstly a function from A to B,



meaning ¢ € Set(A, B). One can quickly check that these two associations define a
functor Frialg : R1Alg — Set, where one ignores all the algebraic data from R1Alg.
This is a prime example of a “forgetful” functor.

Now, fix S € Ob(Set), thought of as a set of generators. The objective is to
build a reflection of S along Frialg. Specifically, a reflection of S along Friaig
is a C' € Ob(R1Alg) equipped with 7 € Set (S, Fr1a1gC) such that for any B €
Ob(R1Alg) and ¢ € Set (S, FriagB), there is a unique b€ R1Alg(C, B) such that
Fry A1g¢§ on = ¢. In short, any function from the generation set S into a unital
R-algebra determines a unique extension to the reflection object.

To construct this universal object, let Mg be the set of all finite sequences of
elements from .S, thought of as non-commuting monomials. Specifically, one requires
that the empty list u be included in Mg. Under concatenation of lists, Mg is naturally
a monoid with unit u, free monoid on S.

Next, let Ag be the set of all functions from Mg to R whose support is finite,
thought of as non-commuting polynomials with coefficients from R. Under point-wise
addition and scalar multiplication, Ag is naturally an R-module, the free module on
Myg. Further, each function can be written uniquely as an R-linear sum of functions
with singleton support and value 1, 9; for each [ € M.

Vector multiplication is determined by the usual polynomial formula. Explicitly,
given p = Z Aoy, and 7 = i (450,

j=1 k=1

where [;my, is the product in Mg.

Under these operations, it is a standard exercise to show Ag to be an R-algebra



with unit d,. Specifically, Ag resides in Ob(R1Alg). As such, one can consider
FriaigAs, this algebra without its structure. There is a canonical map ng : S — Ag
by ns(s) := d, for the singleton listing of s alone. Similarly, it is a standard exercise
to show the unital R-algebra Ag equipped with ng is a reflection of S along Friaig,
the free unital R-algebra on S.

Further, since S was arbitrary, Proposition states that there is a unique
functor L : Set — R1Alg such that LS = Ag, and L - Frialg by Theorem .

In most purely algebraic settings, a “free object” can be regarded as reflection
along a forgetful functor to Set from a particular category of interest. The above
construction is mimicked in each setting, yielding such objects as free modules, free
groups, and the like. The universal mapping property of the reflection in each case
is typically called the “free mapping property” as it has no restriction on where a

generator can be mapped in the target object.

1.3 Failure of Freeness for Normed Settings

This section considers the failure of the classical notion of a free object in many
normed algebraic contexts. This fact is well-known in the literature and has motivated
many new developments and constructions in the field with hopes of remedying the
issue, including this present work. As such, this issue will be considered in detail.

Fix F € {R,C}. Let FNVec; denote the category whose objects are normed
F-vector spaces and whose arrows are F-linear transformations which are contrac-
tive. Explicitly, Ob (FNVec;) is the class of normed F-vector spaces, and for A, B €
Ob (FNVec,), FNVec,(A, B) is the set of all contractive F-linear transformations
from A to B.

Let € be a subcategory of FNVec;. That is, Ob(%) is a subclass of Ob(FNVec; ).



Further, for all A, B € Ob(¥), € (A, B) C FNVec;(A, B) such that identity arrows
are present and compositions remain within % .

As every A € Ob(%) is a set, there is a natural forgetful map to Ob(Set) where
one regards A as a mere set, ignoring all its algebraic and topological structure.
Similarly, given A, B € Ob(%) and ¢ € € (A, B), ¢ is firstly a function from A to B,
meaning ¢ € Set(A, B). One can quickly check that these two associations define a
functor Fy : ¥ — Set, where one ignores all the algebraic and topological data from
.

As in Section [1.2] fix S from Ob(Set). One would like to find a reflection of S
along Fy, but unfortunately, this is quite rare. To show this, let O := {0}, the zero

space.

Proposition 1.3.1. Let S # 0. If there is V € Ob(€) such that V 2rNvee, O, then

S has no reflection along Fyg.

Proof. Assume for purposes of contradiction that S had a reflection (R,n) along Fy.
As V 2rNvee, O, there is v € V with ||v]|y # 0. For n € N, define ¢,, € Set (S, FzV)
by én(s) := nv, a constant function. Then, there must exist ¢, € € (R, V) such that
F&)an on = ¢, for all n € N.

Define 75 := n(s) € R. As each by, is an arrow in FNVecy, for all n € N and
s €S,

an (rs)

Il > |

= [[(#ebaon) 9 = leus)l = nloly-

As ||v||v # 0, the right-hand side increases without bound. Hence, ||r;|| ;, cannot have
a finite value for any s € S, which cannot occur in R. As such, this R is complete

fiction.



]

This proposition has said something quite poignant. Unless one restricts to a
trivial class of normed vector spaces, e.g. just isomorphic copies of O, or considers
an empty set of generators, there is no normed F-vector space with the free map-
ping property, regardless of all other restrictions of object class or sets of contractive
homomorphisms.

Since the free mapping property is a cornerstone to many constructions in pure
algebra, particularly presentation theory, this is a most discouraging fact. In par-
ticular, what the above proposition states is that the category of C*-algebras and
*_homomorphisms cannot have nontrivial free objects, nor can its unital counterpart.
However, this statement encompasses many other settings, such as operator algebras

and Banach algebras with any class of contractive homomorphisms.

1.4 Previous Work on This Problem

This section considers existing work in the literature dealing with the critical issue
addressed within Section Since there is no free object in any nontrivial subcate-
gory of normed spaces by Proposition [I.3.1] some sacrifice must be made to remedy
the situation, and each of the following references takes an approach to that end.
Each work accepts that no free object exists within the category of C*-algebras and
*_homomorphisms, but focuses mainly on creating universal objects in this category
which are subject to certain relations.

However, in the definition of “relation” itself, there has been much debate. As
found in standard references [I3] and [25], when one considers an algebraic context
with a free object, such as a group or ring, a relation is simply an element of this free

object. Yet, without a free object, how does one then define “relation”?



For a fixed set S, one response to this question can be found in [27]: “any condi-
tions that can possibly hold for a map 7 : S — B into a C*-algebra, with one proviso.”
Explicitly, the map j is termed a representation of relations R if all conditions with
R hold within B for j(S). For the proviso, it is required that conditions R respect
inclusions in the following way. If ¢ : B — C is an isometric *-homomorphism, then
j S — B is arepresentation of R in B if and only if ¢ o j is a representation of R in
C. However, while there are examples of the types of conditions are shown, like norm
bounds and *-polynomials, the actual criteria for such a condition are left nebulous.

All authors agree that *-polynomials, which are easily forced via quotient meth-
ods as in the algebraic case, should be considered as “relations”. Most also include
norm bounds as “relations” since one can restrict to certain types of “admissable”
representations to build a C*-algebra with a universal mapping property, as shown
in [4].

However, the analytic functional calculus also is most agreeable with *-homomorphism,
as is the continuous functional calculus, when applicable. Specifically, one would de-
sire “relations” such as “sin(xz) = 0” and “0 < x < 1”. Several explicit examples are
shown in [4] and [27].

However, within a C*-algebra, some conditions can force certain norm conditions
as well. For example, if one considers the *-algebraic conditions z = 2* and z = 22,
the defining notion of a projection, an operator x satisfying these must have norm at
most 1. As such, some authors do not necessitate a norm bound when other conditions
impose one. Specifically, universal C*-algebras of graphs and other combinatorial
objects have such conditions, as shown in [I§], and [36]. Further, there are sets of
conditions which do not enforce norm bounds, such as # = 2% and others cited in [27].

While all of these are examples of what a “relation” should be, a clear definition

remains elusive. Hence, one returns to the base question of how to replace the free
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object in the picture of universal algebra for C*-algebras and *-homomorphisms.
Within [21], a “free C*-algebra” is defined to be the *-monoid C*-algebra of the free
*-monoid on a given set, the universal C*-algebra on a set of contractions. Similarly
[14] stated that this algebra is “the closest one gets to free C*-algebras”, though in
[277], it is noted that this algebra is clearly not free, corroborated by Proposition m

One potential replacement is suggested in [22]. For a set S, one forms the free
C-algebra Bg on elements of S and their formal adjoints, much like in Section [1.2]
From here, one considers the class of functions f : S — B(Hy), each inducing a *-
representation of Bg. Also, one considers the functions n : S — [0, 00), each inducing
a semi-norm on Bg. Together, these are used to create a locally convex *-algebra,
thought of as a non-commutative version of C'(C). However, though it does have a
connection to a certain kind of freeness, this is not a C*-algebra. It is more closely
related to the pro-C*-algebras developed in [35], created by changing categories to
topological *-algebras over C and continuous *-homomorphisms.

There are more categorical approaches as well. In [29] and [2§], a “C*-relation” is
defined by considering a full subcategory of representations. Explicitly, for a fixed set
S, the “null C*-relation” is the category defined as follows: the objects are functions
j S — B while the arrows between (j, B) and (k, C) are *-homomorphisms ¢ : B — C
such that ¢ o j = k, making the appropriate triangle commute. A general “C*-
relation” is then a subcategory of this structure, subject to certain axioms. Then, the
universal C*-algebra of this relation would be the initial object in this subcategory, an
object with precisely one outgoing arrow for every other object. In category theory,
constructions like this “null C*-relation” are rather standard to realize a particular
universal object as an initial object, such as a comma category. However, this point of
view obscures the classical picture established in Section [1.2], as well as the intuitive

notion of a “relation” described above.
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In a different direction, [31] considers a functor, unital C*-algebras and unital *-
homomorphisms to groups and group homomorphisms by taking the unitary group.
Here, the functor is shown to have a left adjoint, namely the group C*-algebra functor,
and a few of its functorial properties are considered.

In [33] and [34], several forgetful functors are considered to try and understand
the categorical nature of the algebraic theory of C*-algebras and *-homomorphisms.
Specifically, [34] considers the forgetful functor to Banach *-algebras, recognizing the
enveloping C*-algebra as its left adjoint. Similarly, [33] considers forgetful functors
to the unit ball, the self-adjoint part of the ball, and the positive part of the ball. In
each case, a left adjoint exists, recreating the C*-algebraic structure. Further, they
each explore the operations to build the equational theory. However, both recognize
that the “free C*-algebra”, again the universal C*-algebra of a set of contractions, is
difficult to understand so this equational theory is very vague and unclear.

However, the spirit of [31], [33], and [34] reflects that of Section [I.2] With a
similar spirit, the author presents another alternative in the following chapter, very

functorial and algebraic in flavor.

1.5 The Thesis due to Gerbracht

When a substantial portion of this present work had been completed, the thesis [19)]
due to Eberhard Hans-Alexander Gerbracht came to the author’s attention. As the
author was initially unaware of [19], several ideas overlap between the present work
and that of Gerbracht. In particular, both consider modifying the construction of
Section with a category of sets equipped with a nonnegative-valued function, a
presentation theory for C*-algebras, and Tietze transformations for this theory.

While there is overlap, [19] adheres strictly to an algebraic view of C*-algebras.
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The only relations considered throughout the work are *-polynomials in the genera-
tors, implemented by norming or topologizing the *-algebra over C subject to those
relations. The Tietze transformations, while proven with the nonnegative-valued
function in play, are only defined and used when the *-polynomials imply a bound
on the norms of all the generators. Further, Remark 2.4.1.13 in [19] states that an
analog of Tietze’s transformation theorem for C*-algebras would require so many
assumptions as to be practically worthless.

However, in the present work, the “relations” defined in Section |3.5| are created
as limits of *-polynomials, allowing for the use of the functional calculi to impose
conditions used often in functional analysis. Respectively, Tietze transformations of
Section [3.9] allow for the addition and removal of such elements. Further, Theorem
[3.9.7 and Corollary establish analogs of the Tietze transformation theorem seen
in group theory without major assumptions. Throughout, the nonnegative function
is retained and shown to have great influence on the resultant C*-algebra, creating a
“bifurcation” theory presented in Section [3.16)

Also, Section does a detailed categorical analysis of the underlying category
used in the modified construction, making several claims made in [I9] more precise.
Moreover, the constructions done in this analysis are used to streamline the respective
C*-algebraic constructions, taking advantage of the adjoint relationship at the core
of both works.

Lastly, this present work introduces a more general version of this auxiliary cate-
gory with applications to normed algebraic structures equipped with bounded linear
maps. Section [2.3 also does a detailed categorical analysis of this structure for com-
parison to the original “contractive” version, as well as future use with functional

analysis.



13

Chapter 2

Crutched Sets

In this chapter, another object is defined and explored, creating a working environ-
ment for a forgetful functor.

In Section [1.2] the forgetful functor from unital R-algebras and their homomor-
phisms to sets and their functions has a left adjoint. That is, one can forget the
algebraic structure and then reconstruct it, up to quotient. However, as observed in
Section the forgetful functor from normed F-algebras and contractive homomor-
phisms to sets and functions does not have a left adjoint. One cannot reconstruct the
normed algebra structure simply from sets alone in the same manner.

Since a normed algebra cannot be reconstructed if all its structure is stripped
away, something more must be retained. Specifically, as Proposition [1.3.1] shows,
the norm is the component causing the issue. Hence, the central notion taken here
is that of a forgetful functor which strips away all data save two components: the
underlying set and the norm. This object was previously introduced in [19], which
also recognized this norm issue.

The upcoming forgetful functor should be compared to the well-known “unit ball”

functor. Explicitly, the functor goes from Banach spaces and contractive maps to sets
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and functions by associating a Banach space with its closed unit ball and a contraction
with its restriction to the unit ball. As shown in [I], every set S has a reflection along
this functor, namely ¢'(S). Similarly in [33], the unit ball functor from unital C*-
algebras and *-homomorphisms to sets also has a left adjoint, specifically the universal

C*-algebra of a set of contractions.

2.1 Definitions & Basic Results

As explained in the introduction to this chapter, the objective is to construct a
category so that the forgetful functor from C*-algebras and *-homomorphisms will

have a left adjoint. Explicitly, the objects will be a set with a “sizing” function.

Definition. A crutched set is a pair (S, f), where S is a set and f a function from
S to [0,00). The function f is called the crutch function. For s € S, s is said to be

crutched by the value f(s), and f(s) is the crutch value of s.

In Section [3.1I] the nomenclature “crutched” becomes more clear, where this
nonnegative-valued function supports, much like a crutch, the algebraic construc-
tion of Section to the construction of a C*-algebra. Arguably, one could call this
property “normed”, but the author chooses not to use this term as there is no linear-
ity assumed on f. Indeed, f is simply any set mapping from S to [0,00). In Chapter
[, this level of generality is shown to be quite powerful and useful. This object was

also considered in [19].

Ezxample 2.1.1. Given any normed vector space V, define fy : V' — [0, 00) by fv(v) :=
|v]|v, the norm function. Then, (V] f/) is a crutched set. This is the most key example

of a crutched set as it will be half of the forgetful functor in Section [3.1]
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Ezample 2.1.2. Let (ay), oy C [0,00). Define fz : N — [0,00) by f3(n) := a,. Then,
(N, fz) is a crutched set. Truthfully, the sequence is actually a function already, but

fz puts it into the notation of the definition.

In many cases in Chapter [3] it will be advantageous to regard a crutched set as
a collection of pairs, an element of S and a nonnegative real value, rather than a set
and a function. As such, it will be a common practice to write a crutched set as set
of pairs, like the previous example, when the set is countable. Since a function is
fundamentally a set of pairs, this second notation essentially regards the underlying

set as an index for the crutch values.

Ezample 2.1.3. Let S := {s,t} and f : S — [0,00) be a crutch function. Let A := f(x)

and g := f(y). Then, (S, f) can be also written as

{(s, ), (¢, )}

The arrows between two crutched sets should preserve the structure, specifically
the crutch function. To that end, the following definitions are made purposefully

analogous to the notion of linear continuity for normed structures.

Definition. Given two crutched sets (S, f) and (7, g), a function ¢ : S — T is
bounded if there is M > 0 such that for all s € S, g(¢(s)) < M f(s). This will be
denoted ¢ : (S, f) = (T, g). Let

crh(¢) ;== inf {M € [0,00) : g (¢(s)) < M f(s)Vs € S},

the crutch bound of ¢. If crh(¢) < 1, ¢ is constrictive.

Similarly, use of existing terminology like “norm” or “contraction” is avoided, as

there is no concept of linearity or distance in this setting. However, as these notions
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are analogous, familiar results follow immediately from definition.
First, the relationship between the crutch bound of a bounded function and the
crutch functions of its domain and codomain directly mirrors the relationship between

the norm of a bounded linear map and the norms of its domain and codomain.

Proposition 2.1.4. Let (S, f) and (T, g) be crutched sets and ¢ : (S, f) — (T, g) be
bounded. Then, for all s € S,

9((s)) < crh(@)f(s).

Proof. For n € N, there is M,, € {M € [0,00) : g (¢(s)) < M f(s)Vs € S} such that
1

crh(¢) < M,, < crh(¢) + —. For each s € S,
n

Letting n — oo, g(¢(s)) < crh(g)f(s).
[

Observe that as a result, if ¢ : (S, f) — (T, g) is constrictive, g(¢(s)) < f(s) for
all s € S. This is taken as definition for the maps considered in [19].
The above proposition immediately yields the following result regarding composi-

tions of bounded functions, reflecting its counterpart for bounded linear maps.

Corollary 2.1.5. Let (S, f), (T, g), and (U, h) be crutched sets and ¢ : (S, f) — (T, g)
and ¢ : (T,g9) — (U, h) be bounded. Then, o ¢ : S — U is bounded and

crh(¢ o ¢) < crh() crh(o).
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Proof. For each s € S,

h((¢ o ¢)(s)) < crh(y)g (6(s)) < erh(ep) erh(¢) f(s).

]

Corollary 2.1.6. Let (S, f), (T, g), and (U, h) be crutched sets and ¢ : (S, f) — (T, g)
and ¢ : (T,g9) — (U, h) be constrictive. Then, po ¢ : (S, f) — (U, h) is constrictive.

Proof. As 1 and ¢ are constrictive,

crh(v o ¢) < erh(¢) erh(¢) < 1.

]

Also, the computation of the crutch bound can be reformulated from an infimum

to a supremum in a familiar way.

Proposition 2.1.7. Let (S, f) and (T, g) be crutched sets and ¢ : (S, f) — (T, g) be
bounded. Then,

ern(o) =sup ({29 oo ugoy).

9(6(s))
f(s)

Proof. Let L := sup ({ iS5 & fl(O)} U {0}> For all s ¢ f~*(0),

0 < g(é(s)) < crh() f(s)

SO
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Thus, L < crh(¢).
For s ¢ f1(0),

0 < g(¢(s)) < crh(¢) f(s) = 0.

Then, g(¢(s)) =0 = Lf(s). Therefore, crh(¢) < L.

From this result, alternate criteria for boundedness can be devised.

Proposition 2.1.8. Let (S, f) and (T, g) be crutched sets. A function ¢ : S — T is
bounded if and only if

sup ({g(%f))) s ¢ f—l(())} U {0}) < 00

and g(¢(s)) =0 for all s € £~1(0).

Proof. (=) This direction is the content of Proposition [2.1.7]
(= = ) Assuming that ¢ is not bounded, then for each M > 0, there is s); € S

such that g (¢ (syr)) > M f (spr). If some sy € £71(0), then

9(¢(sa)) > Mf (sar) = 0.

If spr & £71(0) for all M > 0, then
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for every M > 0. Hence,

]

Now, observe that the criterion on f~'(0) is necessary. Without linearity in ¢,

f7(0) does not necessarily get mapped into g~*(0).

Ezample 2.1.9. Let V and W be normed vector spaces and ¢ : V — W be a bounded

linear function. Let fy and fir be crutch functions on V' and W, respectively, defined

as in Example [2.1.1] By Propositions [2.1.7] and [2.1.8] ¢ is a bounded function from

(V, fv) to (W, fww) and crh(¢) = ||¢|lsv,w). As in Example 2.1.1} this is the key

example as it will be the other half of the forgetful functor in Section |3.1]

Ezample 2.1.10. Given a crutched set (S, f), let idg s : S — S by ids 5 (s) := s, the

identity function. Then, as f oid(g s = f, id(s,s) is constrictive with

1, S# f7(0),

0, otherwise.

crh (id(gf)) =

Ezample 2.1.11. Let S := T := N. Define f : S — [0,00) by f(n) := n and
1

g:T — [0,00) by g(n) := —. Further, let ¢ : S — T by ¢(n) := n. Then, for each
n

nes,

I
3|31~

I

AN

—

meaning ¢ is bounded and crh(¢) = 1 by Propositions [2.1.7|and [2.1.8 In particular,

¢ is constrictive.
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However, let ¢ : T'— S by ¥(n) := n, the inverse set map of ¢. For n € T,

Thus, ¢ is unbounded by Proposition [2.1.8]

2.2 Category of Crutched Sets & Constrictive
Maps

This section is dedicated a detailed study of crutched sets and constrictive functions
between them. This combination of objects and maps was considered previously in

[19]. For notation, the symbol CSet; will be used to denote the following data:
e Ob (CSet;) := the class of all crutched sets;

e For (S, f),(T,g) € Ob(CSet,), define

CSet((S, f),(T,q)) := {¢ € Set(S,T) : ¢ constrictive from (S, f) to (T, g)}.

Equipping this structure with function composition, which is well-known to be asso-

ciative with identity maps as the units of this operation, CSet; is a category from

Corollary and Example [2.1.10

Proposition 2.2.1. CSet; is a category.

With this new structure defined, one considers some of its basic properties and
constructions. Many of these will be very familiar to those with experience with Set.

However, this is done for three particular reasons.
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First, it is good practice to understand a new class of mathematical objects when
they are defined. There may well be interesting uses of these objects that become
clear when their structure is observed.

Second, the designed use of CSet; is to replace Set in the construction of Section
[[.2] If CSet; and Set were equivalent as categories, then one could just rearrange
the construction and make Set the target instead. Hence, one should show that the
two are genuinely not the same structure.

Last, and probably most interesting, the basic constructions immediately resemble
their counterparts in normed structures. This means that with simply sets and pos-
itive functions, subject to “non-increasing” maps, the traditional notions of normed
structures are partially recovered. This seems to indicate the dependency of these
notions on the positive function, not algebraic structure or notions of linearity or
distance.

For completeness, several standard categorical notions will be applied to describe
CSet;. However, many of these are not directly applicable to the overall purpose
of constructing C*-algebras. Three particular results are the most related to the
construction of Section 3.1, The first is the “disjoint union” coproduct in Proposi-

tion [2.2.9] which gives a standard decomposition not only of a crutched set, but of

the resulting C*-algebras in Corollaries [3.2.5| and [4.2.5| The second is the distinc-

tion between CSet; and Set, which is a direct corollary to Proposition [2.2.11] The
third is Proposition [2.2.13] which generalizes the failure result of Proposition to
subcategories of CSet;.

To begin, consider the primary properties of constrictive mappings, listed below:
e an isomorphism is an invertible map;

e a section is a left-invertible map, its dual notion a retraction;
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e a monomorphism is a left-cancelable map, its dual notion an epimorphism.

This proposition gives necessary and sufficient criteria for each of these notions in

CSet;, adding precision the statements made in Remark 1.1.9 from [19].

Proposition 2.2.2. Let (S, f) and (T, g) be crutched sets and ¢ : (S, f) — (T, g) be

constrictive.
1. ¢ is a monomorphism in CSet; iff ¢ is one-to-one;
2. ¢ 1s an epimorphism in CSety iff ¢ is onto;

3. ¢ is a section in CSety iff ¢ is one-to-one, go ¢ = f, and for all t & ¢(5),
there is sy € S such that f (s;) < g(t);

4. & is a retraction in CSety iff for allt € T, ¢~ (1) N f1(g(t)) # 0;
5. ¢ is an isomorphism in CSety iff ¢ is one-to-one, onto, and go ¢ = f.

Proof. 1. (=) Assume that ¢ is a monomorphism in CSet;. Let s,5 € S such
that ¢(s) = ¢(8). Let U := {0} and h(0) := max{f(s), f(5)}. Define a(0) := s

and 3(0) := 5. Note that o and § are both constrictive, and

(¢ 0a)(0) = d(s) = ¢(3) = (90 5)(0).

Hence, ¢ o « = ¢ o 3, meaning a = . Therefore, s = «(0) = 5(0) = 3.

(<) Assume ¢ is one-to-one. For any crutched set (U, h), let o, 8 : (U h) —
(S, f) be constrictive such that poa = ¢o . For all u € U, ¢(a(u)) = ¢(S(u)).

Since ¢ is one-to-one, a(u) = f(u), meaning o = f3.
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2. (=) Assume ¢ is an epimorphism in CSet;. Let U := {0,1} and hA(u) := 0.
Define o, f: T'— U by «(t) := 0 and

0, te€ran(e),

1, t ¢&ran(o).

p(t) =

Note that o and S are both constrictive, and for all s € S,

(o d)(s) =0=(Bo@)(s).

Thus, ao¢p = fo¢p so a = . Therefore, for all t € T, 5(t) = «(t) = 0, meaning
T = ran(¢).
(<) Assume ¢ is onto. For any crutched set (U, h), let o, 5 : (T, g) — (U, h) be

constrictive such that a« o ¢ = o ¢. For all ¢t € T, there is some s € S such

that ¢t = ¢(s). Thus, a(t) = (a0 @)(s) = (8o @)(s) = B(t) so a = f.

3. (=) Assume that ¢ is a section in CSet;. Then, there is a constrictive 9 :
(T',g) — (S, f) such that 1) o ¢ = id(ss). From basic function results, ¢ must

be one-to-one. For all s € S,

f(s) = (foidisp) (s) = (food)(s) < (go¢)(s) < f(s)

so f(s) = (g o @)(s), meaning f = g o ¢. Lastly, let s; := ¢(¢t) for each t € T.
Then, f(s;) < g(t).

(<) Assuming the result, define ¢ : T'— S by
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As ¢ is one-to-one, this is a well-defined function, and 1) o ¢ = idg sy by design.

To prove ¢ constrictive, observe that for s € S,

and for t &€ ¢(9),
fb@) = f(s) < g(t).

. (=) Assume that ¢ is a retraction in CSet;. Then, there is a constrictive
Y (T,g) — (S, f) such that ¢ o9) =id(p 4. For t € T, let s, := 1)(t). Observe
that ¢ (s;) =t and

9(t) = (goidirg) (t) = (g0 dov)(t) < f(¥(t) = [ (se) < g(t).

Thus, g(t) = f (s¢) so s: € ¢~ (1) N [~ (g(t))-
(«=) Assuming the result, let s, € ¢~ '(t) N £ (g(t)) and define ¢ : T — S by
Y(t) == s;. Then, ¢ 09) = id(r, by design. To prove ¢ constrictive, observe
that for all t € T,

F@) = f(se) = g(t).

. (=) Assume that ¢ is an isomorphism in CSet;. Then, ¢ is both a section and
a retraction, in particular also an epimorphism. Hence, ¢ is one-to-one, onto,
and f = go ¢.

(<) Assuming the result, ¢ is an epimorphism as it is onto. Further, T\¢(S) = 0

by this fact, meaning ¢ is further a section. Hence, ¢ is an isomorphism.



25

It is of some note that each of the conditions in Item [5|are necessary. In particular,
the condition f = g o ¢ is reminiscent of isometry in normed spaces. However, these
crutch functions are not linear, nor do they reflect any idea of metric distance. Hence,

this condition alone does not imply even monomorphism, let alone isomorphism.

Ezample 2.2.3. Let S := {0}, f(0) := 1, and ¢(0) := 0. Define ¢ : S — S by
¢(0) := 0, a constrictive map. However, while ¢ is both monic and epic, it is not a
section or retraction. This example concretely demonstrates the statement made in
Remark 1.1.9 of [19] about monic and epic constrictions, which are not sections or

retractions.

Ezample 2.2.4. Let S :=N, f(n):=1, T := {0}, and g(0) := 1. Define ¢ : S — T by
¢(n) := 0, a constrictive map. Then, ¢ is a retraction and g o ¢ = f, but it is not a
monomorphism.

Similarly, define ¢ : T'— S by ¢(0) := 1, another constrictive map. Then, ¢ is

section, but it is not an epimorphism.

Next, consider the standard universal constructions in CSet;. First, an equalizer
of two parallel morphisms is a universal way to compare maps. Explicitly, for two
maps a, 3 : (S, f) = (T, g), an equalizer of a and f3 is a crutched set (K, k) equipped

with a constrictive map ¢ : (K, k) — (S, f) satisfying
e qnor=pfou,

e for a crutched set (U, h) and a constrictive map ¢ : (U, h) — (5, f) such that

ao ¢ = ffo¢, there isauniqueé:(U,h) — (K, k) such that Lo =

As it happens, this notion characterizes the substructures in this category.
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Proposition 2.2.5. Let (S, f) and (T, g) be crutched sets and o, 5 : (S, f) — (T, 9)

constrictive maps. Let

K:={seS:a(s)=p(s)},

k:=flg, and1: K — S by u(s) :==s. Then, (K, k) equipped with v is an equalizer of
a and 3.
Further, given any L C S, define | :== f|,. Then, (L,l) can be realized as an

equalizer of two parallel arrows from (9, f).

Proof. From definition, ¢ is constrictive and aw ot = [ ot. To check the universal
property, let (U, h) be a crutched set and ¢ : (U, h) — (S, f) be constrictive such that
ao¢=[odqp.

(K, k) ——~(S,f) —_(T.9)

/ 8

(U, h)

Then, for all w € U, (ao ¢)(u) = (8o ¢)(u). Hence, ¢(u) € K so define b =

~

o|, restricting its codomain. Since the crutch function is likewise restricted, ¢ is
constrictive. Also, ¢ =10 g% by expansion of codomain.
Assume that there was ¢ : (U, h) — (K, k) such that ¢ = to¢. Then, top =106

and as ¢ is one-to-one, © = .

For (L,1), let T :={0,1} and ¢(¢) := 0. Define o, 5 : S — T by a(s) := 0 and

0, selL,
Bls) =
1, s¢ L.

Then, (L,1) will be an equalizer of o and £.
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The dual notion is a coequalizer, similar to a quotient. The crutch function in this

case sharply reflects the quotient norm in normed algebraic structures.

Proposition 2.2.6. Let (S, f) and (T, g) be crutched sets and o, 5 : (S, f) — (T, g)

constrictive maps. Let
P:={(afs),B(s)) €T?*: s € S}

and ~p be the equivalence relation on T generated by P. Define Q := T/ ~p,
q([t])) == inf{g(7) : 7 ~p t}, and £ : T — Q by &(t) := [t]. Then, (Q,q) equipped with
& 18 a coequalizer of a and [3.

Further, given any equivalence relation ~ on T, define r : T/ ~— [0,00) by
r([t]) := inf{g(7) : 7 ~ t}. Then, (T/ ~,r) can be realized as a coequalizer of two

parallel arrows to (T, g).

Proof. From definition, £ is constrictive and £ o a = £ o . To check the universal

property, let (U, h) be a crutched set and ¢ : (T, g) — (U, h) be constrictive such that

poa=¢of.

(5.0) " = (T.9)—~(Q.q)

B
X
(U, h)
Consider ~g:= {(t,7) € T? : ¢(t) = ¢(7)}. Note that ~ is an equivalence relation.
Further, for all s € S, (¢ o a)(s) = (¢ o 5)(s). Hence, P C~y 80 ~pCrvy. Thus, if
t ~p T, t ~y T, or rather, ¢(t) = ¢(7). Hence, define ¢ : Q — U by ¢([t]) := ¢(t). By

the above argument, this is well-defined. For all t € T',
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meaning ¢ o & = ¢. Now, for all 7 € [t],

(nod) (1) = (hoa)(r) < g(r).

Hence, (h o qB) ([t]) < q([t]), meaning ¢ is constrictive.
Assume there was some other constrictive ¢ : (Q, q) — (U, h) such that ¢ = po&.
Then, for all t € T,

o([t]) = (00 )(t) = é(t) = o([t]).

~

Thus, ¢ = ¢.
For (T/ ~,r), let S :=~ and f(¢,7) := max{g(t),g(7)}. Define o,5: S — T by
a(t,7):=t and B(7) := 7. Then, (T'/ ~,r) will be an coequalizer of o and S.

]

While equalizers and coequalizers compare parallel maps, the next pair of con-
structions are more designed to combine sets of objects into a new structure. For an
index set I and crutched sets (Sj, f;),c;» a product of (S;, f;),c; is a crutched set (P, f)
equipped with constrictive maps m; : (P, f) — (5;, f;) for each i € I satisfying for
any other crutched set (U, h) and constrictive maps ¢; : (U, h) — (S;, f;) for i € I,
there is a unique ¢ : (U,h) — (P, f) such that m; o & = ¢;. Specifically, the product

in CSet; should be compared to the £*°-sum of normed spaces.

Proposition 2.2.7. For an index set I, let (S;, f;) be crutched sets for i € 1. Define

P = {§€ Set (I,USZ) :5(i) € SVi e Isup{f; (5(i)) :i € I} < oo}7

icl
f:P —[0,00) by f(5) :=sup{fi(5(i)):i €I}, and m; : P — S; by m; (5) := 5(3).
Then, (P, f) equipped with (m;),.; is a product of ((S;, fi))

el
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Proof. From definition, 7; is constrictive for each ¢ € I. To check the universal
property, let (U, h) be a crutched set and ¢; : (U, h) — (S;, f;) be constrictive for all

vel.

(U, h)

For each u € U, observe that (fi o é:) (u) < h(u). Hence,
sup {(fio @) (u) 1i € I} < oo
so define ¢ : U — P by ¢(u)(i) := ¢;(u). Then, ;0 ¢ = ¢; for each i € I. Also,
(f o d)(u) =sup{(fio @) (u) i€ I} < h(u),

making ¢ constrictive.
Assume there was some other constrictive ¢ : (U, h) — (P, f) such that mop = ¢;.

Then, for each i € I and u € U,
(mi 0 ) (u) = ¢;(u)

Hence, o(u)(i) = ¢i(u) = ¢(u)(i), meaning p(u) = ¢(u). Therefore, p = ¢.

Notice that there are times when a product of nontrivial objects is trivial.

Example 2.2.8. Define S := {0} and f,,(0) := n for all n € N. Then,

CSet
H (S, fn) =CSety ((bv 0[0,00)) )

neN
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the empty set and the empty function into [0, 00). Further, the canonical projections

from the product to S are empty functions, which are hardly onto mappings.

The dual notion is a coproduct. In CSet;, the coproduct is more closely related
to the disjoint union in Set. This is of interest as it gives a canonical way of writing

any crutched set in terms of singletons. This will be of great use throughout the main

results of this work, starting with Corollaries [3.2.5| and [4.2.5]

Proposition 2.2.9. For an index set I, let (S;, f;) be crutched sets for i € 1. Define

C = {(i,S)GIX (USz) ISGSZ'},

f:C —[0,00) by f(i,s) == fi(s), and p; : S; — C by pi(s) := (i,s). Then, (C,f)
equipped with (p;);c; s a coproduct of ((S;, f));c;-
Further, for any crutched set (T, g), then (T, g) is a coproduct of ({(t,9(t))}),er

when equipped with the standard inclusion maps.

Proof. From definition, p; is constrictive for each ¢ € I. To check the universal
property, let (U, h) be a crutched set and ¢; : (S;, fi) — (U, h) be constrictive for all

1€ 1.

(U, h)

Define ¢ : C' — U by ¢(i, s) := ¢i(s). Then, for each i € I and s € 5;,

(@0 pi)(s) = (i, s) = ¢i(s)
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meaning ¢ o p; = ¢;. Also,

(ho¢)(i,s) = (hoi)(s) < fi(s) = f(i, )

SO ¢ is constrictive.
Assume that there was some other constrictive ¢ : (C, f) — (U, h) such that

@ o p; = ¢;. Then, for each i € [ and s € 5,

(i) = (pop)(s) = ¢ils) = o(i; 5).

Therefore, p = ¢.

Given a crutched set (7', g), note that
{(t,T) eT x (U{t}) iTE {t}} ={(t,t) : t €T} Zget T
teT
and

ft,t) =gl ) = g(t).

Thus, the second result follows.

O

As CSet; has all products and equalizers, all the other standard limit processes
can be performed. Dually, colimit processes follow from the existence of all coproducts

and coequalizers. Summarily, this may be stated as follows.
Corollary 2.2.10. The category CSet; is categorically complete and cocomplete.

Further, an empty product yields a terminal object, {(0,0)}, and the empty co-

product an initial object, (1,0, )-
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However, Set also shares these completion properties. This is not unexpected as
CSet; adds relatively little structure to Set. Indeed, this is actually desired so as to
remain close to the classical construction of Section [L.2

Yet, CSet; is not equivalent to Set as categories. To see this, recall that every
object in Set is projective with respect to all epimorphisms in Set. Explicitly, what
this means is that given sets S,T,U and functions ¢ : S — T and o : U — T such
that « is onto, one can lift ¢ along a to U. This is shown in the commutative diagram

below.

For any set S, this is clear as any pre-images in U will do. However, the idea of

constriction almost completely forbids this behavior in CSet;.
Proposition 2.2.11. Let (S, f) be a crutched set.
1. (S, f) is projective relative to all epimorphisms in CSety iff S = 0.
2. (S, f) is injective relative to all monomorphisms in CSety iff S # 0 and f = 0.

Proof. 1. (<) Assume that S = (). Then, f = Ojgo0). As (0,0)y ) is initial, it is
trivially projective relative any class of maps in CSet;.
(= <= =) For purposes of contradiction, assume that S # () and (S, f) is projec-

tive relative to all epimorphisms. For each n € N, define g, h,, : S — [0, 00) by

g(s) := 0 and h,(s) :=n. Also, let ¢, a, : S — S by ¢(s) := an(s) :=s. Then,
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consider the following diagram in CSet; for each n.

(5, hn)

o

Since «, is onto and (S, f) projective to epimorphisms, there must be a con-
strictive ¢, : (S, f) — (S, hy,) such that ¢ = a,, 0 ¢,,. Then, for each s € S and

n €N,

s=¢(s) = (o ¢n)(s) = Pn(s)

and

n = (hn o ¢n)(s) < f(s).
Thus, f cannot have a finite value, contradicting that (S, f) was a crutched set.

. (=) Assume that (5, f) is injective relative to all monomorphisms. Let Og :
0 — S and Og0y : @ — {0} be the empty functions into S and {0}, respectively.

Consider the following diagram in CSet;.

(5,/)

os|

(0, O[O,M))W {(0,0)}.

As (S, f) is injective relative to Oy}, there must be a constrictive map from
{(0,0)} to (S,f). Hence, there is a function from a nonempty set into S,
forcing S # ().

Define h : S — [0,00) by h(s) := 0. Also, let ¢, : S — S by ¢(s) := a(s) = s.
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Then, consider the following diagram in CSet;.

(5, f)

|

(5, [) === (S5, h).

«

Then, there is a constriction ¢ : (S, h) — (S, f) such that ¢ = ¢ o . Then, for

each s € S,

and

0< f(s) = (fo0) (s) < h(s) = 0.

(<) Assume that f =0 and S # (. Let (T,g) and (U, h) be crutched sets and
a: (T, g) — (U, h) be a monomorphism. Define U := ran(a) and observe that
oz|0 is bijective. Given any ¢ : T'— S, choose any sy € S and define q5 :U— S

by

As « is one-to-one, this is a well-defined function. Clearly, ¢ = (ﬁo a, and since
f=0, é is trivially constrictive.

[]

There is precisely one isomorphism class of a projective object relative to all
epimorphisms in CSet;, but Set has a proper class of such isomorphism classes.

Hence, the distinction follows.

Corollary 2.2.12. CSet; and Set are not equivalent as categories.
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To close this section on CSet;, this category can be used to extend the failure
result of Proposition [[.3.1] As before, let € be a subcategory of CSet;. There is
a natural forgetful map from Ob(%) to Ob(Set) where one strips away the crutch
function. Similarly, given (S, f),(T,g) € Ob(¥) and ¢ € F((S,f),(T,q)), ¢ €
Set(S,T') by definition of CSet;. One can quickly check that these two associations

define a functor Fy : € — Set, where one ignores all the numeric properties from % .

Proposition 2.2.13. Let S # (0. Assume that for each n € N, there is an object
(Sp, fn) € Ob(¥) with an element s, € f,*([n,o0)). Then, S has no reflection along

Fy.

Proof. For purposes of contradiction, assume that (R, f) equipped with n : S — FyR
is a reflection of S along Fi. For each n € N, define ¢,, € Set (S, FizS,,) by ¢n(s) :=
Sn, & constant function. Then, there is a unique ¢, € € ((R, f), (Sy, f»)) such that
chgzgn on = ¢, for all n € N.

For each s € S, let rs :=n(s) € R and observe that for each n € N,

~

102 fu (00 r)) = fu ((Febon) (5)) = fu (6a(s)) = fu (s2) 2 .

Hence, f (rs) cannot have finite value for any s € S, which cannot occur in (R, f).
As such, this reflection is fiction.

[]

In the case of Proposition [1.3.1] all the S, were the same nontrivial normed [-
vector space and the s, multiples of a nonzero vector. Thus, the above proposition
genuinely resolves to Proposition when % is a nontrivial subcategory of FNVec;.

However, this generalization allows the elements of increasing size to come from

different objects in %", which seems to sour any possibility of classical free objects in
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most categories of interest. For example, the any subcategory of CSet; containing
the singleton crutched sets {(0,n)} for n € N cannot have a reflection along the

forgetful functor for any nonempty set S.

2.3 Category of Crutched Sets & Bounded Maps

This section is dedicated a study of crutched sets and bounded functions between
them. This section is tangential to the remainder of this work, but has potential
application to other categories of normed algebraic objects. For completeness, a
similar analysis of its categorical structure will be done in comparison CSet;. Of
particular note, Proposition is an analogue of the failure result in Proposition
[1.3.1] destroying most avenues for classical free objects in normed algebraic categories.

For notation, the symbol CSet,, will be used to denote the following data:
e Ob(CSet,,) := the class of all crutched sets;

e For each (S, f), (T, g) in Ob(CSet,,), define

CSeto((S, f),(T,g9)) :={¢ € Set(S,T) : ¢ bounded from (S, f) to (T, g)}.

Equipping this structure with function composition, which is well-known to be asso-
ciative with identity maps as the units of this operation, CSet, is a category from

Corollary and Example [2.1.10
Proposition 2.3.1. CSet, is a category.

At first glance, CSet, is very similar to CSet;, and most of its constructions are

identical. However, there are some notable distinctions between the two, reminiscent
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of the differences between considering Banach spaces with bounded linear maps and
contractive linear maps.

To begin, consider the primary properties of bounded mappings.

Proposition 2.3.2. Let (S, f) and (T, g) be crutched sets and ¢ : (S, f) — (T, g) be
bounded. Define K :=T \ ¢(S), h := g|k, and

ey
A= f{ i)

s7 10
1. ¢ is a monomorphism in CSety, iff ¢ is one-to-one;

2. ¢ is an epimorphism in CSet., iff ¢ is onto;

3. @ is a section in CSety, iff ¢ is one-to-one, A\ > 0, and there is a bounded

function o : (K, h) — (S, f);

4. ¢ is a retraction in CSety, iff there are (s;),.p € S such that ¢ (s;) =t for all

teT, f(s) =0 forallt € g~*(0) and

sup <{fg((i§) it 9_1(0)} U {0}) < 00;

5. ¢ is an isomorphism in CSet., iff ¢ is one-to-one, onto, and A\ > 0.
Proof. 1. Use the same proof as Proposition [2.2.2] considering bounded a and £.
2. Use the same proof as Proposition [2.2.2] considering bounded « and £.

3. (=) Assume that ¢ is a section in CSet,. Then, there is a bounded ¥ :
(T,g) — (S, f) such that 1) o ¢ = id(sy). From basic function results, ¢ must

be one-to-one. Letting o := ¢|k, a : (K, h) — (5, f) is bounded as ¢ was. If
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there is s ¢ f7'(0), observe that

0< f(s) = (foidsy) (s) = (forod)(s) < crh(¥))(g o ¢)(s)

so crh(¢) # 0 and

1
Hence, A > —— > 0.

b (0)
If S = f71(0), then A = oo by convention.

(<) Assuming the conclusion, define ¢ : T'— S by

87 t:¢(8)7
a(t), tekK.

o(t) =

As ¢ is one-to-one, this is a well-defined function, and ) o ¢ = id s ) by design.

To prove ¥ bounded, note that for all ¢t € K,

f(a(t)) < ath(a)h(t) = erh(a)g()

since a is bounded. If t = ¢(s) for some s € S, consider when g(¢) = 0. If f(s) #

0, then A = 0, contradicting the assumption. Thus, f(s) =0 < crh(a)g(t).

If g(t) # 0, f(s) # 0 by Proposition meaning A # oo. Hence,

f(s)

1= Goo)m

(go9)(s) < <g(t).
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Therefore, for all t € T,

F0(0) < max { 5 cnhla) | (0,

meaning 1 is bounded.

4. (=) Assume that ¢ is a retraction in CSet,. Then, there is a bounded ® :
(T,g9) — (S, f) such that potp =idpg. Fort € T, let s, := 9(t). Observe that
¢ (s;) = t. Also, by Proposition [2.1.8 f(s;) =0 for all t € g~ *(0) and

sup ({ fg%) 1 g g—1<0)} U {0}) < 0.

(<) Assuming the result, define ¢ : T"— S by ¢(t) := s;. Then, ¢ o) = id(1)
by design. Further, by Proposition [2.1.8, v is bounded.

5. (=) Assume that ¢ is an isomorphism in CSet,,. Then, ¢ is both a section and

a retraction, in particular also an epimorphism. Hence, ¢ is one-to-one, onto,

and A > 0.
(<) Assuming the result, ¢ is an epimorphism as it is onto. Further, T\¢(S) = ()
by this fact, meaning ¢ is further a section. Hence, ¢ is an isomorphism.

[

Much like Proposition [2.2.2] each of the criteria in Item [5| are necessary. In
particular, the infimum criterion is identical to the notion of “bounded below” for
bounded linear maps, but like its “isometric” counterpart in Proposition [2.2.2] this
fact alone does not imply monomorphism, let alone isomorphism. Examples [2.2.3
and also demonstrate the necessity of the criteria in Item o} but Example [2.1.11

demonstrates this bounded below idea in a less trivial way.
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Next, equalizers for parallel arrows in CSet,, are computed precisely the same

way they are in CSet;.

Proposition 2.3.3. Let (S, f) and (T, g) be crutched sets and o, 5 : (S, f) — (T, g)

bounded maps. Let
K :={seS:a(s)=p(s)},

k:= flk, andv: K — S by «(s) := s. Then, (K, k) equipped with ¢ is an equalizer of
a and (3.

Since the notions of equalizer in CSet; and CSet,, determine the same object

up to isomorphism in CSet;, the following definition seems very natural.

Definition. Given a crutched set (S, f), a crutched subset of (S, f) is a pair (K, k),
where K C S and k = f|k.

Similarly, coequalizers for parallel arrows in CSet, are also share the same struc-

ture as their CSet; counterparts.

Proposition 2.3.4. Let (S, f) and (T, g) be crutched sets and «, 5 : (S, f) — (T, g)
bounded maps. Let
P:={(afs),B(s) eT*: s € S}

and ~p be the equivalence relation on T generated by P. Define Q := T/ ~p,
q([t])) :=inf{g(7) : 7 ~p t}, and & : T — Q by &(t) := [t]. Then, (Q,q) equipped with

& is a coequalizer of a and 5.

Again, as the notions of coequalizer correspond between the two categories in

question, the following definition appears sensical.
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Definition. Given a crutched set (S, f) and an equivalence relation ~ on S, the
crutched quotient set of (S, f) by ~is (@, q¢), where Q) := S/ ~ and ¢([t]) := inf{f(7) :

T ~t}.

Turning attention toward products, CSet., begins to show more differences from
CSet;. Computation of binary product in CSet, is identical to its CSet; counter-

part.

Proposition 2.3.5. Let (51, f1) and (S, f2) be crutched sets. Define
P = Sl X SQ,

f P — [0,00) by f (81,81) = max{f1 <51>,f2 (82)}, and T - P— Sz by T (81,52) =

si fori=1,2. Then, (P, f) equipped with (m;);_, , 15 a product of ((Si, fi));—; o-

Proof. From definition, m; is constrictive for each ¢ = 1,2. To check the universal
property, let (U, h) be a crutched set and ¢; : (U, h) — (S;, fi) be bounded for each
i=1,2.

(S1, fr) <= (P, [) === (2, f2)

(U, h)

For each u € U and i = 1, 2, observe that

(fi o di) (u) < crh (i) h(u) < max {erh (é1), crh (¢2)} h(u)

SO

max {(fi o ¢1) (u), (f20 ¢2) (w)} < max{crh (1), crh(¢2)} h(u).
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Hence, define ¢ : U — P by ¢(u) := (¢1(u), ¢2(u)). By the above,

f(@(u)) < max {erh (é1), crh (¢2)} h(u),

meaning ¢ is bounded. Also, m; 0 ¢ = ¢; for each i = 1, 2.
Assume there was some other bounded ¢ : (U, h) — (P, f) such that m; 0 ¢ = ¢;.

Then, for each : = 1,2 and u € U,

(mi 0 p) (u) = ¢i(u)

Hence, p(u)(i) = ¢;(u) = ¢(u)(i), meaning p(u) = ¢(u). Therefore, ¢ = ¢.
[l

As CSet,, has binary products and has a terminal object, namely {(0,0)}, it
immediately has any finitary product by iteration of the binary product. However,
CSet, does not have arbitrary product objects. This is similar to the case of Banach

spaces with bounded linear maps.

Ezxample 2.3.6. For n € N, let S, := [0,00) and f, : S, — [0,00) by fu(A) :=
A. Assume for purposes of contradiction that ((Sy, fn)),ey has a product (P, f) in
CSet,,. For n € N, define ¢,, : S — S, by ¢,()\) := A, each a constrictive map with
crh (¢,) = 1. Then, there is a unique bounded function ¢ : (51, f1) — (P, f) such

that ¢, = m, o ¢ for each n € N. By Proposition [2.1.5]

1 =crh(¢,) < crh (m,) crh(e).

Thus, crh (7,) # 0.
Let T := {0} and g : T — [0,00) by ¢(0) := 1. For n € N, define ¢, : T — S, by
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¥n(0) := ncrh (m,), each a bounded map with crh (¢,,) = ncrh (m,). Then, there is a
unique bounded function ¢ : (T, g) — (P, f) such that v, = m, o ¢ for all n € N. In
this case,

ncrh (m,) = crh (¢,,) < crh (m,) crh(y).

Hence, n < crh(v) for all n € N, contradicting that ¢ was bounded. Thus, ((Sy, f.))

neN

cannot have a product in CSet.

Therefore, as CSet; and Set both have arbitrary products, CSet., must be dis-

tinct from both.
Corollary 2.3.7. CSet., is not equivalent to Set or CSet, as categories.

Similarly, CSet., also has binary coproducts, computed just as in CSet;.

Proposition 2.3.8. Let (S, fi) and (Sa, fa) be crutched sets. Define
C = {(Z,S) S {1,2} X (SIUSQ) : S GSZ'},
f:C = [0,00) by f(i,s) := fi(s), and p; - S; — C by pi(s) = (i,s) for i = 1,2.

Then, (C, f) equipped with (p;);_, 5 is a coproduct of ((Si, fi))i o-

Proof. From definition, p; is constrictive for each ¢ = 1,2. To check the universal

property, let (U, h) be a crutched set and ¢; : (S;, fi) — (U, h) be bounded.

(S1, f1) 2= (C, f) <2 (S, fo)

(U, h)



For each i = 1,2 and s € S;, observe that

h(¢i(s)) < cerh(¢s) fi(s) < max{crh (¢1), crh(¢2)} fi(s)

SO

h(¢i(s)) < max{crh (¢1),crh(dq)} f(3, 5).

Hence, define ¢ : C'— U by ¢(i, s) := ¢i(s). By the above,

h(¢(i,5)) < max{crh(¢1),crh (¢2)} f(i s),

meaning ¢ is bounded. Also, ¢ o p; = ¢; for each i =1, 2.
Assume that there was some other bounded ¢ : (C, f) — (U, h) such that ¢ op;
¢;. Then, for each i = 1,2 and s € 5;,

(i) = (pop)(s) = ¢ils) = o(i; 5).

Therefore, p = ¢.

As CSet, has binary coproducts and has an initial object, namely ((7), 0[0,00)),
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]

it

immediately has any finitary coproduct by iteration of the binary coproduct. How-

ever, just as with products, CSet,, does not have arbitrary coproduct objects.

Ezample 2.3.9. For n € N, define S, := {0} and f, : S, — [0,00) by f,.(0) :=

Assume for purposes of contradiction that ((S,, fn)),ey has a coproduct (C, f)

1.

n

CSet.,. For n € N, define ¢, : S, — S by ¢,(0) := 0, each constrictive with

crh (¢,) = 1. Then, there is a unique bounded function ¢ : (C, f) — (51, f1) such
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that ¢, = ¢ o p,, for each n € N. By Proposition [2.1.5]

1 =crh (¢,) < crh(¢) crh (py,) .

Thus, crh (p,) # 0.

Let T:=Nand g : T — [0,00) by g(n) := ncrh(p,). Define ¢, : S, — T by
¥, (0) := n, each a bounded map with crh (¢,,) = ncrh (p,). Then, there is a unique
bounded function ¢ : (C, f) — (T, g) such that ¢, = ¢ o p, for all n € N. In this

case,

ncrh (p,) = crh (1) < crh(y) erh (p,,) .

Hence, n < crh(¢) for all n € N, contradicting that ¢ was bounded. Thus, ((S,, f.))

neN

cannot have a coproduct in CSet ..

Still, as CSet,, has all finitary products and equalizers, all finitary limit processes
may be performed. Likewise, finitary colimit processes follow from finitary coproducts

and coequalizers. In summary, these facts can be stated in the following way.
Corollary 2.3.10. The category CSet., is finitely complete and finitely cocomplete.

To close the comparison between CSet., and CSet;, the standard projective and

injective objects can be completely characterized.
Proposition 2.3.11. Let (S, f) be a crutched set.

1. (S, f) is projective relative to all epimorphisms in CSet iff card(S) < Vo and
f(s) #0 foralls € S.

2. (S, f) is injective relative to all monomorphisms in CSet, iff S # 0 and f = 0.

Proof. 1. («=) If card(S) = 0, then f = Ojp oo). As (0, 0p,00)) is initial, it is trivially

projective relative any class of maps in CSet ..
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Assume 0 < card(S) < Ny. Let (T,¢9) and (U, h) be crutched sets and « :
(U,h) — (T, g) be an epimorphism. Given a bounded function ¢ : (S, f) —

(T, g), consider the diagram below in CSet.

(U, h)

Since S # (), T # (). Consequently, neither is U as « is onto. For each s € S,
choose u, € o *(¢(s)). Define ¢ : S — U by ¢(s) := u,. Note that ¢ = a o ¢.
Further, as f(s) # 0 for all s € S and S finite,

sup ({% s ¢f1(0)} u{O}) < oo

so ¢ is bounded by Proposition [2.1.8]

(= <= =) For purposes of contradiction, assume first that there is sy € S such
that f (so) = 0 and that (S, f) is projective relative to all epimorphisms. Define
g,h = S — [0,00) by g(s) := 0 and h(s) := 1. Also, let ¢,a : S — S by

¢(s) := a(s) :=s. Then, consider the following diagram in CSet..

(5, h)

ia

(S> f)T(Sag)

Since « is onto and (.S, f) projective to epimorphisms, there must be a bounded
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¢ : (S, f) — (S, h) such that ¢ = a0 ¢. Then, for each s € S,

SO

which is nonsense.

Assume instead that card(S) > Ny, that f is strictly positive, and that (S, f)

is projective relative to all epimorphisms. Let (s,,) be a sequence of distinct

neN
elements in S. Define 7" := N and g,h : T — [0,00) by g(n) := nf(s,) and

h(n) := 0. Consider a: T'— T by «a(n) :=n, and ¢ : S — T by

n, §=5n,

1, s# sp.

¢(s) =

Observe that ¢ and a are both bounded. Consider the following diagram in
CSet..

(T, g)

ia

(S, 1) —= (T;h)

By assumption, there is a bounded function ¢ : (S, f) — (T,g) such that
p=ao gE Then, for each n € N,
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and

nf (sn) = g(n) = g (d(s0)) < erh (6) f (s0).
Therefore, n < crh (gﬁ) for all n € N, contradicting that <5 was bounded.

2. Use the same proof as Proposition [2.2.11] considering bounded maps.

]

Notice that the inclusion of more maps between objects increased the number
of projective objects, from one unique object in CSet; to a countable family of
isomorphism classes in CSet,,. However, the number of injective objects remained
unchanged.

To conclude discussion of CSet,, this category can also extend the failure results

of Propositions [1.3.1] and [2.2.13] As before, let € be a subcategory of CSet.,. There

is a natural forgetful map from Ob(%) to Ob(Set) where one strips away the crutch
function. Similarly, given (5, f),(T,g) € Ob(¥¢) and ¢ € €((S, f),(T,9)), ¢ €
Set (S, T) by definition of CSet,. One can quickly check that these two associations

define a functor Fy : € — Set, where one ignores all the numeric properties from % .

Proposition 2.3.12. Let S € Ob(Set) be an infinite set. Assume that there is an
object (T, g) € Ob(¥) with elements t,, € g~ ([n,0)) for alln € N. Then, S has no

reflection along Fy.

Proof. For purposes of contradiction, assume that (R, f) equipped with n : S — FyR
is a reflection of S along Fy. Define ¢ : S — T by ¢(s) := t;. Then, there is a unique
bounded ¢ : (R, f) — (T, g) such that Fy¢on = ¢. For each s € S, define r, := n(s)

and observe that

1<g(t) = g(6(s) = g ((Fedon) (5)) = g () < (4) £ ().
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Thus, f(rs) # 0.
Let (s;);2, C S be distinct. For each j € N, choose n; € N such that n; >

j-f(rsj). Define ¢y : S — T by

tnj7 s = 8y,

t1, s#s;.

U(s) =

Then, there is a unique ¢ : (R, f) — (T, g) such that Fy¢) oy = ). By Proposition

m, ~
g (w (rsj)>

~

for all 7 € N. Then, 1 is unbounded, a contradiction.

]

The above proposition does not have quite the impact that Propositions and
2.2.13|had due to the loss of the constrictive property. To illustrate this, consider the

following examples.

FExample 2.3.13. Consider the entire category CSet.,. Given a finite set S, let R := S,
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n = idg, and f : R — [0,00) by f(r) := 1 for all » € R. Given a crutched set
(T,g) and ¢ € Set(S,T), define ¢ : R — T by ¢ := ¢. Observe that ¢ is trivially
bounded by Proposition , and FCSetwg% o7 = ¢ in an apparent way. Further, if

v : (R, f) = (T, g) such that Foget. @ o1 = ¢, observe that for all s € S,

¢(s) = (Foset.p 0 1) (s) = ¢(s).

Thus, ¢ = 95 Hence, (R, f) equipped with 7 is a reflection of S along Fcset._ -

Example 2.3.14. Consider the category of F-Banach spaces with bounded linear maps,
FBan,,. Given a finite set S, let R := ¢*(S) with its usual norm and 1 : S — R
by n(s) := Js, the point mass at s. Given another F-Banach space X and a set map

¢:S—>X,deﬁnegz§:R—>be

dla) =) w.d(s),

seSs

where x = Z 740, is the decomposition of x with respect to the linear basis (ds),.q-
ses
A quick check shows that ¢ is an F-linear transformation, and since ¢'(.S) is finite-

dimensional, QAS is automatically continuous. Further,
(Femand0m) (s) = (6 = 6(s)

SO F1[FBanoo¢E on = ¢
If ¢ : R — X such that Fyrgan,_ @ 01N = ¢, observe that for all s € .5,

?(s) = (FrBanw 0 1) (8) = ¢ (J5) -

Hence, ¢ (05) = QAS((SS) so by linearity, ¢ = ¢. Therefore, R equipped with 7 is a
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reflection along Frpan,. -

What Proposition has done is forbidden classical free objects generated by
countable or larger sets in nontrivial categories of normed structures with bounded
maps, i.e., copies of the zero space 0. Classical free objects may still exist for finite
generation sets as shown in the above two examples, but this would require more

particular attention to the type of structure.
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Chapter 3

A Presentation Theory for 1C*

This chapter presents a treatment of a familiar construction from a revised perspec-
tive, that of an adjoint functor pair, in Sections [3.1] and [3.2] From this, a presenta-
tion theory for unital C*-algebras is developed in Section and following, heavily
grounded in both the classical notions of Section and standard references like [13]
and [25].

The most notable result of this chapter is the Tietze transformation theorem,
Theorem [3.9.7 This guarantees that presentations for the same unital C*-algebra
can be formally manipulated to be identical. This Tietze calculus is then used to
characterize several unital C*-algebras, particularly the C*-algebras generated by a
single type of invertible element in Section [3.11} Another more well-known exam-
ple, the unital C*-algebra of a single idempotent, is formally computed in Example
[3.12.7 Examples [3.6.1] [3.6.2] and also demonstrate relations constructed via
the functional calculus, which may be of future interest.

Also, while unital C*-algebras are the focus of this chapter, it is observed at
key sections that the notions and methods described here can be adapted to other

structures of interest, such as Banach algebras.
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3.1 The Modified Construction for 1C*

With an understanding of CSet;, attention returns to modifying the construction of
Section This construction will be familiar to anyone who has studied universal
C*-algebras. In particular, this method should be thought of as a generalization of
the constructions done in [4] and [21] with the viewpoint of [33]. The use of the crutch
function is analogous to the “X-norms” in [22], but the universal object created here
will be an actual C*-algebra, as opposed to a general pro-C*-algebra.

The modified construction shown in the present work is not entirely new, pre-
viously done for general C*-algebras and LMC*-algebras within Section 1.3 of [19].
However, this presentation of the material explicitly carried the universal maps of
both free *-semigroup and free *-algebra constructions throughout each result. Sec-
tion 3 of [29] also does this construction for general C*-algebras. The present work
aims to codify the construction for C*-algebras as a left adjoint functor, gaining all
the abstract results of that characterization.

In this presentation, work will be done first with unital C*-algebras, rather than
the more general non-unital. This is done for two specific reasons.

First, the inclusion of a unit completes the analytic and continuous functional
calculi in the following sense. Nonzero constant *-polynomials can now be consid-
ered, allowing the entire spectrum of an operator to be separated through the Stone-
Weierstrass theorem. This yields a finer picture of the algebra considered.

Second, the non-unital case can be recovered from the unital case. This will be
done in Section {4.2 using the unitization functor of Section

To begin, let 1C* denote the category of unital C*-algebras and unital *~homomorphisms.
Explicitly, Ob (1C*) is the class of all unital C*-algebras, and for A, B € Ob (1C"),

1C*(A, B) is the set of all unital *~homomorphisms from A to B.
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Note that the zero algebra, O, will be considered as a unital C*-algebra for the pur-
poses of this work. Specifically, it will be thought of as the unique unital C*-algebra
where 0 = 1, or equivalently, C'((), continuous functions on the empty topological
space.

As in Example 2.1.1] every A € Ob(1C") is a set with a nonnegative function
fa : A — [0,00) by fa(a) := |la]la. Thus, there is a natural forgetful map to
Ob (CSet; ), where one regards A as a crutched set (A, f4), ignoring all structure
except the norm function. Similarly, given A, B € Ob(1C*) and ¢ € 1C*(A, B), ¢
is firstly a function from A to B, but it is a standard fact that ||¢(a)||s < ||a||4 for
all a € A. Hence, ¢ € CSet; ((A, fa), (B, fz)) as in Example . One can quickly
check that these two associations define a functor Flccsftl : 1C* — CSety, where one
ignores all data from 1C* save the set and norm.

Now, fix (S, f) from Ob (CSet;), thought of as a set of generators normed by
their values under f. The objective is to build a reflection of (S, f) along Ff’csftl.
First, the norm structure of a C*-algebra will force any element crutched by 0 to be
the zero element, so these elements are removed. Let Sy := S\ f~*(0).

Next, the adjoint structure will be encoded. Let Sy, := S; & Sy := {0,1} x Sy,
the disjoint union of Sy with itself. The original set Sy is identified with {0} x S
while elements of {1} x Sy are denoted s*, formal adjoints of elements in Sy. As such,
it is standard to consider Sy, := SpU{s" : s € S¢}.

To encode the multiplicative structure, let Mg ¢ be the set of all finite sequences
of elements from Sy, thought of as non-commuting monomials. Specifically, one
requires that the empty list v be included in Mg . Under concatenation of lists,
M ¢ is naturally a monoid with unit u. However, it also has a natural involution by
reversing order and swapping presence/absence of the *. Hence, Mg ¢ is a *-monoid,

the free *-monoid on Sj.
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For additive structure, let Ag s be the set of all functions from Mg ; to C whose
support is finite, thought of as non-commuting polynomials with coefficients from
C. Under point-wise addition and scalar multiplication, Ag ; is naturally a C-vector
space. Further, each function can be written uniquely as a C-linear sum of functions
with singleton support and value 1, denoted d; for each [ € Mg .

Vector multiplication is determined by the usual polynomial formula. Explicitly,

n q
given p = Z Aoy, and 1 = Z (450,

j=1 k=1

where [;my, is the product in Mg ;. Similarly, the adjoint operation is determined in

an equally natural way. Explicitly, given p = Z Ajor;
j=1

n
Pr=2 N
j=1

where [} is the adjoint in Mg ;.

Under these operations, it is a standard exercise to show Ag s to be an involutive
C-algebra with unit J,, the free unital *-algebra over C on Sy. The non-unital version
of this *-algebra and its properties were detailed in Sections 1.3.3-4 of [19].

To continue the construction, one must norm Ag ¢, which is where the numeric
value of the crutch function arises. First, a faithful representation of Ag s is con-
structed. This proof was given previously in Lemma 3.7 of [29]. It is included here

with more detail for completeness.

Lemma 3.1.1. There exist a Hilbert space H and a unital *~homomorphism my :

Agp — B(H), which is one-to-one and satisfies ||mo (3;)|| g3 = f(s) for all s € Sy.
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Proof. Let X := Sy .Sy, again the disjoint union of Sy with itself, but to distinguish

it from Sy ., X will be written as
X ={zs:s€ 5 U{ys:s€5}.

Let G denote the free group on X and H := *(G).

For g € G, define U, : H — H by left translation, explicitly given by

Uy (@) (h) = 7 (7'h)

for all h € G. This operator is well-known to be unitary with several important
properties. In particular, for g,h € G, U, = U;l = Uy and UyUj, = Uyy,. Letting €,

denote the point-mass at g in H, observe that for g, h € G,

From this, the unitaries are C-linearly independent. Explicitly, suppose that for some

distinct (gj)?zl C G and O‘j)?:l cé,

n
Z >\jUgj - O
j=1
Then, evaluating at €y, the point-mass for the identity in G,
n
> \E, = 0.
j=1

However, the point-masses are an orthonormal basis for H, meaning \; = 0 for all

7=1,...,n.
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To build the representation, observe that for s € Sy and g € G,

(UZS - Uys> (59) = st (€g> - Uys (€g> = e_;sg - gysg'

Since zy # ys in G, x,9 # ysg for all g € G, ensuring that €, , # €,, Thus,
Uy, —U,, #0. For all s € Sy, define

f(s)
T, = (Us, — Uy,)
Hst - Uys B(H) Y
and
f(s)
Ty :=TF = U-1—U,1).
HUxS - Uys B(H) ( ° Ye )

Define moo : Mgy — B(H) for I =t,---t, € Mgy by

moo(l) := T4, -+~ T, moo(u) := Ly,

encoding multiplicativity and the adjoint. Then, defining my : Agy — B(H) by
70(9;) = moo(l) and extending by C-linearity, one can check that my is a unital *-

homomorphism. By design, (|70 (35)|[ ) = f(5)-

n

. . €5
To show 7y one-to-one, consider first a monomial m := Hsj], where €; detects
Jj=1

the presence or absence of *. Then,

m(6m) = [T
j=1

_ ﬁ f(s5) (U bt — Uyt pont e +...>,

Tsy Tsy " Tsy 1Ysn
Jj=1 ’ Ufcsj - Uij "

B(H)

where ¢€; equivalently stands for the presence or absence of —1. Observe that the alter-
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nating product xj'y5*z5* - - - has no collapsing in G. Further, none of the other prod-
ucts involved have either this form or length, after reduction in G. Hence, Upe1 e,
is C-linearly independent from any other term in the above sum.

p
Consider a general a = Z MO, € Ag 5, where my, # my for k # g. Then, each

k=1
ng
.
my = Hs?;f hasatermof form U e1x e2x e . U e1p cop ez = U e1,q c2,4 34 for
i—1 ” Tik Y2,6 T3 " Ty Yo T3 T1,q Y2, 3,4
j:
€1,k €2k €3k _ ,.€l,q, €2,q, .€3,q : _ R .
some k,q, then @y} yy w55 -+ = 1 /Yo ' -+ -, which forces ng = ng, x5 = x4,
Yik = Yjq and €5 = €, for all 5 = 1,...,n;,. Hence, m; = mg,, meaning these

alternating products are unique to each monomial term.
Therefore, if my(a) = 0, A, = 0 for all £k = 1,...,p. Then, a = 0, and g is,
thereby, one-to-one.

]

With this representation, Ag s can be normed. Theorem 1.3.6.1 from [19] is the

analogous version of this result.
Lemma 3.1.2. For each a € Agy, define
B a unital C*-algebra,

So =1 m(a)|s: 7 Ag ; — B a unital *~homomorphism,

17 (0s)ll5 < f(s)Vs € 5y

and pss @ Asy — [0,00) by pss(a) := sup.%,. Then, psys is a sub-multiplicative

norm on Ag s satisfying the C*-property.

Proof. Fix a € Agy. First, ., is nonempty since ||mo(a)l| 54y € %, Where 7 is the

representation of Lemma |3.1.1]
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Next, this supremum is shown to be finite. Write a as

a = Z /\j (H 5tj,k) s
j=1 k=1

where each ¢ is a singleton list. For each ¢;y, if t;, € Sy, let s, :=t; . Otherwise,
let s = t;,. Given any 7 : Agy — B such that ||z (d,)||z < f(s) for all s € Sy,

observe that

Im(@ls < D1l Hllw(étj,k)HB)
= S (T .00)
< Z|>\j| Hf(sayk))»

which is independent of B and 7. Thus, pgs f(a) < oco.

Also, 0 < [[mo(a)ll gy < ps.r(a). Since m is one-to-one, |mo(a)| gz, = 0 if and
only if a = 0. Therefore, pg s(a) = 0 if and only if a = 0.

Now, for any a,b € Ag s and A € C, the following conditions hold since || - ||z is a

C*-norm and 7 a *-homomorphism.

Im(a+0)lls < l[7(@)lls + [[7(0)lls < ps.s(a) + ps, (),
I (ab)lls < [lm(a)llsllm(b)lls < ps(a)ps, s (b),
Iw(a*a)]ls = ll7(a)3,

Im(Aa)lls = [Alllw(a)lls.

Thus, by taking suprema, pg ¢ is a norm on Ag s satisfying the C*-property.
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Thus, Ag f is a unital *-algebra over C with a C*-norm. Therefore, the completion,

denoted Ag , is a unital C*-algebra, residing in Ob (1C*). As such, one can consider

Flccs*etlAs, #, this algebra with only its norm. There is a canonical association ng ¢ :
S — .As,f by
ds, S € Sf,
ns.f(s) =
0, S Q/ Sf.

The unital C*-algebra Ag; equipped with g is a candidate for the reflection of

(S, f) along F{&5*. Theorem 1.3.7.1 in [19] gives the analogous result.
Lemma 3.1.3. The function 1s s is constrictive from (S, f) to Figet As. ;.

Proof. For each s € Sy,

s (8) g, = 16ullay , = psus (6) = £(s).

For s & Sy,

Ins.s(8)llag, = 0]y, = 0 = £(5).
]

Theorem 3.1.4. The unital C*-algebra Ag; equipped with ns s is a reflection of

(S, f) along F 3.

Proof. Let B € Ob(1C*) and ¢ € CSet; (S, f), Fio-"'B). For each s € Sy, let
bs := ¢(s) and bg := b:. Define é Mgy — Bforl=t;---t, € Mgy by

Qg(l) = bt1 T btn7 é(u) - :H'Ba

encoding multiplicativity and the adjoint. Then, defining ¢ : Asy — B by é(él) =

~

#(1) and extending by C-linearity, one can check that ¢ is a unital *-homomorphism.
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For all a € Agy,

[é6(@)], < pss(@) = llalas,.

so ¢ is contractive and, therefore, continuous. Extend q~5 by continuity to ¢ €

1C* (Ag s, B). Observe that for each s € Sy,

(FE ponsy) (5) = F5 ¢ (6,) = ¢ (6,) = ¢ (3,) = d(s) = ¢(s).

For s € Sy,
0<[lg(s)lls < f(s) =0

so ||¢(s)|ls = 0, meaning ¢(s) = 0. Therefore,

(Fie™ponsy) (s) = Fie™ 0 (0) = ¢ (0) = 0 = ¢(s).

Thus, Figg< pongs = ¢.
Assume there was some other ¢ € 1C* (As s, B) such that Fig-'v o ngs = ¢.

Then, for each s € Sy,

¢(S) = (Flccs*etlw © nS,f) (S) = FICCS*et1¢ (53) = 1/} (ds)

Hence, ¥ = ¢ by C-linearity, multiplicativity, and continuity.
[

Further, since (S, f) was arbitrary, Proposition states that there is a unique
functor 1C” Alg : CSet; — 1C* such that 1C"Alg(S, f) = Asg s, and 1C"Alg Flccsft1
by Theorem

Also, observe that the target category used need not be 1C*. In particular,

this construction can easily be adapted for the category of general C*-algebras and
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*_homomorphisms, which is done in Section Indeed, this can be adapted for
the category of normed algebras and contractive homomorphisms, and subcategories

thereof. Investigation of other settings may prove fruitful for further study.

3.2 Properties of the Functor 1C Alg

With the adjoint pair 1C"Alg Flccs*etl exhibited in Section , attention turns to its
immediate properties. This study first recovers and generalizes results from previous
work, particularly the isomorphism of Proposition [3.2.4. Combining the isomorphism
with the functorial characterization yields a canonical free product decomposition
result in Corollary Lastly, Proposition determines a projectivity criterion
that will be used extensively in conjunction with the free product for the main results
of this work.

To begin, the universal property of the adjoint pair can be restated three different
ways. The first is a direct translation of the definition of the left adjoint. It is also

formally similar to the classical free mapping property.

Theorem 3.2.1 (Explicit Universal Property of 1C"Alg + F{&™). Let (S, f) be a
crutched set and B be a unital C*-algebra. Then for any constrictive map ¢ : (S, f) —

FICCSftlB, there is a unique unital *-homomorphism ¢ 1C"Alg(S, f) — B such that

~

®(ns,r (s)) = ¢(s) forall s € S.

The condition that ¢ : (S, f) = Fige"'B be constrictive is precisely that for all
se€ S, ||o(s)|ls < f(s). Theorem 1.3.7.1 in [19] gives the analogous result.

However, in many applications, a crutch function may not be readily available or
gleaned from context, but this is not a horrible impediment. For any particular unital

C*-algebra B, one can “steal” its norm to fabricate a crutch function. This second
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form of the universal property is visually even closer to the free mapping property.

Corollary 3.2.2 (Norm-Stealing Form). Let S be a set and B be a unital C*-algebra.
For any function ¢ : S — B, define f, : S — [0,00) by fs(s) := ||¢(s)||z. Then, there
is a unique unital *-homomorphism ¢ : 1C"Alg (S, f,) — B such that ¢ (s, (s)) =
¢(s) forall s € S.

The third form of the universal property is termed the scaled-free mapping prop-
erty, because when an element s € S can be mapped anywhere within a unital

C*-algebra B, ngs ¢(s) is sent to a nonnegative scalar multiple of this location.

Corollary 3.2.3 (Scaled-Free Mapping Property Form). Let (S, f) be a crutched set
and B be a unital C*-algebra. Then, for any function ¢ : S — B, there is a unique

unital *-homomorphism ¢ : 1C*Alg(S, f) — B such that for all s € S,

~

[6(5)ll - & (ns.r (s)) = f(s) - &(s).

Proof. Let A :=1C"Alg(S, f) and define ¢ : S — B by

o(s) = ﬁd)@‘), |o(s)||ls # 0,

0, otherwise.

Observe that for all s € S, [|¢(s)||g < f(s), making ¢ constrictive from (S, f) to
Flccs*etlB. By Theorem , there is a unique unital *-homomorphism ¢ : A — B

such that for all s € S,

e o)) oty = | TR el .

0, otherwise.
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For all s € S satisfying ||¢(s)||s # 0, a multiplication yields the desired equality. In
the case that ||¢(s)||z = 0, then ¢(s) = 0 so

~

[6(s)lls - ¢ (nss (5)) = 0= f(s) - &(s).

]

For this reason, the unital C*-algebra 1C"Alg(S, f) is termed the scaled-free unital
C*-algebra on (S, f).

If one follows the construction in Section [3.1] with the constant function 1g :
S — {1}, it is precisely the construction of the universal C*-algebra on a set S of
contractions, studied in depth within [2I] as a *-monoid algebra. In fact, this is
precisely the only type of scaled-free unital C*-algebra, up to *-isomorphism. This
is due primarily to the linearity of *-homomorphism. Also, this result generalizes

Conclusion 4.1.2.9 in [19], which considers only strictly positive f.

Proposition 3.2.4 (Uniqueness of 1C"Alg(S, f)). Given a crutched set (S, f), let

1g, : Sy — {1} be the constant function. Then, 1C"Alg(S, f) =y 1CTAlg (Sr.1s,).

Proof. Let A :=1C"Alg(S, f) and B := 1C"Alg (Sf, lgf). Define ¢ : S — B by

f(S),r]Sf,lsf (8)7 s € Sf7
O, S Q Sf.

¢(s) =

Observe that for all s € Sy, ||¢(s)||s = f(s) and for all s € Sy,

[6(s)lls = [10]l5 = 0= f(s)-

By Theorem m, there is a unique unital *-homomorphism & : A — B such that
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~

¢ (ns,r(s)) = é(s) for all s € S.
1
Similarly, define ¢ : Sy — A by ¢(t) := mn&f(t). Then, for all t € Sy,

1
le(®)l.a = mf(t) =1.

By Theorem there is a unique unital *-homomorphism ¢ : B — A such that

@ (Usf,lsf (t)) = p(t) for all t € S;.
Note that for each t € Sy,

—_
>
—_

(900) (5125, (1)) = 550 (s (0) =

_)f(t)nSf,lsf (t) = 775f,15f <t>
By Theorem , gﬁo » = 1dg.
Symmetrically, for each s € Sy,

(#06) (155() = F()¢ (515, (5) ) = f(s)%ﬁs,f(s) = 1s.4(5).

For each s ¢ Sy,

(#09) (s.s(s))

I
VRS
©
o
ASE
——
Y
S
N—
|
s}
|
3

n
\’5
—~
N~—

By Theorem , po (ﬁ = idy.
O

In [21], this algebra is called the “free C*-algebra” on S. However, the statement
is qualified that the algebra is “free” precisely in the sense of Theorem [3.2.1] Also,
the scaled-free mapping property of Corollary substantiates the statement that
this algebra is “the closest one gets to free C*-algebras” in [14].

Similarly, [33] and [34] create this same algebra by considering another forgetful



66

functor. Explicitly, to every A in Ob (1C*), one associates the set

Ug:={aeA:|ala <1},

the unit ball. Also, for a map ¢ € 1C*(A, B), it is a standard fact that ¢ (U,4) C Ug.
Thus, one can quickly show that these associations define a functor U : 1C* —
Set, where all structure is lost except the unit ball and the appropriately restricted
maps. Both papers show that this functor has a left adjoint, creating the algebra of
contractions.

However, with the functor U, the norm has been hardcoded by the choice of Uy4.
Specifically, let L : Set — 1C* be the left adjoint to U. Then, the universal property
of L(S) is that given a unital C*-algebra B and a function ¢ : S — U(B), there is a
unique unital *-homomorphism ¢ : L(S) — B such that ¢ (d,) = ¢(s). Hence, any
element of S must be sent to an element of norm at most 1.

What the construction in Section [3.1| has done is allowed the norms of generators
to vary, encoding the numeric data in the crutch function rather than the choice of
a subset. Indeed, the f in Theorem is fixed prior to construction, but has no
restriction otherwise. In particular, it need not be constant or bounded.

Also, the forgetful functor F lccs*etl only removes structure, not altering the under-
lying set in any way. This aspect seems to give a more natural “forgetful” feel like
the classical situation of Section [L.2]

Proposition [3.2.4] states that the properties of the unit ball functor are recovered
via this more general construction. Arguably, one can choose to scale all generators
to norm 1, but in some cases, it may be preferable to let individual generators have
different crutched values. This issue of allowing norms of generators to vary is a

driving concept behind the remainder of this chapter.
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As stated before, Section 1.3 of [I9] forms the non-unital algebra of contractions
in a similar way to Section of the present work. Section 4.1.2 of [19] holds a
comparable analysis of the structure of this object. However, while the initial formu-
lation in Section 1.1 of [I9] mentions the forgetful functor and the adjoint situation,
the categorical properties are not exploited in the work.

Specifically, 1C"Alg has been shown to be a left adjoint functor in Theorem m,
which ensures that it preserves all categorical colimits by Proposition A fun-
damental type of colimit is the coproduct. As summarized in [40], 1C* has all co-
products, namely the free product amalgamated along the identity. As such, for an
index set I and unital C*-algebras (A;);cs, their free product amalgamated along
their identities will be denoted HIC*AZ».

In regard to notation, the uniitea{l free product is usually denoted by “x¢”, indicating
the merger of the identities. The “H” notation will be used interchangeably with
the “x¢” notation, but preference will be given to the “H” with arbitrary index sets.

Recall that Proposition described the “disjoint union” crutched set, which
gave a canonical decomposition of a crutched set into singleton crutched sets. Com-
bining this characterization with Proposition [3.2.4] the following canonical form is

taken.

Corollary 3.2.5. Given a crutched set (S, f),

1C°Alg(S, f) e [T 1C" Al ({(s, F(s)) e [T 1C7 Al ({(s,1)}).

SESf SESf

In the case card(S) = 2 and f(s) > 0 for all s € S, this result can be stated in

the traditional notation as

1C"Alg(S, f) =1+ 1C7Alg ({(s1,1)}) ¢ 1C"Alg ({(s2,1)}) .
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Decompositions and characterizations such as this will be used extensively in the
remainder of this chapter, particularly Sections and [3.10]

Lastly, most pure algebraic contexts have the free object become automatically
projective with respect to all surjections due to its universal property, which allows
arbitrary mapping of its generators. However, the universal property for 1C*Alg(5’, f)
has a restriction on where its generators can be sent, namely by constrictive mapping.

Thus, there is some care which needs to be taken here with regard to the crutch
function. Nevertheless, the scaled-free unital C*-algebra is projective relative to all
surjections, like its algebraic counterpart. The author would like to thank and ac-
knowledge Dr. Terry Loring for the functional calculus method used here, rather than

proximinality, providing a more constructive and simple proof.

Proposition 3.2.6. Given a crutched set (S, f), 1C"Alg(S, f) is projective with re-

spect to all surjections in 1C*.

Proof. Consider the following diagram in 1C*

1C"Alg(S, f)

|+

B

A

where ¢ : A — B is surjective. For each s € S, let by := (¢ ongy) (s). If by =0, let
as = 0.

If b # 0, choose a, € ¢ (bs). Define g, : [07 H&SHZ] — R by

1, 0<pu<|lb?,
9s(1) = {[bs]|

i

2
p> bl
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a continuous function. Also, notice that for p € [0, HdsHi‘],

po 0< < b,
. 2 .
<Zd[07”a5“i‘] : gs) (M) - 9 9
10s]13, 1> 1[bs]]35-

Let as := as9, (aas), created by applying the continuous functional calculus to the

positive element a.as. By the continuous functional calculus, the following equalities

hold:
laol®e = llgs (a%as) aZaegs (a%as) |, = [|atasg? (a%as)|
:‘memm'ﬁy@%)A:pr£W%u€aM@@ﬂ
= 1%l
and

q(as) = bsgs (bibs) = bl = bs.

Define ¢ : (S, f) — Flcc;s‘ftlA by ¢(s) := as, which is constrictive by design. By
Theorem m there is a unique unital *-homomorphism ¢ : 1C Alg(S, f) — A such

that ¢ (ns.s(s)) = p(s) = a, for all s € S. Observe that for each s € S,
(g0 @) (ns.1(s)) = q(as) = bs = ¢ (155 (s)) -

Therefore, by Theorem |3.2.1, g o ¢ = ¢.
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3.3 Definitions & Conventions for 1C*

In most pure algebraic categories with a free object, a relation is precisely an element
of this free object. The primary reason for this definition is that in these categories,
every object has a free object of appropriate size which maps onto it. Hence, by that
category’s first isomorphism theorem, the target object is isomorphic to a quotient of
a free object. That is, the kernel of the map encodes the algebraic data of the target
object not already present in the free object.

In the next example, the C*-algebras 1C"Alg(S, f) perform this very task.

Ezample 3.3.1. Given a unital C*-algebra B, let S := B, the underlying set of B, and
f:S —=1[0,00) by f(s) :=||s||z- Define ¢ : S — B by ¢(s) := s, the identity map.
Trivially, ¢ is a constriction from (5, f) to Flccs*etll’)’. By Theorem , there is a
unique unital *-homomorphism ¢ : 1C"Alg(S, f) — B such that ¢ (1s,¢(s)) = ¢(s) for

all s € S. Then, for all b€ B, b= ¢ (ng.s(b)). Hence, ¢ is surjective.

Thus, in parallel to the pure algebraic cases, the following definitions are made.

Definition. For a crutched set (S, f), a C*relation on (S, f) is an element of

1C"Alg(S, f). An element of g ;(S) itself is a generator.

Definition. For a crutched set (S, f) and C*-relations R C 1C"Alg(S, f) on (S, f),
let Jg be the two-sided, norm-closed ideal generated by R in 1C*Alg(5’, f). Then, the

unital C*-algebra presented on (S, f) subject to R is

(S, fIR)y ¢ = 1C"Alg(S. )/ Jr,

the quotient C*-algebra of 1C"Alg(S, f) by Jg.

Note that (S, f|R)1c+ is a unital C*-algebra. Also, by Example [3.3.1] every unital
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C*-algebra has a presentation in this sense. In parallel to the algebraic notion of
presentation, the following definitions describe how a particular unital C*-algebra

was formed.
Definition. Let A be a unital C*-algebra.

1. A is finitely generated in 1C* if there is a crutched set (S, f) and C*-relations

R on (S, f) such that card(S) < Xy and A =3¢+ (S, fIR)1c*.

2. A'is finitely related in 1C* if there is a crutched set (S, f) and C*-relations R
on (S, f) such that card(R) < Ny and A ¢+ (S, f|R)1c*-

3. A is finitely presented in 1C™ if there is a crutched set (9, f) and C*-relations

R on (S, f) such that card(S), card(R) < R and A =1+ (S, f|R)1c*-

Analogously, one also defines countably generated, countably related, and countably
presented by easing the strict inequality on the cardinalities to allow equality. Most
of the examples presented in this work will be finitely presented, and many of those
will be singly generated.

Definitions of “relation” and “universal C*-algebra” are made in Definition 2.2.1
of [I9] by embedding the complex *-algebra over a set S into the scaled-free C*-
algebra on (S, f). Specifically, [19] defines a relation to be an element of the complex
*_algebra, not the C*-algebra. This choice prevents use of norm limits in relations,
restricting attention only to *-algebraic combinations of the generators.

However, allowing relations to arise from the C*-algebra itself allows different
kinds of conditions to be implemented. This view of C*-relation will be utilized and
demonstrated throughout the remainder of this present work.

Also, one should check to see how the presentations defined in [19] correspond to

those considered in this present work. As [19] handles non-unital C*-algebras, this
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argument will be set aside until Section 4.3 where a respective non-unital presentation
theory is developed.

Notice also that if one can perform a scaled-free construction analogous to Section
.1 in another category of normed algebraic objects, analogs of these definitions can
be made and utilized.

As is convention for presentation theories, one blurs the distinction between s € S
and [ng,s(s)] € (S, f|R),c-, considering the latter a singleton monomial in the algebra.
Even though this convention does neglect the quotienting that is happening, it eases
notation and helps intuition. However, one should be very wary of where generators
are located and what quotient processes have occurred.

Another convention for presentation theories is to write relations equationally.
Specifically, 7 = 0 in (S, f|R)1c+ for all » € R. Many times, a presentation can be
written more easily or more intuitively by replacing some or all of these equational
statements with an equivalent one. For most examples, this is very useful and in-
structive. However, for most general proofs, regarding R as a set of elements is far
more useful than as a set of equations.

Further, if R = 0, Jg = 050 (S, f|0); o Z1c+ 1C Alg(S, ). Thus, for simplicity
and consistency of notation, the scaled-free unital C*-algebra on (S, f) will be denoted
(S, f|0), - rather than 1C"Alg(S, f).

For a finite set S = {s1,..., S, }, the general notation above can be simplified a

bit. Recall Example [2.1.3] where a crutched set was written as

(Sa f) = {(817 /\1) ) (Sm /\n>}7

directly associating s; € S with A\; := f(s;). Similarly, if S is finite, notation and
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intuition may be aided by writing the presentation in the following way.

<(517 )‘1) P) (Sm )‘n) |R>1C* = <57 f|R>IC*

As a presentation is built out of universal constructions, specifically the adjoint
functor 1C"Alg and the C*-quotient, it satisfies a universal property. Theorem 2.2.5

of [19] is the analogous result.

Theorem 3.3.2 (Universal Property of a Presentation). Let R be C*-relations on
(S, f) and B a unital C*-algebra. Let ¢ : (S, f) — FlccsftlB be a constriction and
gg : (S, f|0)1c+ — B the unital *-homomorphism guaranteed by Theorem m If
R C ker (cﬁ), then there is a unique unital *-homomorphism & : (S, fIR)1c* — B
such that ¢(s) = ¢(s).

Proof. Let q : (S, f|0)1c+ — (S, f|R)1c+ be the quotient map. Given ¢ : (S, f) —
F fg’ftlB is a constriction, then Theoremprovides a unique unital *~homomorphism
¢ : (S, f]0)1c+ — B such that ¢(s) = é(s) for all s € S. By hypothesis, R C ker (q@)
so if Jg is the two-sided norm-closed ideal generated by R, Jr C ker ((ﬁ) Thus,
there is a unique unital *-homomorphism ¢ : (S, f|R)yc+ — B such that ¢ o ¢ = ¢.
In particular, for all s € S, ¢(s) = d(s) = B(s).

Assume there was another ¢ : (S, f|R)1c+ — B such that ¢(s) = ¢(s) forall s € S.
Then, (¢ o q)(s) = ¢(s) for all s € S. Hence, by Theorem , Yog=¢=cogq.
By the universal property of the quotient, 1) = gf;

O

While the statement of the above theorem is verbose and buried in notation, the
intuition behind it is natural. Given a constrictive mapping ¢ of the generators (S, f)

to a unital C*-algebra B where all C*-relations R “evaluate” to 0, there is a unique
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unital *-homomorphism ¢ from (S, f|R)1c+ to B with ¢(s) = ¢(s) for each s € S. As
such, many would call (S, f|R)1c+ the “universal unital C*-algebra of (.5, f) subject
to R”.

3.4 Construction: Abelianization for 1C*

Before computing examples, one particular construction is characterized first to make
these calculations easier to manage. A well-known construction is the abelianization, a
canonical way of making an algebra commutative. In Section[B.4] the abelianization is
realized as a left adjoint functor to a natural forgetful functor. For notation, let C1C*
denote the category of commutative unital C*-algebras with unital *~homomorphisms
and Ab; : 1C* — C1C* the abelianization functor.

For the remainder of this section, fix a crutched set (5, f) and C*-relations R on
(S, f). Define F := (S, f|0)1c+, A := (S, f|R)1c*, and gr : F — A the quotient map.
Composing a presentation for Ab;(.A) is straight-forward and natural, merely forcing
the generators and their adjoints to commute. The analogous result was proven in

Proposition 3.2.2 of [19].

Proposition 3.4.1. Given a crutched set (S, f) and C*-relations R on (S, f),
Aby ((S, fIR)1c*) Zcic (S, fIRU{st —ts,st" —t's:s,t € S})yc- -

Proof. Let R := RU {st — ts,st* —t's : s,t € S}, A = <S,f’}?> , and qp -
1Cc*

F — A be the quotient map. Observe that A is commutative. Briefly, the generators

commute with one another and their adjoints, meaning all unital polynomials in the

generators commute. Since these polynomials are dense in A, A is commutative.

Further, note that R C ker(qz). By Theorem [3.3.2] there is a unique unital *-
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homomorphism p : A — A such that p(s) = ¢(s) = s for all s € S.

The unital C*-algebra A equipped with p is a candidate for the abelianization
of A. To show the universal property, let B be a commutative, unital C*-algebra
and ¢ : A — B a unital *-homomorphism. Since B is commutative, R C ker(¢ o q).

By Theorem , there is a unique unital *-homomorphism gg . A — B such that

~

¢(s) = (¢ o q)(s) = (¢ op)(s) = ¢(s) for all s € 5.
[l

However, this characterization can be made far more concrete using the Gelfand
duality. Proposition 4.2.1.7 in [I9] has a similar description, but it is restricted to
finitely many generators and *-algebraic relations. The following construction and
result have neither of these two restrictions. Further, the proof demonstrated here
will use existing facts about the Gelfand duality and the scaled-free unital C*-algebra,
yielding a shorter proof.

For notation, let Comp stand for the category of compact Hausdorff spaces with
continuous functions, C' : Comp — C1C* the functor associating a space X with
continuous functions on X, and A : C1C* — Comp the functor associating a C*-
algebra A with its maximal ideal space. For A > 0, let D, := {u € C : |u| < A}, the
closed disc of radius .

To devise this concrete description, the characters on F are determined. Using
this, each C*-relation can be associated to a continuous function via the Gelfand
theory. Then, in direct parallel to the classical geometric results, the zero set of these
functions yields the maximal ideal space of Ab;(.A).

To begin, let

X HCompr(S)

ses

be equipped with the projection maps 7, : X — Dy(,. Given any ¥ € X, define
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¢z : S — C by ¢z(s) := 7, (Z), formalizing the tuple ¥ as a function. By Theorem
, there exists a unique unital *-homomorphism ¢z : F — C such that ng(S) =

¢z(s) = 75 (¥) for all s € S. Furthermore, all characters from F take this form.

Lemma 3.4.2. Given any unital *~homomorphism 1 : F — C, there is a unique

X € X such that ¢ = ng

Proof. Let & := (¢(s)),cg, the tuple defined by the images of the generators under
. Since [1(s)| < ||s|]|z = f(s), T € X. Observe that for all s € S,

By Theorem , bz =1

If there was i € X such that Qgg =1 = ¢25, then for all s € S,

8y
I
<y

Hence,

O

Next, each C*-relation is associated to a continuous function on X. For r € F,
define g, : X — C by g, (¥) = ggf(r) If F were commutative, this would be the
Gelfand transform of r. However, the continuity of g, can be readily proven from first

principles.
Lemma 3.4.3. For eachr € F, g, € C(X).

Proof. Recall from the construction in Section [3.1] that F is a norm-completion of the
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unital *-polynomials in S. For any unital *-polynomial p and ¥ € X, observe that
9 () = ¢z(p) = p (7)),

just evaluation of the polynomial function p at #. Thus, each g, € C(X) for each
unital *-polynomial p. For any r € F, there is a sequence (py),c, of unital *-

polynomials in S such that p, — r in norm. Observe that for any ¥ € X,

|Gp, (%) = g- (D) = |Bz(pn) — bz(r)|
= |pz(pn —7)|

< lpn —7llz

SO gp, — gr uniformly. Hence, g, € C'(X).
O

Finally, let Xg := ﬂ g, 1(0), the common zero set of ( 9r),cr and a closed subspace

reER
of X. This becomes the maximal ideal space of Ab;(A).

Theorem 3.4.4. For a crutched set (S, f) and C*-relations R on (S, f),

Aby ((S, f[R)1c) =c1c- C (ﬂ gr_l(o)) :
reR
Proof. By Proposition , A is an abelianization of A. This presentation will be
used to create the desired isomorphism.
For s € S, let ps := m;|x,, the restriction of the projection map to Xp. Notice
that [|psllcx, < f(s) for all s € S. Define ¢ : S = C'(Xg) by ¢(s) := ps. By
Theorem , there exists a unique unital *-homomorphism 1& : F — C(Xg) such

that ¢(s) = ¢(s) = ps.
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For Z € Xg, let ez : C(Xg) — C by ez(a) := a(Z), the evaluation map, a

well-known unital *~homomorphism. For all s € S and ¥ € Xp,

~

(cz09) () = ex(p) = pu (&) = m, (&) = dxs).

Since C' (Xg) is commutative, R C ker (1&) By Theorem |3.3.2 there is a unique

unital *-homomorphism ¢ : A — C (Xz) such that ¢(s) = 1(s) = p, for all s € S.
By the Stone-Weierstrass Theorem, (p;), ¢ generate C' (Xg) so Y is onto.

Applying A, A (gﬁ) A (C(XR)) = A (A) is one-to-one. To show this map onto,
let ~ : A — C be a character. Then, 7 o qp is a character on F so by Lemma m,

there is a unique ¥ € X such that yo gy = (ng For all r € R,
gr (&) = ¢2(r) = (o q5) (r) =0
so & € Xg. Therefore,

€zo0Yoqy=€z0 =z ="7y0qp

so by Theorem [3.3.2) v = ezo ) = A (zﬁ) (€z). Thus, A (1&) is onto, implying that
A=cicr C(Xp).

]

Consequently, if A was commutative originally, A is completely described by this

theorem. If A was not commutative, this result above gives spectral containments
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for the generators.

Corollary 3.4.5. For a crutched set (S, f) and C*-relations R on (S, f),

i (ﬂ 9r1(0)> C oals) € D),

reR

forall s € S.

3.5 Well-Known Examples

Examples of many C*-relations are already in existence and readily accessible. In
particular, *-polynomials in the generators (S, f) are C*-relations. In fact, many
important types of operators are immediately characterized in this way.

As a first example, an element x is normal if *x = xx*.

Example 3.5.1 (A normal element, [4]). For A > 0, consider
((x, N)|z*r = x2*) 10~

Note that x is normal and generates this algebra, so it is commutative. In this case,
r=ax'r—zxx* so

9-(1) = Ap — pp = 0.

Hence, g, '(0) = Dy. By Theorem [3.4.4]
((x, N|x*z = x2") 10 =10+ C (D)) Z100

since Dy SEmop Dy = D for all A > 0.
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An element z is self-adjoint if z* = x.

Ezample 3.5.2 (A self-adjoint element, [4]). For A > 0, consider

<('T? )‘)|$* = 33)10*-

Then, zz* = 2*> = z*x so z is normal and generates this algebra. Thus, it is commu-

tative. In this case, r = x — 2™ so

gr(p) = p— 1 =23(p)

Hence, g, *(0) = [, A]. By Theorem [3.4.4]

. C, A=0,
<($7)\)|15 = ZE>1C* STk O[—/\,A] =1
C10,1], A >0,

since [—A, A] Zgop [0, 1] for all A > 0.
An operator x is unitary if x*x = xx* = 1.

Ezxample 3.5.3 (A unitary element, [4]). For A > 0, consider

(z, M|z = 22" = 1), -

Then, z is normal and generates this algebra, so it is commutative. In this case,

rm=x'x —1and ry = x2* — 1 so

gy (1) = gry(p) = | — 1.
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Hence, g,*(0) = TN Dy for j = 1,2. By Theorem
(z,N)|z*r = 22" = 1), =1 C (TN Dy) Zqc

An operator x is isometric if *x = 1. Symmetrically, x is coisometric if xx* = 1.
These two notions are dual weakenings of the criterion for being unitary and are

well-studied in the Toeplitz algebra.

Ezample 3.5.4 (An isometry, the Toeplitz algebra, [4]). For A > 0, consider
A= ((z,\)|z"z =1),c- .

If 0 <A< 1, then ||1]|4 = |lz*z| , < A* < 1. Hence, 0 =1 so A ¢+ O.

Consider when \ > 1. In this case, r = "z — 1 so

gr(p) = |p> — 1.

Hence, g, '(0) = T. By Corollary o4(z) DT,0#1, and ||z]|la =1 Let T €
B (£%) be the unilateral shift and 7 := C*(T) C B (¢*), the Toeplitz algebra. Recall
that 7T = 1 and ||T||gw2) = 1. Then, there is a unique unital *-homomorphism
¢+ A — T such that ¢(z) = T by Theorem [3.3.2] In particular, this shows that =
cannot be normal since this would force T' to be unitary, which is not so.

Let m: A — B(H) be the universal *-representation of \A. Then, 7(x) is a proper
isometry on H and A =1+ C*(7(x)). By Coburn’s Theorem in [8], there is a unique

*-homomorphism ¢ : 7 — C*(w(x)) such that ¢(T") = 7(z). In particular,

o(1) = o(T"T) = (T)"(T) = w(a)'n(x) = w(a"z) = (1) = 1
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so this map is also unital. Let v := (W\C*(ﬂ(lﬁ)))_l °®.
Therefore,

(10 §)(z) = ¥(T) = (a|” ") (n(a)) =

By Theorem |3.3.2 1) o ¢ = id 4. Similarly,

(o)1) = o ((r

) (w(a))) = olw) = T

By Coburn’s Theorem, ¢ o ¢ = i1dy. Hence,

Dually, consider

((y; Mlyy" =1)ac.

Then, x := y* is an isometry, and by the same arguments as above,

. O, 0<A<1,
(v, Vyy" = 1L)1c* 1t
T, A>1.

An operator z is idempotent if 22 = x. This operator is a projection if z* = * = x.

Ezample 3.5.5 (A projection). For A > 0, consider
((z,M)]2* = 2" = 2)1c-.

Then, z is normal and generates this algebra, so it is commutative. In this case,
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rm=xz—zand ry =z — 2% so

G () = p° —

and

ra (1) = 203().

Hence, g, '(0) = {0,1} N Dy and g;.'(0) = [-A, A]. By Theorem [3.4.4]

2 * G:, 0 S A< ]_,
{(z,N)]2? = 2" =), Z10e C ({0, 1} N [=\,\]) Sy
CelC, M>1

Observe that for each example above, there were two cases depending on the
crutch value A. This “bifurcating” behavior is of particular note and becomes far
more interesting as the examples become increasingly more complex. It has been
observed previously in papers such as [15], [16], and [I7], usually when the parameter

approaches 0. This notion of bifurcation is the key point of Section [3.16]

3.6 Example: An Analytic Relation, Sine

In all the preceding examples, the C*-relations used have only been *-polynomials.
However, this need not be the case. Specifically, one can use the analytic and con-
tinuous functional calculi to impose other relations. This section demonstrates a
C*-relation built from the analytic functional calculus.

Specifically, recall that the function sin : C — C is given by the uniformly conver-

gent power series

: - - 2n+1
sin(\) == Zﬁ)\ +1

n=0
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Thus, for any unital C*-algebra B and x € B, sin(xz) € C*(x) by the analytic func-
tional calculus. Hence, one can consider the algebra

((x,N)|sin(x) = 0)1¢c

for A € [0, 00).

Ezample 3.6.1 (Sine and Normality). For simplicity and tractability, consider the
algebra

Ay = ((z, \)|z"z = z2™,sin(z) = 0)1¢*,

which is a quotient of the previous one. Then, x is normal and generates this algebra,

so it is commutative. In this case, r; = 2z — xz* and 75 = sin(z) so

gri (1) =0

and

9ra (1) = sin(p).

Hence, gr—Ql(O) ={mn:n € Z} N D). By Theorem ’
Ay Z10- C({mn:n € Z} N Dy) Zqc (]:2n+1’

for each 7n < A < m(n + 1) and n € W. Thus, there are precisely Rg distinct

isomorphism classes as A varies.

Ezample 3.6.2 (Cosine and Normality). Similarly, consider the algebra

Cy = ((x, \)|z"x = x2", cos(x) = 0)1¢*.
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Following the same arguments as above,

v
D) 0< A< =
) f— 27

Cx =1ce - -
c 2 §+7rn <A< §+7r(n+1),new.

As above, there are precisely Ny distinct isomorphism classes as A varies. Also,

Cx P1c- A, for all A\, p € [0, 00).

In the examples of Section [3.5] each presentation only had two distinct isomor-
phism classes as the crutched value A\ varied: one of O or C, and a more interesting
case. Here, there are far more, caused by the functional calculus in play.

Sine and cosine each have countably many zeroes, and as A increases, more and
more are included into the spectrum of . Thus, the crutched value A\ can have a great
deal of influence on the algebra, demonstrating more dramatically the “bifurcating”

behavior noted in Section 3.5

3.7 Example: A Continuous Relation, Positivity

While the previous section used the analytic functional calculus to create a C*-
relation, this section shall use the continuous functional calculus to do the same.

In particular, recall that an operator x is positive if x = 2™ and o(x) C [0, 00),
written = > 0. This definition can be characterized using a single C*-relation in the
following way.

Let p: R — R by

0, n<0,
p(p) =
py w20,

1
a continuous function. For any operator z, let R(x) := §(x + ™), the real part of z.
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Since R(z) is self-adjoint, o(R(z)) C R. Hence, by the continuous functional calculus,
p(R(x)) € C*(1, R(x)) € C*(1, z).
Since p(R(x)) can be realized as a limit of C-polynomials in R(z), p(R(x)) is

normal. Further,

o(p(R(2))) = plo(R(x))) C [0,00)

by the continuous functional calculus. Thus, these two facts together show p(R(z))

is self-adjoint, and therefore, positive, regardless of x.
Proposition 3.7.1. For a C*-algebra A and x € A, © > 0 if and only if v = p(R(z)).
Proof. (<) As shown above, p($(x)) > 0 so by assumption, x = p((x)) > 0.

1
(=) Given that > 0, z = 2" so R(z) = §(x + x) = x. Then, note that

oz — p(x)) = (idr —p) (o(x)) < {0}

]

Thus, z is positive if and only if z —p(R(x)) = 0, and  —p(R(z)) is a C*-relation
on (z,\). However, this C*-relation is a bit bulky and obscuring so it will be written

in a presentation by the more conventional “x > 0”.

Ezample 3.7.2 (A positive element, [4]). For A > 0, consider
((z, A)]r > 0)1c-

Then, z is normal and generates this algebra, so it is commutative. In this case,

r=p(R(z)) —xso
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Hence, g, (0) = [0, A]. By Theorem [3.4.4]

C. A=0,
(2, N)|r > 0)1c* Z1cr C0, ] Zqc
Cl0,1], >0,

since [0, A\] Zrop [0,1] for all A > 0.

This particular C*-relation now enables manipulation of the order structure in a
presentation. Recall that given two self-adjoint operators, x > y if z —y > 0. That

is, x — y is a positive operator in the sense above.

3.8 Norm Bounds as C*-relations

As cited in [4] and [27], norm bounds on C*-relations are desired as a type of “re-
lation”. This can be accomplished in the context of C*-relations using the order

manipulation devised in Section [3.7]

Proposition 3.8.1 (Norm bounds). Let A be a C*-algebra, a € A, and X € [0, 00).

Then, ||a|| < X if and only if (a*a)® < XNa*a.

Proof. (=) Observe that
la*a]l = [la* < A"
As the spectral radius is bounded by the norm, o(a*a) C [O, )\2] so by the continuous
functional calculus, o (A a*a — (a*a)Q) C [0, /\;] Therefore, (a*a)® < Aa*a.
(<) Observe that o (\a*a — (a*a)z) C [0,00) so by the continuous functional
calculus, o (a*a) C [O, )\2]. As the spectral radius of a normal element equals its

norm,

lall* = lla*a]l = 7 (aa) < A*
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so |la]] < A.
[
Combining Proposition with Proposition B.7.1] |la]| < X if and only if
p (R (Na*a - (a*a)2)) = X\a*a — (a*a)®. Since A’a*a — (a*a)’ is already self-adjoint,
this C*-relation reduces to p (\*a*a — (a*a)Q) = Ma*a—(a*a)®. Much like in Example
[3.7.2] the C*-relation for this norm condition is bulky. As such, it will be abbreviated

in a presentation by the more conventional “|ja| < A”.

FEzample 3.8.2. For \, i € [0, 00), consider the algebra
Axp=((z, A)]z"r = 22", || exp(z)|| < p)ac-

Then, z is normal and generates this algebra, so it is commutative. In this case,

r = x2"r — zx” and

ro = p (1 exp(z)* exp(z) — (exp(z)* exp(x))Q) — 2 exp(z)* exp(ax) + (exp(z)* exp(z))?
grl(y) =0

and

9ra () = p (WP exp(V)]* — [ exp(v)|*) — p*| exp(v)[* + |exp(v)[*

Note that g,,(v) = 0 whenever when p > |exp(v)|. Hence, g;.'(0) = exp~' (D,) N Di.
By Theorem , Ay S1cr C (DA N exp_l(Du)).
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Interpreting the spectrum,

o, (@) = Dan{veC:lexp()| < u)

= Dyn{reC:exp(R(r)) < u}.
If 4 =0, then o4, ,(7) =0 so Ay, =1c+ 0. Otherwise,
o, () =DyxN{v e C: RN(v) <In(u)},
the intersection of a disc and a half-plane. Thus, there are only the following situa-
tions.

1. If In(p) < —A, the intersection is empty.

2. If In(p) = —A, the half-plane is tangent to the disc, meaning the intersection is

a singleton.

3. If A = 0,In() > 0, the half-plane includes a degenerate disc, meaning the

intersection is a singleton again.

4. If In(p) > A > 0, the half-plane envelopes the disc, meaning the intersection is

the disc.

5. In all other cases, the intersection is a full section of the disc, which is homeo-

morphic to a disc.

In summary,

0, p=0or In(p) < —A,
Arp Fac C, In(p)=-XorA=0<In(u),
C (ID) , otherwise.
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Figure 3.1: Intersection of a Disc and a Half-Plane

Norm conditions such as the last example are of particular interest to the study

of “stable relations”, detailed in [27].

3.9 Tietze Transformations for 1C*

As noted in many of the previous sections, several different presentations can yield
isomorphic unital C*-algebras, just as in pure algebra. In [38], a definitive and well-
known criterion was developed for when two group presentations result in isomorphic
groups.

In this section, the analog is proven for the presentation theory constructed in
Section This will be done systematically, describing each type of technique that
will be used in the main result.

Section 2.4.1 of [I9] considers an analogous calculus for its version of presentation
theory. However, the relations used in [19] are restricted to *-polynomials within the
free complex *-algebra, not the scaled-free C*-algebra. In Remark 2.4.1.13 of [19],
it is conjectured that a Tietze transformation theorem for C*-algebras would require

so many assumptions as to be practically worthless. However, Theorem [3.9.7] attains
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this result via C*-relations, as defined in Section with few initial assumptions.

3.9.1 C*-relations

The classical result from [38] utilized several formal manipulations known as “Ti-
etze transformations”, two invertible operations. The first of these operations is the
addition or removal of a “redundant” relation, a condition that is automatically im-
plied by the others in play. This section rigorously considers this in the case for the
presentation theory for 1C* developed in Section [3.3]

To be clear, the notion of redundancy is as follows. Let (S, f) be a crutched set
and R a set of C*-relations on (S, f). Define F := (S, f|0)1c- and A := (S, f|R)1c*
The set of C*-relations Q C F are redundant for A if Q C Jg, where Jg is the
norm-closed, two-sided ideal generated by R in F.

In short, as heuristically stated above, the C*-relations in @) are already forced by
R. Indeed, observe that RUQ C Jg so Jrug € Jg, where Jryq is the norm-closed,
two-sided ideal generated by R U Q in F. Similarly, Jg C Jrug. This implies the

following chain of equalities.

A= (S, fIR)1c* =: F/Jr = F/Jrug = (S, fIRUQ)1c*

Requiring that the C*-relations in @) be satisfied adds no new structure to A.
Corollary 2.4.1.7 and Proposition 2.4.1.11 of [19] give the analogous isomorphism.

For concreteness, consider the following example of removing a C*-relation.

Ezample 3.9.1 (Removing a redundant C*-relation). Consider the unital C*-algebra

below.

<(5I:’ D|a? = z,2° = w>1c*
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In this case, S = {z}, f: S — [0,00) by f(z) =1, and R = {2* —2}. Letting
Q = {$3 — :1:}, then RUQ = {x3 o ZB} Observe that
??P—r=a—a*+a’—x=(2"—x)a+ (2" —2)= (2" —z) (x+1) € Jn

Thus, by the above,

((z, )|z = 2,2 =) oo = (&, 1)|2? = 2) o -

Similarly, one can add redundant C*-relations without issue.

Ezample 3.9.2 (Adding a redundant C*-relation). Consider the unital C*-algebra

below.
(Dl = 2.
In this case, S = {z}, f: S — [0,00) by f(z) =1, and R = {2* —2}. Letting

Q= {1'5 — :1:}, then RUQ = {:EQ —x, 25 — x}, Observe that

- = x5—x4+x4—x3+x3—x2+x2—x
= 2’ (2®—2)+ 27 (2" — ) + 2 (2 — 2) + (2° — 1)

= (:B3~|—932+:1:—|—]l) (xQ—:v) € Jr

Thus, by the above,

((,1)|z =2*, 0 =2") o = ((x,1)]z = 2%) .

Removing redundant C*-relations is a natural operation to create a simpler pre-
sentation. However, in practice, it is often useful to add redundant C*-relations as this

may allow the next type of Tietze transformation, removal of redundant generators.
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3.9.2 Generators

The second type of Tietze transformation involves the addition or removal of a “re-
dundant” generator, one that can be recovered in terms of the others. This is similar
in flavor to the reduction of a generating set for a vector space to a linear basis, re-
moving all but those which are absolutely necessary to recover the original structure.
This section rigorously considers this in the case for the presentation theory of Section
3.3

To begin, let (Sp, fo) be a crutched set and Ry a set of C*-relations on (S, fo)-
Define Fy := (So, fol0);c+» Ao := (So, fo|Ro)1c+» and qo : Fo — Ay the quotient map.

Let G C Fy and associate a new symbol s, and a nonnegative value )\, €
[ll20(9)| 4, - 00) for each g € G. Define S := {s,: g€ G} and f; : S; — [0,00)

by fi(sg) := Ay, creating a new crutched set (Si, f1). Let

(S, f) == (S0, fo) ]_ICSBt1 (S1, f1) s

the disjoint union described in Proposition and p; : (S5, f;) = (S, f) the canon-
ical inclusions for j = 0,1. Define F := (S, f|0)1c+. Theorem and Proposition
[A.5.1] state that
1ic*
F Z1c —FOH F1 =1c Fo xe Fu

with connecting maps p; := 1C Alg (p;). Let R := po(Ro) U {s, — polg) : g € G},
taking the original C*-relations R, along with requirements that s, be associated to
g.

Define A := (S, f|R)1c* and ¢ : F — A the quotient map. The objective is to
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show A isomorphic as a unital C*-algebra to A,.

Fo-l-F
(IOi iq
Ay A

First, observe that for each r € Ry, (qo pp)(r) = 0 so by the universal property
of the quotient, there is a unique unital *-homomorphism ¢ : Ag — A such that
1 0 gy = q o po, a candidate for the isomorphism.

To construct its inverse, define ¢ : (S, f) — Fig-""Ay by ¢(s) = qo(s) and
¢ (s4) == qo(g) for all s € Sy and g € G, a constrictive function. By Theorem [3.2.1]
there is a unique ¢ : F — Ay such that ¢(s) = go(s) and ¢ (s4) = qo(g) for all s € Sy
and g € G. Then, observe that for each s € Sy, (¢ 0 po)(s) = qo(s) so by Theorem
[3.2.1) ¢ o pg = qo. Then, for all r € Ry and g € G,

and

A

@ (54— po(9)) = q(g9) — a(g) = 0.

By the universal property of the quotient, there is a unique unital *-homomorphism
¢: A— Ag such that ¢ = ¢pogq.

For all s € Sy, observe that

(¢ o) (qo(s)) = (¢ ogopo)(s) = (o po)(s) = qols)-

Thus, by Theorem $po1hoqgy=qyso ¢or =idy, by Theorem [3.3.2
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Similarly, for all s € Sy and g € G,

(Vo ¢)(g(s)) = (Yo @)(s) = (¥og)(s) = (g0 po) (s) = qls)

and

(Wod)(q(sg) = (Lo@)(sy)

Thus, by Theorem Yopoq=qsoo@p=1idy by Theorem |3.3.2]

In summary,

(S, fIR)1c+ =1c+ (So, fol Ro)ice -

Corollary 2.4.1.8 and Proposition 2.4.1.11 of [19] give the analogous isomorphism.
For concreteness, consider the following example of adding an unnecessary gener-

ator.

Ezample 3.9.3 (Adding an unnecessary generator). Consider the unital C*-algebra

below.

((@ D]z = 2%),c.

In this case, Sy = {z}, fo : So — [0,00) by fo(x) = 1, and Ry = {x—xQ}. Let

S1 :={y}, a new symbol, and g := za*z € Fy := ((x,1)|0)1c+. Observe that

3
ezl 4y < 2l ag 1272l 4y = 2], < 1.
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Define f; : S; — [0,00) by fi(y) := 1. In this case,

(S.f) = (o f) [T (81 1) Zosens {2 1). (v 1)}

Then, the above result states that

(@ 1), (g, 1) |z =%y = 22" ), oo Z100 (@ Dle = %), .

Similarly, one can remove an unnecessary generator.

Ezample 3.9.4 (Removing an unnecessary generator). Consider the unital C*-algebra

below.

(1), (5. Dle = 2%,y = 2"z

In this case, S = {x,y}, f : S — [0,00) by f(z) = 1 and f(y) = 1, and R =
{x—xQ,y—x*x}. Let Sy := {z}, fo : So — [0,00) by fo(z) := 1, and Ry :=

{z -2}
Letting Sy := {y} and f; : S1 — [0,00) by fi(y) := 1, note that
CSet1
So o) [T (81, /1) Zesets (S, )
and R = Ry U {y — z*x}. Then, the above result states that

((@,0), (. Dle = 2%y = 2"3), . Zroe (@, D]z =27,

However, there is some care to be taken in removing generators as done above.

1
Specifically, consider the same example when the crutched value on y is i
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Ezample 3.9.5. Let

r=ay= x*x>

e o)

In this case, observe that

1C*

o | =

lzlle = lle"zlle = llylle <
1 :
so ||z|le < 5 However, if ||z||¢ # 0,
2
Izlle = [|=*[l, < ll=llc
1 o x
sol < ||z|le < 3 which is nonsense. Hence, x = 0. Observe that y = 2*x = 0 so

(1.2

However, for A := {(z,1)|z = 2?)

r=2%y= x*x> >~ C.
1C*

Lo+ there is a unique unital *-homomorphism
¢: A— CaCby ¢(r) =160. Hence, ||z]|4 > [|[1B0||coc = 1. Further, ¢(1) = 161

so x ¢ span{1}. Therefore, A %¥;c- C.

Unlike the previous example where the extra generator could be removed without
trouble, observe that the crutched value of y is strictly beneath the bound determined
by z. Explicitly,

1 *
lolle < 7 lle"zlle = 2] < 1.

This discrepancy caused more reduction to occur within the quotient creating C.
Thus, one should be aware of the crutched values and their effect on the resulting

quotient structure.
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Like the addition and removal of redundant C*-relations, removal of an unneces-
sary generator is a natural choice, but the addition of an unnecessary generator is not
as obvious. Addition of generators in the above way is used in tandem with adding
redundant C*-relations to rearrange the presentation into something more familiar.

Detailed, nontrivial examples of this will be done in Section [3.11]

3.9.3 Tietze Theorem for 1C*

With an understanding of the different Tietze transformations, the main theorem can
now be proven. This proof is based on the treatment given in Section IIL.5 of [3] for
group presentations.

For this discussion, only a pair of unital C*-algebras will be considered. For
Jj = 1,2, fix a crutched set (S}, f;) and a set of C*-relations R; on (S;, f;). Define
Fi = (S}, fi|0), o> Aj == (S;, fi| Rj),c» and q; : F; — A; the quotient map.

To prove the theorem, one considers A; and Ay as quotients of a single, unified

algebra. To build this structure, define

(T.9) = (S0, DT (8o, fo)

to be the disjoint union described in Proposition 2.2.9 p; : (S, f;) — (T,g) the
canonical inclusions for j = 1,2, and G := (T, g|0) 1~ Theoremand Proposition
[A. 5.1 state that

g Zic -7'—1HIC*.7:2 S0 F1xe F2

with connecting maps p; := 1C"Alg (p;) for j = 1,2.
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g
VN
F Fa
| J»
.Al -AQ

The following lemma is the key step in the main result, allowing A; and A, to be

realized as quotients of G. Further, the explicit C*-relations on (7', g) are determined.

Lemma 3.9.6. Given the notation above, assume ©; : G — F; is a unital *-
homomorphism satisfying that ©; 0 p; = idx,. Then, ker (q; o ©;) is the norm-closed,

two-sided ideal J; generated by p; (R;)U{s —(p; 00;)(s):s€ S3_;} in G.
Proof. For r € R; and s € S;_j,

(g5 ©0;) (p3(r)) = g; (idz,(r)) = g;(r) =0
and

(¢j00;) (s =(p;00;)(s)) = (g;00;)(s) = (g500;0p;00;)(s)
= (gj06;)(s) — (g; o idF, 0 6;) (s)
= (¢;00;)(s) = (g5 00;)(s)

Hence, p; (R;) U{s — (p; 0 0;)(s) : s € S3_;} C ker (g; 0 ©,) so J; C ker (g; 0 ©;).
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Let v: G — G/J, be the quotient map. For all s € S; and ¢t € S;_;,

(vepje0;)(s) = (yopjo0;0p;)(s)
= (vop;oids)(s)
= (vop)(s)
= 7(s)
and
(yop;00;)(t) = (yop;00;) )+ —(p°6;) ()
= (v0p;00;) () +7(t) = (vop;06;)(t)
= (1)

By Theorem [3.2.1, v =y o0 p; 0 O;.
For b € ker (¢; 0 ©;), then ©;(b) € ker (¢;) = Jg,, the norm-closed, two-sided ideal

generated by R; in F;. Thus, (p; 0 ©,) (b) € J;. Also,

7 (b—=(pj©6;) (b)) =(b) — (v 0 pj 0 6;) (b) = 7(b) —7(b) =0

so b— (pj 0 0,) (b) € ker(y) = J;. Therefore, b € J;.

Now, the main result can be proven.

Theorem 3.9.7 (Tietze Theorem for 1C*). A; Zic+ Ay if and only if there is
a sequence of four Tietze transformations changing the presentation of Ay into the

presentation for As.

Proof. (<) If there is a sequence of four Tietze transformations changing the pre-

sentation of A; to the presentation of Ay, observe that each Tietze transformation is
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an isomorphism. As such, composing all these isomorphisms together yields a single
isomorphism from A; to A,.

(=) Assuming that A; Zic+ Ay, let ¢ : A — Ay be a unital *-isomorphism.
First, maps ©; satisfying the conditions of Lemma are created. The purpose of

these maps is to relate generators in S; in terms of generators in Sy, and vice versa.

N

Fi Fo
thi itn
A, gl—(;> A,

By Proposition [3.2.6] there is a unital *-homomorphism 1, : F» — JF; such that
¢ o q oWy = qo. Using the coproduct characterization of G, there is a unique unital
*-homomorphism ©; : G — F; such that ©1 o p; = idz, and O o py = 5.

Similarly, there is a unital *-homomorphism v, : F; — F such that ¢ 'ogooth; =
¢1. Likewise, there is a unique unital *-homomorphism ©, : G — F;5 such that
Oz 0 p1 =1y and Oy 0 py = idg,.

Further, observe that
poqro®iopr=¢oqoidr =¢oq =qoY =¢o6y0/p
and

$0qoO10opy=0¢o0q oYy =q=qoidr, = q20030 Py

so by universal property of the coproduct, ¢ o0 g; 0 ©1 = ¢ 0 Os.
Next, ¢ is to be decomposed into a composition of Tietze isomorphisms. To this

end, let M; = {s—(p;00;)(s):s€ S5_;} C G for j = 1,2. By Lemma [3.9.6]
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ker (g 0 ©,) is the norm-closed, two-sided ideal generated by p; (R;) U M;. Observe

that as ¢ is an isomorphism,

ker (ga 0 ©3) = ker (¢ oqy 0O;) = ker (¢q; 0 0y).

Thus, the ideal generated by p; (R;) U M; is the same as the ideal generated by
P2 (Ra) U M.
Therefore, there are C*-relation-adding and generator-adding Tietze isomorphisms

a, 3,0, T below.

Ay ~ Az
_lc*
alulc* gIC* \Lﬂ
(T, g|pr (R1) U M), (T, g|p2 (R2) U My),

o

-
glc* o
=0

(T, g o1 (B1) UM U p2 (Ro) U Ma),

Fix s € S1. In (T, g |p1 (R1) U My U py (R) U M), -, (000 qq)(s) is the generator
[s], and (10 fopoq)(s) = (Tofog)(is)) is [p2 (¢i(s))]. Also,

[s] = [s = (P20 ©2) (s)] + [(P2 © O2) (s)] = [(P2 0 O2) (5)] = [p2 (¥1(5))]

in (T, g|p (R1) UM Ups (Ry) U My) o+ Thus, (Tofopoq)(s)=(coaoq)(s).
As s € S; was arbitrary, Theorem [3.2.1] states that To fo¢poq = coaoq;. By
the universal property of the quotient, 70 50 ¢ = o oa. As 7 and 3 are invertible,
¢ =B ot oo oa Hence, ¢ is a sequence of isomorphisms given by Tietze

transformations.
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Notice that the main thrust of the theorem is the existence of the maps ©;,
guaranteed by the projectivity in Proposition [3.2.6| and the coproduct decomposition
of G. Analogous theorems for other normed algebraic objects may well require similar
results.

Now, a Tietze transformation is elementary if only one generator or C*-relation is
changed. As such, any Tietze transformation where finitely many changes are made

can be realized by a finite sequence of elementary Tietze transformations. Thus, the

following corollary is the direct analog of the result from [38].

Corollary 3.9.8. Given unital C*-algebras Ay and Ay are finitely presented in 1C*,
A1 Zyc+ Ay if and only if there is a finite sequence of elementary Tietze transforma-

tions changing the presentation of Ay into the presentation for A,.

3.9.4 An Example of Computing Tietze Transformations

With the main results proven, consider the following example of their application.

Ezxample 3.9.9. From Examples [3.5.2] and [3.7.2] let

A= ((z,1) ]z =2") ;o Z1c* C[0,1]

and

B:={(y,1) |y =2 0);c- =1c C0,1].

By Corollary [3.9.8] there is a finite sequence of elementary Tietze transformations
that take the first presentation to the second.

To compute these transformations, recall from Example that z is self-adjoint
and o4(xz) = [-1,1]. In A, define y := %x + 1]1. By the continuous functional

2
calculus, o4(y) = [0,1], meaning y > 0 and ||y||4 < 1. Thus, the following Tietze
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transformations can be performed on the presentation for A, adding the generator y

and C*-relations on it.

A glC* <($,1),(y,1) :Ulzx 7 >

x=ax"
Z1c (ZE, 1)7 (y7 1) 1 1
Yy = 59@ + §l,y >0

1C*

1 1
Rearranging the C*-relation y = —x + =1 obtains z = 2y — 1. This C*-relation can
ging 9 5

be added as follows.

xr =",
N 11
A =1cCr ($,1),(y,1) y=§x+§]l,y20
—oy—1
v Y 1C*
Notice that if z = 2y — 1, then

1 1 1 1

= - = —2u—-1)+ -

SR 2y —1)+3

= L1t

and
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Hence, those C*-relations may be removed as follows.

xr =",
A =Z1c <($71)7(y71) y=>0 >
r=2y—1 o
y=>0
=i1cr ({E, ]-)7 (y7 1)
r=2y—1
1c*
Lastly, by the continuous functional calculus, o4(2y —1) = [—1,1] so ||[2y —1||4 =

1. Therefore, the generator x is unnecessary and may be removed, yielding the final
presentation of B. In summary, the sequence of transformations performed is as

follows.

x=ax",
<(I7 1) ’I - x*>1c* =10 <(l’, 1)7 (ya ]-) 1 1 >
|
=t
x=ax",
=1ct (l’, 1)7 (ya ]-) 1 1
== -1,y >0
Yy Qx + B Y = o
x=ax",
~ 1 1
=1C* (.I‘, 1), (y, ].) y e 5]) + 5]]_’y Z 0
—oy—1
t Y 1C*
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r=x"y>0
glc* (xa 1)7 (% 1)

y=>0
glC* (xa 1)7 (y7 1)
r=2y—1

=10 (1 D)y = 0)yc

3.9.5 Manipulation of the Crutch Function

As illustrated in the examples thus far, the crutch function itself plays a key role not
only in the construction of a C*-algebra, but also in its resulting structure. While
manipulation of the crutch function was not integral to the main result in Theorem
3.9.7, such a transformation can be useful to understand an algebra or reducing
the possible number of cases to consider. To demonstrate these manipulations, let
(S, f) be a crutched set, R a set of C*-relations on (5, f), F := (S, f|0)1c+, A :=
(S, fIR)1c*, and g4 : F — A the quotient map.

First, any generator with crutch value 0 becomes 0 in the C*-algebra. Specifically,
recall the association of generators ng ¢ : S — F from Section . For all s € f71(0),
ns.7(s) = 0. Hence, the entirety of f~*(0) is associated to 0 in A via g4, which allows

a C*-relation-adding Tietze transformation.
A (S, F|RU 000

Use of the previously discussed transformations can reduce the C*-relations by re-
placing elements of f~'(0) with 0, as well as reduce the generation set.

All of the preceding examples have shown this with their “O-case”, when all gener-
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ators were crutched by 0. In particular, reworking Example yields the following

sequence of Tietze transformations.

FExample 3.9.10.

((2,0) [z"z =227 )+ =1+ ((2,0) |27z = 22", 2 = 0),
o (5,0) 7 = 0)ye
glc* <®7 O[O,OO) |@ >IC*

glc* C

Second, the “scaling isomorphism” developed in Proposition [3.2.4] extends to an
analogous scaling isomorphism for a nonempty set of C*-relations. To elaborate, let
g:S —[0,00) be a second crutch function on S with S\ g~'(0) =T := S\ f(0).

Then, Proposition [3.2.4] states that

F =1c (T, 10]0)16- =1cr (S, 9l0)1c- -

Let ® : F — (S, g|0), - be the connecting isomorphism, given on the generating set

by
ﬁs seT
B(s) =4 9(s) ’
s, s&T.

If Jg is the ideal generated by R in F, ® (Jg) will be an ideal in (S, g|0)1c+ as P is
an isomorphism. Then, ® (Jg) O Jo(r), the ideal generated by ®(R) in (S, g|0)1c*.
Symmetrically, (J¢(R)) D Ji as @' is an isomorphism. Therefore, Jor) =

® (Jg), yielding the isomorphism below.

(S, .ﬂR>1C* = F/Jr E10 <S;9’®>1c* /J<I>(R) = <S,g](I)(R)>1C*



108

Notice that the C*-relations may be altered in this process. What occurs is that
the scale factor becomes intertwined with the original C*-relations defining A, which

could possibly complicate and mask the structure.

Ezxample 3.9.11. A rework of Example yields the following sequence of isomor-

phisms for A > 1.
CepC = <(:v,)\)‘a::x2:x*>lc*
>~ o <(gc, 1) ‘)\{L‘ = \2? = )‘m*>1c*

Az = N2 = = \z*,
glC*

r = \z’

= \a? = = \x",
o
xr =\’ =z

1c

1C*

~
=1C*

2

(x,1) ‘x— Tt =z >IC*

glc*
Notice that in the last “normalized” presentation, x is no longer a projection, but
rather Az is. While the generator has been scaled into the unit ball, the condition

has been blurred by the introduction of A into the C*-relation.

However, there are cases where this move is very advantageous. Reworking Ex-

ample yields the following isomorphisms for A > 0.
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Ezrample 3.9.12.

((z, ) |o* = 227 )0 S {(2,1) | Na'z = Nrx') .

Natr = Naa,
glC* ('T7 1)

e ((z,1) |27 = 227 ) | o
e C(D)

Lastly, several examples have shown situations where ||s||4 < f(s). When ||s||4
can be computed, it can be used to completely replace f(s). To explain, recall
the norm-stealing result of Corollary [3.2.2] Letting i : S — [0,00) be defined by
h(s) :=||s||4 and H := (S, h|0)1c+, consideration of the map 1) : S — A by ¥(s) := s
obtains a unique unital *-homomorphism ) : H — A such that ¢(s) = s.

Similarly, note that h(s) < f(s) for all s € S so the map ¢ : (S, f) — Figo"H by

¢(s) := s creates a unique unital *-homomorphism ¢ : F — H such that quS(s) = s by

Theorem [3.2.1} Let R := gzg(R), B .= <S, h ‘]:E> o and ¢ : H — B be the quotient
1 *

map. Diagrammatically, this situation is shown below.

F—-n

qA / a5
P

A B

Observe that for all s € S,
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so by Theorem 3.2.1, 1) o ¢ = q4. For each r € R,

Theorem [3.3.2] states that there is a unique unital *-homomorphism 8 : B — A such

that B(s) = s. Similarly, for all r € R,

(C]B o ¢> (r) = a5 (é(ﬂ) = 0.

Again, Theorem [3.3.2] produces a unique unital *-homomorphism « : A — B such

that a(s) = s. Therefore, for all s € S,

(a0 B)(s) = als) = s

and

(Boa)(s) = Bls) = s

so by Theorem [3.3.2, v o 8 = idg and B o a = id 4. In short,

(S, fIRhor Zier (S,

R>1c*'

In this case, the C*-relations appear to be changed, but practically, this is not the

case. All that has really been done is the restatement of the same conditions in .

Ezample 3.9.13. Recall Example [3.5.3] 1In this case, (S,f) = {(z,A)} and R =

{z*r — 1,zz" — 1}. For A > 1, notice that

l[1% = ll="2[l 4 = I[1lla = 1.
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Note that ¢(R) = {z*z — 1, z2* — 1}. Thus, the above isomorphism states

(z, N |z*r =22" =1)16- Zher ((@,1) |27z =22" = 1),

> O(T).

By Theorem [3.9.7] each of these three manipulations can be done by means of
the generator/C*-relation Tietze transformations. However, they are included here as
another way of manipulating a presentation’s crutch function directly, without adding

generators or necessarily adding C*-relations.

3.10 Construction: Unital Free Products

A common heuristic for the free product, for groups or other structures, has been to
gather all generators and relations from the factors, adding nothing more. Intuitively,
this is precisely the correct notion, and its validity is demonstrated in Corollary
for the scaled-free unital C*-algebra. In this section, the result will be extended
rigorously to general presentations, allowing them to be split or merged via the free
product. This provides more formal manipulations for presentations, much like Tietze
transformations of Section 3.9

To be precise, recall that the free product being considered here includes amalga-
mation of the identities of the factors. This is done to be sure that the result will be
once again a unital C*-algebra, residing in 1C*. In [40], the free product with amal-
gamation of identities is shown to be the coproduct in 1C*, satisfying the appropriate
mapping property.

However, [40] demonstrates this object’s existence by means of representations on
a Hilbert space, rather than constructing via C*-algebraic results. With the presen-

tation theory devised in Section [3.5] the free product can be shown to exist without
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direct reference to a Hilbert space representation. Corollary 3.3.3 of [19] gave the
analogous result for its presentation theory.
As in Section [3.2] the unital free product is usually denoted by “x¢”, indicating

13 2

the merger of the identities. The category theoretic notation will be used
interchangeably with the “x¢” notation, but preference will be given to the “H”
with arbitrary index sets.

To begin, let I' be an index set, (.55, fv)%lﬂ be crutched sets, and R, C*-relations
on (S,, f,) for each . Define F, := (S, f,|0)1c+, A, := (S,, f+|R,)1c*, and ¢, :
F, — A, the quotient map for each 7. The A, will be the unital C*-algebras to

merge.

Let
(S5 =11 (50 1),

vyerl’
the disjoint union described in Proposition 2.2.9} p, : (S, fy) — (S, f) the canonical
inclusions for each v, and F := (S, f|0)1c+. Theorem and Proposition

state that

F Zicr ch*}—v

yel

with connecting maps p,, := 1C"Alg (py). Let

R:=Jn(R),

vel

grouping all the C*-relations of the A, into one subset within the larger algebra F.
Define A := (S, f|R)1c+, a candidate for the free product of the A, and ¢ : F — A

the quotient map. To create the connecting maps, fix v € I" and consider the following
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diagram in 1C*.

v
]:’Y > Y

~|

F—=A
Given r € R,, observe that p,(r) € R so (go p)(r) = 0 by design. Thus, by the
universal property of the quotient, there is a unique unital *-homomorphism k., :

A, — A such that k, 0q, = qop,.

Theorem 3.10.1. The unital C*-algebra A equipped with unital *~homomorphisms

ky t Ay — Ais a coproduct of (A,) o in 1C".
Proof. Let B be a unital C*-algebra and ¢, : A, — B be unital *-homomorphisms

for each v € I'. This situation is shown in the diagram below for each v € I'.

.F,Y v A»y qb’*/ B
|- |

.7:7»./4

As ¢, 0q, : F, — B are unital *-homomorphisms, there is a unique unital *-
homomorphism v : F — B such that 9 o p, = ¢, 0 ¢, for all ¥ € I' by the coproduct

characterization of F. For v € I' and r € R, observe that

(Yo py)(r) = (dy0qy)(r) = ¢,(0) = 0.

Thus, there is a unique unital *-homomorphism ¢ : A — B such that ¢ = ¢ o q.

For a fixed v € T', observe that

Qbok'yoqy:QboqoﬁW:Qboﬁv:QS’yqu
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so ¢ o k, = ¢, by Theorem |3.3.2,
Assume that there was another unital *-homomorphism ¢ : A — B such that

pok,= ¢, forall y € I'. Then,
Yopy=¢y0qy =¢pokyoq,=poqop,

so by the universal property of the coproduct F, o oq =19 = ¢ oq. Therefore, by the

universal property of the quotient, ¢ = ¢.

In summary,

~ 1c
(S, fIRhe e [T (S5 folBo)so -

vel

In the case I' = {1, 2}, this result can be stated in the traditional notation as

<S>f‘R>IC* STk <Sl>f1’R1>1c* *C <82af2’R2>1c* .

As a concrete example, consider the free product in 1C* of C & C with itself.

Ezample 3.10.2 (Pedersen’s unital C*-algebra of two projections). From [32], one may

consider the following unital C*-algebra

A:={(p,1), (¢, Dlp=p"=p"4=0 =),c. -

Observe that in this case, S = {p,q}, f : S — [0,00) by f(p) = f(q¢) = 1, and
R={p-p'p-1"q9-d,9— ¢}

Let S1 == {p}, f1 : S1 = [0,00) by fi(p) := 1, and Ry, := {p—p*,p—p*}.
Likewise, let Sy := {q}, fo : So = [0,00) by f2(q) := 1, and Ry := {q— q',q— qz}.
By Example , the unital C*-algebras (S5j, f;|R;),c Z1c* C®C for j = 1,2.
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Letting p; : (S;, fj) — (S, f) be the inclusions for j = 1,2, observe that R =

2
U 1C*Alg (p;) (R;). Thus, the above result states that

j=1
(@ ¥ C) *c (C P C) =Tek <Sl7 f1|R1>1c* *C <S2; f2|R2>lc*

=1c (S, f|R>1C* :

Using the result of [32],

.| e o

Co(X\ {0,1}) C(X)

where X := 0.4(pgp). Notice that 0 < pgp and ||pgp||4 < 1. Hence, o4(pgp) C [0, 1].

For v € [0, 1], let

10
Pa ‘=
00
and
« Vo —a?
o ‘=
va—ao?2 1—-«

in M,. A quick arithmetic check shows that both p, and ¢, are projections, the
same ones used in [32]. By Theorem [3.3.2] there is a unique ¢, : A — M, such that

®a(p) = pa and ¢4 (q) = qo. Observe that

G (PgP) = PaGaPa =

50 04(pp) 2 oty (PadaPa) = {0, a}. Therefore, o4(pgp) = [0, 1].
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In summary,

0[07 1] CO(Oa 1)
(CaC)*c (CaC) =
Co(0,1)  C[0,1]
A common practice with presentation theories is to ignore the inclusion maps p,,
regarding each F, as a subalgebra of F. The reason for this is seen in the above
example, where the p, serve to partition the generators and C*-relations. Separated

in this way, the smaller algebras can be more easily computed, leaving the free product

construction to handle the other interactions.

3.11 Examples: Types of Invertibility

Example [3.5.3| considered a unitary, a specific type of invertible element. In this sec-
tion, one considers unital C*-algebras generated by other types of invertible elements.

In particular, this section describes a minimal set of C*-relations imposing invert-
ibility on an element. Following this, illustrative examples demonstrate the behavior
of increasingly general types of invertible elements. Finally, a one-sided invertible is

considered and its structure related to the previous examples.

3.11.1 C*-relations for Invertibility

A natural construct to consider for invertibility would be

(@A), (y, ey = yz = 1)1

for A\, u € [0, 00), an analog of the ring of Laurent polynomials. However, while this

C*-algebra does describe a pair of inverses, its definition requires two generators. In
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considering the C*-algebra generated by an invertible element z, how does its inverse
y come into play?

In truth, consideration of y is unnecessary. The invertibility of x can be charac-
terized entirely in terms of x itself by means of C*-relations built via the continuous
functional calculus. Specifically, the positive part of x must be bounded away from
0.

Historically, the positive part of an operator x is determined by the polar de-
composition in a faithful representation on a Hilbert space. This decomposition,
however, gives a pleasant formula for the positive part, (x*z)% Symmetrically,

the polar decomposition of z* yields the formula (:vx*)% In the decomposition,

VI

1 1
x =u(x*x)? = (xz*)2 v for appropriate partial isometries v and v. Both of (z*x)?
1
and (zx*)? can arguably be called the “positive part” of z.
As it happens, these two C*-relations can completely characterize not only invert-

ibility, but one-sided invertibility.

Proposition 3.11.1. Let A be a unital C*-algebra, x € A, and p € (0,00). Then,
there is y € A satisfying ||y|| < p and yx = 1 if and only if 1 < px*x. In this case,

one can arrange that y € C*(1,x).

Proof. (=) Assume that there is y € A such that ||y|| < p and yz = 1. Then,
1=1"=1"1= (ya)'(yz) = "y"yo < |ly|*2"s < pa"z.

(«=) Assume that 1 < p?z*z. Define ¢ := (x*x)% By assumption, o4 (ug — 1) C
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[0,00) so by the continuous functional calculus,
oalpg) C [1,00),
W < |5)
oA \q —H X,
i
oalq™) < (0,4
Define v := x¢~". Observe that
* o —1 % -1 _ * = * * =1 o * \—1 * o
wu=q atrqg " = (x"x)? (2¥x) (x¥x)? = (2Fr) (zx) =1,
meaning v is an isometry. Letting y := ¢ 'u* € C*(1, x),
=1 % -1 _ _
yr=q wuqg=gq ¢=1

and
Iyl < {ja= [ ]| < pe.

[]

When considering operators on a Hilbert space, this criterion is usually termed

(NI

1
“bounded below”, as one would rewrite the condition as —1 < (z*x)2. For right-

1
invertibility, one considers z* in the above proposition to yield the following.

Corollary 3.11.2. Let A be a unital C*-algebra, x € A and p € (0,00). Then, there
is y € A satisfying ||y|| < p and vy = 1 if and only if 1 < p*xx*. In this case, one

can arrange that y € C*(1,x).

Together, these two facts give C*-relations for an invertible element.
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Proposition 3.11.3. Let A be a unital C*-algebra, x € A and p € (0,00). Then,
there is y € A satisfying |ly| < p and vy = yx = 1 if and only if 1 < p?x*x and

1 < pPxx*. In this case, y € C*(1, ).

Proof. (=) Assuming that there is y € A such that zy = yz = 1 with ||y|| < u,
then y is both a left- and right-inverse to x with the appropriate norm bound. Hence,
1< p’z*z and 1 < plaa*.

(<) Assuming the result, then there are y;,yo € C*(1, x) such that yyz = zy, = 1,

|ly1|] < w, and ||y2|| < p. However, observe that

y1 =1l = yixys = Ly = yo.

O

Now, observe that both of the C*-relations determined in this proposition are tied
to the value p, which serves as a bound on the norm of #~'. This proposition has
actually characterized the condition “x has an inverse of norm at most p”.

Unfortunately, there are no C*-relations in terms of x alone that characterize the
condition “z has an inverse”. Explicitly, the norm of ~! cannot be allowed to grow

without bound as shown below.

Example 3.11.4 (Necessity of bounds on inverses). For A € (0, 00), let
F = ((x,N)|0)1c

A 1
For all 1 € (1,00), observe that A @ — € C @ C has inverse X @ % € CoC, and
1

A
H)\ b — = A. By Theorem [3.2.1 there is a unique unital *-homomorphism

Hlicec \
¢p: F=>CaC by ¢,(x) ::)\@;.
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Assume there is a set of C*-relations R on {(x,\)} such that for any unital *-
homomorphism ¢ : F — A where ¢(z) is invertible, R C ker(¢). Define C :=
((z,A\)|R)1c+. Then, for each p € (1,00), R C ker (¢,,) so by Theorem [3.3.2] there is

R N A
a unique unital *-homomorphism ¢, : C — C & C such that ¢,(z) = A @ —. Thus,
1

oc(z) 2 ocac (Pu(x)) = ocec <A® 2) - {A7 2}

for all p € (1,00), meaning oc(z) 2 (0,A]. As oc(z) is well-known to be closed,

0 € oc(x). Therefore, z is not invertible in C.

Notice what has happened in the example above is that x was not bounded below.
Indeed, if there was y € C such that xy = yx = 1, then the following occurs for each
w e (1,00).

Gu(ry) = Gu(yr) = Pu(1)
Ou(@)0u(y) = Pu(y)du(z) = 1@ 1
(re2) ot = o) (ho2) =101

o
1 1
Thus, ¢,(y) = X @% so [lylle > ‘ 3 @% = % However, the right-hand side
CeC

grows without bound, meaning ||y||¢ cannot have a finite value.

3.11.2 Commutative Cases

In all commutative cases, one does not require both the C*-relations of Proposition
3.11.3|since the commutativity makes them the same element. With this fact in hand,
unital C*-algebras generated by a single element which is both normal and invertible

can be characterized.
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Ezxample 3.11.5 (Positive invertible). For A, u € [0, 00), consider the unital C*-algebra

P = <(:c, A) ‘x >0, lz*e > 1, plra* > ]l>1c* )

One can directly use Theorem to concretely realize this algebra, but the pre-
sentation will be reduced to a simpler form first. This is done for two main reasons.
Primarily, the reduced presentation will be used again in Subsection for the
main result of this section. Second, the reduced presentation will have only one
C*-relation to consider, which eases the spectral computation in Theorem [3.4.4]

First, there is a trivial case to consider. If Ay < 1,
1Lllp < g a2, < p*X* < 1.

so as in Example[3.5.3] 1 =0 and P =, O.
Assume Ay > 1. In P, note that x = p(R(z)) implies that op(x) C [0,00) and

z = x* so the continuous functional calculus states that

Hence,

[SIE
[SIE

pr =1 =p('e)? =1 =p (R (u(@'0) 1)) = p(R(pw — 1))

so a C*-relation-adding Tietze transformation yields

7) glC* <(I, )\)

x>0, )% > 1, et > 1, >

pr > 1
1C*
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1 1
Assuming only that p(R(uz — 1)) = px — 1, then x = -1 + —p(R(pux — 1)), a
pooop
self-adjoint element. By the continuous functional calculus,
op(uz—1) C [0,00)

op(uz) C [1,00)

op (W2?) C [1,00)

SO

and likewise

P (?R (,uQx:U* — ]l)) = plxxt — 1.

Thus, C*-relation-removing Tietze transformations yield

P g1(;* <(l’, /\)

prrre > 1, pleat > 1, >

pr > 1
1C*

oo (@) [Paet > Lpe > 1) .

o (@) |pe > 1)y
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Considering this reduced presentation, note that x is normal. In this case,
ri=pR(pr —1)) — pr +1

SO

g-(v) = p(R(pv — 1)) — v + 1.

1
Note that g,(v) = 0 whenever uv — 1 > 0. Then, g, '(0) = [—,/\]. By Theorem
o
B.44
1 C, A =1,
C10,1], Ap>1,

1
as {—,)\} Zrop 0, 1] when Ay > 1.
L

In summary,

0, A< 1,
P Z1c- C, A =1,
C[0,1], > 1.
Example 3.11.6 (Self-adjoint invertible). For A, u € [0,00), consider the unital C*-

algebra

S = <($,)\) |x = o*, Pt > 1, ploat > ]l>1c* .

As in Example 3.11.5] if \u < 1,1 =0 and § =+ O.
Assume Ay > 1. The following C*-relation-removing Tietze transformation results

as in Example [3.11.5
S =1cr <(ZE, )‘> }ZE = $*,M2$*ZE > :H'>IC*

Considering this reduced presentation, note that x is normal. In this case, r| :=
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r—az"and ry ;== p (uzx*x — ]l) — 1Pz x +1 so

and

9 (V) = p (WPV]* = 1) = p?|v* + 1.

Note that g,,(v) = 0 whenever p?|v|> —1 > 0. Let
At1,t2 = {V < C: tl S |I/‘ S tg}

denote a closed annulus with inner radius ¢; and outer radius ¢,. Then, g;.'(0) = A1 ,
e

and g;.'(0) = [=A, A]. By Theorem [3.4.4]

—1 1 CacC, =1,
sme([A 3] [ e “
O([—Q,—l]U[l,Q]), )‘,u> 1,

—1 1
as [—/\, —] U [—,)\} Zrop [—2, —1] U [1,2] when Ay > 1.
I

In summary,

0O, A <1,
Sap S1c CaC, A =1,

Ezxample 3.11.7 (Normal invertible). For A, i € [0, 00), consider the unital C*-algebra

N = {(z,)\) |z*z = 2", p’x"z > 1, pPaz* > 1),
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As in Example 3115, if Ay < 1, 1 =0 and N 2;¢- O.
Assume Ay > 1. Assuming only that p (R (p°z*z — 1)) = p’z*z — 1 and 2*z =
xz*, then
p(R(pee —1)) = p(R(e'z 1))
= Ptz —1
= plPrat — 1.

Thus, a C*-relation-removing Tietze transformation yields

N glC* <(ZL‘, )\)

¥ = :1733*,#2:17*33 > ]l>1c* )

Considering this reduced presentation, note that x is normal. In this case, r; :=

'z —xx* and ry :=p (;fa:*x — ]l) — px*x +1 so

gm(y) =0

and

grz(y) =D (M2|V|2 - 1) - :u2|y|2 + L

Then, g;;(()) = A. ,. By Theorem 3.4.4}

C(—H—)7 Ap =1,
N e C <A;7)\> =1ct
’ C(Ai2), Au>1,

as Ay Zmop [ and A1, Zqop Ai2 when Ay > 1.
/"7

0O, A< 1,
Ny Sic cm), =1,
C(Aip), An>1.
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Recall that Comp denotes the category of compact Hausdorff spaces with con-
tinuous functions. Here, note that in a natural way,

2 ] e I

1t [t

and
1 Comp
A%)\ —Comp |:;a )‘:| H T
via the polar decomposition in C. Recall also that the coproduct in C1C”* is the

generalized tensor product so by the Gelfand duality,

C ({—)\, _71] U EAD ~ o C EA} ® C({~1,1})

%o C E)\} 17 -1y

and

1 1 cic*
() e ¢ [paf e cmme o L] 1™ em

This demonstrates the polar decomposition, splitting the invertible x into its positive
and unitary parts. For the positive case, the unitary part is merely the identity. For
the self-adjoint case, the unitary part has real spectrum, {—1,1}. For the general
normal case, the unitary part has full spectrum, T.

However, it is the relationship to the coproduct in C1C* that is of interest. This

leads directly to the next case, a general invertible element.

3.11.3 C#*-algebra of a General Invertible

With an understanding of normal invertible elements, attention now turns to the

general case, where normality is not assumed. This will be done using not only the
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Tietze transformations of Section [3.9 but also the unital free product of Section [3.10]

Ezample 3.11.8 (General invertible). For A, u € [0, 00), let

T .= <(x, A) ‘u%*w > 1, x> ]l>1c* )

The goal is to realize this algebra either explicitly or as a combination of familiar
algebras, and this will be done by means of the Tietze transformations of Section |3.9]
First, as in Example [3.11.5] if Ay < 1, 1 =0 and Z =+ O.
Assume now that Ay > 1. As the C*-relations were concocted via the polar

decomposition, this decomposition will be used to split the algebra into two free-

N|=

factors. Let ¢ := (z"x)2, a self-adjoint element, and observe from the continuous

functional calculus,

or (W*¢* —1) C [0,00)
or (1¢*) < [1,00)
oz (ng) C [1,00)
or(pg—1) C [0,00)

so pg > 1.

Similarly,
oz (p(pg —1)) C [0,00)

or (p(pg—1)+1) C [1,00)

-1
so p(ug — 1) + 1 is invertible. Define u := px <p (u (x*:c)% — ]1) + ]1) :

Here, ¢ and u represent the positive and unitary parts of z. Also, ||¢||z < A and
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|lullz < Au. Using generator-adding Tietze transformations,

(z, ),
I e <

N|=

prate > 1, ptert > 1,q = (¢*x)

;

(¢, \) .
) < o Pt > 1, et > 1,q = (a'x)? >
=—1C* .
(g A)s (u, Ap) | w=px (p (u (2°2)% — IL) + 1)
1C*

In Z, observe that

= walplptrnt—1)+3)

px (p(pg—1)+1) g
= px(ug—1+1)""¢q
= (pg)”

= /m‘lxq‘lq

—

and
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-1 1 -1
wu* = px (p (,u(x*x)%—]l +1 -,u(p (,u(x*x)i—]l) —|—]l> x*

= pPz(ug—1+1)"2"

= pPa(ug) " a

— M2u—2xq—2x*

so C*-relation-adding Tietze transformations yield

N

*

prate > 1, et > 1,9 = (%),

~ (z, A), o h -1
T =ic <(q7/\)’<u7/\'u) u=p (p(,u( ) ]l)—Hl) ,>

L= 1c*

prrte > 1, plrat > 1,9 = (x*:r)% ,

(x, A), L
=1ct < U= px (p (,u (x*:c)% - ]l) + ]l) ,
(¢ A), (u, Ap)
1< pguu’ =1 o

Pt > 1, plrrt > 1,q = (v7)?

. (x, ), o ek -1
=1c <(q7>\)’<u’/\ﬂ) u=u (p(,u( ) ]l>—|—]l> ,>

1< pg,u'u=uu* =1
< pg,utu = uu o
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e > 1, pleat >]lq—(xx)%

(l’,/\), -1

=10t < U= pux <p <u (x*a:)5 — ]l) + ]l) ,
(¢:A), (u, Ap)

1 <pg,uu=uu" =1,z =uq

1C*

Assuming only z = ugq, u*u = uu* = 1, and p(ug — 1) = pg — 1,

T X

~
*
SN—
S
|
—
—~
I
(=)
N—
I
k=)
N—
S

p(pPe*e —1) = p(p*e* —1)
— 2P -1
= plrtr —1,

and

= uw(p( quuq%— ) )
= pug (p (u (q2)5—11) )
= g (p(pg—1)+1)""

(
= pug(pg—1+1)7"
(



Since wu is unitary, note that

SO

1=wuu* < ,u2uq2u*

Therefore, C*-relation-removing Tietze transformations have

_’Z glc*

~

~Y
=1C*

~
=1C*

< (g,

< (4,
< (g,
< (4,

(x,\),
A); (us Ap)

(:I/'7 A)?

A), (u; Ape)

(x,\),

A), (u; A

(1‘7 A)?

A), (u; Ape)

D=

prra* > 1,q = (2¥1)2,

U= px (p (M(ZL‘*JZ)% —]l) +]l)1, >

1< u=uwut=1.1r =
< pg, uu = uu r=ug

[N

q=(v"7)7,

U= pux (p (,u(x*a:)% —]l) —l—]l)_l, >

< pug,u'u = uu , T = Uuq o

oot )

1< pg,uu=uu" =1,z =uq
1C*

1< pg,u*u = uu* zll,x:uq>

1c*

131
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As

L=z = uullz = |lulz,

the following results.

[zl = [lugllz < [lullzllqllz < A

Thus, a generator-removing Tietze transformation and use of the unital free product

yield
T =1 (¢, N), (u, A ) |1 < pg,uu =uu” =1), o

1 (6N 1< pg)yce *e ((u, Ap) [u'u = wu” = 1), 6.
1
g1(;* C [p, )\:| *C C<—|]—)

(), A =1,
~
C[0,1] x¢ C(T), Ap > 1,

recalling Examples [3.5.3| and [3.11.5]

In summary,

0, A <1,

7 =1c C(T), A =1,

C[0,1] ¢ O(T), Ap> 1.
This resembles the result in the commutative cases, exchanging the types of co-
products. Again, the polar decomposition is demonstrated, splitting the generator
into its positive and unitary parts. However, these two components need not com-

mute, necessitating the free product between them.
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3.11.4 C*-algebra of a One-Sided Invertible

Following the Tietze calculations as the previous example, one can ignore the use of

either of the C*-relations y2zx* > 1 or p2x*x > 1 to yield the following isomorphisms.

Ezxample 3.11.9 (A single left- or right-invertible). For A, u € [0, 00),

0O, A <1,
(@) |pe'e 2 1), 0. =icr T, A =1,

C0,1] % T, Au>1,
where 7 denotes the Toeplitz algebra from Example [3.5.4] Similarly,

0, A< 1,
((z,\) |pPrz® > 1), . Sac T, M= 1,

C[O, 1] *e T, )\[1, > 1.

The characterizations of a left, right, or true invertible heavily depended on the
ability to demonstrate the positive part of the generator invertible. This allowed the
partially isometric part to be isolated within the C*-algebra, where it could be then

manipulated.

3.12 Example: Idempotency

Example considered a projection. In this section, one considers a general idem-

potent. Specifically, let
A= <(x, A) ’:L‘ = x2>1c* ,

the unital C*-algebra of a single idempotent element of norm at most A. Since x is

not assumed to be normal, this algebra is likely not to be commutative. To classify
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this algebra, attention turns to unital *-representations of A on a Hilbert space H.
Let 7 : A — B(#) be a unital *-representation of A. Then, 7(z)* = 7(2?) = 7(z)
and [[7(z)]|say < [lzfla < A
Let E € B(H) satisfy that E* = E and [|E| g3 < A. Then, by Theorem [3.3.2]
there is a unique unital *-homomorphism pg : A — B(H) such that pg(x) = E.
Thus, unital *-representations of A on H are in one-to-one correspondence with

idempotents of norm at most A in B(H).

3.12.1 Properties of Idempotents

Consider an operator E € B(H) satisfying E* = F and ||E|gz) < A. To describe

these types of operators, recall the following definition and well-known results.

Definition (Complementary subspaces, [9]). Two closed subspaces M, N C H are
complementary if M+ N =H and M NN = {0}

Proposition 3.12.1 (Major Properties of Idempotents, [9]). Consider E € B(H).
1. E is idempotent iff 1 — E 1is idempotent.
2. If E is idempotent, ran(E) = ker(1 — E). In particular, ran(FE) is closed.
3. If E is idempotent, ran(E) and ker(E) are complementary.

Theorem 3.12.2 (Specifying Kernel and Range, [9]). For two complementary closed
subspaces M,N C H, there exists a unique idempotent E € B(H) such that ran(E) =

M and ker(E) = N. In particular, E(m +n) =m for allm € M andn € N.

Thus, idempotents are in one-to-one correspondence to pairs of complementary

closed subspaces. However, these two statements have no connection to the norm
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of the idempotent operator. To complete the description of idempotents, recall the

following definition.

Definition (Dixmier Angle, [12]). Given two subspaces, M, N C H, the Dizmier

angle or minimum angle between M and N is
O(M,N) := arccos (sup {|(m,n)y| : m € M,n € N, ||m|x = ||n|lx =1}).

This is one of many notions of an “angle” in operator theoretic literature, but in
particular, this notion is intimately related to the orthogonal projections onto each

subspace.
Proposition 3.12.3 (Norm of the Product of Two Projections, [I1]). Given two
projections P,Q € B(H), let M :=ran(P) and N :=ran(Q). Then,

1PQll(0) = cos(0(M, N)).

This norm of a product is then related to the norm of an idempotent in the
following way. Let Pc¢ : H — K be the orthogonal projection of H onto a closed

subspace K and 1 : K — K the identity map on K.

Theorem 3.12.4 (Norm of an Idempotent, [26]). Given a nonzero idempotent oper-

ator E € B(H), let M :=ran(E) and N := ker(E). Then,

1
1El|5a) = -
V1 PPyl

= csc (O(M,N)) .
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3.12.2 Irreducible Idempotent Operators

With the general facts of idempotents at the ready, consider an irreducible idempotent
operator F € B(H). That is, £ has no reducing subspace. By Theorem , E is
determined uniquely by M :=ran(F) and N := ker(FE).

First, there are two trivial cases. If M = {0}, £ = 0, meaning dim(#) = 0. If
N = {0}, E =1, meaning dim(H) = 1.

Consider when M, N # {0}. Recall that the operator matrix

is a unitary from H to M @& M™*. Then, defining A := Py EP),., conjugation by V'

yields

1y A
~Vv

0 O

If an operator matrix T € B(M @ M=) commutes with V EV*, observe that

(VEVHT =T(VEVY),

1y Al |X YV X Y| |1y A
0 0|z w Z wllo o
X+AZ Y + AW X XA
0 0 7 ZA

forcing Z =0and Y = XA — AW. If T is a projection, XA = AW, and X, W are

projections.
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Consider now the operator A. Using the polar decomposition, A = UP, where
U: Mt — M is a partial isometry and P : M+ — M is positive such that

ker(U) = ker(P). Observe that the operator matrix

is a projection, and

UU*A=UUUP=UP=A=UP=UPU"U = AU"U.

Hence, Q commutes with VEV*, meaning ran(Q)) is a reducing subspace of VEV™.
Thus, either ran(Q) = {0} or M & M™*.
If ran(Q) = M & M*, then UU* = 1 and U*U = 1. Therefore, U is a

unitary, meaning the matrix

. us 0
U .=
0 Ly

is a unitary from M @ M* to M+ @ M™*. In this case, conjugation by U yields

1y P
E ~ov
0 0

Given any projection R € B(M™), then the operator

commutes with UV EV*U* if and only if RP = PR, when ran(R) reduces P. By the
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Gelfand theory, P is irreducible if and only if dim(M™) = 1. Hence,

L p
ENUV € M,

0
for some p € [0,00). Notice that this matrix is irreducible if and only if u # 0.
If ran(Q) = {0}, then UU* = 0. Hence, A = 0, which resolves to the u = 0 case
above.

Hence, the irreducible idempotent operators are precisely

€ M,

for 4 # 0 and 1 € C. Notice that the irreducible idempotents are at most 2-
dimensional, not unlike the irreducible representations of Pedersen’s C*-algebra of

two projections, presented in [32].

3.12.3 Connection to Pedersen’s Two-Projection Algebra

As demonstrated in Proposition and Theorem [3.12.2] an idempotent is in-
timately tied to its kernel and range. Moreover, Proposition and Theorem
reinforce this connection via the norms of the idempotent and the orthogonal
projections, both connected to the Dixmier angle.

There are also algebraic connections between the two. In particular, an idempotent
operator can be reconstructed from its kernel and range projections in the following

way.

Theorem 3.12.5 (Formula for an Idempotent, [39]). Given an idempotent operator

E € B(H), let R, K € B(H) be the orthogonal projections onto its range and kernel,
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respectively. Then,

E=(1-RKR) YR - RK).

In the reverse direction, the range projection can be recovered from the idempotent

in a similar fashion.

Proposition 3.12.6 (Formula for the Range Projection, [10]). Given an idempotent

operator E € B(H), let R € B(H) be the orthogonal projection onto its range. Then,
R=EE*(1+ (E—-E) (E—E"))".

By Proposition [3.12.1, the kernel projection can be obtained by applying this
result to 1 — E£. Using these two formulae, Tietze transformations will be used to

characterize the unital C*-algebra of a single idempotent.

Example 3.12.7 (An idempotent). Let

A= {(z,\) |z =)

1C* -

To make use of the results about idempotent operators, let 7 : A — B(H) be the
universal representation of this algebra. Then, 7(z) is an idempotent operator.
First, consider the trivial case when A < 1. In this case, Proposition states
that w(xz) = 0. Hence, x = 0, and A ¢+ C.
Otherwise, consider when A > 1. Note that x # 0 as there are nontrivial repre-
sentations given in the previous subsection. In this case, the algebra will be rewritten
completely in terms of two projections, the kernel and range of x. To that end,

observe that

1 < 1+ (z—2a")" (z—2%)
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so (14 (z —2*)* (z —2*))”" € C*(1,z). Define new generators

ri=art (L4 (x—29) (@ —2) "

and

ki=1—2)1—2) A+ (a*—2) (=" —a) .

By Proposition|3.12.6 7 (r) and 7 (k) are its range and kernel projections of 7(z), and
Theorem gives that

A > zfla

= ’|7T(x)||l3(’}-t)

B 1
V1= 170k 30
1

/1= Ikl

Thus,
AT < 1=kl
A< 1k,
Irkl% < 1-X7%
Tkl , < V1I=A72

However, note that 1 — rkr may not be invertible before quotienting. To incorporate



141

this C*-relation, define f) : [0,1] — C by

v, 0<v<V1I-—\2
flv) = V1= )2
——— (v —1), VI-A2<pu<l,
a continuous function. By the continous functional calculus in A,
A — fr (rk kr ) (r—rk) = (L —rk*kr*) (r —rk)
= (1- Tk‘27“)71 (r —rk)
= (L —rkr)" (r—rk),

the former of which exists for any unital C*-algebra elements r, k with norms bounded

by 1. Further, as 7 is faithful,
(1 — fo(rk* k) (r—rk) = (L —rkr) " (r —rk) = 2.

Generator-adding Tietze transformations yield

~ (z, ), . .
Z1cr : r=xx*(1+ (x—a") (x —2%)) ;
k=0—-2)L—2) @+ (" —2) (@ —x)"

1C*
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and C*-relation-adding Tietze transformations give

A

~Y (-’L‘,)\), * 0\ k * _1

Z1cr r=zx* (1+ (z—2") (x —2"))

(r;1), (k, 1) .
k=1-2)(1—2)"(1+ (" —2) (z" —x))

-1
1C*

(I,)\), 1
~o < ( r =2t (L4 (o — ) (x—a") ", >

r,1),(k, 1
b k1) k::(]l—x)(]l—x)*(]l+(:v*—x)*(x*—x))_l

1C*

r=2r=r=rk=%k

~ (JZ,A)’ % %0\ % ) — 1

=1t r=xx* (14 (x—2") (x —2%))
(1), (k. 1) S
k=1—-2)(1—2) 1+ (z"—2) (2% —x))

1
1C*

r=2r=r=rkl=k =%k

(.Z',)\), 1

r,1),(k,1) .
h=1-2)@-2)" 1+ @ —2)" @ —2)
@) r=2’r=r"=r kP =k =k ||rk]| < V1 - 2
glc* < ) ) T:.Z’ilj'* (]].+ (l'—x*)* (x_x*))flj
(r,1), (k,1) \ 1
k=1—-2)1—2)" 1+ (- 2) (z" —2z)) o

r=22 " =r"=rk =k =k |rk| <V1-\2

(1), (k1) | k=@ =)@ —2) A+ (@ —a) (@ )

~
=1C*

= (1— f(rk*kr*) " (r — rk)

1C*

Working in reverse, m(r), w(k) are projections in B (H), whose ranges are comple-
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mentary by Proposition [3.12.3] By Theorem [3.12.5],

m(x) = =«

is the unique idempotent with range 7(r) and kernel 7(k). Proposition [3.12.6 then

requires that
w(r)=m (mx* 1+ (z—2")" (z— :17*))_1)
and

w(k)=m ((]l —z)(1—x2)" (1 + (2" — )" (z* — x))_1> :

Since 7 is faithful, C*-relation-removing Tietze transformations reveal

rP=r*=r kP =k =k ||rk]| < V1 -2
4 = < (z, ), r=az* (1+ (¢ — ") (x—a2%) ", >
o) o X
(r,1),(k,1) | k=1—-2)L—2)" (14 (" —2)" (2" —x)) ",
= (1— f\(rk*kr*) " (r — rk)

@) rr=rt =k =k =k k| <V1-)2
~c < T k=10 —2) A+ (@ —2) @ —2) ",
(r,1), (k1) o
= (1— f\(rk™kr*))” (r —rk) o

~ < (@, ), rP=rt=r k—k*—k\|rk||<m>
(r,1),(k,1) z=(1-fi (Tk*kr*))_ (r —rk)

1c
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Lastly, Theorem |3.12.4] ensures that

VI=A2 > [lrk|a
= 7l
= 1= 7@ 55

= 1=zl

so ||z||l4 < A. A final generator-removing Tietze transformation gives

A o <(r, 1), (k, 1)

P =r=r k=K =k ||rk| §m>

1C*

Now that A has been written as a C*-algebra of two projections, the result of [32]

is invoked. Specifically,

o | o G

Co (X\ {0,1}) C(X)
where X := o 4(rkr). Since

\|\rkr||a = HTkQTHA = ||rkk*r*|| , = Hrk”i D

and rkr > 0, X C [0,1—)\’2]. For a € [O,l—)ﬁﬂ,letu:: @

11—«
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and
0 —p
k= |HHL p2]
I —1L 1
w41 o p2+1

in M,. A routine arithmetic check shows that both 7, and k, are projections, the

range and kernel projections of the idempotent matrix

L
E, =
00
Note that
HE,u||M2 =V1+u?
so by Theorem (3.12.4]

_ H _ JT _ \—2
Hruku”Mg—m—\/aS 1—A=

By Theorem [3.3.2} there is a unique ¢, : A — M, such that ¢,(r) =, and ¢, (k) =

k,. Observe that

2
0 a 0

Ou(rkr) =r,k,r, = p?+1 =
0 0 0 0

so 0.4(pgp) 2 o, (rukury,) = {0,a}. Therefore, o4(rkr) = [0,1 — A~*]. Hence,
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C0,1-=X7] Co(0,1—A77
A Sicr
Co(0,1=X7] C[0,1—=A77]
(
CaC, A=1,
=10 C10,1]  Cy(0,1]
, o A>1,
00(07 1] 0[07 ]-]
as [0,1 — A7?] 2qp [0, 1] for all A > 1.
In summary,
(
C, A<,
CeaC, A =1,
A Zic
C[Ov 1] CO(O7 1]
, A> 1
00(07 1] C[Oa 1]
\

3.13 Example: Meet and Join of Projections

In Section a formula for an idempotent was given in terms of its kernel and
range projections. This formula guarantees that in the unital C*-algebra generated
by these two projections, the idempotent will arise. Further, a set of C*-relations
was given to ensure that the meet of two projections was trivial, the norm of their
product strictly below 1.

Since there is a way to trivialize the meet of two projections, is there a way to
directly manipulate the meet or join? That is, does a formula exist in terms of the

two projections involved and C*-algebraic operations on them for the meet and join?
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Unfortunately, this is not so, and this is supported by initial intuition. On Hilbert
space, the usual means to compute the meet or join of two projections is to use
an infimum or a supremum. Considering C*-algebras as non-commutative analogs
of continuous function algebras, this immediately seems questionable as infima and
suprema are not continuous operations.

To demonstrate this fact, first recall the characterization of the unital C*-algebra

of two projections. Let F := ((a, 1), (b, 1)|0), o,
Pi={(a,1),(b,)]a=0a*=a*b=b"=b") ..,
and ¢ : F — P the quotient map. From Example 3.10.2}

Cl0,1]  Cy(0, 1
o . | 0N GO
CO(Oa ]-) C[Ov 1]

and an isomorphism ¢ : P — C is given by

10 A (A=)
a , b= .
0 0 (A=A 1-2A
10 A (A=)
Let p,q : [0,1] — My by p(A) = and ¢(\) = ) SO
00 (A=X)2  1-A

¢(a) = p and ¢(b) = q.
Next, observe that domain restrictions of these matrix-valued functions yield

nonconstant meets and joins. Fix a € [0,1). Let C, := C([0,a] U {1}, M;) and
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Zoy We ¢ [0, ) U{1} — My by

10 A (A=)

0 0 - 1o

Notice that z,,w, € C, and are projections. For A € [0, a], 2,(\) and w,(\) are 1-
dimensional, non-colinear projections so zo(A) Ay wa(A) = 0 and 2z, (A) Vi, wa(N) = 1.

Also, z4(1) = wa(1) so

10
2a(1) Vg, wa (1) = 2o (1) App, we(1) =
0 0
Define my, jo : [0,a] U {1} — My by
¢ [ T ¢ T 7
0 0 10
. A€ l0,q], . Ae0,q],
00 0 1
ma(A):=9{ 7 v JaN) =9 1]
10 10
, A=1, , A=1,
00 0 0
| L L

Notice that my, jo € Cay, Ma = 2o Ac, Wa, and jo, = 24 Ve, Wa.

Lastly, the universal properties of P and F are used to bind these different C*-
algebras together. By Theorem [3.2.1], there is a unique unital *-homomorphism ¢, :
F — Cq by ¢o(a) := 24 and ¢4(b) := w,. Also, a®> —a,a* —a,b* —b,b* — b € ker (¢,
so by the universal property of the quotient, there is a unique ¢, : P — C, such

that ¥, o ¢ = ¢,. Let p, : C — C, by domain restriction, a well-known unital
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*_homomorphism.

F-o
©
L
P
¢

~

=1C*

Ca

P

aQ

Observe that

(pa © ¢) (a) = pa(p) = Ra = gba(“)

and

(pa © gb) (b) = pa(Q) = W = ¢a(b)

so by Theorem [3.3.2, p, 0 ¢ = ¢,.

Now, the nonexistence of a “universal” meet or join can be shown.

Ezample 3.13.1 (Failure of Meet and Join). For purposes of contradiction, assume
that there is m € F such that for all unital *-homomorphisms & : F — A satisfying

that ®(a) and ®(b) are projections, ®(m) = ®(a) A4 P(b). Then,

¢a(m) = Qba(a’) Ne,, ¢a<b) = 2o N¢, Wo = My,

for all & € [0, 1). Also,

so for all a € [0, 1),

(@0 @) (m)(a) = (paodop)(m)a) =maa)=
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and

10
(@op) (m)(1) = (paodow)(m)(l) =ma(l) = .

Thus, (¢ o ¢)(m) is not continuous, contradicting that C consisted of continuous
functions. Hence, m cannot exist.
Similarly, assume that there is j € F such that for all unital *~homomorphisms

¢ : F — A satisfying ®(a) and ®(b) are projections, ®(j) = ®(a) V4 ©(b). Then,

$a(j) = ¢ala) Ve, ¢a(b) = Za Ve, Wa = Jja

for all o € [0,1). Also,

so for all a € [0, 1),

(@0 @) (j)(a) = (pao o) (i)(a)=jala) =

and

(@o@) ()(1) = (paoPoyp) (1)) =ja(l) =

Thus, (¢ o¢)(7) is not continuous, contradicting that C consisted of continuous func-

tions. Hence, j cannot exist.

Notice that this lack of continuity is arising within the primitive ideal space [0, 1]
of C as demonstrated in [32]. Similarly in Example |3.11.4] the failure to characterize

the condition “z has an inverse” arose due to the topology of the spectrum. This
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’ Unital C*-algebra \ Presentation \ Section ‘
0 ((,0)|0=1), - 3.5.3
C ((z,0)10),c- 3.5.1
cfo,1] ((z, 1) ]z = 2%), 35.2
c(T) (1) |z =x2* =1),0 | 3.5.3
T (z,1)]|z"r = 1), 3.5.4

Table 3.1: Some Finitely Presented Unital C*-algebras

suggests that failure of existence for C*-relations may be directly connected to a

topological issue with the spectrum of a particular C*-algebra.

3.14 Property: Generation & Separability in 1C*

Since each unital C*-algebra has a presentation by Example [3.3.1] one can ask if
there is a “simplest” presentation that yields that algebra. In particular, one notion
of simplicity for a presentation is control on the number of generators and relations.

All of the examples seen thus far have been finitely presented, many shown in Table
[3.1] Those which are not shown are combinations or quotients of these. In fact, all of
them have a presentation with a single generator. In a sense, these are some of the
most foundational C*-algebras due to the Jordan and polar decompositions.

However, given a unital C*-algebra, how simple can a presentation for it be? Can
one control the number of generators or C*-relations used?

In actuality, this question of minimal generation can be used to characterize a
very commonly assumed property of C*-algebras, topological separability. The proof
is precisely the same reasoning stated in [4], modified appropriately to the crutched

set context.
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Proposition 3.14.1. Given a unital C*-algebra A, A is separable if and only if A

is countably generated in 1C*.

Proof. (=) Assume that A is separable. Then, there is a countable, dense S C A.
Define ¢ : S — A by ¢(s) := s, the usual inclusion. By Corollary [3.2.2] there is
a unique unital *-homomorphism ¢ : (S, f4|0)1c+ — A such that ¢(s) = s, where
fs(s) = ||s|l.a. Thus, S C ran (é), but note that *-homomorphisms are contractive

and, therefore, have closed range. Then, $ is surjective. Letting K := ker <g§>,
A =Zicr (S, fo| K

(<) Assume that A = (S, f|R), o~ for some countable set S. Let F := (S, f|0)1c
and ¢ : F — A the quotient map. By the construction of F in Section non-
commuting unital *-polynomials (Q + Q) [S] are norm-dense in F, and by a stan-
dard counting argument, (Q + :Q) [Sf] is countable. Hence, F is separable. As ¢ is

contractive and surjective, the image of (Q+:Q) [S¢] is countable and dense in A. [

With this characterization, any inseparable unital C*-algebra cannot be realized
with a countable number of generators. Similarly, there are unital C*-algebras which
are separable but cannot be realized with a finite number of generators, even com-

mutative ones. To show this, the following characterization is proven.
Proposition 3.14.2. Let X be a compact, Hausdorff space.

1. C(X) is finitely generated in 1C* iff there is a continuous, one-to-one function

oz:X—)HEforsomenED\l.

j=1
2. C(X) is countably generated in 1LC* iff there is a continuous, one-to-one func-

tiona:X—)HD

JEN
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Proof. 1. (=) Assume that C(X) is finitely generated. Then, there is a finite
crutched set (S, f) = (z;,\;)j=; and set of C*-relations R on (S, f) such
that ((z1, A1), (Tn, \n)|R)1cr Zacr C(X). Let F := (S, f|0)1c- and q :
F — C(X) be the quotient map. Observe that for each 1 < j bk < n,
T — TRy, v;xy — 22 € ker(q). Let

A= <(xj, )\j)?zl |2 = vpa;, vy = xpaV1 < gk < n>1c* :

Recall from Theorems [3.4.1] and [3.4.4],

A =c1c Aby(F) Zcic- C H D

{j:A;>0}
By the universal property of the quotient, there is a unique unital *-homomorphism

¢ : A— C(X) such that §(x;) = g (x;). Further, as ¢ was surjective, so is ¢.

Thus, applying the maximal ideal space functor A : C1C* — Comp,

PN}

Letting ¢ : H D — A(A) be the canonical homeomorphism, a := ¢~ "o A (§)
{j:A;>0}
is a continuous embedding.

(<) Assume that there is a one-to-one, continuous function o : X — HD
j=1
Application of the functor C' : Comp — C1C" yields the following,.

¢ (I B) = c(x)

j=1
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Note that
B = ((x1,1),..., (xn, )|z = 2425, 507 = 250,V1 < j, k < n)icr

is a presentation for the domain of C'(«) by Theorems and Let
G = ((x1,1),...,(xn, D)|0)1c*, p: G — B be the quotient map, and I'z : B —

C HE be the Gelfand *-isomorphism. Then, C(a)ol'gop: F — C(X) is
j=1
surjective. Letting K := ker (C'(«) o I'g 0 p),

O(X) 2o ((21,1), ., (20, D] K)o -

2. An identical argument proves the equivalence for countably generated case.

Recall the following sequence of homeomorphisms:

1_[E gComp H[O, 1]2 gComp H [07 1] gComp H[O7 1]-

JEN jEN FENWN jEN

Observe that this product is metrizable, the core of Urysohn’s metrization theorem.
Combining Urysohn’s metrization theorem with the above characterization gives a

quick proof to the following well-known result.

Corollary 3.14.3. For a compact, Hausdorff space X, the following are equivalent.
1. C(X) is countably generated in 1C*.
2. C(X) is separable.

3. X 1s metrizable.
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With these characterizations, the following examples show the distinctions be-

tween the countability of generators.

Ezample 3.14.4 (Uncountable versus countable). By Corollary |3.14.3| C (H[O, 1])
AER
is not countably nor finitely generated as H[O, 1] is known to be non-metrizable.
AeR

The author would like to thank Dr. Susan Hermiller for the argument using em-

beddings of balls in the example below.

Ezample 3.14.5 (Countable versus finite). Consider then C' (H[O, 1]) , which is count-

teN

n

ably generated by Corollary|3.14.3| Let Z := H[O, 1] and Z,, := H[O, 1]. Recall that

teEN t=1

there is a natural embedding 5, : Z, — Z by

f(k), 1<k<n,
Bu(f)(k) = "
0 k> n,

for each n € N. Notice that each [, is one-to-one and continuous. Similarly, the

maps v, : Zp — Ly by

for m > n are also one-to-one and continuous.

For purposes of contradiction, assume that there is an embedding o : 7 — Z,, for
some n € N. Then, 72” oo f, would be a one-to-one map, embedding Zy,, into Zs,.
However, this is known to be impossible to embed a dimension 2n-ball into a n-ball
in this way. Thus, Z cannot be embedded into any Z,,. Therefore, C'(Z) is countably
generated, but not finitely generated by Proposition [3.14.2]

To consider countably or finitely related C*-algebras, one must consider generation
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of the kernel of the quotient map from a scaled-free unital C*-algebra. Since the kernel

is generally non-unital, this discussion will be set aside for now.

3.15 Property: Projectivity & Liftability in 1C*

Proposition demonstrated that one property of unital C*-algebras can be cap-
tured completely by a quality of its presentation. In this section, another such prop-
erty, a type of projectivity, is characterized in terms of a property of the C*-relations
in play, accompanied by motivating examples.

To be clear, the projectivity being characterized here is projectivity with re-
spect to the class of surjective, unital *-homomorphisms in 1C*. Explicitly, a uni-
tal C*-algebra P is projective in this sense if given any unital *-homomorphism
v : P — B and any surjective unital *~homomorphism ¢ : A — B, there is a
unital *-homomorphism 1; : P — A such that v = ¢ o 1& This is shown with the

commutative diagram below in 1C*.

A
) ¢

'PTB

EL

Be aware also that the map factorization above need not be unique like a universal
property would require.

Observe that in the diagram above, B =;c- A/ ker(¢), with ¢ acting as the
quotient map. Thus, to test this flavor of projectivity, one need only consider a
unital C*-algebra A, an norm-closed, two-sided ideal J in A, and the quotient map
qg: A— A/J.

Recall that Proposition [3.2.6] stated that for any crutched set (S, f), (S, f|0)1c-
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is projective with respect to all surjections in 1C*. Further, Example [3.3.1| implies
that 1C* has enough projectives with respect to surjections in 1C*.

Let R be C*-relations on (S, f) and qg : (S, f|0)1c* — (S, f|R)1c be the quotient
map. Given a unital C*-algebras A and B, let ¢ : A — B be a surjective unital *-
homomorphism and 1 : (S, f|R)1c+ — B a unital *-homomorphism. By Proposition
3.2.6| there is a unital *-homomorphism ¥ : (S, f|@)1c+ — A such that ¢potp = Y oqx.

However, when can one find a 1 : (S, f|R)1c* — A such that ¢ o )= ?

3

-l
(S, f10)1c —= (S, f|R> B

If one could guarantee a factorization of ¢ via gg, this would always occur. In
[27], the notion of “liftable relations” is discussed and shown to be the solution to this
question in the existing presentation theory. Here, the author makes this definition

precise for the crutched set situation.

Definition. For a crutched set (S, f), a set of C*-relations R on (S, f) is liftable in
1C* if for any unital C*-algebras A, B, any surjective unital *-homomorphism ¢ :
A — B, and any unital *-homomorphism p : (S, f|0)1c+ — B such that R C ker(p),
there is a unital *-homomorphism p : (S, f|0)1c~ — A such that ¢ o p = p and
R Cker(p). The map p is called a lift of p along ¢.

Much like Theorem this definition is verbose, but the notion behind it is
intuitive. Given a choice of elements in B where C*-relations R “evaluate” to 0,
one can find lifts in A along ¢ for each element that together also “evaluate” R to
0. Notice that content of the definition is indeed in the ability to find p such that

R C ker (p) since Proposition [3.2.6 guarantees existence of a map from (S, f|0)1c- to
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A completing the triangle.
Mirroring [27], liftability of C*-relations is the correct notion for a given presen-

tation to be projective relative to all surjections in 1C*.

Proposition 3.15.1. Given a crutched set (S, f), C*-relations R on (S, f) are liftable

in 1C* if and only if (S, f|R)1c* is projective relative to all surjections in 1C*.

Proof. Let F := (S, f|0)1c+, A := (S, f|R)1c*, and qr : F — A the quotient map.
(<) Let B and C be unital C*-algebras and ¢ : B — C a surjective unital *-
homomorphism. Given a unital *~homomorphism p : F — C with R C ker(p),

consider the diagram below.

A B
S
]:T>C

Then, Jg C ker(p) so by the universal property of the quotient, there is a unique unital
*~homomorphism p : A — C such that p = poqr. As A is projective with respect
to surjections, there is a *-homomorphism v : A — B such that p = ¢ o 1. Hence,
m:=1oqr:F — Ais aunital *-homomorphism satisfying R C ker (¢g) C ker (7).
Also,

pom=¢oroqr=poqr=p.

(=) Let B and C be unital C*-algebras and ¢ : B — C a surjective unital *-
homomorphism. Given a unital *~homomorphism p : A — C, consider the following

diagram.

B
|+
C

As R is liftable, there is a unital *~homomorphism ¢ : F — B such that ¢o) = pogp

F ——

QRA p
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and R C ker(¢)). By the universal property of the quotient, there is a unique unital

*_homomorphism 1 : A — B such that ¢ = 9 o gz. Observe that
pooqr=¢oy =pogn

so by Theorem , ¢o @ = p.
O

Given this characterization, one can consider the examples already available. The

results of this section’s examples are summarized in Table [3.2]

Ezample 3.15.2 (C). Recall that C =3¢+ ((2,0)]0)1c+ so C is projective relative to

all surjections in 1C* by Proposition [3.2.6]

Ezample 3.15.3 (An idempotent). For A > 1, the unital C*-algebra
Ay = ((z, ) |z = x2>1c*

is not projective relative to all surjections in 1C*. To show this, consider the unital
*homomorphism ¢ : C[0,1] = C®C by ¢(f) := f(0)® f(1). Let Fy := ((x, \)|0)1c+.
Observe that 0 & 1 is an idempotent in C & C of norm 1 so there is a unique unital
*-homomorphism p : Fy — C @ C by p(z) := 0@ 1. Also, x — 2% € ker(p).

Observe that all f € ¢ (0 @ 1) satisfy f(0) = 0 and f(1) = 1 so as each f is
continuous, ran(f) D [0, 1] by the Intermediate Value Theorem. However, given any
idempotent g € C[0, 1], ran(g) = ocpo1)(g) € {0,1}. Since g is continuous and [0, 1]
connected, ran(g) = {0} or {1}. Hence, the additive and multiplicative identities are
the only idempotents in C'[0, 1], and neither of these is a pre-image of 0 & 1.

Thus, there is no choice of idempotent in C'[0, 1] in the pre-image of 0 ® 1 so there

is no lift of p along q. Hence, {z — 2} is not a set of liftable C*-relations on {(z,\)}.
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By Proposition [3.15.1, A, is not projective with respect to all surjections in 1C*.

Ezample 3.15.4 (Self-adjoint, Positive). For A > 0, the unital C*-algebra

By = ((z,\) |z = 2" ), =1 C[—A, A

is projective relative to all surjections in 1C*. To show this, let Fy := ((z, A)|0)1c+,
A and B be unital C*-algebras, and ¢ : A — B. Consider a unital *-homomorphism
from p : F\ — B such that = — 2™ € ker(p).

By Theorem , there is a unital *-homomorphism ¢ : F, — A such that
p=¢or. Let a:=R(¢Y(x)). Then,

ba) = 3(60v)(x) + 5(6ou)(a")
= (@) + ()
= o) + gplla” — )+ )
= Lola) + gplat —2)+ o)
= pla)+5(0)
= p(z)

and ) .
laly < SI@la+ 5l

= L@t 3 10

= [(@)lla
2 7

A

IN

IN
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Defining ¢ : {(z,\)} = Flo" A by ¢(z) := a, ¢ is a constrictive map. By Theorem
3.2.1 there is a unique unital *-homomorphism ¢ : F) — A such that ¢(z) = a.
Further, note that

plr—a")=a—a"=a—a=0.

Hence, x — * € ker (¢) so {x — z*} is liftable on {(z, A)}. By Proposition [3.15.1] B,
is projective with respect to all surjections in 1C*.

Also, observe that ((z,A)|z > 0)1cr Z1c C[0,A] Z1c C[—A, A] as [0, A] Zrop
[=A,Al. Thus, by Proposition [3.15.1 {z — p(R(x))} is liftable on {(z,\)}, where
p:R— R by

0, p<0,

pp) =
o >0

As summarized in Proposition m, a unital C*-algebra P being projective with
respect to all surjections in 1C* implies that its abelianization Ab;(P) is projective
with respect to all surjections in C1C*. In turn, the maximal ideal space A (Ab;(P))
must be injective with respect to all one-to-one maps in Comp, an absolute retract.
As such, many consider projectivity with respect to surjections in 1C* to be the

non-commutative analog of absolute retracts, like [27].

Ezample 3.15.5 (Unitary, Isometry, Coisometry). For A > 1,
(z,N)|z"e = 22" = 1), o Z1c- C(T)

is not projective with respect to all surjections in C1C*, let alone 1C*. Assuming to
the contrary, then T would be an absolute retract. Hence, as T C D, T would be a
retract of D. However, this is well-known to be false by an argument by fundamental

groups.
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Extending this, the Toeplitz algebra has the following presentations.
T 2 (@) |10 = 1),00 S0 (@) 12" = 1) 0
It too is not projective with respect to all surjections in 1C* since
Aby(T) Zci1c- C(T)

by Theorem and Proposition B.4.§ By Proposition[3.15.1] {z*z—1}, {za* -1},

and {z*z — 1,22 — 1} are not liftable on {(z, \)}.

Ezample 3.15.6 (Finite-Dimensional, Commutative). For n > 2, the unital C*-algebra
C" is not projective with respect to all surjections in C1C*, let alone 1C*. To
show this, notice that A (C") Zcomp (7] := {1,...,n}, a finite discrete space. Let
a: [2] = [n] by a(1) := 1 and «a(2) := 2. This function is automatically continuous

as both [n] and [2] are discrete. Consider then the following diagram in Comp,

]

[2]—~[1,2]
where ¢ : [2] — [1,2] is the inclusion of the two point space [2] := {1,2} into the
continuous interval [1,2]. If [n] were injective with respect to one-to-one functions
in Comp, there would be a continuous map & : [1,2] — [n] extending «. Hence,
ran (&) D {1,2}, but as [1,2] is connected, this is not possible. Thus, [n] does not
have this type of injectivity.

Similarly, O is not projective with respect to all surjections in C1C* or 1C*. In
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this case, note that A(0) = (). Consider the following diagram in Comp,

where Opy) : ) — [1] is the empty function into the one point space. Since there are no
functions from [1] to @), continuous or otherwise, () cannot have this type of injectivity.
Thus, C is the only commutative finite-dimensional C*-algebra that is projective

with respect to all surjections in 1C*.

Ezxample 3.15.7 (Normality). Given a crutched set (S, f), consider the unital C*-

algebra

A= (S,f|5t:ts,s*t:ts*Vs,t S S>IC* =10 ¢ H E
sZf=1(0)

In its native category C1C*, A is projective with respect to surjections found there.
This follows directly from Proposition [3.2.6) Theorem [3.4.4] and Proposition [B.4.§]
which give
A =1c0 Aby ((S, fl0)1c) -
As a result, H D is an absolute retract for all index sets A.
Hovvevelr,/\.i{X is not projective relative to all surjections in 1C* unless f is constant

0, in which case A ¢+ C. Assume that there is sy € S such that f(sg) # 0. Let
T = C(T) € B ()

denote the Toeplitz algebra, generated on the unilateral shift 7' € B (82). Consider
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the unital *~homomorphism ¢ : T — C(T) given by ¢(T) := idy. Recall that ker(q) =
K (¢%), the compact operators. Define ¢ : (S, f) — Fyoct (C(T)) by

f (So) Z.dqy, s = 8o,
07 S 7£ S0,

p(s) =

which is constrictive. By Theorem [3.2.1] there is a unique unital *-homomorphism
& (S, fI0)1c+ — C(T) such that @(s) = ¢(s) for all s € S. Further, st—ts, s*t—ts* €
ker () for all s,t € S.

In [9], the Fredholm index of 7" is -1 so there is no K € K (¢*) such that T'— K is
normal. Likewise, there is no such K such that f (so) T — K is normal. As a result,
there are no normal operators in ¢~ ' (f (so) idy). Thus, there is no lift of ¢ along ¢.
Hence, {st —ts,st* —t*s : s,t € S} is not liftable on (S, f) when f is not identically
0. This was also shown in the existing presentation theory with a different operator
in [27].

What the above example has shown is that knowledge of the category in question
must be clear when discussing types of projectivity.

The remaining examples are combinations of the previous ones, either by free
product or tensor product. Note that both of these constructions are the coproduct
in either 1C* or C1C*, and there is an abstract connection between projectives and

coproducts. That is, coproducts of projectives are once again projective, stated dually
in Proposition [A.4.2]

Ezample 3.15.8. Given that C]0, 1] is projective with respect to surjections in C1C",
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then

C©) e C(0.17)
c1cr C[0,1] ® C[0, 1]
Zcicr O[O, 1]HCIC*C[07 1]

is projective with respect to surjections in C1C* also. Similarly, since C]0,1] is

projective with respect to surjections in 1C*,

((,1), (y, D]z 20,y 2 O1c =1cr (@, D]z = 0)ac- *e ((y, 1)y = 0)1c
=10 O[Oa 1] *C C[Ov 1]
1C*
e CO ] Clo.1]

is projective with respect to surjections in 1C* too.

The above example demonstrates that clarity in the coproduct used is needed
since C' (E) is not projective with respective to surjections in 1C*.

However, the reverse is not always true in general; coproducts which are projective
need not have projective factors. Fortunately, this is not the case in either 1C* or
C1C*. Proposition yields that a product of compact Hausdorff spaces is an
absolute retract if and only if each factor space was initially. Dually, this gains the
projectivity result for C1C*. Proposition determines the analogous result for
1C*.

Using these results, the projective properties of all the remaining examples can

be determined.

Ezample 3.15.9 (Self-adjoint and normal invertibles). Recall that for Ap > 1,

o Lo [T

,u
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and
1 Comp
A1y Zcom [—,)\} T.
2 oo | ] TT

-1 1
Thus, |:—>\, —] U [—, )\1 and A1 , are not injective relative to all monomorphisms
I I "

in Comp by Proposition as {—1,1} and T are not.

Symmetrically,

([l me e e

and

C (Aﬁ,Q ~ o O EA] ® C(T).

are not projective relative to all epimorphisms in C1C* since C'({—1,1}) and C(T)
are not. Since epimorphisms in C1C* are surjections in 1C*, neither of these algebras

can be projective to all surjections in 1C™.

Ezample 3.15.10 (Pedersen’s two-projection algebra, [32]). As C? is not projective

with respect to surjections in 1C*,

Cl0,1]  Cy(0,1
2 €2 2y [0,1]  Co(0,1)
CO(Oa 1) 0[07 1]

is not projective in this sense either.

Ezample 3.15.11 (Non-commutative invertible algebras). Recall that for Ay > 1,

{(z, ) |u2x*x > 1, pPra* > ]l>1c* >0+ C[0,1] x¢ C(T)
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Table 3.2: Projectivity for Current Examples in 1C*

’ Unital C*-algebra H Surjections in 1C* \ Surjections in C1C* \ Example ‘

t Yes Yes 35.1
ChneWh i} No No 3156
clo,1] Yes Yes 3.5.2
¢ No No 353
¢ (4i2) No No 3117
¢ (HE> A F 0 No Yes 3.15.7
AEA
T No - 35.4
Cl0,1]  Co(0,1]
{00(07 1] Clo,1] No - 3.12.7
C[0,1] Cy(0,1)
{Co(o, 1) C0,1] No - 3.10.2
O, 1] (1) No : S
e No - 311.0
and

(@, N |pPz*e > 1) o e ((2,2) [plea* > 1) o S1e C[0,1] % T

Hence, neither of these coproducts can be projective relative to all surjections in 1C*

since C'(T) and T are not.

Observe also that liftability of C*-relations can change if the crutch function

changes. Recall the following examples:

) C, 0< A<,
<(x, N|z® =z* = x>1c* &~ o
CaocC, X>1,

<(I, /\)|I*I = ZEZ‘*,SiD(Z‘) = 0>IC* glC* 62n+17
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0, p=0or In(u) < =\,
((z,N)|z"2 = z27, | exp(z)[| < phicr F1cr C, In(u)=-XorA=0<In(p),
C (ﬁ) , otherwise,
0, Ap <1,
((z,A) [pr > 1)1 S0 C, Au=1,
C0,1], Au>1,
C, A<,
CaC, A =1,
(@, M) ]z =2"),6. =10
0[07 1] C(0(07 1]
, o A>1,
00(07 1] C[Ov 1]

\

(S, flst =ts, st =ts'Vs,t € S);a Z1cr C H D
s¢f=1(0)

In each of these, there is a transition where the presented unital C*-algebra passes
from projective to not projective, relative to surjections in 1C*. In fact, the normal-
exponential algebras above alternate as A changes.

Changes such as this will be examined more in detail in Section [3.16]
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3.16 A Bifurcation Theory for Crutch Functions
in 1C*

As noted from Section [3.1] the crutch function plays a pivotal role in the construction
of a unital C*-algebra. Proposition [3.2.4] showed that the scaled-free C*-algebra was
unique up to the zero set of its crutch function. Also, each example presentation
in this chapter has given rise to multiple distinct algebras, depending on the crutch
function chosen prior to construction.

Prior works have considered changing norm bounds on generators before, such as
[15], [16], and [I7]. However, in most cases, the bounds tend to 0, rather than being
allowed to grow as seen in the preceding examples.

This closing section of Chapter (3| considers this “bifurcating” behavior of isomor-
phism classes arising from the choice of crutch function.

First, one must be careful about what it means for two presentations to be the
“same up to crutch function”. Intuitively, this would mean that the set of generators
and C*-relations are left alone while the crutch function is allowed to change, as
shown in all the examples done thus far.

However, there is an issue with existence for certain C*-relations, specifically those

built from the functional calculi. The following example describes such a situation.

Ezample 3.16.1 (Existence of a C*-relation). Recall that the power series Z @’ only
j=1
converges if |u| < 1. For A € [0,00), let Fy := ((x,A\)|0)1c-. For u € D,, there is

a unique unital *-homomorphism 7, : F\ — C by 7m,(z) := p. For n > m € N and
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A>1,

n

>

j=m+1

:zn:)\j

Jj=m+1

> ¥

Jj=m+1

n
m g b
j=m+1

AL ymtl - A2 y\mtl B )\m-l-l()\ _ 1)
A-1 = A—-1 -1

Fa

= A"t

o
Thus, Z 27 cannot exist in Fy for A > 1. However, for A < 1,
j=1

ixj giyxn_ZAﬂ
j=m+1 F Jj=m+1 j=m+1
)\m+1
< Z )\J_

j=m+1

o0
making this sequence Cauchy. Thus, Z 2/ exists in Fy for A < 1.
j=1
To avoid this problem, one can fix a working environment to construct the C*-

relations and then consider moving away from that setting. This will be done by
fixing a set of generators and relating crutch functions on it, thus connecting scaled-
free C*-algebras on those generators. Next, this relationship will be used to move
C*-relations on a fixed crutched set to other scaled-free C*-algebras, tying together
variants of the same presentation.

To begin, fix a set S and partially order the crutch functions on S using the

S

usual product order on [0,00)”. That is, given crutch functions f and g, g < f if

g(s) < f(s) for all s € S. For g < f, the map gbf (S, f) — (S,g9) by (,bg(s) =sisa
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constriction. Further, if h < g < f,

(61 0 0f) (5) = i.(s) = s = B1(s)

for all s € S so ¢£ = ¢j o qég. Further, (b§ = id(s,f), making ((S, f),(bg) an inverse
system in CSet,. Diagrammatically, this is summarized in the commutative diagram

below for crutch functions h < g < f on S.

f

(S, ) —2~ (S, 9)

g
Lk

(5, h)

Applying 1C"Alg, ((S,f\@}lc*,pg) is also an inverse system in 1C*, where pg =
1C"Alg (gbg) associates a generator to its counterpart in the target algebra. This is

summarized in the commutative diagram below for crutch functions h < g < f on S.

7
(S, f10)1c- N (S, g|0)1c*

g
\ lph
Ph,

(S, h|0)1c

Fix a crutch function f on S and a set of C*-relations Ry on (S, f). For g < f,
define Ry := pl (Ry), Ay == (S, g|Rg),c+» and let ¢, = (S, g|0)1c- — A, be the

quotient map. For h < g < f, observe that

P (Ry) = (p} o p}) (Ry) = pl (Ry) = Ry,

so R, C ker (g0 pj). By the universal property of the quotient, there is a unique
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unital *-homomorphism ¢ : A, — Aj, such that ¢j og, = gropj. Fork <h <g< f,
Pr O P0Gy = P10 qn 0 P = Qi © i o P = qr 0 Pl = £ 0 g
so by the universal property of the quotient, ¢ o ¢y = ¢i. Further,

Py 0 dg =g © Py = g © id(s,gl0),c- = g = id.a, © gy

so by the universal property of the quotient, ¢9 = id,,. Thus, (A, ¢}) is an inverse
system in 1C*. This is summarized in the commutative diagram below for £ < h <
g< .

A, 4,

h
g J{‘pk
Pk

Ak
This is precisely the notion desired for presentations to be “the same up to crutch

function” as the following example demonstrates.

1
Example 3.16.2. Fix S := {z} and f : S — [0,00) by f(z) := 3 From Example

3.16.1} ij € ((z,\)|0)1c- for A < 1 so let Ry := {ij} For g < f, R, =
j=1 J=1

{Z z’ } as pg merely associates generators. Thus, letting A, := g(z),
j=1

A, = <(a:,)\g) ixj = O>

1c

1
for all A, < 3

Some C*-relations exist regardless of how large the crutched value is allowed to

grow. In particular, those C*-relations determined by entire functions in the analytic
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functional calculus have this property. Examples of this situation have been the main
focus of this chapter. As done in those examples, one can fix an arbitrary crutch
function to construct the relationship above, but the arbitrary choice and universal

property of Theorem [3.3.2 allow one to start anywhere in the inverse system.

Ezample 3.163. Fix S := {z} and f : § — [0,00). Letting A := f(z), sin(z) €
((z,A\)|0)1c* so let Ry := {sin(z)}. For g < f, R, = {sin(z)} also. Thus, letting
Ag = g(2),

Ay = ((z, Ag) [sin(z) = 0), o -

Assume that e > f. Letting A\, := e(z), sin(z) € ((z,Ae)[0),c-. Letting R, :=
{sin(z)}, note that p} (R.) = {sin(z)} = Ry, avoiding ambiguity.

Next, with the issue of existence in mind, one can consider a visual representation
of this inverse system, a bifurcation diagram.

Specifically, let R; be a set of C*-relations on a crutched set (S, f). For each
g < f, the construction above yields an associated unital C*-algebra A,. Thinking
of g as a point in [0,00)", one can consider the set of crutch functions which yield

algebras isomorphic to A,.

Definition. For a set of C*-relations Ry on a crutched set (S, f) and a unital C*-

algebra A, the class set for A relative to (5, f) and Ry is given by
SY(A:S, [ Rp) = {g €[0,00)% 1 g < [, A, Zrer A}

When card(S) < 3, these sets can be drawn on conventional axes, labeling the

sets appropriately.

Example 3.16.4 (A normal element). Fix S := {z}, f : S — [0,00), and Ry :=
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® CD

Figure 3.2: Bifurcation Diagram for {z*x — zz*}, Ay = 1.1

{z*x — xa*}. Let Ay := f(z). Example shows

* * C? >\ = 7
(@A) |z"e = 227,00 S0 _
C (D), Ax>0.
Thus,
{0}7 A glC* C?

SY(A:S fR) =8 (0], A C (D),
0, otherwise.

Graphing these sets on a 1-dimensional axis yields Figure [3.2] for Ay = 1.1.

Ezample 3.16.5 (Sine and normality). Fix S := {z}, f : S — [0,00), and Ry :=

{sin(x),z*x — zz*}. Let Ay := f(x). Example shows
((z,\) |z*2 = za*,sin(2)); o S C"Tmn < A< 7w(n+1)
for n € W. Thus,

. mn,m(n+ 1) N[0, A, A= C"new,
0 4 gy = | FETEEDIN0N], Az

0, otherwise.

Graphing these sets on a 1-dimensional axis yields Figure [3.3| for A\ = 7.1.

Example 3.16.6 (An idempotent element). Fix S := {z}, f: S — [0,00), and R; :=



Figure 3.3: Bifurcation Diagram for {z*z — xz", sin(x)}, Ay = 7.1

L e

e C+C

[C[0,1] C(0,11]
o[ Co(l),l] C[0,1]]

Figure 3.4: Bifurcation Diagram for {x — Q?2}, Ap =21

{z —2”}. Let \p := f(x). Exampleshows

C, A <1,
) cac, A=1,
<(a:, A) |x =7 >1C* =10
C[Ov 1] CO<07 1]

Co(0,1] C[0,1]

, A> 1.

Thus,

(

0,1) N[0, A],  AZicr C,
(11n0,)], Ae CaC,
e (-A S, [, Rf) = 0[07 1] 00(07 1]

(Loo) N[0, Af], A=qce
Co(0,1] C[0,1]

0, otherwise.
\

Graphing these sets on a 1-dimensional axis yields Figure for Ay = 2.1.

Y
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Example 3.16.7 (Invertibility). Fix S = {x,y}, f : S — [0,00), and Ry := {zy —
1,yr—1}. Let Ay := f(x) and py := f(y). From Example(3.11.8| the following Tietze

transformations show

<(l’, )‘)7 (y7ﬂ) ‘i[)y =yr = ]]'>1C*

~ o <(ar, A), (y, 1) WL >

1< p’z*x
1C*
ry =yr =1,
=10t <(l‘; A), (Y, 1) 1< plx*z, 1 < pilaa®, >

-2
y = (p (M (a"z)7 — 1) + 1) x*
1C*

yr =1,
=100 <($; A)s (Y, 1) 1< plx*z, 1 < plaat, >

-2
y = (p (u (a"z)% — 1) + 1) a*
1C*

ESTex <($, >‘)7 (y, :LL)

1< 2z, 1 < plaat, >

-2
y = p? (p <u (x*ac)% - 1) + 1> x”
1C*

e (@A) |1 < plata, 1 < plrat) .

0, A< 1,
=1ct C(T), Ap =1,
C10,1] ¢ C(T), > 1.

Thus,
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®0

® C(M

® C[0,1]*C(M)

Figure 3.5: Bifurcation Diagram for {zy — 1,yz — 1}, \f = pup = 2.1

Y (A: S, f, Ry)

(

{(Anu) DAL < 1} N ([0> >‘f] X [07/vbf])’ A =1c- 0,

[Oum) s M= 11 (0,0 X [0, 47]), A2 C(T),

() = A > 10 ([0, A7) < [0, 5]) - A e Cl0 1] xe C(T),
0

\ , otherwise.
Graphing these sets on a 2-dimensional axis yields Figure for A\ = py = 2.1

Ezxample 3.16.8 (Exponential and normality). Fix S := {z,y}, f : S — [0,00), and

Ry = {2"x — xzz”,exp(x) — y}. Let A\ := f(x) and ps := f(y). Example and
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the following Tietze transformations show

< (x,\), | 2"z =xz", > N < (x,N), | 2"z = za*,y = exp(x), >
& o

(W, 1) | y=explz) [ (v, 1) | exp(z)|| < p
r'r =z’
glC* (I7 )‘)
lexp(z)|| < p
1c*
0, p=0or In(u) < —A\,
=1ct C, In(p)=-XorA=0<In(u),
C (E) , otherwise.

Thus,
SICT(AS, f, Ry)

(

{0 1) = < exp(=A)} N ([0, A] x [0, p¢]) ;A =1+ 0,
{(A exp(=A)), (0, ) - o = LA = 01) O ([0, Af] X [0, 1), A Z10+ €,
{0 ) - > exp(=A), A > 0} N ([0, Af] x [0, 1)), A Zac- C(D),
0

\ , otherwise.
Graphing these sets on a 2-dimensional axis yields Figure [3.6] for Ay = py = 2.1.

With this notion, some natural questions arise. First, for a fixed set of C*-
relations, how many distinct isomorphism classes are possible? In particular, how
many distinct isomorphism classes are possible for a finite set of generators, specifi-
cally a single generator? From Section [3.6, a single generator can yield a countably

many distinct unital C*-algebras. Further, one can yield any finite cardinality.

Ezample 3.16.9 (Finitely many isomorphism classes). Fix n € N. Define r : C — C

n—1
by r(p) = H(u — 7), a polynomial with finitely many distinct zeroes. For A > 0,
=0
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®0

eC

® C(D)

Figure 3.6: Bifurcation Diagram for {z*z — z2*, exp(x) — y}, A\ = py = 2.1
r(z) € ((x,\)|0)1c+ so consider
A= ((z,N) |z"z = 22", 7(x) = 0),0- -
Note that x is normal. In this case,

Hence, g;(i)(()) ={0,...,n—1} N D,. By Theorem W,

. . Cl, j—1<A<jji=1,...,n—1,
(z,\) |z*r = z2”,r(x) = 0) ;0 Z1c
c, n—1<)M\,

displaying n distinct isomorphism classes.

Whether or not a single generator can yield an uncountable number of pairwise
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Table 3.3: Examples of Tenuous C*-algebras

’ Unital C*-algebra H Crutched Set \ C*-relations ‘
C {(z,1)} {z*r — zz*}
C {(2,2), (¥,2)} | {z"x — z2”, exp(z) — y}
CeC {(z,2)} {z — 2%}
CalC {(2,2),(y,2)} | {x — 2", 2y — 1, yx — 1}
() {(z,2),(y,2)} {oy —1,yr — 1}

non-isomorphic unital C*-algebras has not been determined at the time of this work.

Next, observe that in Figures [3.2] [3.4] 3.5, and display isomorphism classes
that could be termed “unstable”. With very small changes in the crutch function,
the behavior of the algebra can radically change. Equipping [0, oo)s with the product

topology, one can make the following definition.

Definition. Given a set Ry of C*-relations on a crutched set (S, f), a unital C*-
algebra A is tenuous for Ry if the associated class set yier (A: S, f, Ry) is nonempty

and has empty interior.

As with the definitions of crutched set and constriction, use of the term “unstable”
is avoided as “stable” is already in use in the context of the existing presentation
theory detailed in [27]. What this definition states is that there are crutch functions
g < [ such that (S,g|Ry),o =10+ A, but for a particular g, there is no ball around it
so that all functions in the ball also yield A. Table [3.3]| shows some tenuous examples
in this chapter.

One particular goal in this vein is to uncover criteria on a set of C*-relations de-
termining when the resulting C*-algbras are tenuous relative to it. At first glance,
many of these tenuous cases arise from a C*-relation involving the identity, such as
invertibility or the power series for exp. However, normality and idempotency break

this intuition as they are *-polynomials without reference to the identity. Also, the
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power series for cos involves the identity, but the algebras demonstrated in Section
[3.6] are not tenuous. At the moment, this notion of tenuousness is nebulous but inter-
esting. At the time of this work, no necessary nor sufficient criteria for tenuousness
relative to a set of C*-relations have been determined.

As mentioned in Sections [3.1] and [3.5] the construction of the scaled-free unital
C*-algebra and the presentation theory can be mirrored in other normed algebraic
categories. There, a notion of this bifurcation behavior may well exist and yield more

interesting cases for consideration.
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Chapter 4

Non-Unital Category C*

This chapter adapts the constructions and results of Chapter [3| for general C*-
algebras, developing a comparable presentation theory.

Also, with this general theory in play, the relationship between the presentation
theory built in [I9] can be determined, the present work subsuming and extending

the results of [19] in Theorem [4.3.3

4.1 The Modified Construction for C*

As done in Section 3.1} a scaled-free construction can be accomplished for the category
of C*-algebras with *-homomorphisms. The arguments here will be nearly identical to
those of Section so for brevity, only an outline of the construction and statements
of the main results will be given here.

A version of the construction was done previously in Section 1.3 of [19]. However,
this presentation of the material explicitly carried the universal maps of both free
*_semigroup and free *-algebra constructions throughout each result. The present

work aims to streamline the construction for C*-algebras, moving directly from the
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original crutched set to the constructed algebra.

To begin, let C* denote the category of C*-algebras and *-homomorphisms. Ex-
plicitly, Ob (C*) is the class of all C*-algebras, and for A, B € Ob (C*), C*(A4, B) is
the set of all *~homomorphisms from A to B.

As in Example every A € Ob(C*) is a set with a nonnegative function
fa : A — [0,00) by fa(a) := |la]la. Thus, there is a natural forgetful map to
Ob (CSet;), where one regards A as a crutched set (A, f4), ignoring all structure
except the norm function. Similarly, given A, B € Ob (C*) and ¢ € C*(A,B), ¢ is
firstly a function from A to B, but it is a standard fact that ||¢(a)||s < ||a||4 for all
a € A. Hence, ¢ € CSet; ((A, fa),(B, fz)) as in Example One can quickly
check that these two associations define a functor Fg*se'” : C* — CSety, where one
ignores all data from C* save the set and norm.

Now, fix (S, f) from Ob (CSet;), thought of as a set of generators normed by
their values under f. The objective is to build a reflection of (S, f) along Fg*setl.
First, the norm structure of a C*-algebra will force any element crutched by 0 to be
the zero element, so these elements are removed. Let Sy := S\ f~*(0).

Next, the adjoint structure will be encoded. Let Sy, := S; W Sy := {0,1} x Sy,
the disjoint union of Sy with itself. The original set Sy is identified with {0} x S
while elements of {1} x Sy are denoted s*, formal adjoints of elements in Sy. As such,
it is standard to consider Sy, := SpU{s" : s € S¢}.

To encode the multiplicative structure, let Hg; be the set of all nonempty finite
sequences of elements from Sy, thought of as non-commuting monomials. Specif-
ically, the empty list is not included in Hgy. Under concatenation of lists, Hg ¢ is
naturally a semigroup. However, it also has a natural involution by reversing or-
der and swapping presence/absence of the *. Hence, Hg s is a *-semigroup, the free

*-semigroup on Sj.
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For additive structure, let Bg s be the set of all functions from Hg s to C whose
support is finite, thought of as non-commuting polynomials with coefficients from
C. Under point-wise addition and scalar multiplication, Bg s is naturally a C-vector
space. Further, each function can be written uniquely as a C-linear sum of functions
with singleton support and value 1, denoted ¢; for each [ € Hg ;.

Vector multiplication is determined by the usual polynomial formula, described
explicitly in Section Similarly, the adjoint operation is determined in an equally
natural way from Section 3.1} Under these operations, it is a standard exercise to show
Bg s to be an involutive C-algebra, the free *-algebra over C on Sy. This *-algebra
and its properties were detailed in Sections 1.3.3-4 of [19].

To continue the construction, one must norm Bgy. The following faithful *-

representation is constructed just as in Lemma [3.1.1}

Lemma 4.1.1. There exist a Hilbert space H and a *-homomorphism my : Bg s —

B(H), which is one-to-one and satisfies ||mo (3s)|| gz = f(s) for all s € Sy.
This result is a refinement of Theorem 1.3.6.1 from [19].

Lemma 4.1.2. For each a € Bgy, define

B a C*-algebra,
Ty = |Im(a)|lg: = Bs y — B a *~homomorphism,

I (6:)ll5 < f(5)Vs € 5y

and 7g,; : Bg s — [0,00) by 75, f(a) :=sup J,. Then, 75 is a sub-multiplicative norm

on Bg s satisfying the C*-property.

Thus, Bg s is a *-algebra over C with a C*-norm. Therefore, the completion, de-

noted Bg, s, is a C*-algebra, residing in Ob (C*). As such, one can consider Fg*setlBg £
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this algebra with only its norm. There is a canonical association s : S — Bg s by

55, S € Sf,
O, SQSJC.

ngf(s) =

The C*-algebra Bg ¢ equipped with fg f is a candidate for the reflection of (5, f) along

FSPe% . This result is a refinement of Theorem 1.3.7.1 in [19].
Lemma 4.1.3. The function 0s ; is constrictive from (S, f) to FGo " Bg,.

Theorem 4.1.4. The C*-algebra Bs ¢ equipped with Os ¢ is a reflection of (S, f) along

CSet
FC* .

Further, since (S, f) was arbitrary, Proposition states that there is a unique
functor C"Alg : CSet; — C* such that C*Alg(S, f) = Bsy, and C Alg H Fg*Setl by
Theorem [A.5.2]

4.2 Properties of the Functor C Alg

Since the constructions of Sections and are very similar, the properties of the
resulting C*-algebras are closely related. The arguments for C*Alg are nearly identical
as those for 1C" Alg so for brevity, only a summary of the results will be given here.
However, the key result of this section is Theorem which demonstrates that
the unital scaled-free C*-algebra of Section is precisely the unitization of the
C*-algebra constructed in Section 4.1l This, in turn, gives an immediate proof of
projectivity in Proposition [£.2.7]

First is the explicit universal property of the adjoint pair C~Alg FSP‘*‘”. Theo-

rem 1.3.7.1 in [19] gives the same result.
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Theorem 4.2.1 (Explicit Universal Property of C"Alg 4 FGo%™). Let (S, f) be a
crutched set and B be a C*-algebra. Then for any constrictive map ¢ : (S, f) —
FSSeY B, there is a unique *-homomorphism ¢ - C*Alg(S, f) — B such that ¢ (8.5 (s))

o(s) forallse S.
Similarly, there are comparable “norm-stealing” and scaled-free forms.

Corollary 4.2.2 (Norm-Stealing Form). Let S be a set and B be a C*-algebra. For
any function ¢ : S — B, define fs : S — [0,00) by fs(s) :== ||¢(s)||s. Then, there is a
unique *-homomorphism ¢ : C*Alg (S, fs) — B such that b (95’7f¢ (s)) = ¢(s) for all

seSs.

Corollary 4.2.3 (Scaled-Free Mapping Property Form). Let (S, f) be a crutched
set and B be a C*-algebra. Then, for any function ¢ : S — B, there is a unique

*_homomorphism ¢ : C"Alg(S, f) — B such that for all s € S,

~

Ip(s)ls - & (05,7 (5)) = f(5) - B(5)-

For this reason, the C*-algebra C"Alg(S, f) is termed the scaled-free C*-algebra
on (S, f). The analogous uniqueness result also appears. This result generalizes

Conclusion 4.1.2.9 in [19], which considers only strictly positive f.

Proposition 4.2.4 (Uniqueness of C*Alg(S, f)). Given a crutched set (S, f), let
1s, : Sy — {1} be the constant function. Then, C*Alg(S, f) =0 C'Alg (Sf, 1Sf).

As stated before, Section 1.3 of [19] forms the non-unital algebra of contractions
in a similar way to Section of the present work. Section 4.1.2 of [19] holds a
comparable analysis of the structure of this object. However, while the initial formu-
lation in Section 1.1 of [19] mentions the forgetful functor and the adjoint situation,

the categorical properties are not exploited in the work.
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Since C"Alg has been shown to be a left adjoint functor in Theorem [3.1.4] it
preserves all categorical colimits by Proposition[A.5.4] A fundamental type of colimit
is the coproduct. As shown in [5], C* has all coproducts, namely the free product. As

such, for an index set I and C*-algebras (A4;);cs, their free product will be denoted

C*
IT 4
iel

In regard to notation, the free product is usually denoted by “x”. The “H”
notation will be used interchangeably with the “x” notation, but preference will be
given to the “H” with arbitrary index sets.

Recall that Proposition described the “disjoint union” crutched set, which
gave a canonical decomposition of a crutched set into singleton crutched sets. Com-

bining this characterization with Proposition [£.2.4] the following canonical form is

taken.

Corollary 4.2.5. Given a crutched set (S, f),

C Alg(S, f) = ]_[ “CAlg ({ ]_[ O Alg ({(s, 1))

SGSf SGSf

In the case card(S) = 2 and f(s) > 0 for all s € S, this result can be stated in

the traditional notation as

C Alg(S, f) e C'Alg ({(s1. 1)}) * CAlg ({(s2. 1)}) -

Decompositions and characterizations such as this will be used extensively in the

remainder of this chapter, particularly Sections and
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Moreover, observe the following diagram of categories and functors,

c*
FlC*

co=__ T =C
Unit

1C*Alg C*Alg

CSet1

where Fi&- : 1C* — C* denotes the forgetful functor from 1C* to C*, and Unit :
C* — 1C”" denotes its left adjoint, the unitization as described in Section A

quick check shows that the outer triangle commutes. That is,

CSet; nC* CSet;
FSSet g, — pCSetr,

However, Propostion shows that
Unit C"Alg + F{&oet.

Since a left adjoint is composed of reflections, the universal property of the reflection

yields the following fact.

Theorem 4.2.6. Given a crutched set (S, f),
Unit (C"Alg(S, f)) S+ 1C7Alg(S, f).

Moreover, C"Alg(S, f) is C*-isomorphic to the ideal in 1C Alg(S, f) generated by

ns,r(S) via the universal *~homomorphism built from ng ¢ itself.

That is, the inner triangle commutes up to isomorphism in 1C*. This is a natural

expectation for the unitization and gives a very close connection between the unital
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theory of Chapter |3| to the general theory of the current chapter.
This relationship will be used extensively in the coming presentation theory and

its examples. As such, the isomorphism will be explicitly demonstrated.

Proof. For a crutched set (S, f), let F := C"Alg(S, f), G := 1C Alg(S, f), and A :=

Unit(F). Observe the following diagram in CSet,

CSet

LF
chetlA

Os.s CSet c*
’ 1 >
FC* f‘ lc*

(5,/)

ns,f
CSet;

where 1 : F — A is the inclusion into the unitization from Theorem and
ns,f : S — G the inclusion of generators from Theorem .

Notice that ng s is a constrictive map. By Theorem there is a unique *-
homomorphism jg; : F — G such that js o 0s s = ngy, just associating the genera-
tors. By Theorem , there is a unique unital *~homomorphism 55, s A—= G such
that js ;o tr = js.f-

Likewise, S >, Fobg s is a constrictive map. By Theorem there is a unique
unital *-homomorphism kg s : G — A such that kg ongs = tr o s s, associating
generators for G to the generators for F embedded in A.

Observe that,

jsyoksgonsy = Jssotrolsy
= Jsyobsy

= TMsf

so by Theorem m, Js.j o ks =idg.
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Similarly,
ksyojsfoirobsy = kssojssobsy
= ksyonsy

= trolsy

so by Theorem , ks yo 357]‘ otr = tr. By Theorem , ks o jSJ = idy.
Asin Theorem, Js,f is one-to-one, ran (jg r) is an ideal in G, and G/ ran (js r) =1c
C. Specifically, let Jg be the ideal generated by ng ((S) in G. Notice that ng s(S) C
ran (js r) so Jsg C ran(jsys). However, by construction, g ((S) generates F so
(4s.ro0s¢) (S) =ns,(S) generates ran (js ¢). Thus, ran (jg ) C Js.
In conclusion, ran (jg s) is the ideal generated by ng ((S) in G.
O

The map js ¢ within this proof will be key in the coming sections, where this
unitization result is extended to an entire presentation theory for general C*-algebras.

Lastly, Theorem combined with Propositions[3.2.6 and [B.5.4] gives a quick proof

of projectivity of C*Alg(S, f)-

Proposition 4.2.7. Given a crutched set (S, f), C"Alg(S, f) is projective with respect

to all surjections in C*.

4.3 Presentations for C* & Gerbracht Revisited

As done in Section [3.3] every C*-algebra has a scaled-free C*-algebra which quotients

onto it.

Example 4.3.1. Given a C*-algebra B, let S := B, the underlying set of B, and
f:8 —[0,00) by f(s):=||s||z. Define ¢ : S — B by ¢(s) := s, the identity map.

Trivially, ¢ is a constriction from (S, f) to Fgo°" B. By Theorem m, there is a
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unique *-homomorphism ¢ : C*Alg(S, f) — B such that ¢ (fs(s)) = ¢(s) for all
s € S. Then, for all b € B, b = ¢ (A5 4(b)). Hence, ¢ is surjective.

Thus, the following definitions are made, reflecting both the unital case as well as

the general algebraic case.

Definition. For a crutched set (S, f), a non-unital C*-relation on (S, f) is an element

of C*Alg(S, f). An element of 0 ;(S) itself is called a generator.

Recall from Sectionthat a (unital) C*-relation was an element of 1C" Alg(S, f).
By Theorem m, Js.f embeds C"Alg(S, f) into 1C Alg(S, f) so one may regard
C"Alg(S, f) as the ideal generated by 7 ;(S) within 1C"Alg(S, f). Thus, every non-
unital C*-relation may be regarded as a C*-relation as defined in Section [3.3] When
needed, the distinction between these two types of C*-relations will be explicitly

stated.

Definition. For a crutched set (S, f) and non-unital C*-relations R C C"Alg(S, f)
on (S, f), let Jg be the two-sided, norm-closed ideal generated by R in C"Alg(S, f).

Then, the C*-algebra presented on (S, f) subject to R is

<S7 f|R>C* = C*Alg(S, f)/JR7

the quotient C*-algebra of C"Alg(S, f) by Jx.

By Example4.3.1], every C*-algebra has a presentation in this sense. In parallel to
the algebraic notion of presentation, the following definitions describe how a particular

C*-algebra was formed.

Definition. Let A be a C*-algebra.
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1. A is finitely generated in C* if there is a crutched set (S, f) and non-unital
C*-relations R on (.5, f) such that card(S) < Wy and A Zc« (S, f|R)c--

2. A is finitely related in C* if there is a crutched set (S, f) and non-unital C*-

relations R on (5, f) such that card(R) < ¥y and A Z¢+ (S, f|R)c-.

3. A s finitely presented in C* if there is a crutched set (.S, f) and non-unital C*-
relations R on (5, f) such that card(S),card(R) < Xy and A ¢+ (S, fIR)c+.

Analogously, one also defines countably generated, countably related, and countably
presented by easing the strict inequality on the cardinalities to allow equality. As with

the unital presentation theory of Section [3.3] the following conventions are taken:
1. Elements of s € S are associated to their images [0g ¢(s)] € (S, f|R)q+;
2. C*-relations r € R will be written equationally, r = 0, when appropriate;
3. The scaled-free C*-algebra C"Alg(S, f) will be written as (S, f|0)c-;

4. For a finite set S = {s1,...,s,}, let \; := f(s;) and use the notation
<(317 /\1) gty (sm /\n> |R>C* = <Sv f|R>C*

As a presentation is built out of universal constructions, specifically the adjoint
functor C"Alg and the C*-quotient, it satisfies a universal property. The proof is in

complete analogy to Theorem [3.3.2

Theorem 4.3.2 (Universal Property of a Presentation). Let R be non-unital C*-
relations on (S, f) and B a C*-algebra. Let ¢ : (S, f) — FS B be a constriction

and ¢ : (S, fI0)c+ — B the *-homomorphism guaranteed by Theorem . If R C
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ker (g?)), then there is a unique *-homomorphism ¢ : (S, f|R)cx — B such that ¢(s) =
o(s).

As cited throughout this work, a very similar presentation theory for C*-algebras
was constructed in [19]. With the non-unital presentation theory of the present work
defined, the comparison with the work of [I9] can be made explicit and formal.

First, recall the definitions and theorems used in [19]. Given a set M, let C*(M)
stand for the free *-algebra over C on M. Let ny : M — C*(M) be the map n;(m) :=
m, associating the generators to their images in C*(M).

Elements of C*(M) will be termed here *-algebraic relations on M. Given a set
of *-algebraic relations R C C*(M), let Kg be the two-sided *-ideal generated by R
in C*(M). Then,

C*(M, R) := C*(M) /KR,

the quotient *-algebra of C*(M) by Kg. Let mg : C*(M) — C*(M, R) be the quo-
tient map. Section 2.1 of [19] constructs a presentation theory for *-algebras over C,
providing a Tietze transformation theorem in Proposition 2.1.2.11.

Let p: M — [0,00) be a nonnegative-valued function on M and define

p is a C*-semi-norm on C*(M, R),
Sru=1p:C(M,R) = [0,00) : :
(pomrom)(m) < u(m)Vm e M

the set of all C*-semi-norms on C*(M, R) bounded by p. Let
NR»# = ﬂ p_1(0)7
pESR,;L

the set of all elements in C*(M, R) annihilated by all C*-semi-norms in Sg,. This

is naturally a *-ideal of C*(M, R) so let no g, : C*(M,R) — C*(M, R)/Ng,, be the
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quotient map.

Proposition 1.4.11 of [19] shows that the function on C*(M, R)/Ng,, defined by

I7r(%) + Nrpllyp = sup {inf {p (7r(z) + 2) : 2 € Nr,}t : p € Spyu}

is a C*-norm. Let C*(M, R, 1) denote the completion of C*(M, R)/Ng,, in this norm

and 73 : C*(M, R)/Ng, — C*(M, R, i) the inclusion of the dense subalgebra.
Lastly, given any *-algebra B over C and function o : M — B, the universal prop-

erty of the free *-algebra C*(M) guarantees a unique *-homomorphism ¢ : C*(M) —

B such that 6 oy = 0. For any r € C*(M), define

the evaluation of r under the universal map &.
Part 4 of Proposition 1.4.12 in [I9] gives the universal property of C*(M, R, u)
in terms of of this notation. For comparison to the theory of the present work, this

result will be stated in the terminology of the present work.

Theorem (1.4.12, part 4, [19]). If B is a C*-algebra, then any constriction o :
(M, 1) — FS°"'B which satisfies #(0) = 0 for all ¥ € R can be extended to a

unique *-homomorphism ©y : C*(M, R, uy — B, so that

O20130M RO TRON = 0.

Part 1 of Proposition 2.2.5 in [19] contains the following norm result for generators.
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Theorem (2.2.5, part 1, [19]). For allm € M,

[[(113 © N2, R © TR O M) (Tn)HC*W,RM> < u(m).

Fix a crutched set (M, ) and *-algebraic relations R on M. The above construc-
tion gives a C*-algebra C*(M, R, ). The objective here is to build a presentation in
the theory of the current work which serves the same role.

To that end, let 0, : (M, ) — (M, pu|@)c- be the association of generators for
the scaled-free C*-algebra on (M, u) from Theorem [4.1.4 By the universal property
of the free *-algebra, there is a unique *-homomorphism 6y, : C*(M) — (M, u|0) -
such that éM,u on = Oy

Let S = HAM#(R), the image of the *-algebraic relations R under QAM#. Then,
S is a set of non-unital C*-relations on (M, u) so one can form (M, u|S)c+. Let
Cs + (M, p|0)c — (M, p|S)c+ be the quotient map. Observe that a restatement of
Theorem is the following universal property:

Given a C*-algebra B and a constriction ¢ : (M,u) — Fge'B, let

b (M, 1|0)c — B be the *-homomorphism guaranteed by Theorem

4.2.1, If S C ker (g%), then there exists a unique *-homomorphism gf; :

(M, pu|S)c — B such that $olso Orry = .

Viewing the constructions of C*(M, R, u) and (M, u|S)c+, the fundamental dif-
ference between them is the order in which certain universal constructions are done.
With C*(M, R, p), C*(M) is quotiented by Kg, normed by || - ||sup, and then com-
pleted. However, with (M, p|S)c-, C*(M) is normed by 7as,, completed, and then

quotiented by Jg. Diagrammatically, these processes are shown below in the category
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of *-algebras and *-homomorphisms.

T3°7M2,R, 1

C*(M, R) C*(M, R, 1)
C*(M)
<M>/LW)>C* <M?/’L’S>C*

The question here is if the resulting C*-algebras are isomorphic in C*. Does the order
of these processes matter?
In actuality, the order does not matter. These two C*-algebras are indeed isomor-

phic in C*.

Theorem 4.3.3. Given a crutched set (M, u) and *-algebraic relations R on M,

C*<M7 R7 :u> =c- <M7M

Ouiu(R) ) _ -

Proof. Let A:=C*(M, R, uy and B := (M, u|S)c+.

By Proposition 2.2.5 in [19],
N30 M2 R OTROMN - (M7 ,U) N Fg*SetlA

is a constrictive map. By Theorem there exists a unique *-homomorphism
¢ : (M, p|0)c- — B such that

N3 OMN2ROMRON = ¢o 9M,u-
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Observe that
pobypom = ¢oby,

= N3O0M2RrRuOTROM

so by the universal property of C*(M), ¢ o éM,u =n30Mnr,°mr. Forallre R,

(600u) (1) = (1m0 ) (1)
= (m3omru) (0)
= 0.

Thus, S C ker(¢) so by Theorem m, there exists a unique *-homomorphism ¢ :
B — A such that

po(go eM,u =TMN30M2Ru©TROMN-

By the universal property of C*(M), there is a unique *-homomorphism ¢ :

C*(M) — B such that (g o6, =1 on. Note that

wonl = CSOGM,,LL

= CSOéM,uonl

so by the universal property of C*(M), ¢ = (s o HAMM. For all r € R,

f(CSOéM,u> = <CSOéM’“> (r)
= 0.

By Lemma and the contractivity of *-homomorphisms between C*-algebras,

observe that for all m € M,

1(Cs 0 Orr) (M) 5

IN

||9M7“(m)||<M,u\@>c*

< p(m)
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50 Cs 0Oy + (M, p) — Fg*setlB is constrictive. By Theorem 1.4.12 of [19], there

exists a unique *-homomorphism ¢ : A — B such that

Yom3ompruomRrO M = (s 0 O,

Observe that

'(;O&OCSOQM,,LL = 1OonN30MNRLOTROMN

= CS' o eM,u-
By Theorem 4.3.9] @Z) o qg = idpg. Similarly,

650@207730772,1%,“077120771 = éOCSOQM#

= M397M2ROTROMN.

By Theorem 1.4.12 of [19], borh=idy.
O

This result shows that the work of [19] is recaptured and extended by the notion
of C*-relations. In particular, the work of [19] cannot account for “analytic” relations
such as sin(x) = 0 or “continuous” relations such as x > 0. Many of the results stated
in [19], particularly when building crossed products and extensions, necessitated the
action be restricted to the image of the free *-algebra, which is only norm-dense in
the presented C*-algebra.

The present work has removed these restrictions, allowing more elements to be
considered “relations” for manipulation. As shown in Chapter [3 this has allowed
characterization of several functional analytic notions, particularly by use of the func-

tional calculus. The remainder of this chapter will be dedicated not only to mimicking
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the unital results of Chapter |3} but also to extending the constructions of [19] to the

case of non-unital C*-relations.

4.4 Construction: Unitization & Presentations in
1C*

Before computing examples, two familiar constructions are characterized first to make
these calculations easier to manage. A well-known construction to many is the uniti-
zation, a canonical way of making an algebra unital. In Section the unitization
is realized as a left adjoint functor to a natural forgetful functor.

As illustrated in Theorem [4.2.6], there is a tight relationship between the scaled-
free C*-algebra and the unital scaled-free C*-algebra: the latter is the unitization of

the former. Said another way, for any crutched set (.5, f),

Unit ((S, f|0)c+) Z1c (S, f|0) 10+

One would like that this is true for any set of non-unital C*-relations R on (S, f).
Indeed, this fact does still hold in the following way. Let jg ¢ : (S, f|0)c — (S, f|0)1c*

be the inclusion devised in Theorem [4.2.6]

Theorem 4.4.1. Given a crutched set (S, f) and non-unital C*-relations R on (S, f),

Unit ((S, fIR)c+) Z1cx (S, fliss(R))1c- -

Moreover, (S, f|R)c+ is C*-isomorphic to the ideal generated by (qr onsy) (S) in

(S, fliss(R)),q+» where qg : (S, fl0)1ce = (S, flisf(R)) o~ is the quotient map.

Proof. Let F := (S, f|0)c+, G := (S, f|0),c+, and jg s : F — G be as in Theorem
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4.2.6l Let A := (S,f|R)c and (g : F — A be the quotient map. Likewise, let
B := (S, fljss(R)),c- and qgr : G — B be the quotient map. The diagram in C*
below illustrates this setup.

Js,
f>—f>

g
Yt
A B
Observe that for all 7 € R, (grojsy) (r) = 0 so by Theorem [4.3.2] there is a
unique jgfr : A — B such that jssro(r = qr o jsy. The unital C*-algebra B
equipped with jg r g is a candidate for the unitization of A.
To check the universal property, let C be a unital C*-algebra and ¢ : A — C a
*_homomorphism.

Js,
T
CR

|

A——

JS,.f,R
|
C

By Theorem , there is a unique unital *-homomorphism gg : G — C such that

g
iqR
B

éojS,f:(bOCR. FOI'&HT’ER,

~

¢ (Js.s(r)) = (9oCr)(r)
= ¢(0)

so by Theorem [3.3.2] there is a unique unital *-homomorphism ¢ : B — C such that
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Observe that

Il
‘_@>

®oqr

$ojsiroCr = $Oqrojsy

By Theorem , (50 Js,f,r = O
Assume there was ¢ : B — C such that 1 o jg s r = ¢. Then,

¢poCr = YojsrroCr

= Yoqrojss

By Theorem , Yoqr = QAS — ¢ o qg. Therefore, ) = ¢ by Theorem m
By Theorem Js.f.r is one-to-one, ran (jg r ) is an ideal in B, and

B/ ran (jg7f7R) g1(3* C.

Following a similar proof as in Theorem |4.2.6 ran (js s z) is the ideal generated by

(qr o nS,f) (S) in B.
O

This result formalizes the natural intuition. The unital presentation is constructed
from the images of the generators and the unit. Therefore, the non-unital version
should be, and is, the C*-algebra built from the generators without the unit’s in-
volvement.

Symmetrically, this intuition gives a natural way to think of the unitization. The
non-unital presentation is constructed from the set of generators so the unitization

should be formed by appending a new generator and relations enforcing that it acts as
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the unit. The following construction was previously considered in Section 3.1 of [19]
for *-algebraic relations. Here, the same rationale is used for non-unital C*-relations.

To begin, let (51, f1) := (S, f)Hcsetl{(u, 1)} be the disjoint union described in
Proposition[2.2.9and p; : (S, f) — (Si, f1) the canonical inclusion of (S, f). Applying
the functor C*Alg, p; := C Alg (p;) maps (S, f|@)c- to (Si, f10). by association of

generators. Define the set of non-unital C*-relations on (Si, f1) by

~

R:=p(R)U{su—s,us —s,s'u—s*,us* —s* : s € S},

encoding the non-unital C*-relations R on (S, f) as well as a trivial action of u

on (Si, fi). The presentation <Sl, fi

Z%> is yet another way of representing the
C*

unitization, an extension of Proposition 3.1.2 of [19].

Theorem 4.4.2. Given a crutched set (S, f) and non-unital C*-relations R on (S, f),
Unit ((S, f|R)c+) =1c+ (S1, fi |p1(R) U {su — s,us — s,58"u — s*,us" — s* : s € S1})

Proof. Let F := (S, f|0)c+, A := (S, f|R)c+, and (g : F — A be the quotient map.
Likewise, let H := (51, f1|0)q., B := <Sl,f1

R>c , and (p : H — B be the quotient
map. Lastly, let p; : F — H be the mapping determined by inclusion of generators

described above. Visually, this situation is described in the diagram below.

p1

F—H
CRL Ch
A B
Observe that for all r € R, (s 0 p1) (r) = 0 so by Theorem |4.3.2| there is a unique

*-homomorphism ¢ : A — B such that ¢ o (g = (j 0 pr.
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In B, note that su = us = v and s*u = us* = s* for all s € S;. Thus, for any
*_polynomial p in Sy, pu = pu = p also. Since the *-polynomials are norm-dense in B,
for any b € B, there is a sequence (p;,),,cy € B of *-polynomials such that lim p, = b.

n—oo

Therefore,

bu = lim p,u
n—oo

= lim p,
n—oo

= b
and similarly, ub = b. Hence, u is a unit for B. The unital C*-algebra B equipped
with ¢ is a candidate for the unitization of A.
To check the universal property, let C be a unital C*-algebra and ¢ : A — C be a
*_homomorphism.

LAY

B

4L>B

k,.l

CR

h

<
-

()

Define o : S; — FGo°'C by

(polrolbsy)(x), x€S,

1c, T = u.

a(x) =

By the contractivity of *-homomorphisms between C*-algebras and Lemma [4.1.3], for

all z € S,
[(@oCrobsy) (@)l < [[(Crobsy) (@) 4

1657 () | 7
().

IN

IN

Also, [|1¢||. < 1 so by Theorem m there is a unique *-homomorphism ¢ : % — C
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such that ¢ o 0s,,;, = a. Observe that for all s € S,

(dopiobss)(s) = (6oCrobss)(s)
SO gzgoﬁl o0fs = ¢o(robsys. By Theorem , qgo[n =¢o(g. Forallr e R,

(60p) () = (o))
= 4(0)

Also,

Thus,

and likewise,

é(us—s)zé(us*—s):é(s*u—s):o,

By Theorem , there is a unique *-homomorphism ¢ : B — C such that ¢o( h= g5

Note that
forolr = dolhop

= ¢
¢

1

o
X

o(r

so by Theorem |4.3.2, ¢ o1 = ¢. Also, QNS(u) = 1lc.

Assume v : B — C is a unital *-homomorphism such that 1) o1 = ¢. Then, for all
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seSs,

(Wolpobs,n)(s) = (Wolgopiobsy)(s)
= (Yorolrolbsy)(s)
= (poCrolbsy)(s)
= a(s)

and

(Y olgobs,p)(u) =1 = au)

so by Theorem , Yolp= QAS =¢o Cp- Finally, ¥ = ¢ by Theorem m

4.5 Construction: Abelianization for C*

The next construction is the abelianization, just as discussed in Sections [3.4] and
B.4, For notation, let CC* denote the category of commutative C*-algebras with
*_homomorphisms and Ab : C* — CC* the abelianization functor.

For the remainder of this section, fix a crutched set (5, f) and non-unital C*-
relations R on (S, f). Composing a presentation for Ab ((S, f|R)c+) is straight-
forward and natural, merely forcing the generators and their adjoints to commute.
The proof is identical to Proposition [3.4.1] The result was proven in Proposition 3.2.2

of [I9] in the case of *-algebraic relations.

Theorem 4.5.1. Given a crutched set (S, f) and non-unital C*-relations R on (S, f),
Ab ((S, fIR)c+) Zcer (S, f|RU{st —ts,st" —t*'s:s,t € S})a. .

However, as in Theorem [3.4.4] this can be significantly improved. First, ob-

serve the following isomorphisms from Proposition[3.4.1) Theorem[4.4.1, and Theorem



206
451

Unit (Ab ((S, f|R)c+)) Zcicr Unit ((S, f|RU{st —ts,st" —t's:s,t € S})a.)
Scicr (S, fliss(R)U{st —ts,st" —t"s:s,t € 5}),
>cice Aby (S, f s, (R))1cr)
=cicr Aby (Unit ((S, f |R)c.))

This gives a proof of the functorial relationship between unitization and abelianization
in Theorem by means of formal manipulation. However, the penultimate form
in the above calculation allows direct use of Theorem to concretely realize the

unitized algebra.

As in Section let F:= (S, f|0)1c-,

X HCompr(s) ’

seS

and for £ € X, ¢z : F — C the unique unital *~homomorphism such that qgf(s) =
75 (Z) for all s € S. To simplify notation, define T := jg ¢(R), the non-unital C*-

relations considered in the unital scaled-free C*-algebra F as in Theorem [4.4.1] For

~

teT, let g : X — C by g (¥) := ¢z(t) as in Lemma . Applying Theorem m,

Unit (Ab ((S, f|R)c+)) Zcics Aby ((S, f|T),c+) Zcic (ﬂg )

teT

This characterization yields the following more general result.

Theorem 4.5.2. For a crutched set (S, f) and non-unital C*-relations R on (S, f),

Ab (S, f|R)c-) CC*OO<<ﬂ9 ) {}).

teT
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Proof. Let Xp := ﬂ g;1(0). Notice that for all s € S,

teT

so S C ker q§~ . By Theorem 4.2.6| ran (jg ) is the maximal ideal generated by S
0 of

in F, meaning ran (js s) = ker <<;A56>. Hence, for all r € R,

Jis.s () (6> = ((56 Ojs,f> (r)

Y

giving 0e Xr.

To handle notation, let
R:=RU{st —ts,st* —t*s:s,t € S},

A= <S,f ‘f£>0*, B = <S,f ‘js,f (R) >1C*’ and jg ;g : A — B be the unitization
map from Theorem m From Theorem recall the Gelfand isomorphism ) :
B — C (Xr1) by ¥(s) = ps, where p, : Xp — Dy s) is the coordinate projection map.

Consider the evaluation map €5 : C'(X7) = C by €5(a) :== a <6>, a well-known

unital *-homomorphism. Observe that for all s € S,

Therefore, ¥ (jsyfﬁ(s)> = ps € ker (¢5) for all s € S. By Theorems [3.4.4/ and 4.4.1]

Y (ran (jS,f,R>) C ker (€5) -
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Applying ¢,
ran (js,f,é> < ?L_l (ker (e3)) -

Since ran (j S, R) is a maximal ideal in B by Theorem |4.4.1] this is equality. Thus,

A =¢- ran (j&fﬁ) o ker (e5) = {a e C(Xr):a (6) = O} =c O (XT \ {6}) .

]

Consequently, if (S, f|R)c~ was commutative originally, it is completely described

by this theorem.

4.6 Examples from 1C* Reviewed

With Theorems [.4.T] and [£.5.2] several of the examples of Chapter [3] with non-unital

C*-relations will be reconsidered, characterizing the non-unital version of each.

Ezxample 4.6.1 (A normal element, [4]). For A > 0, consider
((x, N)|z*r = xa™) o~

Note that x is normal and generates this algebra, so it is commutative. In this case,
t=x"x —xx” so

9i(p) = fipp — pp = 0.

Hence, g; *(0) = D,. By Proposition m,

0, A=0,
Co (D\ {0}), x>0,

{(z,\)|r*r = 22%) o Zc- Cp (D) \ {0}) Zc-
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since Dy \ {0} 2qop Dy \ {0} =D\ {0} for all A > 0.

Ezample 4.6.2 (A self-adjoint element, [4]). For A > 0, consider

(@, A)]e" = z)c-.

Then, zz* = 2°> = z*r so x is normal and generates this algebra. Hence, it is

commutative. In this case, t = x — 2" so

gi(p) = pp— 1= 23(p)

Hence, g; *(0) = [~ A, A]. By Proposition |4.5.2]

0, A=0,
(2, \)|z* = 2)cr Ze- Co (=X, 0) U (0, N]) Zc-
Co ([-1,0) U (0,1]), A >0,

since [—\,0) U (0, \] Zmop [—1,0) U (0, 1] for all A > 0.

Ezample 4.6.3 (A projection). For A > 0, consider

Then, z is normal and generates this algebra, so it is commutative. In this case,

2 _gandty=1x—2*so

tlzx

g1 (1) = p* —

and
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Hence, g;;'(0) = {0,1} N D and g;,'(0) = [\, A]. By Proposition [4.5.2]

2 * (D, 0 S A< ]_7
((m,N]2? = 2" = 7). Zc Co ({1} N[-A)\]) Zc-
C, A>1

Ezample 4.6.4 (Normality and Sine). For A > 0, consider
((x, N)|z*x = xz™,sin(z) = 0)c-.

Then, z is normal and generates this algebra, so it is commutative. In this case,

t; = 2"xr — zx* and ty = sin(z) so

9t (1) =0

and

G, (1) = sin(p).

Hence, g;.'(0) = {7n : n € Z} N D,. By Proposition m,
{(z,N)|z*z = 22*,sin(z) = 0)c- Ze- Co ({mn :n € Z\ {0}} N D,) =c- C*,

for each 7n < A < m(n+1) and n € W.

Recall from elementary analysis that for f € C (D,), f(0) = 0 if and only if there
is a sequence of *-polynomials (py),,c, such that lim p, = f in the supremum norm,
n—oo

each with constant term 0. Thus, recalling the function p : R — R by

0, n<0,
p(p) =
p =0,
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p(R(a)) € C*(a) for any C*-algebra element a. Using Proposition [3.7.1, one can
consider the C*-algebra generated by a single positive element. Recall that “x > 0”

is used as shorthand for “p (R(z)) —x =0".

Example 4.6.5 (A positive element, [4]). For A > 0, consider
((z, Nz > 0)cs.
Then, z is normal and generates this algebra, so it is commutative. In this case,
t=pR(x)) —x so
Hence, g; *(0) = [0, A]. By Proposition m,

0, A =0,
<({l§', )\)IZB > O>C* = Co(O, )\] o

C()(O, 1], A > O,

since (0, \] Zop (0, 1] for all A > 0.

In a similar way,
p (Na*a— (a*a)z) — Na*a+ (a*a)® € C*(a)

for any scalar A > 0 and C*-algebra element a. Using Proposition [3.8.1, one can
consider attaching norm-bounds onto non-unital C*-algebra elements. Recall that

“llall < A" is used as shorthand for

“p (Na*a — (a*a)z) — Na*a+ (a*a)> =07,
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Ezample 4.6.6. For A\, u € [0, 00), consider the algebra

A= (@, ]z = ™, [S(2)]| < we--

Then, z is normal and generates this algebra, so it is commutative. In this case,

t, = 2*x — za* and

Note that g,(r) = 0 whenever > |S(v)|. Hence, g,.'(0) = S~'(D,) N D). By

Theorem [1.5.2] Ay, Zc- Co ((Da\ {0}) NS(D,)).

Interpreting the spectrum,

—1

UUnit(AA,u)(l') = ST (D) N Dy
= {veC:[BW)| <ppn Dy,

the intersection of a disc and an infinite bar. Thus, there are only the following

situations.
1. If A =0, the disc is degenerate, meaning the intersection is a singleton.

2. If A > 0 = pu, the bar has width zero, meaning the intersection is the interval

=\, AL

3. If 0 < A < p, the bar envelopes the disc, meaning the intersection is the disc.
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Figure 4.1: Intersection of a Disc and an Infinite Bar

4. In all other cases, the intersection is a full section of the disc, which is homeo-

morphic to a disc.

In summary,

0, A =0,
A)\vﬂ =10 CO ([_170)U(07 1])7 A> O:,uv
Co (D\ {0}), otherwise.

Ezample 4.6.7 (Arbitrarily many normal operators). For a crutched set (5, f), con-

sider the C*-algebra

(S, flay = yz,zy* = y'aVa,y € S) . .
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By Theorems [4.5.1] and 4.5.2),

(S, fley = yz,zy" =y aVe,y € S)a. =Zcr Ab((S, f10)a-)

~o. H D \{6}

sgf=1(0)

The remaining two examples are non-commutative so Proposition does not

apply. Nevertheless, Theorem still yields a characterization.

Ezample 4.6.8 (An idempotent). For A > 0, consider
Ay = {(z,\) |z = 372>C* :
From Example [3.12.7, the unital C*-algebras
By = ((z,\) |z = 2*) .

were characterized. For A < 1, By, Z;¢+ C and x = 0. By Theorem [4.4.1] A\ ;- O.

For A > 1,

C0,1 =272 Co(0,1 =277
By =ic- ;
Co(0,1=X7% C[0,1-)77

with the generator = identified with the matrix-valued function
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Using the association above, define ¢ : By — C by

o(f) = {o 1} o] 1

stripping the 2,2 entry of the matrix f(0). As ¢ is conjugation by [() 1} , ¢ is readily
C-linear and *-preserving. For multiplicativity, let g, h € By. Denote the coordinate

functions g, ; and h; ; and observe that

] 0
¢(g-h) = |0 1|(g-h)(0) 1

] 0

= 10 1{9(0)h(0)
- . 1

_ _0 . _911(0)h11(0)+912(0)h21(0) 911(0)h12(0) + g12(0) o (0) | 0
L _921(0)h11(0)+922(0)h21(0) 921(0)h12(0) + g22(0)hoa(0) | |1
[ g11(0)h11(0) 0 0

= (0 1
) 0 g22(0)ha2(0) | |1

= 922(0)ha2(0)

= o(g)o(h).
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Further, ¢(1) =1 and ¢ (f,) = 0. By Theorem [4.4.1]

Ay = ker(o)
= {feBy: f22(0) =0}

C 0,1 =27 Co(0,1— 277

:C*
Co (0,1 =277 Co(0,1— A7
In summary,
( 0, A <1,
C, A=1,
A g *

re Cl0,1]  Cy(0,1]
, A> 1.

00(07 1] CO(Oa 1]

Ezample 4.6.9 (Pedersen’s C*-algebra of two projections, [32]). Consider the C*-

algebra
A=(p. 1), (¢ Vlp=p"=1"0=0"=¢)c..
From Example [3.10.2]
b= <(p,1),(q,1)\p:p =p’q4=q :q2>1c* =1ct )
C10(07 1) C[O, 1]

associating the generators p and ¢ to the matrix-valued functions
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and

I V=
fq(:u) = )
Vi—p 1=y

respectively. Using the association above, define ¢ : B — C by

o= [o 1) s ? ,

stripping the 2,2 entry of the matrix f(1). Similar to the previous example, this is a
unital *-homomorphism such that ¢ (f,) = ¢ (f,) = 0. By Theorem [4.4.1]

A o ker(v)
= {feB: f2(1) =0}
C10,1]  Cp(0,1)

Co(0,1) Cy[0,1)

4.7 Tietze Transformations for C*

Like Section [3.9] Tietze transformations can be done for presentations in C* just as
in 1C*. In particular, the following transformations can be mimicked from Section

3.9
e adding an unnecessary C*-relation,
e removing an unnecessary C*-relation,
e adding an unnecessary generator,

e removing an unnecessary generator,
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e scaling generators and adjusting the C*-relations as needed,
e setting the crutch-value of a generator to the actual norm value.

For each manipulation, the construction and the proof of the corresponding isomor-
phism is nearly identical to the 1C* case. As such, the explicit proofs of these will
be suppressed for this section.

Further, like the 1C* case, there is a Tietze theorem regarding presentations of
the same C*-algebra. The proof is also nearly identical to the 1C* case, but the
situation will be briefly summarized to state the results clearly.

For j = 1,2, fix a crutched set (S}, f;) and a set of non-unital C*-relations R;
on (S}, f;). Define F; := (S, fi| 0)q., Aj == (S;, fi| Rj) o, and q; : F; — A; the
quotient map.

Define
(1) = (St ) [ (S o)

to be the disjoint union described in Proposition pj + (S5, f;) — (T,g) the
canonical inclusions for j = 1,2, and G := (T, g|0)c+. Theorem and Proposition
[A.5 ] state that

g =c- leC*FQ =c- F1x o

with connecting maps p; := C Alg (p;) for j = 1,2.

g
7N
Fi Fa
./41 A2

Lemma 4.7.1. Given the notation above, assume ©; : G — F; is a *~homomorphism
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satisfying that ©; o p; = idz,. Then, ker (q; 0 ©;) is the norm-closed, two-sided ideal
J; generated by p; (R;) U{s — (p; 0 0;)(s) :s € S5_;} in G.

Theorem 4.7.2 (Tietze Theorem for C*). A; o« Ay if and only if there is a
sequence of four Tietze transformations changing the presentation of Ay into the

presentation for A,.

Analogously, there is also a notion of elementary Tietze transformation, where

only one aspect of the presentation is changed.

Corollary 4.7.3. Given C*-algebras A; and Ay are finitely presented in C*, Ay -
As if and only if there is a finite sequence of elementary Tietze transformations chang-

ing the presentation of Ay into the presentation for As.

Section 2.4 of [19] also considered Tietze transformations for C*-algebras using
only *-algebraic relations. However, the proofs in Section of the present work,
and their non-unital analogs in this present section, make use of the properties of
quotients in C* and 1C*. This approach bypasses the category of *-algebras over C
altogether, providing shorter proofs of each isomorphism.

Further, the use of C*-relations has provided the Tietze theorems for both C*
and 1C*, which may not have been achievable with only *-algebraic relations as
conjectured in Remark 2.4.1.13 of [19].

Lastly, note also that these Tietze theorems relied upon the projectivity in Propo-
sitions [3.2.6| and as well as the coproduct decompositions. This allowed the
scaled-free mapping property to be used to built the retractions needed for the main
results. However, in a category of normed objects where kernels are not necessarily

proximinal, this may not be possible.
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4.8 Construction: General Free Products

In [5], the existence of a free product of C*-algebras is assured, and Proposition 3.3.2
and Corollary 3.3.3 of [19] demonstrate its construction in the presentation theory of
that work. This section gives a formal manipulation result similar to Theorem [3.10.1]
which extends Proposition 3.3.2 of [19]. As the proofs of this section are nearly
identical to those of Section [3.10] the initial setup will be shown, but the details of
the proof will be suppressed.

As in Section , the free product is usually denoted by “x”. The “| |” notation
will be used interchangeably with the “x” notation, but preference will be given to
the “H” with arbitrary index sets.

To begin, let I' be an index set, (55, f'Y)'yEF be crutched sets, and R, non-unital
C*-relations on (S, f,) for each v. Define F, := (S, f,|0)c+, A, = (S, f,|R,)c~,
and ¢, : F, = A, the quotient map for each 7. The A, will be the C*-algebras to

merge.

Let
S =11 (55, 1),

~erl
the disjoint union described in Proposition 2.2.9} p, : (S, fy) = (S, f) the canonical
inclusions for each v, and F := (S, f|0)c+. Theorem and Proposition state

that

F =g HC*}}

vyel

with connecting maps p, := C"Alg (py). Let

R:= Uﬁv (R,)
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grouping all the C*-relations of the A, into one subset within the larger algebra F.
Define A := (S, f|R)c+, a candidate for the free product of the A,, and ¢ : F — A
the quotient map. To create the connecting maps, fix v € I and consider the following
diagram in C*.
Fy - gl
g
F—=A
Given r € R,, observe that p,(r) € R so (go p)(r) = 0 by design. Thus, by the
universal property of the quotient, there is a unique *-homomorphism &, : A, — A
such that £, 0 g, = q o p,.
Proof analogous to Theorem shows that the A equipped with (k). is the

coproduct of the A,. This extends Proposition 3.3.2 in [I9] to non-unital C*-relations.

Theorem 4.8.1. The C*-algebra A equipped with *~homomorphisms k., : A, — A is

a coproduct of (A,) o in C*.

In summary,

<Saf|R> _C H S’y>f’Y|R

yel’

In the case I' = {1, 2}, this result can be stated in the traditional notation as

(S, fIR)c+ Zc- (S1, f1lRi) e * (S2, fo| R2) ¢

As a concrete example, consider the free product in C* of C with itself.

Ezxample 4.8.2 (Pedersen’s C*-algebra of two projections, [32]). Consider again the
C*-algebra

<(p7 1)’ (Q7 1)|p =p'= pzaq =q = q2>C*
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Observe that in this case, S = {p,q}, f : S — [0,00) by f(p) = f(q) = 1, and
R={p-p.p-1'a—d,9- ¢}

Let Sy := {p}, f1 : S1 = [0,00) by fi(p) := 1, and Ry := {p—p*,p—p*}.
Likewise, let Sy := {q}, fo : 5o — [0,00) by fa(q) := 1, and Ry := {q¢—¢*,q¢ — ¢*}.
By Example , the C*-algebras (5}, f;|R;)q. Zc- C for j =1,2.

Letting p; : (S;, fj) — (S, f) be the inclusions for j = 1,2, observe that R =
O C"Alg (p;) (R;). Thus, the above result states that
j=1

CxC Zc- (51, fil Ri)ge * (S2, fo| R2) ¢

e (S fIR)c. -

0[07 1] 00(07 ]-)
gc*

Co(0,1) Cp[0,1)

from Example [4.6.9]

4.9 Property: Generation & Separability in C*

As in Section |3.14} control on the number of generators used in building a C*-algebra
has a connection to its topological structure. The following proposition is a direct

translation of Proposition [3.14.1] and its proof is nearly identical.

Proposition 4.9.1. Given a C*-algebra A, A is separable if and only if A is countably

generated in C*.

Combining this with Proposition [3.14.1] and Theorem gives the following

equivalence.
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Corollary 4.9.2. Given a C*-algebra A, the following are equivalent.
1. A is separable.
2. A is countably generated in C*.
3. Unit(A) is countably generated in 1C*.
4. Unit(A) is separable.

Proof. (1 < 2) This is the content of Proposition [£.9.1]

(3 < 4) This is the content of Proposition

(2 = 3) By Theorem [1.4.1] if A =¢- (S, f|R)c- for a crutched set (S, f) and non-
unital C*-relations R on (.5, f) with S countable, then Unit(A) Z1c+ (S, f |75, (R)) -

(4 = 1) Consider the map m : Unit(A) — A by m(a,\) := a, the projection
onto the first coordinate. A quick check shows that this map is linear, and ker (m;) =
{0} x C, which is closed. Hence, m; is continuous and, therefore, bounded.

Assuming that there is a countable set T C Unit(.A) which is dense in Unit(.A),

consider the image m(7") C A. Given a € A and € > 0, there is (b, \) € T such that

€

b, ) — (a,0)||uni <
||( ) (a )HU t(A) H7r1H+1

Then,
1b—alla < [lmlH[(b, A) = (a, 0)[[unit(a)

< €.

Thus, 71 (7)) is countable and dense in A.

Corollary 4.9.3. Given a unital C*-algebra A, the following are equivalent.

1. A is separable.
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2. A is countably generated in 1C*.
3. A is countably generated in C*.
Adapting the proof of Theorem gives the following third equivalence.

Proposition 4.9.4. Given a unital C*-algebra A, A is finitely generated in 1C* if

and only if A is finitely generated in C*.

Proof. (<) Assume that A =g« (S, f|R)c+ for some crutched set (S, f) and non-
unital C*-relations R with S finite. Let F := (S, f|0)c+, G := (S, f|0)1c, and
Jss + F — G from Theorem [4.2.6| Let gr : F — A be the quotient map. Then, the

following diagram exists in C*.

From Theorem [4.2.6, there is a unique unital *-~homomorphism ¢ : G — A such that

¢pojsy=qgr. Forall se€ S,

O(s) = (¢ 0 Js,s) (5) = ar(s)

so qr(S) C ran (¢). Therefore, A = ran(¢), meaning A =1¢c+ (S, f| ker(¢))1c-
(=) Assume that A ¢+ (S, f|R)1c+ for some crutched set (S, f) and unital

C*-relations R with S finite. Let

CESR(CR) | (ORI
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as in Theorem Defining ¢ : S W {u} — A by

t, tes,
e(t) =

]lA, t:u,

- . CSety CSet :
1 is constrictive from (S, f)H {(u,1)} to Fg=*"* A. By Theorem {4.2.1} there is

a unique *-homomorphism v : % — A such that ¢(t) = (t) for all t € S {u}.

Observe that for all s € S,

and

La=1(u) = (u).

s 4= (3. e 42 (6T 009 o ()

c
O
With these equivalences, the terms “finitely generated” and “countably generated”

will no longer be qualified as occurring in 1C* or C*.

4.10 Property: Projectivity & Liftability in C*

As in Section [3.15] a type of projectivity for C* can be characterized. Here, the
projectivity used will be with respect to surjective *-homomorphisms in C*. The
characterization below is proven in a way nearly identical to the unital case of Propo-

sition [3.15.1 As such, the proofs will be suppressed for brevity.

Definition. For a crutched set (S, f), a set of non-unital C*-relations R on (S, f) is
liftable in C* if for any C*-algebras A, B, any surjective *~homomorphism ¢ : A — B,

and any *-homomorphism p : (S, f|0)c- — B such that R C ker(p), there is a *-
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homomorphism p : (S, f|0)1c- — A such that ¢ o p = p and R C ker (p). The map p

is called a lift of p along ¢.

Proposition 4.10.1. Given a crutched set (S, f), non-unital C*-relations R on (S, f)

are liftable in C* if and only if (S, f|R)c+ is projective relative to all surjections in

C.

However, combining this result with Propositions [3.15.1] and [B.5.4] as well as

Theorem [4.4.1] gives the following equivalence.

Theorem 4.10.2. Given a crutched set (S, f), let R be a set of non-unital C*-
relations on (S, f) and js s : (S, f|0)c- — (S, f|0)1c+ be as in Theorem [§.2.6, Then,

the following are equivalent.
1. R is liftable in C*.
2. (S, fIR)c~ is projective with respect to surjections in C*.
3. (S, flis,f(R)),c- is projective with respect to surjections in 1C*.
4. js.s(R) is liftable in 1C*.

If one associates (S, f|0)c+ to ran (jss), this states that “liftability” for a set
of non-unital C*-relations is does not depend on the choice of category. Thus, the
distinction can be blurred. With this equivalence, the projectivity of many of the

current examples can now be determined.

Ezample 4.10.3 (Examples from Section . Recall the following isomorphisms in
1C* from Section 4.6
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Unit (Cp ([-1,0) U (0,1])) 10+ C[—1,1]
Unit((D) %’10* C

Unit (Co(0,1]) e C[0,1]

({19 0] - <f9)

C10,1]  Cy(0, 1}- - C[0,1] Cy(0,1]
Unit =10t
Co(0,1] Cp(0,1] Co(0,1] CJ0,1]
Cl0.1] Co(0.1)] [ ci0.1] Co(0.1)
Unit =1cr
Co(0,1) Col0,1) Co(0,1)  C[0,1]

Thus, the projectivity of the unital C*-algebra on the right-hand side determines
the projectivity of any “pre-unitization” of it via Table and Proposition [B.5.4]
Similarly, Proposition determines projectivity for CC* as well in the commu-

tative cases.

By Proposition [B.1.7], no nonzero examples of Chapter [3|can be projective relative
to all surjections in C* or CC*. The summary of these projectivity results is displayed

in Table [L.1l

4.11 A Bifurcation Theory for Crutch Functions
in C*

To conclude this chapter regarding C*, formal definitions for a bifurcation theory

of crutch functions is given for this category’s presentations, reflecting the case for



Table 4.1: Projectivity Relative to Surjections for Current Examples in C*

’ C*-algebra H Cr \ CC* | 1C* | C1C" | Example ‘
0 Yes | Yes | No No 3.15.6
C No | No | Yes | Yes 3.5.1
Ch'n>2 No | No No No 3.15.6
10, 1] No | No | Yes | Yes 3.5.2
c(T) No | No | No No 3.5.3
C([—2,-1]U[1,2]) No | No | No No 3.11.6
C(A12) No | No | No No 3.11.7
C <H E) SN ED No | No | No | Yes 3.15.7,
AeA
T No - No - 3.5.4
C[0,1]  Co(0,1]
{C’O(O, 1 o1 No - No - 3.12.7
C[0,1]  Co(0,1)
{C’O(O, 1) Co,1] No - No - 3.10.2
C10, 1] x¢ C(T) No | - No - 3.11.8
Cl0,1] *c T No | - No - 3.11.9
Co ([-1,0) U (0, 1]) Yes | Yes - - 4.6.2
Co(0,1] Yes | Yes - - 4.6.5
Co <(H E) \ {6 > ,A#0 || No | Yes - - 4.6.7
AeA
C[Oa 1] 00(07 1]
No - - - 4.6.8
C(0(07 1] 00(07 1]
C[Oa 1] 00(07 ]-)
No - - - 4.6.9
Co(0,1) Cy[0,1)

228
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1C* in Section [3.16] First, one regards a summary of the construction of the inverse
system of similar presentations.

Fix a set S and partially order the crutch functions on S using the usual product
order on [0,00)°. As in Section m, the inverse system ((S, ), ¢§) results, where
6] (S, ) = (S,g) by ¢! (s) = s for g < .

Applying C"Alg, (<S,f|@>c*,p£) is also an inverse system in C*, where pg =
C"Alg (qﬁg ) This is summarized in the commutative diagram below for crutch func-
tions h < g< fonS.

7
(S, f10)1c- N (S, g|0)1c*

g
\ lph
Ph,

(S, h|0)1c

Fix a crutch function f on S and a set of non-unital C*-relations R on (S, f).
For g < f, define R, := pg (Ry), Ay := (S, 9|Ry) ., and let gq : (S, g|0)c+ — Ay be
the quotient map. For h < g < f, observe that R, C ker (g, o pj) by design. By the
universal property of the quotient, there is a unique *-homomorphism ¢j : A, — A,
such that ¢f o g, = q, 0 pJ. As in the unital case, ¢} o ] = ! and @9 = idy,. Thus,
(Ay, 1) is an inverse system in C*. This is summarized in the commutative diagram
below for £k < h < g < f.

o
Ay —= Ay

With this inverse system constructed in C*, the definition for “class set” and
“tenuous” can be made. Recall that [0, 00)® is equipped with the product topology

here.

Definition. For a set of non-unital C*-relations R; on a crutched set (5, f) and a
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C*-algebra A, the class set for A relative to (S, f) and Ry is given by
ne (A: SvfuRf) = {g € [0,00)5 g < f, Ay =c- A}_

Definition. Given a set Ry of non-unital C*-relations on a crutched set (S, f), a C*-
algebra A is tenuous for Ry if the associated class set »c (A:S, f,Ry) is nonempty

and has empty interior.

Observe that while these C*-relations are non-unital, there are still tenuous cases.

Example 4.11.1 (A normal element). Fix S := {z}, f : S — [0,00), and Ry :=

{z*z — za™}. Let s := f(z). Example shows

0, A=0,

(2, \) |o* = 227 ) g S B
Co (D\{0}), x>o0.

Thus,
{O}, .A gC* (D7
S (A:S, £ R) =3 (0,)/], A= Co (D\{0}),

0, otherwise.

Example 4.11.2 (An idempotent element). Fix S := {z}, f : S — [0,00), and R :=
{z —2”}. Let \; := f(x). Section shows

0, A<,
C, A=1,
(@A) |z =2%) . Zer
Cl0,1] Cp(0,1
0,1 Co(0,1] AL
C10(07 1] C(0(07 1]



Thus,

ZC* (.A : S, f, Rf) =

;
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[0, 1) N[0, Af],

{110 [0, A4,

A gC" 07
A gC* C?

C[Oa ]-] 00(07 1]
(Loo) N[0, Af], A=c- ,
CO<07 1] 00(07 1]

0, otherwise.

As in the unital case, no necessary nor sufficient criteria have been devised for

detecting tenuousness of a C*-algebra relative to some set of non-unital C*-relations.

This idea seems very interesting, but very young. Further study may reveal new

insight into this behavior.
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Appendix A

Categorical Preliminaries

This chapter briefly covers the central topics in category theory necessary to this body
of work. In all sections, the material will be introduced summarily, stating results
without proof. Full treatments of these topics can be found in most resources on the

subject such as [I] or [6].

A.1 Definitions

To begin, recall the axioms of a category.

Definition. A category € consists of the following data
1. a collection Ob(%),
2. for all A, B € Ob(%), there is a collection € (A, B),

3. for all A, B,C € Ob(%), there is a composition law mapping

o €(B,0) x €(A,B) — €(A,C)
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subject to the axioms for all A, B,C,D € Ob(%), f € €(A,B), g € €(B,C), and
he¥€(C,D),

1. there is idg € € (B, B), idgo f = f and goidg = g,

2. ho(go f)=(hog)of.

Each member in Ob(%) is an object of €, and Ob(%) is the object collection of
% . For objects A, B, each f € € (A, B) is a morphism of € between A and B, or
% -morphism. For f, the domain of f is A, sometimes denoted dom(f). Dually, the

codomain of f is B, sometimes denoted codom(f).

For most considerations of this work, Ob(%) will be a class and all morphism
collections €' (A, B) will be sets. Table has the descriptions of all the categories

which will be used in this work.

Table A.1: Symbols for Categories

’ Category H Objects \ Morphisms
Set sets functions
CSet; crutched sets constrictive functions
CSet,, | crutched sets bounded functions
Top topological spaces continuous functions
Comp | compact, Ts topological spaces continuous functions
R1Alg || unital R-algebras’ unital R-algebra homomorphisms
FNVec; || normed F-vector spaces? contractive F-linear transformations
f Ban,, | F-Banach spaces bounded [F-linear transformations
C* C*-algebras *_homomorphisms
1C* unital C*-algebras unital *-homomorphisms
CccC” commutative C*-algebras *-homomorphisms
ci1cCr commutative, unital C*-algebras | unital *-homomorphisms

'R is a fixed commutative, unital ring.

’F ¢ {R,C}
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With a new type of mathematical object defined, mappings preserving structure

are defined.

Definition. Given categories Z,%, a covariant functor F from & to € consists of

the following data
1. a mapping F; from Ob(Z) to Ob(%),
2. for each A, B € Ob(2), a mapping F p from Z(A, B) to € (F1 A, F1B),
subject to the axioms for all A, B,C' € Ob(2), f € Z(A,B), and g € 2(B,(C),
1. Faa(ida) =idp,a,
2. Fac(go f)=Fpcl(g)oFan(f).
This is denoted F': & — €. The domain of F is &, the codomain €.

In essence, a functor is a homomorphism of categories. Similarly, one defines
a contravariant functor in the same manner, but the composition preservation is
reversed. That is,

FA,B . .@(A,B) — %(FlB,FlA)

and

Fac(go f) = Fap(f)o Fpclg)

Since contravariance can be recovered by means of considering the opposite category,
the category with its composition law reversed, all functors will be assumed covariant
for the remainder of this appendix.

A common practice is to leave the mappings of a functor unlabeled, using the
same symbol for the mappings on the objects and morphisms. Usually, context can

determine which mapping is in use without much issue.
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Functors also have their own composition.

Definition. Let o7, #,% be categories, and let F : &/ — P and G : B — €
be functors. Define the composition of G on F', GF, in the following way for each

A, Be o/, and f € o/ (A, B),
1. GF(A) := G(F(A)),
2. GF(f) = G(F(f)).

A quick check shows that this is a new functor, the composition of G on F.
Mimicking topology, there is a notion of “homotopy” between two parallel func-

tors.

Definition. Given two functors F,G : 2 — €, a natural transformation « consists

of the following data
e for cach D € Ob(2), ap € €(FD,GD)

subject to the following axiom for all D, E € Ob(2), and f € (D, E),
e apo Ff=Gfoap.

This is denoted « : F' — G. The domain of a is F', the codomain G.

Pictorially, this can be described with the commutative diagram below for each

pair of objects D, E € Ob(Z) and f € Z(D, E).

Ef
FD—FF

aDi laE
G

GD —GE

In the spirit of homotopy, there are similarly two standard ways of combining natural

transformations to gain new ones.
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The first is analogous to homotopic equivalence of functions between two fixed

topological spaces.

Definition. Let 2,% be fixed categories, F,G,H : 9 — % be functors, and « :
F — G and § : G — H be natural transformations. Define the composition of 5 on

a, o «a, by the following data
e for each D € Ob(2), (foa)p := Bpoap.

Pictorially, this would be as follows for each D, E in Ob(2) and f € 2(D, E).

Ef
FD——FF

aDl laE
Gr

GD——GE

BD\L lﬁE
Hf

HD——HE

Since the two squares commute, the outer rectangle commutes, making S o a a new
natural transformation.
The second is analogous to the construction of the fundamental group of a topo-

logical space.

Definition. Given categories €, %,&, let F.G : € — Y and H K : 9 — & be
functors. Also, let « : I — G and f : H — K be natural transformations. Define

the Godement product of 8 on «, (B * «, by the following data.

e for each D € Ob(2), (8 * a)p := Bap o Hap.
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Observe the following diagram for D, E' € Ob(%) and arrows f € € (D, E).

HFf
HFD—HFFE

Hapl iHaE
HG

oo L gap

ﬁch iBGE
KGD XL ko

Since « is a natural transformation and H a functor, the top square commutes. As 3
is a natural transformation, the bottom square commutes, forcing commutativity of
the outer rectangle. Hence, § % « is a natural transformation from H o F to K o G.

Equivalently, one can define (5 x a)p := Kap o Brp.

A.2 Types of Morphisms

With the basic definitions in hand, consider first the different types of morphisms for
a fixed category %. The first type is one of the most fundamental of mathematical

ideas, distinction between objects.

Definition. Given objects A, B € Ob(¥), f € € (A, B) is an isomorphism in € if
there is g € € (B, A) such that go f = id4 and f o g = idg. The objects A and B

are 1somorphic in €, or € -isomorphic.
There are weakenings of this notion which have uses as well.

Definition. Given objects A, B € Ob(%), let f € €(A,B) and g € ¢ (B,A). If
go f =1idy, then f is a section of g and g a retraction of f. In this case, A is a retract

of B.
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In this definition, f is “left-cancelable”. That is, given any h,j € € (C, A) such
that f o h = f o7, composition on the left by g forces h = j. Similarly, g is “right-

cancelable”. These two notions motivate the next definitions.

Definition. Given objects A, B € Ob(%), f € € (A, B) is a monomorphism if for all
C € Ob(%) and g,h € €(C, A) such that fog = foh, then g = h. In this case, [ is
monic.

Dually, f € €(A, B) is an epimorphism if for all C' € Ob(%) and g, h € € (A, C) such
that go f = ho f, then g = h. In this case, f is epic.

From the definitions, several basic results follow quickly.

Proposition A.2.1 (Hierarchy of Morphisms, [6]). Given A, B,C € Ob(%), let
fe€€(AB) and g € €(B,C).

1. id 4 1s an isomorphism.

2. If f,g are isomorphisms, g o f is an isomorphism.

3. If f,qg are sections, go [ is a section.

4. If f, g are retractions, g o f is a retraction.

5. If f,g are monic, go f is monic.

6. If f, g are epic, go f is epic.

7. If f is an isomorphism, it is both a section and a retraction.
8. If f is a section, it is monic.

9. If f is a retraction, it is epic.

10. If go f is monic, [ is monic.
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11. If go f is epic, g is epic.
12. If f 1s an epic section, f is an isomorphism.
13. If f is an monic retraction, f is an isomorphism.

The primary example of these definitions is in Set, where there are the following

characterizations for a function f: X — Y.
e f is monic in Set iff f is one-to-one,
e f is epic in Set iff f is onto,
e f is an isomorphism in Set iff f is one-to-one and onto.

However, while these definitions are closely related and, indeed, coincide for Set
and other categories, there are examples where these are all distinct. In particular,
there are examples of epimorphisms which are not onto and monomorphisms which
are not one-to-one. One should take care the meaning of these words in a particular

category of study.

A.3 Limiting Processes

Limiting processes are the usual means by which a universal construction is built.
The primary idea is that given an existing diagram in a fixed category %, the limit
construct provides a universal means either to enter or exit that diagram. To describe

this, the following definitions are made.

Definition. Given a functor F : 9 — %, a cone over F' consists of the following

data

e an object M € Ob(%),
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e for cach D € Ob(2), pp € € (M, FD),
subject to the following axiom for all D, E € Ob(2) and f € 2(D, E),
e pp=Ffopp.

Pictorially, this can be described with the following commutative diagram for all

D,E € Ob(Z2) and f € 2(D, E).

Ff
FD—FFE

ol o

M

The idea of a cone is that the domain category & encodes the framework of a
diagram, letting the homomorphism properties of the functor carry the commutativity

forward. With this notion, one can define the universal object.

Definition. Given a functor F': ¥ — €, a (categorical) limit of F is a cone (L, pp) on
F such that for every cone (M, gp) on F', there exists a unique morphism m € € (M, L)

such that for every D € Ob(2), qp = pp o m.

Pictorially, this can be described with the following characteristic diagram for all

D,E € Ob(Z) and f € Z(D,FE).

As a categorical limit has a universal property, it is a standard exercise to show

that one is unique up to isomorphism. As such, it is customary to choose a particular
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representation, designated here by lién FD.
While this is a very broad and esoteric definition, there are three particular ex-

amples of this structure that are of particular interest.

Ezample A.3.1 (Products, [6]). Given a set I, it may be considered as what is called
a discrete category &, where the objects are the elements of the set and the only

arrows are identities. Formally, this means

F(i,j) = .
0, i#j

A functor F' : & — € is, therefore, just an assignment of an object Fi for each
i€ 1l. Acone (M,q) over F is merely a collection of morphisms ¢; € € (M, Fi) since

there are no connecting maps between the objects of .#. Then, the categorical limit

li)rgn Fi must satisfy the following universal property for any other cone,

lim, Fi 2 Fj

A
|
H.m: q;

M

&
which is the defining property of H Fi.
iel
Ezample A.3.2 (Inverse Limits, [25]). Given a directed poset (I, <), it may be con-

sidered as a category .#, where the objects are the elements of I and the arrows are

determined by the order. Formally, this means

Ob(S) = I
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0, £y,
j(j’l): {Zd} Z_ja
{¢]}, i<,

which encodes the reverse ordering as arrows in a graph with the composition law
¢l odh =gl forall i < j <k

A functor F : .# — ¥ then is a selection of objects (F'i);e; and morphisms
F¢] € €(Fj, Fi) such that F¢] o F¢! = F¢! and F¢, = idp; for all i < j < k, an
inverse system. A cone (M,q;) over F satisfies the following commutative diagram
for ¢ < 7.

¢]
Fi<—Fj

| A

M
Then, the categorical limit li;n Fi must satisfy the following universal property for

any other cone,

Fo! .
F J
p
hm y Fq
H'm | ///I q]
M

which is the defining property for lim? (Fi, F gbi ).
—

Ezxample A.3.3 (Equalizers, [6]). Consider the category £ defined by the following

graph.

A functor F' : # — % is merely a choice of objects Fa, Fb and maps Fa, F§ €

€ (Fa, Fb). A cone (M, q,,qp) is then a choice of morphism ¢, € € (M, Fa) such that
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Faogq,=FfBoq, = q. This is described by the following commutative diagram.

Then, the categorical limit 1{i}ryn Fk must satisfy the following universal property for

any other cone.

M
! da
Jlm |
A N
limy Fk ™~ Fa > Fb

Fp

Such a universal structure is called an equalizer of a, 3, denoted here by Eq,(a, ).

This process is very abstract, but the above examples do reinforce the heuristic for
understanding them. For an existing commutative diagram in %', a cone is essentially
an object with morphisms that connect to each object in the original diagram, where
each new triangle commutes. The categorical limit is such a cone with the property
that any other cone must factor through it uniquely. In short, if one wants to connect
an object into the existing diagram, one can only do it one way, and it is through
the limit object. The category Z can be thought of as an indexing structure for the
original diagram.

Not unlike metric structures, there is a notion of “completeness”, where all limits

of a certain kind exist within a given category.
Definition. A category 2 is small if Ob(2) is a set.

Definition. A category Z is (small) complete if for all small categories & and func-

tors F': 9 — €, lién FD exists.
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All the examples given above were “small” limits as their domain categories were
small. Interestingly, when a category has arbitrary products and equalizers, one may
construct all other small categorical limits from these two processes. This also gives

a criterion for testing when a functor preserves all limits.

Theorem A.3.4 (Categorical Completeness, [6]). A category € is complete if and

only if it has all equalizers and arbitrary products.

Corollary A.3.5 (Preservation of Limits, [0]). A functor preserves categorical limits

if and only if it preserves equalizers and arbitrary products.

Sometimes, a category is not small complete, but all limit processes from small
categories with finitely many objects may be accomplished. Many times, this is

sufficient so the following definitions and results are made.
Definition. A small category Z is finite if Ob(2) is a finite set.

Definition. A category Z is finitely complete if for all finite categories & and functors

F:92 =%, lién FD exists.

Theorem A.3.6 (Finite Categorical Completeness, [6]). A category € is finitely

complete if and only if it has all equalizers and finite products.

Corollary A.3.7 (Preservation of Finite Limits, [6]). A functor preserves finite cat-

egorical limits if and only if it preserves equalizers and finite products.

Categorical limits were universal means of entering a diagram, and its dual notion
is the universal means of exiting a diagram, a colimit. All the results for colimits
are completely analogous to those for limits so they will not be restated, left to the

reader.
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To close this section, there are two particular universal constructions that are

usually of particular interest.

Definition. A product of an empty family of objects in € is a terminal object in €,

1. A coproduct of an empty family is an initial object in €, 0.

Equivalently, 1 is an object such that for all A € Ob(%), card(¥(A,1)) = 1.
Dually, 0 is an object such that for all A € Ob(%), card(¢(0,A)) = 1. In many
algebraic categories, these two notions coincide in the singleton set {0}, leading to

the following definition.

Definition. A zero object is an object which is both initial and terminal, usually

denoted 0.

In the case that a category % has a zero object, each pair of objects has a morphism
between them, the zero morphism. Explicitly, this morphism is the composition of a

morphism into 0 and a morphism from 0. This situation is described in the following

diagram for each A, B € Ob(%).

Moreover, because of the uniqueness properties surrounding 0, there is only one mor-
phism with a factorization of this sort.
The above notation and terminology are influenced by the case of Set, where the

following characterizations exist.

e A product of a family of sets is their Cartesian product. A terminal object is a

singleton set.
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e A coproduct of a family of sets is their disjoint union. The only initial object

is the empty set.

o If flg: X =Y, then

EqSet(fa g) =Set {l’ €X: f(ZL‘) = g(l’)}

Let R := {(f(z),9(x)) € Y? : x € X} and ~ the equivalence relation on Y

generated by R. Then,

Coedger(f,9) Zset Y/ ~ .

A.4 Projectivity and Injectivity

While the last section dealt with universal map factorization properties, the notions
of projectivity and injectivity are weakenings of the universal notions. To describe
these concepts, fix a category € and a class of morphisms ®. Generally, the maps in

® are “extensions” for injectivity and “quotients” for projectivity.

Definition. For a class of morphisms ®, an object I is ®-injective if for all ¢ € &

and ¢ € €(dom(p), I), there is S % (codom(¢), I') such that Vod =1

Pictorially, this can be described with the following characteristic diagram for each

¢ € ® and ¢ € € (dom(¢), I).
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Being a ®-injective object equates to the ability to factoring any morphism into
the object by any morphism in . However, note that this property is not universal,

no requirement for uniqueness of factorization.

Definition. The category € has enough ®-injective objects if for any object A, there

is a ®-injective object I and morphism ¢ € € (A, I) from &.

Intuitively, ¥ has “enough injectives” when one can “embed” any object into
an “injective”. In this situation, one would then want a “minimal injective”, or an

“injective envelope”.

Definition. A morphism ¢ € ® is ®-essential if when a morphism « has dom(a) =

codom(¢) and ao ¢ € ®, then a € P.

Conceptually, ¢ is an “essential embedding” if when a composition of a o ¢ is an

“embedding” again, o must be an “embedding”. This is the notion of “minimality”.

Definition. For an object A, a ®-injective envelope/hull of A is a ®-injective object

I and ®-essential morphism ¢ € €(A, ).

Though ®-injectivity is not a universal property, a ®-injective envelope is unique

up to isomorphism, implemented by morphisms in ®.

Proposition A.4.1 (Uniqueness of the Injective Envelope, [1]). Suppose that (I, ¢)
and (J, ) are ®-injective envelopes of an object A. Then, there is an isomorphism

a € ® with dom(a) = I, codom(a) = J, and a0 ¢ = . Further, a™* € ®.

Since this structure is unique up to isomorphism, it is common practice to choose
a particular representation of it, denoted in these notes as ];‘@‘( (A). Intuitively, this
structure is a “minimal injective extension”, but it is also characterized as a “maximal

essential extension”.
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Explicitly, this property is as follows. Let A be an object in ¥ with ®-injective
envelope (I%(A),$). Suppose that a is a ®-essential morphism with dom(a) = A.
As IZ(A) is ®-injective, there is & € € (codom(a), I§ (A)) such that Goa = ¢. As a
is d-essential, & € ®. That is, IS (A) is a “maximal essential embedding”.

Similarly, suppose that § is a morphism with dom(8) = A and codom(S) ®-
injective. As codom(J3) is ®-injective, there is § € G(I%(A), codom(f)) such that
Bop = . As ¢ is ®-essential, § € ®. That is, IZ(A) is a “minimal injective
embedding”.

Pictorially, this can be summarized with the following commutative diagram for

the a and [ described above.

While this factorization property results in a unique object, the factorizations of
the maps need not be unique.

As it happens, the notion of injectivity works well with products.

Proposition A.4.2 (Products of Injectives, [6]). Given a class of morphisms ® and
. . . . % . % .
index set J, suppose that (I;);e; are ®-injective and H I; exists. Then, H I; is
jeJ jeJ
D-injective.
Many algebraic textbooks will state this as “if and only if”. In most algebraic

settings, this is true as one can use the zero object to connect any two objects, hence

isolating the factors of the product.
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Proposition A.4.3 (Products of Injectives II, [6]). Given a class of morphisms ®

3
and index set J, suppose that (I;);e; have a product H I;. If € has a zero object,
jeJ
¢
H I; is ®-injective if and only if I; is ®-injective for all j € J.
jeJ

However, this is not always possible in a more general setting.
Since a product of ®-injectives is again ®-injective, one has the following fact about

the injective envelopes. If (A;)je; are objects with ®-injective envelopes 1% (A;),

suppose the products H A; and H IZ(A;)) exist. If IY <H Aj> exists, then

jeJ jeJ jeJ

there is a ¢ € ® with dom(¢) = 1% (H%A]) and codom(¢) = H%L(I’f)(Aj). That is,
provided all appropriate envelopes anjdeiaroducts exist, one can “]eer;]lbed” the envelope
of the product into the product of the factor envelopes. However, this is not always
an isomorphism.

This concept of ®-injective envelope may be dualized into a concept of “projective
cover”, which is studied for Comp in [23]. All results for projective objects are
analogous to those for injective objects so they will not be restated, left to the reader.

The usual choices of ® in almost all settings is the class of monomorphisms for
injectivity, and the class of epimorphisms for projectivity. In Set, all objects are
projective with respect to epimorphisms, and only the empty set fails to be injective
with respect to monomorphisms. As such, these notions are usually used in other
contexts, where fewer objects have this property. Many sources discuss projectivity

and injectivity, sometimes using different ® classes. A few of these are as follows: [2],

[, 1201, [23], [24], [25, [37], and [41].
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A.5 Adjoint Functors

This section considers the categorical notion of a pair of adjoint functors, a powerful
and ubiquitous concept in category theory. To begin, one considers the notion of a

reflection, encapsulating the universal nature of an adjoint functor.

Definition. Given a functor F': 2 — € and C € Ob(%), a reflection of C' along F
is an object R € Ob(Z) and a morphism n € € (C, FR) such that for any D € Ob(2)
and ¢ € 2(C, FD), there is a unique b e % (R, D) such that Foon= .

Pictorially, this property can be described with the commutative diagrams below

for each D € Ob(2) and ¢ € 2(C, FD).

F
7 €
—
¢
D C——FD
7 7
2 3 - Fo
R FR

As a reflection has a universal property, it is a standard exercise to show that one is
unique up to isomorphism.

Conceptually, a reflection (R, n) of C along F' is a sort of “universal pre-image” of
C'. Much like universal limiting processes, if one wishes to map from C' into the image
of F', one must factor through the image of the reflection. However, unlike limits, the
factorization originates in the domain category, not the codomain category where C'
is.

Now, if every object in % has a reflection along F, one has a quite powerful

statement, the defining notion of the left adjoint.
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Proposition A.5.1 (Existence of a Left Adjoint, [0]). Given a functor F : 9 — €,
assume that for every C' € Ob(€), C has a reflection (Rc,nc) along F. Then, there

is a unique functor R : € — 2 such that
1. RC = R¢ for all C € Ob(¥),
2. the class n¢ 1s a natural transformation from idg to F o R.

Observe that item [2] above is formally very similar to homotopy equivalence of
topological spaces. Notice that the choice of reflections is arbitrary, meaning any
selection yields the same result. However, much like universal objects, it is a standard
exercise to show that any choice in the proposition above is unique up to an invertible

natural transformation. As such, one makes the following definition.

Definition. Given a functor F' : ¥ — ¥, a functor L : € — & is a left adjoint to
F' if there is a natural transformation 7 : idy — F o L such that for all C' € Ob(%),

(LC,ne) is a reflection of C' along F'.

Dually, one can define a coreflection and a right adjoint in a similar fashion. As
it happens, these two notions are not only dual to one another, but intimately tied

in the following way.

Theorem A.5.2 (Adjoint Functor Pairs, [6]). Given two functors R : 9 — € and

L:% — 2, the following are equivalent.
1. L s a left adjoint to R,

2. there are natural transformations n : idy — Ro L and € : Lo R — idy such that

(idg x€) o (nxidg) =idr and (exidy)o (idy *xn) = idy,



252

3. for each D € Ob(Z) and C € Ob(¥), there exist bijections

HD,C : .@(LC, D) — %(C, RD)

which are natural in both D and C,
4. R is a right adjoint to L.

Thus, when an adjoint functor appears, it is one of a pair. In this situation, the
relationship is notated as L 4 R. Further, Criterion [3| is formally similar to the
definition of adjoint operators on Hilbert space within inner products, motivating the
nomenclature.

Pleasantly, adjoint functors also work very well with compositions and limiting

processes.

Proposition A.5.3. Let F : o/ — B and H : B — € be functors. Suppose G 4 F
and K 4 H. Then, GK 4 HF'.

Proposition A.5.4. Given L 4 R, then R preserves all categorical limits and L all

categorical colimits.

A more powerful connection between two categories is when the natural trans-
formations € and 7 are invertible. In this case, L 4 R and R - L so Proposition
guarantees that both preserve limits and colimits, among most other proper-

ties. Thus, the following definitions are made.

Definition. A functor R : & — % is an equivalence of categories if R has a left
adjoint L : € — 2 such that the natural transformations n and e of Theorem
are both invertible. In this situation, ¥ and % are equivalent. If € is equivalent to

2°P then € is dual to 9.
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Appendix B

A Categorical Library for

C*-algebras

This chapter briefly covers the application of the topics from Appendix[A]to categories
of C*-algebras, which will be used in this body of work. As most of these results are
well-known, the material will be introduced summarily, stating most results without
proof. Many of these topics can be readily reconstructed from base principles. For
the more complex notions, full treatments can be found in resources on the subject
such as [10], [27], or [40].

While these many of these results and constructions are well-known, indeed even
elementary, the author is unaware of a similar functorial treatment of these ideas.
This perspective, though nonstandard, yields some useful computational results with
immediate applicability to the current work of Chapters [3] and Here are two

motivating examples.

Ezample. Let Ab be the abelianization functor constructed in Section [B.4l Given two

C*-algebras A and B, let their free product be denoted by A* B. From the functorial
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characterization in Section [B.4]
Ab(A x B) =2 Ab(A) ® Ab(B),

the tensor product of the resulting commutative C*-algebras, via *-homomorphism.

Ezample. Let Unit be the unitization functor constructed in Section [B.5 From the

functorial characterization in Section [B.5.2]
Unit(A % B) = Unit(A) *¢ Unit(B),

the free product amalgamated along the identities, via *-homomorphism.

The proofs of these two results, as well as a bevy more, are immediate from the
general notions of Appendix [A] with the characterizations of universal constructions
within this appendix. More sample results are given in Section [B.6]

To accomplish this task, the first sections will introduce particular categories of
C*-algebras, focusing on their principle properties and constructions. Sections
and develop the abelianization and unitization functors, respectively, to move
between and relate these categories. Lastly, these ideas are summarized and given

application to a non-immediate result in Section [B.7.2]

B.1 The Category C*

This section considers the category of C*-algebras with *-homomorphisms, denoted
C*. In particular, the standard universal constructions can be done in this category.
Equalizers, coequalizers, and products are done much like they would be done in Set

or C1Alg. The proofs of these are left to the reader.
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Proposition B.1.1. Let A and B be C*-algebras and ¢, : A — B be *~homomorphisms.
Let

K:={aeA:¢(a) =1(a)}

with the inherited operations from A and 1 : K — A by i(a) := a. Then, K equipped

with ¢ is an equalizer of ¢ and 1.

Proposition B.1.2. Let A and B be C*-algebras and ¢,1) : A — B be *-homomorphisms.

Let J be the two-sided, norm-closed ideal in B generated by the set

{¢(a) —¢(a) : a € A},

Q := B/J with inherited operations from B, and q : B — Q the quotient map. Then,

Q equipped with q is a coequalizer of ¢ and .

Proposition B.1.3. For an index set I, let A; be a C*-algebra for i € I. Define

P = {Je Set (I,UAi> ca(i) € Aivie Isup {||a(i)|| ., :iel} < oo}
i€l
with point-wise operations, || -||» : P — [0,00) by ||@l|, := sup {||5(i)||Ai ciel}, and

7 o P — A; by m; (@) := d(i). Then, P equipped with (m;),c; is a product of (A;).

However, the coproduct, known as the free product, is more subtle than these
more elementary constructions. In the work of [5], the existence of a free product of

C*-algebras is assured.

Theorem B.1.4 (Existence of the Free Product, [5]). For an indez set I, let A; be
C*
a C*-algebra fori € I. Then, H A; exists.

i€l
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Wy ”

The traditional symbol in C*-algebraic literature for the free product is “x

Y

though the common symbol for a coproduct in category theory is “| |”. The “H”
notation will be used interchangeably with the “x” notation, but preference will be
given to the “H” with arbitrary index sets.

Together, these four constructions yield that all limit and colimit processes can

be done in C*.
Corollary B.1.5. The category C* is categorically complete and cocomplete.

Consequently, all direct and inverse limit processes may be done in this category.
Keep in mind that this is not the ring-theoretic direct or inverse limit, nor the topo-
logical *-algebraic variant of [35], but rather their analogues in the category C*. The
direct limit is well-known and studied in numerous texts, including [27]. The inverse
limit in C* is lesser known, but exists, satisfying the appropriate universal property.

One means of realizing it as follows.

Ezxample B.1.6 (Inverse Limits in C*). Given a poset (P, <) and an inverse system
(.Ap, ¢Z)pqe p in C*, the inverse limit can be realized by first forming the (**-sum of

the factors, the product in C*. Next, one restricts to the sequences (a,) which

peEP?
satisfy the condition ¢ (aq) = a, for all p < ¢.

Further, an empty product yields a terminal object, the zero algebra O := {0}.
Likewise, the empty coproduct an initial object, also O, meaning this is a zero object
in the categorical sense. Naturally, the categorical zero morphisms are precisely the
constant map to 0.

Projectivity relative to the class of all surjections in C* is well-established in
sources such as [27]. As demonstrated in Lemma 10.1.6 in [27], a C*-algebra which is
projective with respect to surjections in C* must be contractible in C*. Specifically,

this is defined as follows, one of several equivalent definitions.
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Definition. Given a C*-algebra A, let C([0,00),.A) be the cone over A, all contin-
uous functions from [0, 00) to A which vanish at co. Let w4 : Co([0, 00),.A) — A by
ma0(f) = f(0), evaluation at 0, a well-known *-homomorphism. A is contractible in

C* if 14y is a retraction in C*.

Here, the notion is qualified by “in C*” since there is a broader notion of con-
tractibility in Top. Specifically, the C*-algebra A is indeed null-homotopic to a
singleton set, but that singleton set is purposefully chosen to be O. Further, it is
required that each stage of the homotopy be a *-homomorphism.

The proof of Lemma 10.1.6 of [27] follows directly from consideration of the fol-

lowing diagram in C*.

CO([Oa OO)) A)
iw
A— A

That is, if A is projective with respect to all surjections in C*, specifically 7 4, there
must be a *-homomorphism from completing this triangle, making 74 a retraction
in C*.

However, no nontrivial unital C*-algebra can ever satisfy this criterion.

Proposition B.1.7. A unital C*-algebra is contractible in C* if and only if A =1c+
0.

This fact immediately destroys any possibility for a nontrivial unital C*-algebra
to be projective relative to all surjections in C*. Since C* has a zero object, one can
invoke Proposition to yield the following result for free products.

C*
Proposition B.1.8. Given an index set I and C*-algebras (P;),;. then H P; is

el
projective relative to all surjections in C* if and only if each P; is also for all i € I.
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B.2 The Category 1C*

This section considers the category of unital C*-algebras with unital *~homomorphisms,
denoted 1C*. Note that the zero algebra, O, will be considered as a unital C*-algebra
for the purposes of this work. Specifically, it will be thought of as the unique unital
C*-algebra where 0 = 1, or equivalently, C(()), continuous functions on the empty
topological space.

Just as in C*, the standard universal constructions can be done in this category.
Equalizers, coequalizers, and products are computed just as they would are in C*,
described in the previous section.

However, the coproduct, the unital free product, is similar to the free product in
C*, but has a notable distinction. Here, the coproduct includes amalgamation of the
identities of the factors. In [40], the free product with amalgamation of identities is

shown to be the coproduct in 1C*, satisfying the appropriate mapping property.

Theorem B.2.1 (Existence of the Unital Free Product, [40]). For an index set I, let

1C*
A; be a unital C*-algebra for i € I. Then, H A; exists.

iel
Again, the usual notation for the unital free product is “x¢”, indicating the merger
of the identities. Here too, the “H” notation will be used interchangeably with the

)

“x¢” notation, but preference will be given to the “H” with arbitrary index sets.

Together, these four constructions yield that all limit and colimit processes can

be done in 1C".
Corollary B.2.2. The category 1C* is categorically complete and cocomplete.

Consequently, all direct and inverse limit processes may be done in this category,

performed much like they were in C*. Further, an empty product yields a terminal
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object, O. Likewise, the empty coproduct an initial object, the complex field C. Since
C 21c+ 0O, this category has no zero object in the categorical sense.

Projectivity relative to the class of all surjections in 1C* is also well-established
in sources such as [27]. While 1C* has distinct initial and terminal objects, a version
of Proposition holds. The proof of this result will be given as the author has
no knowledge of its existence in the literature. However, the current proof requires

the machinery of the remaining sections so it will be set aside until Section [B.7.2]

B.3 The Categories C1C* & Comp

This section considers the category of commutative unital C*-algebras with unital
*_homomorphisms, denoted C1C*. Again, the zero algebra, O, will be considered as
a unital C*-algebra for the purposes of this work. This category is well-known to be
dual to the category of compact, Hausdorff topological spaces and continuous maps,
denoted by Comp. To summarize this relationship, recall the following contravariant
functors. Notice that both are of the form Hom(—, A).

Let C' : Comp — C1C” be defined by the following two maps:
e for X € Ob(Comp), C'(X) is the continuous functions from X into C,

e for X,Y € Ob(Comp) and f € Comp(X,Y), C(f) : C(Y) — C(X) by
C(f)(g) :==golf.

Similarly, let A : C1C* — Comp be defined by the following two maps:

e for 4 € Ob(C1C*), A(A) is the set of all nonzero multiplicative, linear func-

tionals on A equipped with the weak-* topology, the mazimal ideal space,
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e for A, B € Ob(C1C*) and ¢ € C1C*(A, B), A(¢) : A(B) = A(A) by A(¢) () :=
Yoo

Theorem B.3.1 (Gelfand-Naimark Theorem, [10]). For A € Ob(C1C"), define the
function Ty : A — C(A(A)) by T a(a)(@) := ¢(a), the Gelfand transform. Then, T 4

is an isomorphism in C1C*.

The following result is usually a standard exercise, but is an important part of

the story between C1C* and Comp.

Theorem B.3.2. For X € Ob(Comp), define the function ®x : X — A(C(X)) by
Ox(z)(f) := f(z), the evaluation map at x € X. Then, ®x is an isomorphism in

Comp.

A quick check shows that the following two diagrams commute in their respective

categories.
A—2CAMW) X —ACX)

¢ lC(A(@) f lA(C(f))
I's

B—5C(AB) Y —AC(Y))

Letting I' := (I'a) 4con(c1cr) and @ == (Px) xcon(Comp): | ¢ idcicr — CA and
® : idcomp — AC are invertible natural transformations, stating that C1C* is
equivalent to Comp®®, the opposite category of Comp. Hence, C1C* and Comp
are dual to one another.

Equalizers, coequalizers, and products for C1C* are computed just as they would
are in C* and 1C* and have natural association to dual notions in Comp. For the
coproduct in C1C*, there are two ways of viewing the construction, a generalization

of the tensor product or using the duality in Comp.

Theorem B.3.3 (Generalized Tensor Product for C1C*). For an index set I, let A,
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Com
be a commutative, unital C*-algebra for i € I. Let m; : H A (A;) = A(A;) be
iel
the usual projection map. Then,

Com
C (H A (Ai)> ,
i€l
equipped with (C (m;) o T 4,),c; s a coproduct of (A;),c;. If I is finite, then
Comp
C H A(A;) | Zcicr RierAs.
icl

These construction equivalences are summarized in Table [B.1 Together, these

four constructions yield that all limit and colimit processes can be done in C1C".

Corollary B.3.4. The categories C1C* and Comp are categorically complete and

cocomplete.

Consequently, all direct and inverse limit processes may be done in this category,
performed much like they were in C*. Further, an empty product yields a terminal
object, O. Likewise, the empty coproduct an initial object, C. Since C Zc1c+ O, this

category has no zero object in the categorical sense.

Table B.1: Universal Constructions in C1C* and Comp

’ Construction in C1C* H characterization ‘ dual notion in Comp
equalizer norm-closed, unital quotient space by
*_subalgebra a closed equivalence relation
coequalizer quotient C*-algebra closed subspace
product (>°-direct sum Stone-Cech compactification
of disjoint union
coproduct generalized tensor product Cartesian product
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Projectivity relative to the class of all surjections in C1C* is also well-established,
as is its dual notion, injectivity relative to the class of all one-to-one maps in Comp.
In [30], this form of injectivity is termed the wniversal extension property and is

characterized in the notion of an absolute retract.

Definition. A normal topological space [ is an absolute retract if for every normal

space X and closed subspace F' of X satisfying F' =,y I, F' is a retract of X in Top.

While C1C* has distinct initial and terminal objects, a version of Proposition
holds. The proof of this result will be given as the author has no knowledge of

its existence in the literature. First, the dual fact will be proven for Comp.

Proposition B.3.5. Let I be an index set and (X;),.; be compact, Hausdorff spaces.
Com
Then, H pXZ- 1s injective with respect to all one-to-one maps in Comp if and
i€l
only if each X; is also.

Proof. (<) This fact is true in general by Proposition

(=) First, note that X; # 0 for all 4 € I. If to the contrary,

Comp
H Xz %Comp (2)7

iel
which is not injective with respect to one-to-one maps.
Fix j € I. Let X,Y be compact, Hausdorff spaces and a : X — Y a one-to-one,

continuous function. Consider a continuous function ¢ : X — X;. The following

diagram exists in Comp,

X <" L, S X
|
XY

where 7; is the canonical projection onto X;.
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For i # j, choose z; € X; and define ¢; : X — X; by ¢;(z) := z;, a constant
function. Thus, ¢; is continuous. Letting ¢; := ¢, there is a unique continuous
. Comp - . .
function ¢ : X — H X; such that m; 0 ¢ = ¢; for all ©+ € I. By assumption, the
iel

.. . . L~ Comp
product is injective with respect to one-to-one maps so there is ¢ : Y — H X,

i€l
such that ¢ o a0 = ¢.

Define 9 := 7; o ¢. Observe that
¢oa:7rjo$oa:7TjO¢E:¢j:¢-

Thus, Xj is injective with respect to «, and since o was arbitrary, X; is injective with

respect to all one-to-one maps in Comp.

Using the duality with C1C*, the following statement holds.

Proposition B.3.6. Given an index set I and commutative, unital C*-algebras
cicr
(Pi);es» then H P is projective relative to all surjections in C1C* if and only if

iel
each P; is also for alli € I.

B.4 The Abelianization Functors

This section considers a well-known means of making a C*-algebra commutative, the
abelianization. Here, this construction will be realized as a reflection across a natural
forgetful functor. Full detail will be given as the author is not aware of a similar
treatment in the literature. To construct this functor, let CC* denote the category

of commutative C*-algebras with *-homomorphisms.
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Given any A € Ob(CC™), A € Ob(C") so there is a natural forgetful map, ig-
noring the commutativity in A. Similarly, given any A, B € Ob(CC*), CC*(A, B) C
C*(A, B). One can quickly check that these two associations define a functor Fgq- :
CC* — C*, where one ignores the commutativity of the objects. Keep in mind that
this is essentially an inclusion of CC* into C*, changing no structure along the way.

Now, fix A € Ob(C"). Let J4 be the norm-closed, two-sided ideal in A generated

by the set of commutators

{ab—"ba :a,b e A}.

Let A := A/Jq and g4 : A — A be the quotient map. The pair </i, qA> is a

candidate for the reflection of A along FSg-.
Theorem B.4.1. The pair (fl, qA) is a reflection of A along FSes.

Proof. To check the universal property, let B € Ob(CC*) and ¢ € C* (A, FgCB)

Observe that for all a,b € A,

¢(ab—ba) = $(a)p(b) — d(b)d(a)

since B is commutative. Thus, {ab — ba : a,b € A} C ker(¢) so J4 C ker(¢). By
the universal property of the quotient, there is a unique <;A5 e C” <./Zl, B) such that
¢ oqu=¢. Since A is commutative, ¢ € CC* (fl, B).

O

Further, since A was arbitrary, Proposition states that there is a unique
functor Ab : C* — CC* such that Ab(A) = A, and Ab 4 FSg. by Theorem [A.5.2]

The explicit universal property of this adjoint pair is as follows.
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Theorem B.4.2 (Explicit Universal Property of Ab 4 FSa+). Let A be a C*-algebra
and B a commutative C*-algebra. Given any *-homomorphism ¢ : A — B, there is a

unique *-homomorphism ¢ : Ab(A) — B such that boqa=0.

If A had been commutative, notice that J4 = O so A Zcc+ Ab(A). Hence, all
of Ob(CC") is in the range of Ab, and no commutative C*-algebra has its structure
altered in the process.

The functor Ab also encodes information regarding the multiplicative linear func-

tionals on A.

Proposition B.4.3. For a C*-algebra A, the multiplicative linear functionals on A

are in bijection with those on Ab(A).

Proof. Given a *-homomorphism ¢ : Ab(A) — C, then pogy : A — Cis a *
homomorphism. Given a *-homomorphism ¢ : A — C, then there is a unique *-
homomorphism ¢ : Ab(A) — € such that ¢ o ¢4 = ¢ by Theorem m

O

Further, Ab preserves projectivity with respect to surjections in the following

sense.

Proposition B.4.4. If a C*-algebra P is projective with respect to surjections in C*,

then Ab(P) is projective with respect to surjections in CC*.

Proof. Let A and B be a commutative C*-algebras and ¢ : A — B a surjective
*-homomorphism. Consider a *-homomorphism ¢ : Ab(P) — B. The following

diagram exists in C*.

qp
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Since P is projective with respect to surjections in C*, there is a *-homomorphism
é: P — A such that god = ¢ o gp. Since A is commutative, there is a unique

*_homomorphism ¢ : Ab(P) — A such that ¢ o gp = ¢. Observe that
godogp=qop=cdogp

so by the Theorem q ogg = ¢. Thus, Ab(P) is projective with respect to ¢, and
since ¢ was arbitrary, Ab(P) is projective with respect to all surjections in CC*.

[]

If A had been unital, notice that Ab(A) is also, and g4 would preserve the unit.
This gives a second adjoint relationship between 1C* and C1C*. As before, there is
a natural forgetful functor Fégé* : C1C* — 1C* by ignoring the commutativity in
play.

Theorem B.4.5. The pair (fl, qA) is a reflection of A along Fé?c

Further, since A was arbitrary, Proposition states that there is a unique
functor Aby : 1C* — C1C* such that Aby(A) = A, and Ab; 4 FES.. by Theorem
A.5.2 This functor shares many properties with its non-unital counterpart, which

are proved in an identical fashion. As such, these proofs will be omitted for brevity.

Theorem B.4.6 (Explicit Universal Property of Ab, 4 F&$e.). Let A be a unital C*-
algebra and B a commutative unital C*-algebra. Given any unital *~homomorphism

¢ A — B, there is a unique unital *-homomorphism ¢ : Aby(A) — B such that
poqa=o.

Proposition B.4.7. For a unital C*-algebra A, the nonzero multiplicative linear
functionals on A are in bijection with those on Aby(A), which are in bijection to

points in A (Aby(A)).



267

Proposition B.4.8. If a unital C*-algebra P is projective with respect to surjections
in 1C*, then Aby(P) is projective with respect to surjections in C1C*. That is,
A (Aby(P)) is an absolute retract.

B.5 The Unitization Functors

This section considers a well-known means of making a C*-algebra unital, the unitiza-
tion. Here, this construction will be realized as a reflection across a natural forgetful
functor. Full detail will be given for results that the author has not seen in the
literature.

Given any A € Ob(1C*), A € Ob(C") so there is a natural forgetful map,
ignoring the existence of the unit in 4. Similarly, given any A,B € Ob(1C"),
1C*(A,B) € C*(A,B). One can quickly check that these two associations define
a functor Fig. : 1C* — C*, where one ignores the existence of a unit and the unit-
preserving properties of the maps. Keep in mind that this is essentially an inclusion
of 1C* into C*, changing no structure along the way.

Now, fix A € Ob(C*). Recalling Proposition 1.1.3 in [I0]. Let A := A x C, the
cartesian product of A with C, which will serve as the underlying set. Define the

following operations for all (a, \), (b, 1) € A and v € C:

(@A) + () = (a+bA+p),
vo(a,)) = (va,v)),

(@A) (b ) = (ab+Nb+ pa, M),
(@A) = (a* ).
pla,A) = sup{[lab+ Ab|la:be A, [blla <1}

Under these operations, it is a standard exercise to show A to be an involutive C-
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algebra with unit (0, 1). Proposition 1.1.3 in [I0] states that p is a C*-norm and that
A is complete in this norm. Here, A is equipped with the norm p and regarded as a
unital C*-algebra.

Further, there are two canonical maps for each of the two coordinates of A. Define
m : A — C by ma(a, A) := A, the projection onto the second coordinate. A quick
check shows that this is a unital *-homomorphism. Likewise, define 14 : A — A by
ta(a) := (a,0), the inclusion into the first coordinate. A similar check shows that this

is a *-homomorphism. Thus, the following diagram exists in C*,

o Oc,0

C—=0 (B.1)

OO,A LA

0] A

A

where Og ¢ : B — C is the constant 0 map from B to C. Observe that for all a € A,

(w3 0 04) (@) = ma(a, 0) = 0

so ran (t4) C ker (m2). Furthermore, if (a,\) € ker (m3), 0 = ma(a, A\) = A, meaning
ran (14) = ker ().
Also, there is a map 15 : € — A by 15(\) := (0, \). Another check shows this to

be a unital *-homomorphism, and for all A € C,

(m2 012) (A) = 2(0,A) = A.

Therefore, w5 0 19 = ide. Thus, 19 is a section in 1C* and 7y a retraction in 1C*.

If this diagram is considered in the abelian category of C-Banach spaces and con-
tractive C-linear functions, this is a split short exact sequence of C-Banach spaces.
However, this term will not be used here since C* is not an abelian category. Specifi-

cally, there are monic maps in C* which are not kernels. An example of such a monic
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map would be an inclusion of a C*-subalgebra which is not an ideal.

The pair (fl, L A) is a candidate for the reflection of A along FICC
Theorem B.5.1. The pair (/(, LA> is a reflection of A along Flc(;

Proof. To check the universal property, let B € Ob(1C*) and ¢ € C*(A, Fi&-B).
Define ¢ : A — B by

o(a, ) == é(a) + Mpg.

A quick check shows that ¢ € 1C* <A, B). Further, for all a € A,
(F&-d014) (a) = FiZ-0(a,0) = d(a,0) = ¢(a)

SO Flcé*qgom = ¢.

Assume that ¢ : A — B satisfies that Fbotg = ¢. Then, for all (a,\) € A,

Ula, A) = ((a,0)+ (0, 1))
= 9(a,0) + A(0,1)
= F&(a,0) + Mg
= (F&vota) (a) + Mg
= ¢(a) + Alg

= (;5(CL, >‘)

Hence, ¢ = ¢.
O

Further, since A was arbitrary, Proposition states that there is a unique
functor Unit : C* — 1C* such that Unit(A) = A, and Unit 4 F{G. by Theorem

[A.5.2] The explicit universal property of this adjoint pair is as follows.
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Theorem B.5.2 (Explicit Universal Property of Unit 4 Fig«). Let A be a C*-algebra
and B a unital C*-algebra. Given any *-homomorphism ¢ : A — B, there is a unique

unital *-homomorphism ¢ : Unit(A) — B such that ¢ o 14 = ¢.
Recall Diagram (B.1)), including also the map ¢s.

™2

00,4 t4  ~.—a _ Ocpo
O—A——4___ _C——0
2

This is the classical characterization of the unitization, and it can be shown to be

equivalent to the universal characterization of Theorem [B.5.2]

Theorem B.5.3. Let A be a C*-algebra. Then, a unital C*-algebra B equipped with
a *-homomorphism  : A — B is a reflection along Fig« of A if and only if v is

one-to-one, ran(t) is a two-sided ideal in B, and B/ran(t) Z1c+ C.

Proof. (=) Assuming that (1B, ) is a reflection along Fi&-, then consider the following
diagram in C*.
A—2FQ A
FC.B
By the universal property of the reflection, there is a unique unital *-homomorphism
o : A — B such that . = a o 4. Symmetrically, there is a unique unital *-

homomorphism 3 : B — A such that 14 = 0. Thus, for all a € A,

a) = (aora)(a)
= (aofou)(a)
= ((@op)or)(a)
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and
vala) = (Bod)(a)
= (Boaou)(a)
= ((Boa)ouw)(a).
Hence, (®0f) ot = ¢ and (Boa)otq = 14 so by the universal property of the
reflection, a o f = idg and S oa =idj .

Observe that since § and «a are isomorphisms,
ker(t) = ker(f o) =ker (t4) =0

and

ran(t) = ran (v oty) = o (ran (1)) -

Thus, ran(¢) is a two-sided ideal in B and ¢ one-to-one. Lastly, by the first isomorphism
theorem,

B/ran(t) 2y A/ran (14) S1c C

(<) Assuming the result, let 7 : B — B/ran(t) =10+ C be the quotient map.

There is a unique unital *-homomorphism « : A — B such that ¢ = aors. Explicitly,

a(a, \) = t(a) + A\lg from Theorem If (a, \) € ker(a),
0=ala,\) =la) + \g.

Then, 0 = 7 (¢(a) + A1) = AL/ran() ~ A € C, meaning A = 0. Hence, t(a) = 0,
forcing a = 0 as ¢ is one-to-one. Therefore, o is one-to-one.

Notice that B = U (Mg +ran(e)) C ran(a) by the first isomorphism theorem.

AeC
Hence, « is an isomorphism in C*.

Given any unital C*-algebra C and *-homomorphism ¢ : A — C, there is a unique
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unital *-homomorphism ¢ : A — C such that (50 ta = ¢. Then,

¢ = (gzgoofl> o(awouiy) = <¢oofl> oL.
If there was a unital *-homomorphism ¢ : B — C such that ¢ = 1 o, then

9= Woa)o(a o) =(Yoa)ora.

Therefore, 1) o @ = ¢, meaning ¥ = ¢ o o', Hence, (B, 1) is a reflection of A along

O

The usual way this is stated in [10] is that “A is an ideal of B of codimension
17. Since the universal notion of Theorem agrees with the classical notion, the
term unitization will be used for either process interchangeably.

Notice that some unital C*-algebras can be shown not to be in the range of
Unit. In particular, O has no ideals of codimension 1 so it cannot be obtained by
unitizing another C*-algebra. Less trivially, the Calkin algebra, B (¢*) /K (¢?), is
simple, unital, and non-commutative. Thus, it cannot have a codimension 1 ideal
and, therefore, cannot be obtained by unitizing another C*-algebra.

Also, unitization works well with projectivity, stated in [27].

Proposition B.5.4. Given a C*-algebra P, P is projective relative to all surjections

in C* if and only if Unit(P) is projective relative to all surjections in 1C*.

Proof. (=) Let B,C be unital C*-algebras and ¢ : B — C a surjective unital *-

homomorphism. Given a unital *-homomorphism v : Unit(P) — C, the following
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diagram exists in C*.

B

y

As P is projective relative to all surjections in C*, there is a *-homomorphism 1 :

P —= Unit(P) —

P — B such that ¢ o z[; = 1 o tp. By Theorem m, there is a unique unital

*_homomorphism ¢ : Unit(P) — B such that ¢ o tp = 9. Therefore,

~

potpoip=goth=1oup

so by Theorem b o =1
(<) Let B,C be C*-algebras and ¢ : B — C a surjective *-homomorphism. Given

a *-homomorphism ¢ : P — C, application of Unit yields the following diagram in

1C*.
Unit(B)
iUnit(@
Unit(P) —go Unit(€)

As Unit(P) is projective relative to all surjections in 1C*, there is a unital *-homomorphism
¢ : Unit(P) — Unit(B) such that Unit(¢) o ¢ = Unit(1)).

Now, observe that by construction of the functor Unit,

Unit((b) (b7 >‘) = (¢(b)a )‘)

and

Unit(¢)(p, A) = (¥(p), A).
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Notice that for all p € P,

(¥(p),0) = Unit()(p,0)
— (unit(9) o 4 (v,0)

so ¥(p, 0) € Unit(¢) ' (¢(p),0). Untangling this pre-image,

Unit(¢) " (¥(p),0) = {(b,A) € Unit(B) : Unit(¢)(b, A) = (v(p),0)}
= {(b,A) € Unit(B) : (¢(b), A) = (¥'(p), 0)}
= {(0,0) € Unit(B) : ¢(b) = ¢(p)},

meaning ran (1& o L'p) C ran (¢5).

Define ¢ := ( |ran(b3 ) (@/} o L77> Then, for all p € P,

<¢O¢>(p> _ ( o (1s]n0e) lo(zﬁow»(p)
= (90 (™)) (40.0)
_ <(L |ran<bc> oUnit(gb)) (@(p,o))
() Unitw)(p,o»
= (™) (1(p), 0)
= Y(»).

Hence, ¢ o ) = 9.

]

Further, observe that if A is commutative, A will also be commutative. This gives
a second adjoint relationship between CC* and C1C*. As before, there is a natural

forgetful functor FS{g+ : C1C* — CC* by ignoring the existence of the unit and the
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unit-preserving properties of the maps.
Theorem B.5.5. Given A € Ob(CC™), (A, LA> is a reflection along FG .

Further, since A was arbitrary, Proposition states that there is a unique
functor Unit, : CC* — C1C* such that Unit.(A) = A, and Unit, 4 FSo by
Theorem [A.5.2]

Also, appropriate restrictions yield the following projectivity result.

Proposition B.5.6. Given a commutative C*-algebra P, P is projective relative to
all surjections in CC* if and only if Unit.(P) is projective relative to all surjections

i C1C*.

B.6 Summary: a Diagram of C*-algebraic Theory

To summarize the content of this appendix, consider the following diagram of cate-

gories and functors.

Fccr

C Cc1C*
Comp cic* cc*
A / N\ Unite /f \
FAS,. }Abl Ab| | FSS.
| \J
X{ / Unit \
1c°= =
FC

1C*

A quick check shows that the outer square commutes. That is,

C* cc* _ pC* p1c* | nC*
FCC* cicr — FIC* Cci1c* —- - C1C*»
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the forgetful functor from C1C* to C*. From these functorial characterizations and

their adjoint nature, several results follow immediately from the general content of

Appendix [A]
First, Proposition shows that

Unit, Ab 4 FS, -
and
Ab; Unit 4 FS, -

Since a left adjoint is composed of reflections, the universal property of the reflection

yields the following fact.

Theorem B.6.1. Given a C*-algebra A,
UIlitC (Ab(.A)) gClC* Ab1 (Unlt(A)) .

That is, the inner square commutes up to isomorphism in C1C”*.
By Proposition[A.5.4] the following functors preserve all categorical colimits: Unit,
Unit,., Ab, Aby, C, and A. Two specific types of colimits are coproducts and direct

limits, which give a bevy of results. Here are two examples of such results.

Corollary B.6.2. Given an index set I and C*-algebras (A;)ier,

Unit (HC*Ai> ~ o ch* Unit (A;) .

el el

Corollary B.6.3. Given a directed poset (I,<), let (Ai,qﬁé.) be a direct system in
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C*. Then,
Unit (1 (A;,6]) ) Zror i (Unit (4;), Unit (6}))

Further, the notion of non-commutative geometry has been thought of as gener-
alizing geometric notions in Comp to 1C*. This could be described and studied via
the composite functor Fé(fé*C’ : Comp — 1C*, which serves as a bridge between the
two categories of study. For example, projectivity relative to surjections in 1C* is
considered the “non-commutative analogue” of the absolute retract, as stated in [27].

This functor makes the connection more formal, giving results such as Proposition

B.4.8

B.7 Application: Free Products of Projectives in
1C*

To close this appendix, an application of these categorical notions is demonstrated,
which is not immediate from general principles. Specifically, the 1C* version of
Proposition is proven. This result is not immediate as 1C* does not have a
categorical zero object. The proof method is very closely related to that of Proposition
B.3.5, and may be considered its non-commutative analogue.

To begin, the relationship between a unital free product and its multiplicative
linear functionals is proven, which is very closely related to Proposition [B.4.3] This

will allow removal of certain degenerate cases from consideration.

Lemma B.7.1. Let I be an index set and (A;),.; be unital C*-algebras. Then, the

i€l

1Cc*
nonzero multiplicative linear functionals on H A; are in bijection to families of
iel
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nonzero multiplicative linear functionals on each A,;.
. lc* . . . . .
Proof. For i € I, let ¢; : A; — H A, be the canonical inclusions into the unital
iel
1C*
free product. Given a unital *-homomorphism ¢ : H A; — C, then pour; : A; — C
iel
is a unital *-homomorphism. Thus, (¢ o ¢;),.; is a family of unital *-homomorphisms.
For i € I, let ¢; : A; — C be unital *~homomorphisms. Then, there is a unique
. 1C* .
unital *-homomorphism ¢ : H A; — C such that ¢ o t; = ¢; by the universal

iel
property of the unital free product.

With this fact, the proof of the main result can proceed.

Proposition B.7.2. Given an index set I and unital C*-algebras (P;),.;, then ch*Pi
is projective relative to all surjections in 1C* if and only if each P; is also for alileil el.
Proof. (<) This fact is true in general by Proposition

(=) Let P := HlC*Pi and ¢; : P; — P the canonical inclusions into the unital
free product for 7 EZE; . First, degenerate cases are removed from consideration. That
is, each P; will be shown to have a nonzero multiplicative linear functional. This will
allow the factors of P to be separated and shown projective.

As P is projective relative to all surjections in 1C*, Proposition states that
A (Aby(P)) is an absolute retract. Since () is not an absolute retract, A (Aby(P)) # 0.
By Proposition , there is a unital *-homomorphism ¢ : P — C. By Lemmam,
each P; has a unital *-homomorphism 7; := ¢ o ;.

Fix j € I. To show P; projective, let A and B be a unital C*-algebras and

q : A — B a surjective, unital *~homomorphism. Consider a unital *-homomorphism
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¢ : P; — B. The following diagram exists in 1C".

P~ P
l«a
A—>B
Let ¢ : C — B be the unique unital *-homomorphism given by (1) := 1. For
i # j, define ¢; := 1 om,;. Letting ¢; := ¢, there is a unique unital *-homomorphism
<;A5 : P — B such that ggo t; = ¢; for all ¢ € I. By assumption, the coproduct is
projective with respect to surjections so there is ¢ : P — A such that go ¢ = gﬁ

Define 0 := <;~So t;. Observe that

qo@zqoquLj:qAﬁo%:gbj:gb.

Thus, P; is projective with respect to ¢, and since ¢ was arbitrary, P; is projective

with respect to all surjections in 1C*.
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