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Abstract

For C*-algebras A and B, the Fredholm picture gives group isomorphisms KK.(C, A) 2 K. (A)
and KK.(C,B) = K4(B). In this way, the Kasparov product induces a group homomor-
phism (A, B) from KK. (A, B) to Homz(K.(A),K«(B)). The Universal Coefficient Theo-
rem (UCT) says that for A € Ob(N) and B o-unital, v(A, B) is surjective and kery(A, B) =
Ext}(K.(A),K.(B)), where N is a subcategory of the separable nuclear C*-algebras with
postliminal objects. Whenever K. (B) is injective, Exty (K. (A), K, (B)) vanishes. In that case
KK. (A, B) and Homz(K.(A),K.(B)) are isomorphic. The UCT is proven in two steps. First,
in the case that K.(B) is injective. Then the general case is proven by giving an injective
resolution of K.«(B) and applying the injective case to the injective resolution.

Introduction

The goal of this thesis is to give a detailed elaboration of the proof of the Universal Coeflicient
Theorem (UCT) for C*-algebras. In this thesis N will denote the smallest full subcategory of the
category of separable nuclear C*-algebras, which contains the separable type-I (postliminal) C*-
algebras and is closed under KK-equivalence, inductive limits, extensions and crossed products by

R and Z. The Universal Coefficient Theorem states that for A € Ob(N) and for B a ¢-unital C*-

5(A,B
algebra, there exists an odd group homomorphism ExtZ (K, (A),K,(B)) HAB), KK. (A, B) (see

Definition [17.1]) such that the following sequence of Zs-graded abelian groups is exact:

0 — ExtL(K,(A),K.(B)) > KK, (4, B) 5 Homgz (K. (A), K. (B)) — 0. (1)
. v(A,B)

In v denotes the even group homomorphism KK, (A, B) ——— Homgz(K.(A4),K.(B)) (see
Definition given by application of the Kasparov product to KK.(C, A) = K.(A) (see Theo-
rem [11.36)). To give the reader an idea of what the UCT means; the UCT says that for A € Ob(N)
and B a o-unital C*-algebra, every group homomorphism from K, (A) to K,(B) can be given by
taking the Kasparov product with some element of KK, (A, B). This element in KK, (A, B) need
not be unique. The subgroup of KK, (A, B) for which the Kasparov product forms the zero map
is isomorphic to Ext}(K,(A),K.(B)). The full proof of the UCT for C*-algebras can be found in
The original proof of the UCT was given by J. Rosenberg and C. Schochet in [27, §2-4].
They also proved that sequence is split. This implies that for A € Ob(N) and B a o-unital
C*-algebra the group KK. (A, B) can be calculated from the groups K.(A) and K, (B) alone! The
statement of the UCT in this introduction is a generalisation of the UCT as proven by in L.G.
Brown, R.G. Douglas and P.A. Filmore in 1977. They proved the UCT for the case that A = C'(X)
with X a compact Hausdorff space and B = C. This result can be found in [3]. There are other the-
orems that are also called Universal Coefficient Theorem. For example, in algebraic topology, there
is a Universal Coefficient Theorem that gives a relation between the homology and cohomology
groups of topological spaces. In this thesis, we will only cover the Universal Coefficient Theorem
for C*-algebras.

An overview of the proof

We will start the proof of the UCT by showing that Homgz (K. (), K.(B)) is a cohomology theory
and v(_, B) is a morphism of cohomology theories (see Definition [8.22). Then we will prove the



injective case. This is the statement that for a o-unital C*-algebra B, such that K, (B) is injec-
tive (see Lemma [4.19)), v(_, B) is an isomorphism of cohomology theories between KK. (-, B) and
Homy (K. (-),K.(B)), whenever they are restricted to N (see Theorem [15.1). We will prove this
statement by showing that (A, B) is a group isomorphism for each A € Ob(N). Then we invoke
Lemma In the proof of the injective case of the UCT, there are many steps. This is because
N is a category whose objects are generated by multiple relations. The order of the steps in the
injective case is important. We will start by showing that if v(_, B) is an isomorphism for two
objects of a short exact sequence of C*-algebras, then also for the third. The next step is to show
that if v(_, B) is a group isomorphism for all objects in a cotower in N, then also for the direct limit.
Those two steps are necessary for showing that v(_, B) is a group isomorphism for all commutative
C*-algebras. The full proof can be found in

However K. (B) need not be injective (with B a o-unital C*-algebra) for the UCT to hold. In
that case v(A, B) need not be a group isomorphism (with A € Ob(N)). The injective case implies
the general case of the UCT. We will deduce the general case of the UCT from the injective case in
the following way: A C*-algebra that is KK-equivalent to B (see Definition appears in the
short exact sequence . Its six term sequence with respect to the K-groups splits into two short
exact sequences of which the middle and right-hand terms are injective. As a result of Lemma [£.60}
applying the Homgz (K, (A), .)-functor to these two short exact sequences gives two four term ex-
act sequences like in sequence . Such a four term exact sequence can be viewed as a group
homomorphism combined with the inclusion of the kernel and the quotient to cokernel. In the
injective case (Theorem it is shown that (A, -) is a morphisms of functors from KK, (4, ) to
Homyz(K.(A),K.(-)) with isomorphic components whenever the K-groups are injective. Like any
exact sequence, the six term sequence of with respect to the KK-groups can be split up into
multiple short exact sequences containing the cokernel of a previous morphism and the kernel of a
following morphism (for inspiration, see sequences and ) The isomorphic components of
~v(A, ) preserve kernels and cokernels. From this follows sequence . The full proof can be found

in {77

The purpose of this thesis

There exist many detailed books and papers about K-theory, KK-theory or the UCT. With regard
to K-theory, I personally benefited enormously from [34]. However, it does not cover KK-theory.
Books about KK-theory often leave out topics such as classification of extensions of C*-algebras. B.
Blackadar covers in [2] both K-theory and KK-theory. This book contains mainly results without
much explanation. The proofs in [16] and [27] only give the most important steps, but they leave
out the details. As far as I am aware, there is not any source that includes all the definitions
and lemmas necessary for understanding the proof of the UCT. In this thesis I tried to provide
an elaboration of the proof of the UCT that requires only basic mathematical knowledge from the
reader. The added value of this approach is that it makes KK-theory and the Universal Coefficient
Theorem understandable for a broader audience. In particular readers with an interest in operator
theory, noncommutative geometry, functional analysis, algebraic topology, homological algebra and
category theory. In this thesis I tried to emphasise the algebraic and categorical structures that
remain more subtle in other sources.
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The setup of this thesis

This thesis is divided into four parts. The fourth part contains the proof of the UCT. We will
dedicate the third part to KK-theory. In §I1] we will define Kasparov modules, several equivalence
classes, the KK-functor and the Kasparov product. A Kasparov A-B module (for C*-algebras A
and B) is a triple consisting of a Hilbert B-module, a *-homomorphism from A to the adjointable
operators on the Hilbert module and an odd operator on the Hilbert module under some compact-
ness relation. See Definition One equivalence relation of Kasparov A-B-modules is called
homotopy. The set of equivalence classes under homotopy on Kasparov A-B-modules is denoted
by KK(A, B). The set KK(A, B) inherits an abelian group structure from the addition of Kas-
parov modules. In fact KK defines a bifunctor from C* - alg®”? x C* — alg to Ab. The Kasparov
product is a biadditive mapping KK(A, B) x KK(B,C) — KK(A4,C) for C*-algebras A, B and
C. In we will work through the proof of the isomorphism between Ext(A, B) and KK; (A4, B),
which exists whenever A is a separable nuclear C*-algebra and B is a o-unital C*-algebra (see
Corollary . The original proof of this isomorphism was given by G.G. Kasparov in [I6] §7].
A result of this isomorphism is the half-exactness of certain restrictions of the KK-functors (see
Theorems and . The six term sequences for those restricted KK-functors are corollaries
of the half-exactness and the stability and homotopy invariance (see Corollaries and (14.10]).
Now the restricted functor KK, (_, B) (with B o-unital) is a cohomology theory (see Deﬁnitior%

In the first part, we introduce the categorical definitions and notation. It can be (partially) skipped
by those familiar with category theory. In the second part, we work through all the background in-
formation necessary for understanding the proofs. The second part covers a broad variety of topics;
classification of extensions of C*-algebras, K-theory, (co)homology functors, Hilbert modules and
Zs-gradings. This setup allows the reader to just read just a selection of (sub)sections. Another
asset of this approach is the possibility for the reader to connect to more recent developments in
KK-theory, for instance the category KK, which will be the topic of the next subsection. Although
we will not use the category KK in the proof of the UCT, Parts I, IT and III include sufficient results
to give an understanding of the main content of the references in the next subsection.

The category KK

There exists a category with the separable C*-algebras as objects and the KK-classes as morphisms.
It is easy to check from the properties of KK-theory in that the morphisms (KK-classes) satisfy
Definition [I.1] This category is called KK. KK-equivalent objects are isomorphic in KK. In KK,
all finite coproducts exist. The morphism classes (KK-classes) are abelian groups and the compo-
sition (Kasparov product) is biadditive. Hence KK is an additive category. The obvious functor
from the full category of separable C*-algebras to KK is the identity on the objects and sends the
*-homomorphisms to the KK-class they represent. See Example [I1.5] for this characterisation. In
1987, N. Higson showed that every split-exact homotopy invariant stable functor from the separable
C*-algebras to an additive category can be uniquely factored through KK (see [13] Theorem 4.5]).
For an overview of all these definitions, see [2] §21].

Higson’s factorisation result may have come out of the blue, but it is actually a special case of
a more general phenomenon. Half-exact homotopy invariant stable functors (Bott functors) have
nice properties. For instance, they are invariant under double suspension and have a six term
sequence. See for the definition and results. The universal enveloping additive category of
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an additive category is the category that allows a unique factorisation for every homotopy invari-
ant and half-exact functor to another additive category. In [2, §22.2] we find an algorithm for its
construction. The universal enveloping additive category for the category of separable C*-algebras
exists, but it is not KK. In fact KK is the universal enveloping additive category of the category S
in [2| p. 225]. The universal enveloping additive category of the separable C*-algebras is called E.
In 1989 N. Higson found an explicit expression for E (see [14, Theorem 3.6]). If A is a separable
nuclear C*-algebra, then E(A, B) is group isomorphic to KK (A, B) for every separable C*-algebra
B (in a way that is compatible with the Kasparov product and composition on E). For this result,
see [14, Theorem 3.5].

Another feature of KK is its triangulation. There is an isomorphism between extensions of o-
unital C*-algebras by separable nuclear C*-algebras and the KKj-group (see [16, §7]). A similar
result can be obtained when the nuclearity is replaced by the existence of completely positive con-
tractive splitting (this splitting need not be a *-homomorphism). Elements of the KK;-group can
be viewed as morphisms in KK by application of Bott-periodicity. An additive category combined
with an additive endofunctor is t¢riangulated if it satisfies properties TRO-TR4 in [22]. The sus-
pension of C*-algebras (see Definition is an endofunctor of the category KK. The suspension
of a separable C*-algebra is separable. The suspension of a *-homomorphism can be viewed as a
KK-class via Example In 2008 R. Meyer and R. Nest showed that KK with suspension is
triangulated. For this result, see [20].

I hope you will enjoy reading my thesis!
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Part 1
Categorical definitions and constructions

The goal of this part is to introduce the reader to category theory and to clarify the definitions
that are used in the next parts of this thesis. The first section will go through the properties of
categories. We have included a list of categories appearing in the rest of the thesis. See The
second section will focus on functors and their cones and limits. Many examples will be given in
both sections. In the third section we will take a closer look at the pullbacks and tensor products
of modules over a ring. The fourth section is about homological algebra and shows the properties
of injective modules over a ring.

1 Categories

The definition of a category will be given in this section. The reader has probably heard of several
of the examples we will go through. These examples will be helpful in discovering the complex
structure of seemingly easy categories. Also some less obvious examples of categories will be given.
They will help in understanding the next section in which we go through functors and cones. In the
second subsection, there will be an overview of the categories used in the later parts of this thesis.

1.1 The definition and examples

Definition 1.1. A category C consists of a class of objects Ob(C) and for every X,Y € Ob(C)
a class of morphisms Homc(X,Y) between X and Y such that for every X e Ob(C) there is a
morphism idx € Homc (X, X) and for every X,Y,Z € Ob(C) there is a composition Homc(X,Y) x
Homc (Y, Z) > Home (X, Z) satisfying the following properties:

e foidy = f and idxog = ¢ for all X, Y € Ob(C) and for all f € Hom¢c(X,Y) and g ¢
Homc(Y, X).

e The composition is associative.

Definition 1.2. Let C be a category. A subcategory C is a category D for which Ob(D) is a subclass
of Ob(C) and Homp(X,Y) is a subclass of Homc(X,Y) for every X, Y € Ob(D) such that:

e idx € Homc (X, X) is included in Homp (X, X) for every X € Ob(D).

e fog e Homc(X,Z) is included in Homp(X, Z) for every X,Y,Z € Ob(D) and every f «
Homp(X,Y) and g € Homp (Y, Z).

Definition 1.3. A category is small if the class of objects and the classes of morphisms between
every two objects form a set. A category is locally small if for every two objects the class of
morphisms between them forms a set.

Remark 1.4. Throughout this thesis, all categories are locally small.

We will go through some easy examples.



Example 1.5. Let k be a field. If we view all vector spaces over k as objects and all linear maps
between k-vector spaces as morphisms, then this forms a category, called the category of vector
spaces over k and denoted by Vec,. Between every two k-vector spaces there is at least a zero
map. The set of morphisms between two k-vector spaces can never be empty! More generally, for a
ring R, if we view all (two-sided) modules over R as objects and all R-module homomorphisms as
morphisms, then this forms a category, called the category of R-modules and denoted by R — Mod.
Between every two R-modules there is at least a zero map. Both Vecy, (with k a field) and R - Mod
(with R a ring) are locally small, but not small.

Example 1.6. If we view all groups as objects and all group homomorphisms between groups as
morphisms, then this forms a category, called the category of groups and denoted by Grp. Between
every two groups there is at least the trivial map, which maps everything to the unit element. The
set of morphisms between two groups can never be empty! If we view all abelian groups as objects
and all group homomorphisms between abelian groups as morphisms, then this forms a category,
called the category of abelian groups and denoted by Ab. Clearly Ab is a subcategory of Grp. Both
are locally small, but not small.

Example 1.7. If we view all rings as objects and all ring homomorphisms between rings as mor-
phisms, then this forms a category, called the category of rings and denoted by Ring. If we view
all fields as objects and all ring homomorphisms between fields as morphisms, then this forms a
category, called the category of fields and is denoted by Field. Clearly Field is a subcategory of
Ring. No morphisms exist between fields of different characteristics. Let p be a prime number. The
category of fields of characteristic p is denoted by Field,. It is a subcategory of Field.

Example 1.8. If we view all topological spaces as objects and all continuous maps between topo-
logical spaces as morphisms, then this forms a category, called the category of topological spaces
and denoted by Top. One subcategory of Top is the category of Hausdorff spaces. This category
has Hausdorff topological spaces as objects and continuous maps between them as morphisms. The
category of Hausdorff spaces is denoted by Haus. It is also possible to add extra structure to Top.

Let X and Y be topological spaces and let z € X and y € Y be points. Let X ER Y be a continuous
map such that f(x) =y. This forms a category; the topological spaces combined with a point form
the objects and the continuous maps that send the point of domain to the point of the codomain
form the morphisms. It is called the category of pointed spaces and denoted by Top,.

The examples we have gone through so far are all mathematical objects from subjects in mathemat-
ics. It is also possible to create categories in an ‘artificial’ way. These categories do not represent
mathematical objects in the way Grp, Ring and Top do. The following examples will clarify that.

Example 1.9. The empty category is the category without objects. It satisfies the definition of a
category. This category is denoted by 0.

Example 1.10. The trivial category is the category with one object and the identity as the only
morphism between that object and itself. This category is denoted by 1.

Example 1.11. The following diagram is a category. It is denoted by 2.

id
2y =

P!

M

idy,



Example 1.12. The following diagram is a category. It is denoted by 2.

o O

o

idy,

Example 1.13. The following diagram is a category. It is denoted by 3.

id,

Q

T
/ k idgg
o 2y =

Definition 1.14. A preorder is a set with a reflexive and transitive binary operation ‘<’. In other
words, a set (X,<) is a preorder if x < z for all € X and = < y and y < z implies x < z for all
x,y,z€ X.

o

idy,

Definition 1.15. A partially ordered set (poset for short) is a preorder for which the <-relation is
anti-symmetric. In other words, a preorder (X,<) is a poset if x <y and y < x implies x = y for all
r,yeX.

Example 1.16. Every poset is a preorder, but not every preorder is a partially ordered set. For
instance divisibility on Z defines a preorder structure; being divisible by a € Z implies being divisible
by all numbers that divide a. This ordering is determined by the unique prime factorisation of
integers. Now a € Z is divisible by —a and —a is divisible by a. So a < —a and -a < a, while a # -a.

Example 1.17. N and Z are posets under their normal ordering. In fact, for any two numbers in
N or Z, one is smaller than or equal to the other. Such posets are called completely ordered sets.

Example 1.18. The open subsets of a topological space form a poset under inclusion.

Lemma 1.19. Let (X, <) be a preorder. View the elements of X as objects. For z,y e X if x <y,
then define Hom(y <)(x,y):= {*} and otherwise Hom(x <)(z,y):= @. Now (X, <) is a category.

Proof. The reflexivity and transitivity of the <-relations make sure the properties of Definition [L.1
are satisfied. O

Definition 1.20. Let C be a category. Two objects X, Y € Ob(C) are isomorphic (in C) if there
exist morphisms f € Homc(X,Y") and g €e Homc (Y, X) such that go f =idx and fog=idy.

Lemma 1.21. Being isomorphic as objects in a category is an equivalence relation.

Proof. Reflexivity and symmetry are obvious. Transitivity follows from composing the isomor-
phisms. O

Definition 1.22. Let C be a category. A morphism f € Homc(X,Y) (with X,Y € Ob(C)) is a
monomorphism if for every Z € Ob(C) and two morphisms g1, go € Homc(Z, X) such that fog; =
fogs, it follows g1 = go. A morphism that is a monomorphism is called monic.



Definition 1.23. Let C be a category. A morphism f € Homc(X,Y) (with X, Y € Ob(C)) is an
epimorphism if for every Z € Ob(C) and two morphisms g1, g> € Home (Y, Z) such that gy o f = gao f,
it follows g1 = g2. A morphism that is an epimorphism is called epic.

Example 1.24. In Vecy (for k a field), R—Mod (for R a ring), Grp, Ab, Ring and Top the monomor-
phisms are the injective morphisms. In Vecy (for k a ring), R — Mod (for R a ring), Grp, Ab and
Top the epimorphisms are the surjective morphisms. In Vecy (for k a ring), R—Mod (for R a ring),
Grp, Ab and Ring the isomorphisms are the bijective morphisms.

Example 1.25. Not every monic and epic morphism needs to be an isomorphism. One example
is Top. A homeomorphism is an open bijective continuous map or equivalently a closed bijective
continuous map. Being monic (injective) and epic (surjective) is not enough. This example shows
also that there are categories for which a bijection need does not need to be an isomorphism.

Example 1.26. It is also not true that in a category in which injectivity or surjectivity makes
sense the monomorphisms are the injective morphisms and the epimorphisms are the surjective
morphisms. In Haus the epimorphisms are precisely the morphisms with a dense image. A surjective
continuous map has a dense image, but a non-surjective continuous map can be epic in Haus.

Definition 1.27. Let C be a category. An object X € Ob(C) is called initial (in C) if for every
object Y € Ob(C), there is a unique morphism in C from X to Y. If C is locally small, this can be
rephrased to #Homc(X,Y) =1 for all Y € Ob(C).

Lemma 1.28. In a category, all initial objects are isomorphic.

Proof. Let X,Y € Ob(C) be two initial elements. Homc(X,Y) and Homc(Y, X) contain precisely
one morphism. The composition of the two must be idx as Homc (X, X) contains just one mor-
phism. Composition in the opposite order equals idy by the same argument. An isomorphism
between X and Y is established. O

Definition 1.29. Let C be a category. An object Y € Ob(C) is called terminal (in C) if for every
object X € Ob(C), there is a unique morphism in C from X to Y. If C is locally small, this can be
rephrased to #Homc(X,Y) =1 for all X € Ob(C).

Lemma 1.30. In a category, all terminal elements are isomorphic.

Proof. Identical to the proof of Lemma [1.28 O
Definition 1.31. An object is called zero if it is both an initial and terminal object.

Corollary 1.32. In a category, all zero objects are isomorphic.

Example 1.33. In Vecy, (for k a field), R—Mod (for R a ring), Grp and Ab there is a zero element.

Example 1.34. In Ring there is an initial object; Z. There is also a terminal object; the zero ring.
There is no zero object. In Field there is neither an initial, nor a terminal object (note that the zero
ring is not a field). Let p be a prime number. In Field, there is an initial object; Z /pZ. There is
no terminal object; Z [pZ fails to be a terminal object, since there is no ring homomorphism from
the field with p? elements to Z /pZ.

Example 1.35. In a poset an initial element is a smallest element and a terminal element is a
largest element. A poset has a zero element if and only if it has one element.



Definition 1.36. Let C be a category. The opposite of C is the category C°PP with Ob(C°"P):=
Ob(C) and Homcorr (X,Y) := Homc (Y, X) for every X,Y € Ob(C).

Example 1.37. The categories 0, 1 and 2 are their own opposites. Equivalently, 0°PP? =0, 1°PP =1
and 2°PP =2,

Example 1.38. The opposite of 3 (see Example [1.13)) is the following diagram:

ide,

Q
X
e /k . o

id,,

Lemma 1.39. Let C be a category. An initial element in C becomes a terminal element in C°PP.

Lemma 1.40. Let C be a category. A terminal element in C becomes an initial element in C°PP.

Lemma 1.41. Let C be a category. An epimorphism in C becomes a monomorphism in C°PP.

Lemma 1.42. Let C be a category. A monomorphism in C becomes an epimorphism in C°PP.

Proof Lemmas 11.42. Just reverse the direction of the arrows. O
Definition 1.43. The dual of a statement is the statement corresponding to the opposite category.

Example 1.44. An initial object is the dual of a terminal object and vice versa (see Lemma
and Lemma [1.40)). Lemma (all initial elements are isomorphic) is the dual of Lemma (all

terminal elements are isomorphic) and vice versa.

Example 1.45. An epimorphism is the dual of a monomorphism and vice versa (see Lemma m
and Lemma [1.42]).

Definition 1.46. Let C and D be categories. The product category of C and D is the category for
which the objects are pairs of objects (X,Y) with X € Ob(C) and Y € Ob(D) and the morphisms
between (X1,Y7) and (X»,Y3) are the pairs of morphisms (f, g) with X7, Xs € Ob(C) and Y1,Ys €
Ob(D) and f € Homc (X1, X5) and g € Homp (Y7, Y3).

1.2 An overview of categories

In this thesis several categories will be encountered. In most of the literature only explicit categories
will be written in sans serif font and arbitrary categories in another (sometimes calligraphic font
(mathcal)). We need that font already for other things; for example multiplier algebras. Therefore
any category in this thesis will be denoted in sans serif font. Below you will find a table of the
categories in the later parts of this thesis and their notation. The reader might not be acquainted
with all the categories. The most exotic ones will get a proper introduction in this thesis.



Category List
Category Objects Morphisms
Ab Abelian groups Group homomorphisms
C*-alg C*-algebras *-homomorphisms
CommMon Commutative monoids Unital semi-group homomorphisms
Fun(N, Ab) Functors from N to Ab Morphisms of functors
N Natural numbers <-relations
NOPP Natural numbers >-relations
N See Definition *-homomorphisms
R - Mod R-modules R-module homomorphisms
oC*-alg o-unital C*-algebras *-homomorphisms
SepNucC” - alg Separable nuclear C*-algebras *-homomorphisms
Top Topological spaces Continuous maps
Z —Mod Z-modules Z-module homomorphisms

2 Functors and limits

Just like morphisms between objects exist in categories, it is possible to construct mappings from
categories to categories that preserve the structure of the category as defined in Definition [I.1}
Such mappings are called functors. In the first subsection we will give the precise definition of a
functor and state some results. In the second subsection, we will build a new structure on a functor,
called a cone. The cones form a category and we will take special interest in terminal objects in
the category of cones. In the third subsection, we will focus on cones of the partial order N°°P, In
the last subsection, we will show a property of representable functors.

2.1 Functors; a definition and examples

Definition 2.1. Let C and D be categories. A (covariant) functor from C to D is a mapping
F:C — D that sends an object X € Ob(C) to an object F(X) € Ob(D) and sends a morphism
f € Homc(X,Y) (with X, Y € Ob(C)) to a morphism F(f) € Homp(F(X),F(Y)) such that the
following conditions are met:

e Identities are preserved, in other words: F'(idx) = idp(x) for X € Ob(C).

e Compositions are preserved, in other words F(go f) = F(g) o F(f) for f e Homc(X,Y) and
g e Homc (Y, Z) (with X,Y, Z € Ob(C)).

A functor of the form G: C°P? — D is called a contravariant functor (from C to D).
Let C; and Cy be categories. A functor of the form H: C; x Co — D is called a bifunctor.

Remark 2.2. The idea behind the contravariant functor is introducing a reversal of domain and
codomain of the morphisms. The distinction between covariant and contravariant is only for the
understanding of the reader; every covariant functor becomes a contravariant functor when the
domain of the functor is changed to the opposite category and vice versa.

Remark 2.3. A bifunctor is a functor for which the domain is just a product category. It can be
turned into a normal functor by fixing the object in C; or C,. This is the same as precomposing
with an inclusion functor from one category to the product category.



Remark 2.4. It might be tempting to believe there is a category of categories with the categories
as objects and the functors between them as morphisms. This would mean that this category is an
object of itself. That would not be logically possible. The small categories form a category however.
This category is denoted by Cat. By the same argument Cat is not small.

Example 2.5. Let X be a topological space and let = € X be a point. The fundamental group

7m1(X,x) is a group and any continuous map X EN Y (with Y a topological space) induces a group

homomorphism 71 (X, z) m), m1 (Y, f(2z)). This construction preserves identities and composi-

tions. So 7y: Top, — Grp is a functor.

Example 2.6. Another example of a functor is the abelianisation of groups. A group can be
abelianised by dividing out the commutator subgroup. Every group homomorphism induces a group
homomorphism between the abelianisations. Obviously, identities and compositions are preserved.
So abelianisation defines a functor from Grp to Ab.

Example 2.7. A covariant functor between two preorders or posets is a mapping of the elements
that preserves the ordering. A contravariant functor between two preorders or posets is a mapping
of the elements that reverses the ordering.

Example 2.8. In addition to Example [I.18 and Example 2.7] the pre-image of an open subset
under a continuous map is open and pre-images preserve the order of inclusion. So there is a
functor Open: Top°”? — Cat that sends a topological space to the partial order of its open subsets.

Example 2.9. Let C be a locally small category. Let X € Ob(C). Then Homc(X,_):C — Set
defines a functor. Likewise Homc (_, X ): C°PP — Set defines a functor. Both such functors are called
representable.

Remark 2.10. It may be that for a locally small category the set of morphisms between two objects
has more structure than only that of a set. For example, the set of linear maps between vector
spaces over a field can be given a vector space structure as well. Another example is the set of group
homomorphisms between two abelian groups, which can be given an abelian group structure. The
latter example can be generalised to modules over a commutative ring. For this, see Remark

Definition 2.11. Let C and D be categories and let F: C — D be a functor. Then F is faithful if the
mapping Homc(X,Y) > f LR F(f) e Homp(F(X), F(Y)) is injective for all objects X,Y € Ob(C).
Definition 2.12. Let C and D be categories and let F: C — D be a functor. Then F' is full if the
mapping Homc(X,Y) > f LN F(f) e Homp(F(X),F(Y)) is surjective for all objects X, Y € Ob(C).

A subcategory is called full if the inclusion functor is full.
A functor that is both full and faithful is fully faithful.

Example 2.13. The forgetful functor Forget: Top, — Top that forgets the point of a pointed space
is faithful, but not full.

Example 2.14. The functor Open: Top°®® — Cat that sends a topological space to the partial
order of open subsets (Example is not faithful, just think about continuous maps for which
the codomain has trivial topology. Any mapping of elements is continuous then. The pre-image of
the whole domain is the whole codomain and the pre-image of the empty set is empty. So only one
functor can be in the image of Open in that case. It is not full either. By a similar argumentation,
the constant functor to the top element (the entire set) cannot be in the image of Open.



Definition 2.15. Let C and D be categories and let F: C — D be a functor. Then F is essentially
surjective if for every object Y € Ob(D), there exists an object X € Ob(C) such that F(X) 2 Y.

Definition 2.16. Let C and D be categories and let F: C — D be a functor. It is said that F
preserves a property if for every object X € Ob(C) that has that property it follows that F/(X) has
that property too. Or if for every f € Homc(X,Y) (with X,Y € Ob(C)) that has that property it
follows F'(f) has that property too.

Example 2.17. By definition a functor preserves identities. Moreover, a functor preserves isomor-
phisms. This fact can be used to rule out that two objects are isomorphic. We will establish a
functor between two categories. When the images of two objects are not isomorphic in the codomain
category, then the two objects cannot be isomorphic in the domain category.

Remark 2.18. The method of Example can be used with other properties, such as homotopy
or homotopy equivalence. A functor that is invariant under some property will be created. When
the images are not isomorphic or equal (for morphisms) in the codomain, then it must follow that
the property was not satisfied in the domain.

Definition 2.19. Let C and D be categories and let F: C — D be a functor. It is said that F
reflects a property if for every object X € Ob(C) it follows from F(X) having that property that X
has that property too. Or if for every f € Homc(X,Y) (with X, Y € Ob(C)) it follows from F(f)
having that property that f has that property too.

Example 2.20. The following statements are examples of how reflection can be used.
e A fully faithful functor reflects (and preserves) isomorphisms.
e A fully faithful functor reflects initial and terminal elements.
e A faithful functor reflects monomorphisms and epimorphisms.

Definition 2.21. Let C and D be categories and let F, G: C — D be functors. A natural transforma-

tion or morphism of functors n from F to G consists of a collection of morphisms F(X) =% G(X)
in D indexed by Ob(C) such that for every X,Y € Ob(C) and every f € Homc(X,Y") the following
diagram commutes:

F(X) 25 G(X)
| Jew (2)
F(Y) 25 G(Y).
Notation: 7: F' = G. The morphism F(X) 4% G(X) for X € Ob(C) is called the component of 1
at X. In case n has an inverse, 7 is called a natural isomorphism or an isomorphism of functors.

Remark 2.22. The name morphism of functors comes from the fact that there is a category of
functors between two categories. In that category, the morphisms of functors are the morphisms.

Lemma 2.23. A morphism of functors is an isomorphism of functors if and only if all the compo-
nents are isomorphic.



Proof. Let C and D be categories and let F, G: C — D be functors. If there exist natural trans-
formations F = G and G L. F such that 6o n = idp and 7o # = idg, then in particular
Ox onx = (idr)x =idp(x) and nx o Ox = (idg)x = idg(x) for every X € Ob(C).

Conversely, if F 2, G is a natural transformation for which the components happen to be isomor-
phism, then define (n7!)x:= (nx)~! for X € Ob(C). The following diagram commutes for every
X,Y € Ob(C) and every f € Homc(X,Y):

G(X) 5 P(X)

G(f) F(f)
|

G(Y) 2 F(Y).
So 77! defines a natural transformation from G to F. It is the inverse of 7. O

F
Definition 2.24. Let C and D be categories and let C g D be functors. F and G are called

0
equivalences of categories if there exist natural isomorphisms G o F' N idc and FoG = idp . In

case F' and G are contravariant, they are called anti-equivalences.

Remark 2.25. For understanding the principles of category theory it might be helpful to get the
analogy between category theory and topology. In topology, there are topological spaces with
continuous maps between them. Two continuous maps with the same domain and codomain might
be connected by a homotopy. So a topological space compares to a category, a continuous map to
a functor and a natural isomorphism to a homotopy.

We will encounter an anti-equivalence in
Lemma 2.26. Equivalence of categories is an equivalence relation.

Proof. See Remark The proof is identical to the proof that homotopy equivalence of topological
spaces is an equivalence. O

Theorem 2.27. A functor is an equivalence of categories if and only if it is essentially surjective
and fully faithful.

Proof. See [I8, Proposition 1.3.18]. O

Example 2.28. An equivalence of categories is a strictly weaker statement than an isomorphism
of categories. A functor is an isomorphism of categories if it gives a bijection between morphisms
and a bijection between objects. We will give an example of an equivalence that is not an
isomorphism. The category 1 (see Example is equivalent to the category 2 with ob jects {z1,x2}
and morphism Homs (1, 21) = {ids, }, Homs(z1,22) = { f}, Homs(z2,21) = {g} and Homs(x2,z2) =
{ids, } . It has the following diagram:



To be a category, it must hold that go f =id,, and fo g =1id,,. So x; and z2 are isomorphic and
any functor from the 1 to 2 is essentially surjective. It is automatically fully faithful (just count). Tt
can easily be verified that 1 is the terminal category (in Cat). On the other hand 2 is not terminal
and therefore 2 cannot be isomorphic to 1. It would be in contradiction with Lemma

2.2 Limits

Definition 2.29. Let C and D be categories. Let F: C — D be a functor. Let D ¢ Ob(D) and
let Ap: C — D be the constant functor to D, i.e. the functor for which Ap(X) = D for every
X € Ob(C) and Ap(f) =idp for every f € Homc(X,Y) with X,Y € Ob(C). A cone for F is a pair

(D, i), consisting of an object D € Ob(D) and a natural transformation Ap £, F. In other words,

it is a collection of morphisms D ©5 F(X) for X € Ob(C) such that for every X,Y ¢ Ob(C) and
every f € Homc(X,Y') the following diagram commutes:

D X5 F(X)
ile Jr
D 2 R(Y).

The set of cones of F is denoted by Cone(F). A morphism of cones of F' from (Dq,u) and
Aq .

(D2, v) is morphism g € Homp (D1, D2) such that v o Ay = p, where Ap, = Ap, is the natural

transformation induced by g.

Lemma 2.30. Let C and D be categories. Let F: C — D be a functor. Then Cone(F) is a category
with the cones as objects and the morphisms of cones as morphisms.

Definition 2.31. Let C and D be categories. Let F: C — D be a functor. A limiting cone for F' is
a terminal object in Cone(F'). A limiting cone is small if C is small.

Remark 2.32. If a limiting cone exists, it must be unique up to unique isomorphism. It is a terminal
object in the category of cones over a functor.

A limiting cone will just be called a limit. There are a few limits with special names. They play an
important role in determining the behaviour of a category. In the drawings of categories, identity
morphisms will be omitted from now on.

Example 2.33 (terminal element). Let D be a category. There is precisely one functor from 0 (see
Example [1.9) to D. A cone for this functor is a limit precisely if its object in D is terminal.

Example 2.34 (product). Let D be a category. Let F:2 — D be a functor. The functor F
is nothing more than a choice of two objects D1, Dy € Ob(D), because there are no non-identity
morphisms in 2. A cone for F' is the same as picking an object D € Ob(D) and two morphisms

D5 D, and D25 D,. This cone (D, i) is limiting precisely if for all E' € Ob(D) and morphisms
E 2 Dy and E 25 D, thereis a unique morphism f € Homp (E, D) such that the following diagram

commutes:
FE
>IN

Dy 45— D —5> Do

10



If (D, ) is a limiting cone for the functor F: 2 — D, then D is the product of the image of F.

Example 2.35 (equalizer). Let D be a category. Let F: 2 — D be a functor. The functor F is
nothing more than a choice of two objects Dy, Dy € Ob(D) and two morphisms f, g € Homp (D1, Ds).

A cone for F is the same as picking an object D € Ob(D) and two morphisms D 2, Dy and
D £ D, such that fopr =p2=gou. This cone (D, u) is limiting precisely if for all E € Ob(D)
and morphisms F 25 Dy and E 2 Dy such that fovy =1 = gory there exists a unique morphism
h € Homp (FE, D) such that the following diagram commutes:

LN

D — 3 Dy

~_

g9

If (D, p) is a limiting cone for the functor F*: 2 — D, then D is the equalizer of the image of F.

Example 2.36 (pullback). Let D be a category. Let F*: 3°"? . D be a functor. The functor F is
nothing more than a choice of three objects Dy, Ds, D3 € Ob(D) and morphisms f € Homp (D2, D1)
and g € Homp(D3,D1). A cone for F is the same as picking an object D € Ob(D) and three

morphisms D LN Dy, D £, Dy and D £, D3 such that fopus = 1 = gopus. This cone (D, p) is
limiting precisely if for all £ € Ob(D) and morphisms E - Dy, E 2% D, and E = Ds such that
fove =11 = govs there exists a unique morphism h € Homp (E, D) such that the following diagram

commutes:
E S
/N

1
vz D M3

#Ql
Dﬁ“% Dy.

If (D, ) is a limiting cone for the functor F: 3°°" — D, then D is the pullback of the image of F.

D3

Remark 2.37. The morphisms p3 and v3 and the conditions fopus = 1 = gous and fors = vy = govy
make the following squares commute:

D25 pD, E—25 D,

Ml X: lg Vzl X: lg
Do Hf Dy Do *)f D;.

For clarity reasons they are omitted from the diagrams in the onward parts. Instead it is assumed
that the diagrams commute and then automatically both directions equal p; and v;.

11



Remark 2.38. Sometimes the pullback is called the fiber product. For example in R — Mod (for a
ring R) it is common practice to call the pullbacks fiber products.

Example 2.39 (inverse limit). Let D be a category and let F: N°*P — D be a functor. The functor

F' is nothing more than a choice of objects D; € Ob(D) for ¢ € N and morphisms D; TN D; with
i < j such that f;; o fji = fix for i < j <k (and f;; =idp, for all i e N). A cone of F' is the same as
picking an object D € Ob(D) and morphisms D 2, D, such that fijopj = p; for ¢ < j. This cone
(D, i) is limiting precisely if for all E € Ob(D) and morphisms F 2, D, such that fijov; =v; for
i < j there exists a unique h € Homp(E, D) such that the following diagram commutes:

D
My l“

e —— D N D; Sy Dijyy — -~
i—1,1 i,i+1

If (D, p) is a limiting cone for the functor F: N°P? — D, then D is the inverse limit of the image
of F.

The following definitions and examples are dual to the definitions and examples given in this
paragraph so far.

Definition 2.40 (Dual to Definition [2.29)). Let C and D be categories. Let F: C — D be a functor.
A cocone for F is a pair (D, u) of an object D € Ob(D) and a natural transformation F L Ap.

In other words, it is a collection of morphisms F(X) 25 D for X € Ob(C) such that for every
X,Y € Ob(C) and every f € Homc(X,Y) the following diagram commutes:

F(X) 25D

F(f)l lidD

F(Y) 25 D.

The set of cocones of F' is denoted by Cocone(F'). A morphism of cocones of F from (Dy, ) and
(D2, v) is morphism g € Homp (D1, D) such that v = Ag o p.

Lemma 2.41. Let C and D be categories. Let F: C — D be a functor. Then Cocone(F’) is a
category with the cocones as objects and the morphisms of cocones as morphisms.

Remark 2.42. The motivation for the dual construction of the category of cocones is the following.
A functor F: C — D induces a (unique) dual functor F°PP: C°PP — D°PP. A terminal cone of
FePP: C°PP — D°PP hecomes an initial cocone when we dualise (reverse all arrows of) D°PP again.
To find the dual statements for the product, equalizer, pullback and inverse limit, we need to
work with the opposite categories of 2, 2, 3°"” and N°PP. Luckily, 2 and 2 are isomorphic to their
opposites. For 3 and N this is not the case.

12



Definition 2.43. Let C and D be categories. Let F: C — D be a functor. A colimiting cone for F
is an initial object in Cocone(F'). A colimiting cocone is small if C is small.

Remark 2.44. If a colimiting cocone exists, it must be unique up to unique isomorphism. It is an
initial object in the category of cocones over a functor.

Example 2.45 (initial element). Let D be a category. There is precisely one functor from 0 (see
Example [1.9) to D. A cocone for this functor is a colimit precisely if its object in D is initial.

Example 2.46 (coproduct). Let D be a category. Let F:2 — D be a functor. The functor F
is nothing more than a choice of two objects D1, Dy € Ob(D), because there are no non-identity
morphisms in 2. A cocone for F' is the same as picking an object D € Ob(D) and two morphisms

D1 %5 D and Dy £ D. This cocone (D, ) is colimiting precisely if for all E ¢ Ob(D) and

morphisms D; —» E and Dy —> FE there is a unique morphism f € Homp(D, FE) such that the
following diagram commutes:

D, —“ 5 D <" D,.
\lf/
V1 Vo
E

If (D, p) is a colimiting cocone for the functor F: 2 — D, then D is the coproduct of the image of
F.

Example 2.47 (coequalizer). Let D be a category. Let F:2 — D be a functor. The functor F is
nothing more than a choice of two objects Dy, Dy € Ob(D) and two morphisms f, g € Homp(D;, Ds).

A cone for F is the same as picking an object D € Ob(D) and two morphisms Dy 2, Dand D, 25 D
such that ps o f = p1 = po o g. This cocone (D, ) is colimiting precisely if for all E € Ob(D) and

morphisms D, 2, E and Dy 2> E such that vy o f =v1 = vy 0 g there exists a unique morphism
h € Homp (D, E) such that the following diagram commutes:

f

D14 >D2

NG

If (D, ) is a colimiting cocone for the functor F: 2 — D, then D is the coequalizer of the image of
F.

Example 2.48 (pushout). Let D be a category. Let F:3 — D be a functor. The functor F is
nothing more than a choice of three objects Dy, Ds, D3 € Ob(D) and morphisms f € Homp (D1, D5)
and g € Homp (D1, D3). A cocone for F is the same as picking an object D € Ob(D) and three

morphisms Dy £ D, Dy 22 D and D3 £ D such that ps o f = 0 = g3 0 g. This cocone (D, 1)
is colimiting precisely if for all F € Ob(D) and morphisms D, 2 B, Dy 2 F and D3 2 E such

13



that vg 0 f = 11 = v3 0 g there exists a unique morphism h € Homp (D, F) such that the following

diagram commutes:

D1L>D3

3
ltzl I
Do ¥>f D
h

If (D,u) is a colimiting cocone for the functor F: 3 — D, then D is the pushout of the image of F.

v3

Example 2.49 (direct limit). Let D be a category and let F: N — D be a functor. The functor F

is nothing more than a choice of objects D; € Ob(D) for i € N and morphisms D; i]—> Dj withi<j
such that fji o fi; = fir for i <j <k (and f;; = idp, for all i € N). A cocone of F is the same as
picking an object D € Ob(D) and morphisms D; 2, D such that ;o fij = p; for 4 < j. This cocone
(D, 1) is colimiting precisely if for all E € Ob(D) and morphisms D; —> E such that vjo fi; = v; for
i < j there exists a unique h € Homp (D, E) such that the following diagram commutes:

fi-1,i fii
o — D ;> D; i} Djpg — -

D
vio1 Q'

E

If (D, p) is a colimiting cocone for the functor F: N — D, then D is the direct limit of the image
of F.

Remark 2.50. A direct limit is a categorical colimit. Its dual concept, i.e. a limit over the poset
N is called an inverse limit. For this see Example 2:39]

Remark 2.51. There is not really widely-used notation for limits or colimits. Some authors use
h_r)n for any categorical colimit and 121 for any categorical limit. In this thesis h_n)1 and Lin will be
reserved for direct and inverse limits. Subscripts will only be used when it is not clear over which
index the limit is taken. This occurs for example in Theorem [8.45] and Theorem [8.51

Example 2.52. It is easy to see that Field does not have all small limits nor does Field have all
small colimits. To have all small limits, it must at least have a terminal object. It has no terminal
object. Dually, to have all small colimits, it must have at least an initial object. It has no initial
object. See Example

Definition 2.53. A category is complete if it has all small limits. A category is cocomplete if it
has all small colimits.

Theorem 2.54. Equivalences of categories preserve and reflect all limits and colimits.

Corollary 2.55. Let C and D be equivalent categories. If C is (co)complete, then so is D.

14



2.3 Towers of categories

In this subsection we will elaborate on the categorical structure of inverse and direct limits. We
will show that inverse and direct limits actually induce functors between (co)complete categories.
Although inverse and direct limits do not always commute with other functors between (co)complete
categories, it is possible to form a morphism of functors from the inverse or direct limit composed
with a functor to the functor composed with an inverse or direct limit. Many of the constructions
work for other (co)limits, but in this thesis we will only need them for inverse and direct limits.
We will draw many diagrams. The results of this subsection will be used in the proof of the UCT.
For instance, in Proposition [I5.5

Definition 2.56. Let C be a category. A tower in C consists of a sequence {X;}:2; of objects in C
and morphisms {f; ;+1}i0; such that f; ;41 € Homc(X;41,X;). They make the following diagram:

X1 <f12 X2 < e g Xi,1 f%l X’L ﬁ Xi+1 —— e

A morphisms of towers in C between ({X;}21,{fii+1}501) and ({Yi}521,{gsi+1}52,) is formed by

d; . .
morphisms {d;: X; — Y;}32, such that the following diagram commutes:

X1 < Xo 4 e g Xi1 46— X ¢— Xjp1 — -
fi,2 fi-1,i fiie1

J/dl l{iz l ldi—l ldi ldnl

Vi Y24 s Yio s Yo g Yo <

Definition 2.57 (Dual to Definition [2.56|). Let C be a category. A cotower in C consists of a
sequence {X;}2, of objects in C and morphisms {f;;+1}50; such that f; ;1 € Home (X, Xi41).
They make the following diagram:

f1, fi-1, fii
X1 12} Xo > > X1 ;> X; *H) Xig1 — .

A morphisms of cotowers in C between ({X;}521,{fii+1}ic;) and ({Y;}521,{gi,i+1}52;) is formed by

d; . .
morphisms {d;: X; — Y;}32, such that the following diagram commutes:

, i-1,i fiyi
X3 f1'2> X, > e Xi f;) X; EALLN Xiyp — -

PO A .

9i,i+1

g1, gi-1,i
Y, —5 Y, > y Vi — 5 Y S Y ——

Vv

Lemma 2.58. Towers and cotowers are preserved by functors.
Proof. Just apply the functor to the diagrams. O
Lemma 2.59. Contravariant functors turn towers into cotowers and vice versa.

Proof. Applying a contravariant functor reverses the arrows. O
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Proposition 2.60. Let C and D be categories. Let F,G:C — D be functors. Let F 2, G be a mor-

phism of functors. Let ({X;}2, {fi.ir1}52,) be a (co)tower in C. The components of 7 induce a mor-
phism of (co)towers in D between ({F(X;)}2y, {F(fiir1)}21) and ({G(X:)}20 AG(fii41) }321)-

Moreover, if the components nx, are isomorphic (in D) for every i € N, then the induced mor-
phism of (co)towers in D between ({F'(X;)}i21, {F (fiiv1)}i21) and ({G(X;)}21, {G(fiiv1) }i21) is

an isomorphism.

Proof. By Lemmal2.58, ({F(X;)}i2y, {F(fiie1)}i21) and ({G(Xi)}i21, {G(fiie1)}i21) ave (co)towers

in D. As 7 is a morphisms of functors, the following diagram commutes in D:

(fl 2) (fz 11) (fz 1,+1)

lﬁxl lﬁXQ l lﬁx, 1 lﬂxi lﬂxﬂl

G(f1,2 G(fi-1.4 G(fi,ir1
ca(xn) 2P Gixy) —— T X)) Y ax) MY e (X ) ——s

In particular, the sequence {nx,: F/(X;) =, > G(X;)}2, forms a morphism of (co)towers.

If nx, is isomorphic for every i € N, then {n3}:G(X;) —i'> F(X;)}s2, forms the inverse morphism
of (co)towers in D. See Lemma [2.23] O

Definition 2.61. The category of towers in C is denoted by Fun(N°P?  C). The category of cotowers
in C is denoted by Fun(N, C).

Remark 2.62. There is a different notation for functor categories that puts the domain category in
the superscript. That notation makes less clear that towers in C are just functors from N°PP to C
and morphisms of towers in C are morphisms of functors from N°°P to C.

Remark 2.63. Applying a functor to a (Co)tower is nothing more than postcomposing the (co)tower
with the functor. The proof of Proposition [2.60] shows explicitly how a morphism of functors maps
postcomposition by one functor to the other.

Now that we have identified (co)towers with functors, the connection with (co)cones and (co)limits
can be made. In fact, inverse and direct limits define functors, whenever the category in which the
tower exists is (co)complete.

Proposition 2.64. Let C be a complete category. The inverse limit of a tower defines a functor
lim: Fun(N°"?, C) — C.

Proof. Because Cis complete, an inverse limit exist. Now we will show a morphism of towers induces
a morphism in C between the inverse limits. Let ({X;}:2,, {fiix1}52) and ({Yi}2, {gii+1}501) be

a towers in C. Let {d;: X &, Y:}32, be a morphism of towers between them. Define Ob(C) > X:=
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LiLIlXi and Ob(C)>Y:= ££11Yz Putting everything together gives the following diagram:

--------- X
/,—”’ i1 l *1
7 — X ST X S Xiy1 ——
; Ji i
(314 ldﬂ ldi ldm (3)
\
\ ) Y ) Y Y )
N 3 -1 g, Sa; +1 %
~ ¢ gi-1,i v Gii+1 g
N Vi
Teel Vi-1 T Vit+1
R Y

The {p;}32, form the structure morphisms for the inverse limit X and the {v;}$2; form the struc-
ture morphisms for the inverse limit Y. The compositions {d; o u;}2; form a cone of the tower
({Yi}21,{gi,i+1}1521). There exists a unique morphism d € Hom¢ (X, Y") such that the diagram com-
mutes. This construction preserves identities. This construction also preserves compositions. The
composition of morphisms in C between the limits forms a morphisms cones. A limiting cone is
terminal. Hence it must coincide with the morphism obtained by first composing morphisms of
towers and then factoring through the limit. O

Proposition 2.65 (Dual to Proposition [2.64]). Let C be a cocomplete category. The direct limit
of a tower defines a functor lim:Fun(N, C) — C.

Proof. The proof is the same as the proof of Proposition [2.64] Take cotowers instead of towers and
take direct limits instead of inverse limits. Then the composition of a morphism of cotowers with
the structure morphisms of the direct limit of the codomain make a cocone. The colimit property
of the domain can be used to obtain a morphism in C between the direct limits. O

Functors need not preserve inverse or direct limits. When a functor has a (co)complete domain and
codomain, it is possible to establish a morphism in the codomain category connecting the image of
the limit under the functor with the limit of the image under the functor. We will show how this
is done in the following example and its dual. After that, we will see that this construction has a
deeper categorical meaning.

Example 2.66. Let C and D be complete categories. Let ({X;}521,{fii+1}i2;) be a tower in C. Let
F:C — D be afunctor. Then there is a unique morphism of cones ({F(X;)}321,{F(fii+1)}521) from
F(lim X;) to lim F'(X;). As Cis complete, ({X;}32y,{fi,i+1}{21) allows an inverse limit X = lim X;
(see Example [2.39). The following diagram shows the structure morphisms of the inverse limit:

|
#/ Xl

e X f%l X; ﬁ Xip1 — -~

Applying F' to the above diagram gives the following diagram:
F(X)

F(MV lF(ﬂNLHI)

(7 F(Xl_l)F%(fl,lﬂ)F(XZ)F<(f1,L+1)F(X’L+1) (7
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As D is complete. The above diagram allows an inverse limit Y = £iLnF (X;). This means there is
unique h € Homp (F(X),Y) such that the following diagram commutes:

F(piv1)

F(Xi_l)F(fi—1,i)F(Xi)F(fi,i+1)F(XHl)

(In the above diagram the sequence {v;}32; forms the structure morphisms for the inverse limit).
Because limits are unique up to isomorphisms, h is an isomorphism if and only if F' preserves the
limit, i.e. @F(Xl) = FQ&nXZ)

Example 2.67 (Dual to Example. Let C and D be cocomplete categories. Let ({X;}521, { fi,i+1}501)
be a cotower in C. Let F':C — D be a functor. Then there is unique morphisms of cocones of
({F(Xi)} 20, {F (fi,iv1)}321) from lim F(X;) to F(lim X;). Because Cis cocomplete, ({X;}521, { fi,i+1}{21)
allows a direct limit X = h_n)l X; (see Example . The diagrams are the same as in Example

but with arrows reversed.

Remark 2.68. Example [2.66] also works if the functor is contravariant. In that case the domain
category has to be complete and the codomain category has to be cocomplete or vice versa.
Example [2.66] and its dual tell a lot more than one might think initially!. They actually define a
morphism between functors. For the precise statements, see the following theorems.

Theorem 2.69. Let C and D be complete categories. Let F:C — D be a functor. The construction

lim
in Example [2.66| defines a morphism of functors from the functor Fun(N°?? C) == C — D to the
lim

functor Fun(N°PP C) ey Fun(N°?? D) = D.

Proof. The morphisms in D constructed in Example [2.66] will form the components at the towers.
It remains to show that the morphisms of Example [2.66] commute with images of morphisms in
Fun(N°"? C) under the functors, so that a commutative diagram like diagram is formed for
every morphisms of towers.

Let ({X;}20,{fiir1tioy) and ({Yi}s2,,{giir1}1521) be a towers in C. Let {d;: X; %, Yi}2, be a
morphism of towers between them. Define Ob(C) 5> X:= lim X; and Ob(C)3Y:= limY;. And apply
F' to all the objects and morphisms. Diagram shows what we have right now. If we take limits
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in D, then we get the following situation:

/ e F(Xi‘l)F(fi_l,i)F(Xi)F%(fi,m)F(X“l) “— ..

F(d) lF(diFlgg“’i) [ [ (4)

| v PG S ) Y RV

The compositions {d;opu; } 2, form a cone of ({ F/(Y;) }21, {F (gii+1) }21)- Both the dashed morphism

F(X) 22 F(Y) - lim F(Y;) and the dotted morphism F(X) — lim F(X;) — lim F(¥;) form

morphisms of cones of ({F(Y;)}3Z1, {F(gi,i+1)}Z1). As lim F(Y;) is terminal, the two morphisms
must coincide. O

Theorem 2.70 (Dual to Theorem?2.69). Let C and D be cocomplete categories. Let F:C — D
be a functor. The construction in Example defines a morphism of functors from the functor

lim lim

Fun(N, C) LY Fun(N,D) == D to the functor Fun(N,C) —> C b

Proof. The proof is the same as the proof of Theorem [2.69] Take cotowers instead of towers and
take direct limits instead of inverse limits. The cones become cocones. The dashed and dotted
arrows of diagram commute, because a colimiting cone is an initial one. O

2.4 Representable functors

In this subsection special attention is dedicated to the representable functors. They preserve limits
(or turn colimits into limits in the contravariant case). This is certainly not a property that all
functors possess. For an explicit example, think about the inclusion of 1 (Example into a
category where the object is sent to a non-terminal or non-initial object. See Examples and
We expand the definition of representable before we give a proof. See the following remark.

Remark 2.71. In Example a definition of representable covariant and contravariant functors is
given. From this point the definition is extended to any functor isomorphic to functors of the form
in Example |2.9

Remark 2.72. Some authors call covariant representable functors corepresentable and reserve rep-
resentable for contravariant functors. In this thesis, it will always be explicitly stated if a functor
is contravariant.
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Theorem 2.73. Covariant representable functors preserve limits.

Proof. The proof works exactly the same over any limit (see [I8, Proposition 6.2.2]). To give an
idea of the proof, we will work with inverse limits. Let D be a category. Take Ob(D) 5> X = @Xi.

Applying Homp (Y, ) to the inverse limit structure gives the following diagram:

Homp (Y, X)

o

-+ ¢—— Homp (Y, X;_1) b Homp (Y, X;) s Homp (Y, Xi11) — .

Let Z € Ob(Set). Let v; € Homse(Z, Homp(Y, X;)) (with ¢ € N) be such that f;; ov; = v; for
i <j. Let z € Z. Now the v;(z) € Homp(Y, X;) (with ¢ € N) form a cone. There exists a unique
h, € Homp(Y, X) such that v;(z) = p; o h, (with i € N). Define g € Homse (Z, Homp(Y, X)) to be
the morphism for which g(z) = h,. Now g € Homse:(Z, Homp (Y, X)) is the unique morphism to
make the following diagram commute:

'
Homp (Y] X)

e HOHlD(}/, X’L—l) h HOHlD(Y, X,L) ﬁ HOmD(Y7Xi+1) <
i-1,30- i,i+10-

Hence Homp (Y, X) = LingomD(Y, X;). O

Theorem 2.74 (Dual to Theorem [2.73). Contravariant representable functors turn colimits into
limits.

3 The category of R-modules

The examples given so far have been useful in showing the properties of categories and functors.
But they are not necessarily the most prominent ones in this thesis. The category R — Mod for a
ring R is one of the more prominent. Its structure allows many constructions. We will encounter
those in §4 In this section we will do some preparation by taking a closer look at the pullbacks in
R — Mod and the tensor product.

3.1 Pullbacks of R-modules

Limits in R — Mod will appear frequently throughout this thesis. In this subsection, we will first
guarantee the reader of the existence of small (co)limits in R—Mod. Finally, we will find an explicit
description of the pullbacks of modules over a ring. Recall that pullbacks in R — Mod are called
fiber products.

Theorem 3.1. The category of R-modules is complete and cocomplete.
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Proof. See [33], Corollary 5.7]. O

Lemma 3.2. Let R be a ring and let £, F and M be R-modules. Let E L M and F % M be
R-module morphisms. Define the set E xp; F:={(e, f) ¢ E® F:p(e) = q(f)}. Then E xp; F is an
R-module under the R-action r - (e, f):= (re,rf).

Proof. We will first show that F xp; F' is an abelian group. Let (e, f),(e', f/) e Expy F. p(e+e’) =

p(e) +p(e’) and q(f + f') = q(f) +q(f"), so p(e +€') = q(f + f'), s0 (e+ €', f+ f') e Exp N.
We will now show that the R-action is well-defined. Let r € R and (e, f) € E xps F, then p(re) =

rp(e) =rq(f) =q(rf), so (re,rf) e Exy F. 0

Proposition 3.3. Let R be aring and let £, F' and M be R-modules. Let F 2 M and F 5 M be
R-module morphisms. Then E x,; F' is the pullback of p and ¢ (via the projections E x; F 5 E
and E xy; F =5 F) in R - Mod.

Proof. Let N be an R-module and let N ER E and N % F be R-module morphisms such that
pof=gqgog. Let n e N, by construction p(f(n)) = ¢(g(n)). There is an R-module morphism

N E xpr Fsuch that h(n) = (f(n),g(n)) € E xj; F. This is the only way to make the following

diagram commute:
g
N
X‘

TE lq
ET>M'

O
Remark 3.4. Although the underlying morphisms are omitted in the notation, they certainly matter.
Different morphisms give a different fiber product.

3.2 Tensor products

The goal of this section is to introduce the tensor product on modules over a ring. It contains only
the construction and a basic property. Those familiar with tensor products can skip this section.

Definition 3.5. Let R be a commutative ring. Let M and N be R-modules. The (algebraic)
tensor product of M and N is the R-linear span of M x N (Cartesian product) under the relations:

1. (my,n) + (ma,n) = (m1 +mg,n) for my,mee M, neN
2. (m,n1) +(m,n2) = (m,n1 +ng) for me M, ny,ny € N
3. (rm,n) = (m,rn) for me M, ne N and r € R.

The (algebraic) tensor product of M and N is denoted by M ® g N. The element in M ®r N
represented by (m,n) € M x N is denoted by m ® n.

Remark 3.6. Elements of a tensor product are informally called tensors.
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Lemma 3.7. Let R be a commutative ring. Let M and N be R-modules. Then M ®zr N is an
R-module under the action r(m®n) = (rm®n) = (m®rn).

Proof. Follows immediately from the R-module structure of M and N. O

Remark 3.8. Take R = Z to get the tensor products of abelian groups. Take R a field to get the
tensor products of R-vector spaces. In both cases, for free modules of finite dimension (for fields
all modules are free), the tensor product is free of dimension the product of dimensions. More
generally, the tensor product is distributive with the direct sum.

Remark 3.9. Tensor products can also be defined for non-commutative rings. In that case the left-
and right-actions need not agree. In a commutative ring, the left- and right-action agree.

Definition 3.10. Let R be a ring. Let M and N be R-modules. Let m € M and n € N. Elements
of the form m®n e M ®r N are called pure tensors.

Remark 3.11. Not all tensors need to be pure. Take R=R and ¢; ® es +e3® e € R2 ®Rr R? = R* for
example, where e, e; denote the standard basis elements of R2.

Lemma 3.12. Let R be aring. Let M, N and K be R-modules. For an R-bilinear map M xN EN K,
there exists a unique R-bilinear map f: M ® g N — K such that the following diagram commutes:

MxN —2 M&pN.
fl/
f
K

Proof. See [1l, Proposition 2.12] for the biadditivity and uniqueness. The R-bilinearity is immediate
from the relations. 0

4 Prerequisites on modules and homological algebra

In this section exactness of sequences is defined for modules over a ring. The definition of injectivity
will be given and it will be shown that every module over a ring allows an injective resolution.
Using an injective resolution, the Ext-functors for modules over a ring are constructed. Finally, a
correspondence between Ext-groups and extensions will be proven. This correspondence will give
important information about the behaviour of the Ext-functors, which is necessary for the eventual
goal of this thesis; the understanding of the proof of the UCT. In §4.5| we dualise the most important
result from the previous subsections. The dual of injective is projective. In the final subsection, we
will show how to turn a projective resolution into an injective resolution.

4.1 Exactness, splitness and five lemma

Definition 4.1 (Exactness). Let R be a ring. Let I c Z be a subset such that for any ni,ns,nsZ,

. fi-2 fi-1 fi fi+1
if n1 < ng < ns and ni,n3 € I, then ny € I. A sequence ... —> M;_; — M; = M;,; — ... of

R-modules and R-module morphisms indexed by I is exact if im f; = ker f;11 for all ¢ € I (except
the maximal element in I, if there exist one).

Example 4.2. The sequence 0 -~ A ER B is exact if and only ker f = {0}, i.e. f is injective.
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Example 4.3. The sequence B I, C >0 is exact if and only if im g = C, i.e. g is surjective.

Example 4.4. The sequence 0 > A — 0 is exact if and only if A ={0}.

Example 4.5. Let R be a commutative ring. An R-module morphism M LN induces the
following exact sequence:

0—kerf— ML N N/F(M) = 0. (5)

Definition 4.6. An exact sequence of the form 0 - A ER B2 C - 0is called a short ezact sequence.

Remark 4.7. In this section we will focus short exact sequences of modules over a ring. In §6[ we
will focus on short exact sequences of C*-algebras.

Lemma 4.8. Let 0 > A ER B2 C > 0 be a short exact sequence. The following are equivalent:

1. There exists an R-module morphism s: C' — B such that gos = idg. Such an R-module
morphism is a section.

2. There exists an R-module morphism r: B — A such that r o f = id4. Such an R-module
morphism is a retraction.

3. There is an isomorphism of R-modules ¢: B - A & C such that the following diagram com-
mutes:

0 s A—1 s B9 ,C
id 4 d)l idcl (6)
0 s A — AeC 25 C y 0.

i is the inclusion; i(a) = (a,0) for a € A. p is the projection; p(a,c) =c for a€ A and ce C.

Proof. 1 induces 2: Let s: C - B be a section. The sequence is exact, so g is surjective. For every
b € B there exists a c € C such that b e g7'(c). If be g1 (c), then b—s(c) € ker(g). The exactness also
implies im f =kerg and f is injective. Hence there exists a unique a € A such that f(a) =b-s(c).
Define : B - A to be the map that sends b € B to this a € A such that f(a) = b-s(c). We will
show r is an R-module morphism. Let by, by € B, if by € g7'(c1) and by € g (c2) for ¢y, co € C, then
bi+by e g t(ci+cz). Now s(cy+cz) =5(c1)+s(ca). If by —s(cy) = f(ar) and ba—s(c2) = f(az), then
b1 +bs—g(cr+ ) = far) + f(az) = f(ar + az). Hence r(by +by) =r(by) +1r(bs). Let t € R, be B,
if be g7'(c) for c € C, then th € g'(tc). Then th - s(tc) = tb—ts(c) = t(b-s(c)) = tf(a) = f(ta).
Hence r(tb) = tr(b). The proof for the right-action is identical. If b = f(a) for some a € A, then
beg(0) and so r(b) =7(f(a)) = a. So r is a retraction.

2 induces 3: Let 7: B — A be a retraction. Define ¢: B - A& C by ¢(b) = (r(b),g(b)). Then ¢
is an R-module morphism. Let a € A, now ¢(f(a)) = (r(f(a)),g9(f(a))) = (a,0) as go f =0 and
rof=ida. Let be B, then p(¢(b)) = p(r(b),g(b)) = g(b). We conclude diagram () commutes. Let
be B, if ¢(b) = (r(b),g(b)) = (0,0), then b e im f. Combined with r(b) = 0, this means b= f(0) = 0.
So ¢ is injective. Let a € A and ¢ € C. There exists a b € B such that g(b) = ¢. By exactness,
kerg =im f. So g7'(c) = {b+ f(a):a € A}. So there is an element b; € g~*(c) such that r(b;) = a.
So ¢ is surjective.

3 induces 1: The map j:C - A& C with j(c) = (0,¢) for ¢ € C is an R-module morphism. As
po ¢ =g by commutativity and poj = id¢, it follows go¢ ™t oj =idc. So ¢~ Lo forms a section. [
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Definition 4.9. A short exact sequence of R-modules is split if the statements of Lemma [4.8] hold.

Lemma 4.10 (Five lemma). Let R be a ring and let the following diagram be a commutative
diagram of R-modules for which the horizontal rows are exact:

o @ @ a
A1 1>A2 2>A3 3>A4 4)A5

Y

B -2 B, 2y By, B, P B

1. If f5 and f; are injective and f; is surjective, then f3 is injective.
2. If fy and f4 are surjective and f5 is injective, then f3 is surjective.

3. If fy and f4 are bijective, fi is surjective and f5 is injective, then f3 is bijective.
Proof.

1. Let x € Az such that fs(z) = 0, then S5(f3(x)) = B3(0) = 0. Since B30 f3 = f4 0 as and
fa(az(x)) = 0. The injectivity of fy implies az(z) = 0. By exactness, there exists an y € A
such that as(y) = z. As 0 = f3(x) = f3(a2(y)) = B2(f2(y)), there exists a z € By such that
B1(2) = fa(y) by exactness. f; is surjective, so there exists a w € A; such that fi(w) = z.

Now fa(y) = 51(2) = f1(f1(w)) = fa(az(w)). As fo is injective, this implies y = a1 (w). Since
y =a(w), we get x = a2 (y) = az(a(w)) =0. So z =0 and f3 is injective.

2. Let x € B, then since f, is surjective, there exists a y € A4 such that fy(y) = B5(x). Now
fs(aa(y)) = Ba(fa(y)) = Ba(B3(y)) = 0. The injectivity of f5 implies a4(y) = 0. Therefore

there is a z € A3 such that az(z) = y. Now fi(y) = fa(as(2)) = B3(f3(2)). So B3(f3(2)) =
Bs(x). So there exists a w € By such that fa(w) = x — f3(2). fo is surjective, so there

exists a v € Ay such that fo(v) = w. Now f3(as(v)) = B2(f2(v)) = Ba(w) = - f3(2). So
fa(az(v)) + f3(z) = x. So f3 is surjective.

3. Follows immediately from the two previous statements. O
Remark 4.11. In practice a weaker version is used; if f1, f2, f4 and f5 are bijective, then so is f3.

Example 4.12. Lemma shows that the map ¢ in diagram @ is an isomorphism. In retrospect
it was not necessary to show it!

4.2 Injectivity and injective resolutions

Definition 4.13 (Exact functor). Let R be a ring. A functor F: R - Mod — R — Mod is ezact if it
preserves short exact sequences.

Remark 4.14. Also contravariant functors will be called exact. The definition of exact functors
extends to other categories for which exactness is defined.

Remark 4.15. Similarly, left-exactness, right-exactness and half-exactness can defined. See [25]
Proposition 4.5.10] and [34, Definition 11.1.1]. For extra clarity; a contravariant functor F is left-

F(g) F(B) F(f)

F(A) is exact. It is right-exact if for every exact sequence 0 — A ER B4 o 0, the sequence

F(O) o), F(B) Eilt2N F(A) — 0 is exact.

exact if for every exact sequence 0 — A ERY-EA C — 0, the sequence 0 — F(C)
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Lemma 4.16. Let R be a commutative ring. Let M be an R-module. The contravariant functor
Hompg(_, M) is left-exact. In other words, let 0 > A EN B % C - 0 be a short exact sequence of R-
modules. Applying Hompg(_, M) gives an exact sequence 0 - Homp(C, M) =% Homp(B, M) =4,
Homp (A, M).

Proof. Let hy,hy € Hompg(C, M) be such that hyog = hoog, then hy = ho, since g is surjective (g is
an epimorphism). By exactness go f =0. Let k € Hompg (B, M) be such that ko f =0. Let x,y € B
be such that g(x) = g(y), then g(z —y) =0, so x —y € im(f). So k(z -y) =0 and k(x) = k(y). It
follows k is factored through g and comes from Hompg(C, M). O

Remark 4.17. Let R be a ring and let M and N be R-modules. In order for Homp (M, N) to have
an R-module structure, the ring R needs to be commutative. The natural R-action is the following:
(r-f)(m):=rf(m) = f(rm) with r € R and f € Homg(M, N). Now let M 5>m’ = sm for some s € R.
This equation only holds if R is commutative:

(rf)(m’) =rf(m) = f(rm’) = f(r(sm)) = f((rs)m) = (rs)f(m) = srf(m) = s((rf)(m)).

If R fails to be commutative, then Homg(M, N) is only an abelian group. Henceforth, ring will
mean commutative ring.

Example 4.18. Let R be a commutative ring. Let M be an R-module. Let 0 > A ER BLC- 0

be a short exact sequence of R-modules. The mapping Homg (B, M) N Hompg (A, M) need not be
surjective. Take R =7, M =Z /27 and the exact sequence 0 > Z [2Z — Z [AZ — Z |27 — 0. The
induced map Homz(Z /AZ,Z [27) — Homz(Z [2Z,7Z [27) cannot be surjective. This is because
#Homy(Z [AZ,Z[27) = 2 and #Homy(Z [27Z,7Z [27Z) = 2. In a short exact sequence of finite R-
modules the cardinality of the middle term must be the product of the left-hand and the right-hand.

Lemma 4.19. Let R be a commutative ring. Let M be an R-module. The following are equivalent:

1. Let N be an R-module such that M c N is an R-submodule, then there exists an R-module
K such that N2 M o K.

2. Any short exact sequence of R-modules 0 - M — N — K — 0 splits.

3. Let f:X — Y be an injective morphism (monomorphism) of R-modules and let g: X — M
be an arbitrary morphism of R-modules, then there exists an R-module morphism h:Y — M
such that ho f = g.

4. The contravariant functor Hompg(_, M) is exact.
Proof. We prove 4 =3 =2=1=4.
4 induces 3: Let f: X — Y be an injective R-module morphism. Then this induces a short exact
sequence; 0 - X ER Y L coker f =0, whereY 4 coker f is the projection. As Hompg(_, M) is exact,

it follows 0 — Homp(coker f, M) =4 Homp(Y, M) =1, Homp(X, M) — 0 is exact. In particular,
for any g € Hompg (X, M), there exists a h € Homg (Y, M) such that ho f = g.

3 induces 2: Let 0 — M ER N % K2 be an exact sequence. Then f: M — N is injective. Take
idps: M - M. There exists a g € Homg (N, M) such that go f =idys, so there exists a retraction to
f- The exact sequence is split.
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2 induces 1: Let N be an R-module such that M c N is an R-submodule. Let M LN N be the inclu-
sion. There is an exact sequence 0 - M 5 N5 cokeri — 0, where NV I, cokeri is the projection.
The exact sequence is split, so N = M & cokeri. Take K = cokeri.

1 induces 4: We will use the fact that every R-module M is a submodule of an R-module N for
which the contravariant Homp(_, N) is exact [5, Theorem 6]. Assume statement 1 and this fact. Let
0—-A ER B % C - 0 be an exact sequence. Let M 2 N be the inclusion. Statement 1 says there
is an R-module K such that N 2 M @ K. Equivalently, the exact sequence 0 - M LNL K-S0
splits, where N % K is the projection. The sequence 0 — Hompg(A, M) 5 Hompg (A, N) 4
Homp(A, K) — 0 is exact, as Hompg(A, N) = Homp(A, M & K) 2 Homg(A,M) @ Homp(A, K).
Similar statements are true, when A is replaced by B or C. This all results in the following com-
mutative diagram:

0 0 0

| | |

0 —— Homp(C, M) —% Homp(B, M) —Ls Homp(A, M)

“| N “|

0 —— Homp(C,N) —% Homp(B, N) —+ Homp(A4,N) — 0. (7)

qo,l qoi qo,l

0 —— Homp(C,K) —%+ Homp(B,K) —+ Homp(A, K)

| | |

0 0 0

Now it is a matter of diagram chasing: let hy € Homg(A, M). By construction, Hompg(_, N) is
exact. Let ho = 10 hy. There exists a hy € Homg (B, N) such that hgo f = hy. Now gohgo f =
gohs =qoiohy =0. So gohg comes from Hompg(C, K); there exists a hy € Homg(C, K) such that
hyog=qohs. There exists a hs € Homg(C, N) such that go hs = hy. Now gohg =hyog=qohsog.
So go (hg —hsog) =0 and hs - hs o g comes from Hompg (B, M); there exists a hg € Hompg (B, M)
such that i0hg = hg —hs0g. Nowiohgo f =(hg—hsog)of=hzof=hy=ioh;. Composition
by 4 is injective, so i o (hg o f) =40 hy implies hg o f = hy, so Homg(B, M) =, Hompg(A, M) is
surjective. So Hompg(_, M) is exact. O

Definition 4.20. Let R be a commutative ring. Let M be an R-module. The R-module M is
injective if the statements of Lemma hold.

Definition 4.21. Let R be a ring and let M be an R-module. The R-module M is divisible if for
every x € M and non-zero r € R there exists a y € M such that x = ry.

Definition 4.22 (Equivalent to Definition [4.21)). Let R be a ring and let M be an R-module. The
R-module M is divisible if the R-module morphism M ~> M is surjective for all r € R~ {0}.

Lemma 4.23. Let R be an integral domain, then every injective R-module is divisible.
Proof. Let M be an injective R-module. There is always an isomorphism Homg(R, M) 2 M. This
follows from the fact that every R-module morphism from R to M is completely determined by the
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image of 1 € R. Let x € M and let f € Homgr(R, M) be such that f(1) =z. As R is an integral
domain, the left-multiplication by r € R~ {0} is injective. As M is injective, there exists an element
g € Hompg (R, M) such that the following diagram commutes:

R 3 R.

1A

If g(1) =y € M, then z = f(1) = g(r) = ry. So M is divisible. O
Lemma 4.24. Let R be a principal ideal domain (PID). Then every divisible R-module is injective.

Proof. Every ideal in R is principal. Let {0} # a ¢ R be an ideal and write a = (r). Now
Hompg(a,M) = M. Every R-module morphism from a to M is completely determined by the
image of r € a. So let € M and f € Hompg(a, M) such that f(r) = 2. As M is divisible, there exists
a y € R such that « = ry. Let g € Homg(R, M) be the morphism such that g(1) = y. This makes
the following diagram commute:

Now Baer’s lemma says that M is injective [5] Theorem 2]. O
Corollary 4.25. Let R be a PID. A quotient of an injective R-module is an injective R-module.

Proof. From Lemmas[4.23]and [£.24] follows that an R-module is injective if and only if it is divisible.
Let M be an injective R-module and let N ¢ M be an R-submodule. Now M /N is divisible, since
every class in M/N can be represented by an element in M. The divisibility says that for z € M
and r € R\ {O}there exists an y € M such that x = ry. So now [z] = [ry] =r[y] in M/N. So M/N
is divisible and therefore injective. O

Example 4.26. Q and Q/Z are injective Z-modules.
Example 4.27. Z is not an injective Z-module. In general, free modules need not be injective.

The proof of the equivalences of Lemma [4.19| used the fact that for a ring R, every R-module is
the submodule of an injective module [5l Theorem 6]. For an R-module M, there is an injective
R-module Ny such that M c Ny. Using this fact again for Ng/M, an injective R-module Nj exists
such that (No/M) c Ni. Again an injective R-module Ny can be found for which Ny/(No/M) is
a submodule. Generalise this for j > 1; define d;: N; — N1 to be the composition of the quotient
N; — Nj/im d;j-1 and the inclusion Nj/im dj-1 — Nj.1. Inclusions are injective. By construction,
the kernel of the quotient N; — N;/imd;_; is imd;_;. It follows 0 — M 5 Ny o, Ny LN Ny — ...
is exact!

Definition 4.28 (Resolution). Let R be a ring and let M be an R-module. A resolution of M is

d d . .
an exact sequence 0 — M 5 No = Ny = Ny — ... with R-modules N; for i > 0.
If the R-modules N; are injective for all i > 0, then this exact sequence is an injective resolution.
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Proposition 4.29. Let R be a ring. Every R-module allows an injective resolution.

Proof. Construction above Definition O

Let R be a ring and let M be an R-module. A resolution 0 — M 5 Ny o, Ny N Ny — ... forms a

cochain complex (N°®,d), when ¢ and dgy are composed. The sequence 0 — Ny o, Ny N Ny — ... s
exact everywhere except at Ny. From the exactness of the injective resolution, it follows kerdop = M.
So H*((N*,d)) =M for i =0 and H*((N*,d)) =0 for i > 1.

Definition 4.30 (Chain homotopy). Let R be aring. Let (C*®,d), (D*®,e) be cochain complexes and
let f,9:(C®,d) — (D*,e) be a cochain maps. The cochain maps f and g are cochain homotopic if
there exists a family of R-module morphisms {h; };>1 with h;: C" — D! guch that h;,10d;+e;_10h; =
fi—gi foralli>1 and hyody = fo — go. Notation: f ~g.

Definition 4.31 (Chain homotopy equivalence). Let R be a ring. Let (C*,d), (D*®,e) be cochain
complexes. The cochain complexes (C*,d) and (D°*,e) are cochain homotopy equivalent if there
exist cochain maps f:(C*,d) — (D®,e) and g:(D*,e) — (C*,d) such that go f = id(c. 4y and
fog=id(pe.)

Lemma 4.32 (Chain homotopy invariance). Let R be a ring. Let (C*,d), (D®,e) be cochain
complexes and let f,g:(C*,d) — (D* e) be cochain homotopic maps. The induced maps
H'(f),H (9):H(C*,d) - H*(D*,e) agree for all i > 0.

Proof. The cochain maps f and g are cochain homotopic, so there exists a family {h;};»1 with
hi:C* — D! such that h;,yod; +e;_10h; = f;—g; for all i > 1. For x € kerd;, we get f;(x) - gi(z) =
hiv1(di(z)) +e;_1(hi(z)) =0+e;-1(h;(z)). On the cocycles, f and g differ by a coboundary. Hence
H(f),H'(g): H'((C*,d)) — H'(D*,e) agree for all i > 0. O

Corollary 4.33. The i-th cohomology groups of cochain equivalent cochain complexes agree for
all 4 > 0. This follows from the fact that the i-th homology is functorial for every i > 0 and therefore
an identity morphism induces an identity map on the homology groups.

Remark 4.34. Similar definitions exist for chain complexes. A chain homotopy consists of arrows
going a degree up instead of down. Chain homotopic maps induce the same R-module morphisms
on the homology groups, similar to Lemma [£.32}

Proposition 4.35. (Co)chain homotopy is an equivalence relation on (co)chain maps. (Co)chain
homotopy equivalence is an equivalence relation on (co)chain complexes.

Theorem 4.36. Let R be a ring, let M, N be R-modules and let f: M — N be a morphism of
R-modules. Let (P*,d) be an injective resolution of M and let (Q°,e) be an injective resolution of
N. There exists a cochain map g: (P°®,d) — (Q°, e) such that the following diagram commutes:

0 sy M —ty py s p Dy
| e A (8)
0 s N — 5 Qp —05 Q) —s e

This cochain map ¢ is unique up to cochain homotopy.
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Proof. Existence is proven by induction. As Qg is injective, it satisfies statement 3 of Lemma [4.19
As i: M — P, is injective, there exists a gg: Py — (g such that gyoi =jo0 f. Now dy induces an
embedding Py/M — P;. By commutativity of the diagram, egoggoi=egojof=0,aseyoj=0. So

€0 © go induces an R-module morphism Py/M L0090, 1. Similarly, as @ is injective, there exists a

g1: P1 — @1 that connects the inclusion Py/M — P; with the R-module morphism Py/M L0090, Q1.
Identically, there is a g;: P; — @; that connects the inclusion of P;_;/im d;— — P; and the induced
R-module morphism P;_;/im d;_o Lo, Q; for i >2.

Assume there exist two cochain maps g, h: (P*,d) — (Q°®,e) that make the diagram commute. A
cochain homotopy of g and h will be constructed. For m € M holds go(i(m)) = j(f(m)) = ho(i(m))
by commutativity. So go and hg agree on M and go—hg defines an R-module morphism Py/M — Q.

Now Qg is injective, so there exists an R-module morphism k;: P, — @y that connects the inclusion

Py/M — P, with Py/M Soho, Qo. By construction ki o dg = gg — hg. Assume k; is known, do the

same thing for g1 —hy —egoky. Let x € Py, use egogg = g1 0dg and egohg = hyodg and kyodg = go—ho
to get

g1(do(x)) = hi(do(x)) —eo(k1(do(x))) = eo(go(x)) —eo(ho(x)) —eo((go — ho)(x) = 0.
So g1 — h1 — eg o k1 induces an R-module morphism P;/imd gizhizeocks Q1. Now P;/imdy is
embedded in P, and @ is an injective R-module. So there exists an R-module morphism ky: Py —
@1 that connects P;/imdy — P, with g1 — hy — eg o k1. Identically, @Q;_1 is injective, so there
exists an R module morphism k;: P, — @Q;_1 that connects the inclusion P;_i/imd;_s — P; with

i—1—hij_1—€e;_o0k;_
Pi_l/imd¢_2 i Lo ! Qi—l- O
Corollary 4.37. Let R be a ring. Let M be an R-module. Proposition [£:29] says there exists an

injective resolution of M. If there exists multiple injective resolutions of M, then these resolutions
are cochain homotopy equivalent.

Proof. Let (P*,d) and (Q°,e) be injective resolutions of M. Apply Theorem to idy;. Now
there exists a cochain map g: (P°®,d) — (Q°,¢e) and there exists a cochain map h: (Q*,e) — (P°*,d).
There is a cochain map (ho g):(P*,d) — (P°®,d). Theorem says that hog and id(p. 4y are
cochain homotopic. The same goes for go f and id(gs ). So hog~id(ps 4y and goh ~id(ge ). So
(P*,d) and (Q°,e) are cochain homotopy equivalent. O

4.3 Ext-functors and the induced long sequence

Definition 4.38 (Ext-functor). Let R be a ring. Let N and M be R-modules. Take an injective
resolution (P*,d) of M. Apply Hompg(N,_) to (P*®,d) to get a cochain complex Hompg(N, (P*,d))
and take the i-th cohomology of it. This R-module is denoted by Ext% (N, M).

Remark 4.39. Let R be a ring and let N be an R-module. The functor Hompg (N, _) is covariant
and left-exact. The proof is identical to Lemma

Lemma 4.40. Let R be a ring. Let N and M be R-modules. The R-module Ext% (N, M) as
defined in Definition [£:38]is independent of the choice of injective resolutions.
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Proof. Let (P*,d) and (Q°,¢) be two injective resolutions of M. (P*,d) and (Q°,e) are cochain ho-
motopy equivalent by Corollary[4.37} The codifferentials of (Hompg (N, (P*,d)) and (Hompg(N, (Q°,€))
are just the pushforwards of the codifferentials of (P*,d) and (Q°*,¢). The cochain homotopies that
turn (P*,d) and (Q°®,e) into a cochain homotopy equivalence also turn Hompg(N, (P*,d)) and
Hompg (N, (Q°,e)) into a cochain homotopy equivalence by pushing forward. It follows
Hi(Hompg (N, (P*,d))) and Hi(Hompg(N,(Q®,¢€))) are isomorphic i > 0 by Lemmam O

Theorem 4.41. Let R be a ring. Let Ny, No and M;, M5 be R-modules. Let No L N7 and
My EN M5 be R-module morphisms. Take an injective resolution (P°,d) of M; and an injective
resolution (Q°,e) of My. Apply Theorem to (P*,d), (Q*,e) and M, 2 M, to get a cochain
map as in diagram . Apply Hompg(N1,-) to diagram . Pull Hompg (N1, (Q®,€)) back on f.
This defines an R-module morphism Ext’s(Ny, M) Y9, Ext’y(Na, Ms).

Proof. On the right-hand side, the cochain map induced by the injective resolutions is unique up
to cochain homotopy by Theorem [4:36] This cochain homotopy is preserved by the Hom g-functor,
since the codifferentials of the cochain complex under the Hom z-functor are just the pushforwards
of the injective resolutions. Again Lemma says that cochain homotopic maps give identical
morphisms between the cohomology groups. It is obvious that the pullback by f defines group
homomorphisms Hompg (N1, Q;) to Homg (N2, Q;) for i > 0. Those group homomorphisms give
well-defined group homomorphisms between the cohomology groups H¢(Hompg(Ny, (Q®,¢))) and
Hi(Hompg(Na, (Q%,¢€))) for i > 0. O

Proposition 4.42. Let R be a ring. Let Ext’: R - Mod®® x R — Mod — R — Mod be the mapping
of objects in Definition and the mapping of morphisms in Theorem Then Ext}, defines
a functor for ¢ > 0.

Proof. Extlé is independent of the choice of injective resolutions for every ¢ > 0 on objects (Lemmal4.40]).
The construction in Theorem m preserves identities and compositions in both terms (with order
reversal in the left-hand side). O

Remark 4.43. For R-modules M and N, Ext}%(M ,IN) only has an R-module structure if R is
commutative. See Remark In case R is not commutative, the Ext-functors can still be
defined. They will map to Ab instead.

Remark 4.44. Take cochain complexes as objects and homotopy classes of cochain maps as mor-
phisms. They define a category. The injective resolution construction, described in Theorem [£.36]
induces an injective resolution functor from R-Mod to that category. Now Extlé is the composition
of an injective resolution functor, a covariant Homg-functor and a cohomology functor in some
degree.

For certain rings and certain modules, there exist easy injective resolutions. As a result of that
they give easy Ext-functors for higher degrees.

Example 4.45. Let R be a ring. Let M be an injective R-module. Now 0 - M — M — 0 is an
injective resolution of M. So Extz(N, M) =0 for every R-module N and every i > 1.

Example 4.46. Let M be a Z-module. There exists an injective Z-module P such that M c P
is a Z-submodule. By Corollary P/M is the quotient of an injective Z-module and therefore
injective itself. So 0 - P — P/M — 0 is an injective resolution of M. Therefore Exty, (N, M) =0
for every Z-module N and every i > 2.
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Remark 4.47. Z—-Mod and Ab are isomorphic. A Z-module is an abelian group (just as any module
over a ring is). An abelian group can be endowed with a Z-module structure. Let M be an abelian

group and let x € M and n € Z, then n-m:=z+...+x (If n <0, take n-m:= -z —...—x ). A
———— —_—
n-times -n-times

Z-module morphism is a group homomorphism. A group homomorphism between abelian groups
preserves the Z-action. Therefore Z —-Mod or Ab are used, depending on what is most intuitive.

Lemma 4.48. Ext%(_,_) and Homp(_,_) are isomorphic as bifunctors.

Proof. Let R be a ring and let N and M be R-modules. Let (P°®,d) be an injective resolu-
tion of M. Now 0 — M — P, o, P, — ... is exact. Hompg(N,_.) is a left-exact functor. So

0 — Hompg(N, M) — Homg(N, Py) oo, Hompg(N, Py) is exact.
Clearly Ext% (N, M):= H°(Homg(N, (P*,d)) = ker(dg o _) = Homg(N, M).

A similar approach works with regards to the morphisms. For the left-hand side, both Ext%(,7 )
and Homp(_,_) let a morphism of R-modules act as a pullback. For the right-hand side, the dia-
gram of Theorem shows that a morphism of R-modules induces a cochain map. In this case,
let the morphism of R-modules act as a pushforward. The induced map on the 0-th homology of
the Hompg(, -)-modules clearly is the original R-module morphism. O

Remark 4.49. In the proof the morphisms {idom ,(n,M) } N,MecOb(R-Mod) define a natural transfor-
mation from Ext%(_, ) to Homp(_, ). It is level-wise isomorphic and therefore an isomorphism of
functors.

Remark 4.50. Hompg(N,_) is a left-exact functor. It might be tempting to believe that the induced
sequence of the injective resolution of M under this functor is exact from Hompz (N, P') onward
(and that as a result of this Ext’% (N, M):= H*(Homg(N, (P*,d)) = 0 for i > 0). This is not true!
A left-exact functor guarantees left-exactness for short exact sequences only, see Definition In
general Hompg (N, _) does not preserve exact sequences. Consider the following sequences:

0=Z22 >Z[AZ > 7/47 2 ... (9)

0>Z2Z 222 57222 ... (10)
Sequence @ is an exact sequence of Z /4 Z-modules. Notice Homy j47(Z [2Z,Z [27) = Z [2Z and
Homy, 47(Z |27, 7 [AZ) = Z [2Z. Applying Homy, 47 (Z [27Z, ) to sequence @[) gives sequence ,
which is not exact. It is exact up to its first three terms; 0 > Z /2Z — Z [2Z EX Z 27 is exact.

Remark 4.51. Homg (N, (P*,d)) may not be exact, it certainly is a cochain complex, as d;y10d; =0
for all ¢ >0 (and this also holds with respect to the pushforwards).

In a short exact sequence of (co)chain complexes [19, p. 41], there exists a long exact sequence of
(co)homology groups [19, Theorem 4.1]. Extz(-,-) is the cohomology functor over Homp(_, -).
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Theorem 4.52 (Long exact sequence). Let R be a ring. Let A, B, C, M be R-modules and let

0> A EN B % C - 0 be a short exact sequence. There exists a long exact sequence:

0 —— Homp(C, M) —% Homp(B, M) —L5 Homp(A, M)

Extk (0, M) —22 BxtkL(B, M) —L Exth(4, M)

01

Ext%(C, M) —% Ext%(B, M) —L Ext%(A4, M)
M

Proof. Let (P*,d) be an injective resolution of M. Now apply Homg(_, P;) to0 - A LBLcoo.

0 — Homg(C, P;) =9, Homg(B, P;) =, Hompg(A, P;) — 0 is exact for ¢ > 0 as P; is injective
(Lemma statement 4). Pushing forward the codifferentials gives the following commutative
diagram:

0 0 0
0 —— Homp(C, Py) —%+ Homp (B, Py) —L+ Homp(A,Py) — 0

o] o] ]

0 —— Homg(C, P) —%5 Homg(B, P,) —5 Homp(A, P}) —— 0 (11)

o] o] o]

0 —— Homp(C, Py) —%+ Homp(B, Py) —+ Homp(A,Py) — 0

R

The horizontal rows of diagram are exact. It is an exact sequence of cochain complexes. The
exact sequence of cochain complexes induces the following long exact sequence. The construction
is given in [19] §IT.4].

0 —— HO(Homg(C,(P*,d))) —L+ HO(Hompg(B, (P*,d))) —=Ls H(Homg(A, (P*,d)))

do
HY(Homp(C, (P*,d))) —% H'(Hompg(B, (P*,d))) —Ls H'(Homg(A, (P*,d)))

01

H2(Homp(C, (P*,d))) —% H2(Homp(B, (P*,d))) —Ls H2(Homp(A, (P*,d)))
d2

Application of Definition [£.38] and Lemma [.48] finalises the proof. O
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4.4 Extensions of R-modules and Baer sum
Definition 4.53 (Extension). Let R be aring and let M and N be R-modules. An extension of M by N

is a short exact sequence 0 — N SES Mo

Definition 4.54 (Extension equivalence). Let R be aring. Let M and N be R-modules. Extensions

0—>N1>E£>M—>OandOeNiFiMﬁOObeyNare equivalent if there exists an
R-module morphism ¢: E' - F' such the following diagram commutes:

0 sy N s E -2 M s 0
ile ¢l id]\il (12)
0 s N L5 F 15 M > 0.

The set of equivalence classes of extensions of M by N is denoted by Extr(M, N)

Remark 4.55. The middle terms of equivalent extensions are always isomorphic by Lemma
But the fact that there exists an isomorphism between two middle terms, does not necessarily mean
that the extensions are equivalent. Note the following diagram of Z-modules:

0 » LJ37 —25 7.)97 —— Z[37 — 0

idz /3 zl idz /3 zl

0 s 737 —°— 7.]97 —— 7.]37 — 0.

There exists no group homomorphism Z /97 — Z /97 that makes the diagram commute. This
means that one cannot identify (an equivalence class of) extensions by their middle object. The
morphisms of the exact sequence matter!

Proposition 4.56. Equivalence of extensions of modules is an equivalence relation.

Proof. This follows from the fact that the vertical morphism in the diagram of Definition is
an isomorphism. It has an inverse. Compositions of isomorphisms are isomorphisms. O

Corollary 4.57. Let R be a ring. Let M and N be R-modules. All split extensions of M by N
are equivalent. Moreover, the split extensions form their own class in Extg(M, N).

Proof. The isomorphism of statement 3 of Lemma |4.8| creates an equivalence. Transitivity implies
equivalence between any two split extensions of M by N. O

Extr (M, N) can be endowed with an abelian group structure. This requires some preparation.

Lemma 4.58. Let R be a ring. Let M and N be R-modules. Let 0 - N LEL M 0 and

0— N F % M- 0be extensions of M by N. Define Y:= (E xp; F)/{(i(n),—j(n)):ne N} (see
Proposition . Then 0 - N ﬂ Y & M — 0 defines an extension of M by N.

Proof. {(i(n),—j(n)):n € N} is an R-submodule of E xp; F, since {(i(n),—j(n)):n € N} is the
image of N U9 g ® F. Notice p(i(n)) =0=q(-j(n)) for all n € N. Therefore {(i(n),—j(n)):n e
N} c Exy F. Hence (E xp F)/{(i(n),-j(n)):n e N} is an R-module.
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2,0 . c e i
N Q Y is well-defined and injective. It follows from the exactness of 0 - N — E 5 M —o.

As poi =0 =qgoj by exactness, Y 5 M is independent of representative. Let m € M, then
there exist e € E and f € F' such that p(e) =m = q(f). So [(e, f)] €Y is in the pre-image of m of

Yy 2 M.

im (4,0) c kerp, since im ¢ = kerp. Conversely, let [(e, f)] € Y such that p([(e, f)]) = 0, then
ple) =0 =q(f), so e €eimi and f € im j. Write e = i(n) and f = j(n') for some n,n’ € N.
Now [(e, f)] = [(i(n),j(n'))] = [(i(n) +i(n'),0)] = [(i(n +n'),0)]. So [(e,f)] € im(4,0). So
ker p c im (7,0). The resulting sequence is exact; it is an extension of M by N. O
Definition 4.59 (Baer sum). Let R be a ring and let M and N be R-modules. The (Baer) sum
of extensions 0 > N > E S M - 0and 0 > N 5 F L M — 0 of M by N is the extension

0= N2 v 2 A1 50 defined in Lemma

Theorem 4.60. The Baer sum (Definition 4.59)) endows Extr (M, N) with a group structure.

Proof. We will show that the Baer sum is independent of representative in Extr(M,N): Take

equivalent extensions as in diagram . Take an arbitrary extension 0 - M — G LN-0. A
commutative diagram arises:

0 y N Dy Py > 0
ile (¢,idg)l idMl
0 NN BN Y 5 0,

with Y:= (E xpr G)/{(i(n),—-k(n)):ne N} and Z:= (F x5 G)[{(j(n),—-k(n)):ne N}.
Now ¥ 219, 7 defines a morphism as (¢, idpl)(i(n), -k(n)) = (j(n),-k(n)).

’

It follows 0 — N Sy B v 0and 0 > N5 Z 5 M — 0 are equivalent. They represent the
same class in Extp(M, N).

We will show that the class of split extensions forms the unit. Let 0 — N LEL M0
be an extension. Let N @ M 5 M be the projection. Define E xp; (N @ M):= {(e,(n,m)) €
Eo(NoM):p(e) =n(n,m)}. Asw(n,m) =m, it follows (e, (n,m)) e E@(NeM) isin Exy (NoM)
if and only if p(e) =m. So Exyy (Ne M)z E® N.

Now (Exp(NeM))/{(i(n),(-n,0)):ne N} 2 (E@N)/{(i(n),-n):n e N} 2 E. This isomorphism
between (E xp; (N @ M))/{(i(n),(-n,0)):n e N} and E commutes with the morphisms.

We will show that the Baer sum is associative. Let 0 - N DL M- 0,0—- N ER ELM—0

and 0 - N k F 5 M — 0 be extensions. There are isomorphisms between the following three
R-modules ‘ . ‘
(((D xp E)[{(i(n),—j(n)):n e N}) xp F)[{((i(n),0),-k(n)):n e N}

2. {(d,e,f) e DoE@F:p(d) = q(e) = r(f)}/({(i(n), =j(n),0):n € N}@{(i(n),0,-k(n)):n € N})
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) (D xar ((E s F)J{G(n), ~k(n)):n € N})/{((i(n),0),~j(n)):n € N},

We will give an explicit inverse. Let 0 — N 5 B M - 0be an extension. Add 0 — N — E 5
M —0toit. Exy E:={(e,f) e E@ E:p(e) =p(f)}. So (e,f) e E® E is in E x; E if and only if
ple—f)=0,1ie. e— feimi. Now i is injective and therefore there exists a unique n € N such that
e—f=1i(n). Define Y:= (E xp; E)/{(i(n),i(n)):n € N}. Now Y is isomorphic to N & M via the

morphism (E xyr E)/{(i(n),i(n))in e N} > [(e, )] > (™ (e~ ).p(e)) € N @ M. N

Remark 4.61. The isomorphisms for the associativity are obtained by picking elements d € D, e € E,
f € F such that p(d) = q(e) =r(f) and dividing out the subgroup generated by images of N.

Lemma 4.62. The Baer sum of Definition is commutative. Extg(M, N) is an abelian group.

Proof. E xar Fi= {(e,f) € E@ Fip(e) = q(f)} and F xas Ex= {(f.€) € F & Exq(f) = p(e)} ave

isomorphic. The morphisms N Q Y and N SN Y are identical, since [(i(n),0)] =[(0,7(n))] in

Y. Likewise the morphisms Y L M and Y 5 M are identical by construction (as p(e) = ¢(f)). O

Remark 4.63. From now on Extr(M, N) will always mean the abelian group under the Baer sum.

Theorem 4.64. Let R be a ring. Let M and N be R-modules. Let 0 - N LEL M- 0 be an
extension of M by N. This short exact sequence induces the long exact sequence from diagram .
For now only this part is necessary:

0 — Homp(M, N) 22 Homp (M, E) 2> Homp (M, M) 2% Extl (M, N) —

View do(idas) € Exty (M, N) as the image of the class 0 — N LELM-0m Extr(M,N). This
mapping defines an isomorphism of groups between Extgr (M, N) and Ext}%(M ,IN).

Proof. We will show the mapping is independent of representative of equivalence class. For an

equivalent extension 0 — N Lri M- 0, there exists an R-module isomorphism F 2, F as in
diagram . The following commutative diagram arises by the functoriality of the Ext-functors
and naturality of the connecting maps do:

0 —— Homp (M, N) —==5 Homp (M, E) 2= Homp(M, M) —2 ExtL(M,N) — ...
idHomR(IM,N)l (idas, ¢)l idHomR(J\/I,J\/I)l idExt}%(M,N)l

7

0 — Homp(M,N) —>=5 Homp (M, F) —2= Homp(M, M) —> ExtL(M,N) —> ....
It follows do(idas) = 8((idas). So this construction is independent of the choice of representatives.
We will show injectivity. If §(idas) = 0, then by exactness, idy; € im(Homp (M, E) 25 Homp (M, M)).
So there exists an element s € Hompg(M, E) such that pos = idy;. There exists a section of p.
Statement 1 of Lemma is satisfied and the extension is split. It represents the trivial class in

Extr(M,N). The kernel of this map is trivial.

We will show surjectivity. The R-module N allows an injective resolution (P°,d)(see Proposi-
tion [4.29). In particular, N can be embedded in some injective R-module [5, Theorem 6]. Pick
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the Py from the injective resolution. The exact sequence 0 — N 2, Py LN Py/N — 0 induces the
following long exact sequence:

0 — Homp(M, N) 22 Homp (M, Py) 2> Homp (M, Py/N) <% Exth(M,N) — 0. (13)

Py is injective and therefore Ext}%(M ,Py) = 0 (see Example [4.45). The long exact sequence is
cut short. The connecting map dg is surjective. For z € Extp(M,N), there exists an element
f eHompg(M, Py/N) such that do(f) = . Now define Poxp jn M:={(e,m) e Py®M:p(e) = f(m)}.
The following commutative diagram arises:

OHN%POXPO/NM > M

J T

0 y N L Py P PN > 0.

Vv
o

The upper row is exact; (4,0) is injective, since 4 is injective. p is surjective, so for every m € M
there exists a e € Py such that p(e) = f(m). So Py xp vy M — M is surjective. Clearly im(i,0) c
ker(Py xp,yy M — M). Conversely, if (e,m) € ker(Py xp,yy M — M), then m =0. Asf(0) =0, it
follows p(e) = 0. By exactness e € imi and (e,0) € im(¢,0). The functoriality of the Ext-functors
and the naturality of the connecting map Jp will induce the following commutative diagram:

4,0)o_ 8¢
0 —— Homp(M, N) 2% Homp(M, Py xpyyy M) —— Homp(M, M) —2—s Exth(M,N) —> ...

idHomR(M,N)J/ l fo,l idExth(]W,N)l

0 —— Homp(M,N) —= Homp(M, Py) —2— Homp(M, Py/N) —2 Exth(M,N) — 0.

Now & = dp o f and so 6y(idar) = do(f oidar) = do(f) = z. So there exists a class of extensions for
which idy; is mapped to x under the connecting map. Therefore the mapping is surjective.

0>NS>P S Py/N — 0, see diagram (13)). Let z,y € Ext}%(M,N) and let f,g € Homg(M, Py/N)

such that 6o(f) =« and d¢(g) =y. Now do(f +¢g) = +y. The extension 0 - N — Py x;()/n M —
g

Pojn M — M — 0 was sent to y. Apply the

To prove the group action is preserved, back to the long exact sequence cut short, induced by

M — 0 was sent to x and the extension 0 - N — P x
Baer sum to these extensions:

(Po Xfao/nM) < (Pox 1, M) = {(d,m,e,n) e oo M & Py® M:p(d) = f(m), p(e) = g(n), m=n}.

(Poxt, M) xar (o, M) is isomorphic to {(d,e,m) € Fy® Py@ M:p(e) = F(m), p(f) = g(m)}.
Define Y:= {(d,e,m) € Py® Py ® M:p(d) = f(m), p(e) =g(m)}/{(i(n),-i(n),0):ne N}.

Define the R-module morphism Y LA B x-‘,’i,;';]N M such that ¢(e, f,m) = (e + f,m). Notice that
¢(i(n),-i(n),0) = (0,0) for all n € N. p(e+ f) = p(e) +p(f) = f(m) +g(m) + (f + g)(m) as
p(e) = f(m) and p(f) = g(m). The following diagram commutes:

(4,0,0)

0 > N > Y > M > 0

ile o] idMl

0 —— N D Pyl M s M —— 0.
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The upper extension (the Baer sum of the extensions induced by f and g) is equivalent to the lower
extension (induced by f + g). The mapping preserves the group action. A group homomorphism
with trivial kernel is injective. Combined with surjectivity, this makes the mapping bijective. [

Remark 4.65. Extg(M, N) is an abelian group, but it has no R-module structure (unless R = Z).
If R is commutative, then Extp(M,N) is an R-module (see Remark . Extr(M,N) will
be endowed with an R-module structure based on this isomorphism between Ext};i(M ,N) and
Extr(M,N). This construction copies the R-action of Exty(M,N) to the isomorphic abelian
group Extr(M, N). The R-module structure of Extg(M, N) depends on the isomorphism of Theo-
rem Another isomorphism, will give another R-module structure on Extg(M, N). Henceforth,
it will be assumed that the R-module structure of Ext(M, N) comes from Theorem [1.64]

Lemma 4.66. Let R be a ring. Let M be an R-module. The following statements are equivalent:
1. M is injective, i.e. the statements of Lemma [£.19 hold.
2. Exth(N, M) =0 for all R-modules N.

Proof. 1= 2: See Example
2 = 1: If Extp(N, M) = 0 for all R-modules N, then by Theorem Extr(N,M) = 0. Every

exact sequence 0 — M LELN SO split. Statement 2 of Lemma [4.19|is satisfied. O

4.5 Dual statements: projective modules

This section is solely for the purpose of guaranteeing the existence of a projective resolution and
verifying it is a dual construction. This subsection can be skipped completely if you believe me
(or know that the statements about duality are true). I will work with index sets of arbitrary
cardinality. Assumption of the axiom of choice is necessary.

Lemma 4.67 (Dual to Lemma 4.19)). Let R be a commutative ring. Let M be an R-module. The
following are equivalent:

1. There exists an R-module K such that M & K is free.
2. Any short exact sequence of R-modules 0 -~ K - N - M — 0 splits.

3. Let f: X — Y be a surjective morphism (epimorphism) of R-modules and let g: M - Y be an
arbitrary morphism of R-modules, then there exists an R-module morphism h: M — X such
that foh=g.

4. The covariant functor Hompg(M, ) is exact.

Proof. We prove 2 = 1 = 4. The proof of 4 = 3 is the same as in Lemma m (replace coker
by ker). The proof of 3 = 2 is also the same as in Lemma (there is a section instead of a
retraction).

2 induces 1: Let {m;}ier ¢ M be a set of generators of M, where I is the index set. Define

RY 5 e;:=(...,0,1,0,...). The R-module morphism R’ %, M for which d(e;) =my; (i e)is

——
i-th position

surjective. The sequence 0 — ker ¢ — R’ LA M — 0 is exact. It is split. So M @ ker ¢ = R'.
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1 induces 4: There exists an R-module K such that M @ K is free. Say M @ K = R for some index

set I. The exact sequence 0 - K 5 R4 M 5 0 with ¢ the inclusion and q the quotient, is split.
Now Homp(R!,_) is exact. This is because Homp(R, A) = A for any R-module A. The element
1 € R can be sent to any element of A. This determines the whole R-module morphism from R to

A. So Hompg(R!, A) = AT and therefore Hompg(R!,_) is exact. Let 0 - A LB C>0bean
exact sequence. The following diagram arises:

0 0 0

| | l

0 —— Homp(M, A) —°= Homp(M, B) —2=5 Homp(M,C)

,oql ,oql ,oql

0 —— Homp(R!, A) —L°= Homp(R!, B) —2=5 Homgp(R!,C) — 0.

- M M

0 —— Homp(K,A) — Homp(K, B) —~— Hompg(K,C)

| | |

0 0 0

A diagram chase similar to diagram shows surjectivity of Homg (M, B) EARN Homg(M,C). O

Definition 4.68. Let R be a commutative ring. Let M be an R-module. M is projective if the
statements of Lemma .67 hold.

Lemma 4.69. Every free module is projective.
Proof. The direct sum of a free module with 0 is free. O

Definition 4.70 (Dual to Definition4.28)). Let R be a ring and let M be an R-module. A projective

. . d . C .
resolution of M is an exact sequence ... — Py L PSP 2 M — 0 with projective R-modules P;
for ¢ > 0. If all the P; are free, then it is called a free resolution.

Remark 4.71. Notice the order reversal compared to injective resolution defined in Definition [1.28]
The order reversal will disappear by application of the Ext-functors. Compare Theorem [4.52| with
Theorem This is because the projective resolution is in the left-hand contravariant term and
the injective resolution is in the right-hand covariant term.

Proposition 4.72 (Dual to Proposition [4.29)). Let R be a ring. Every R-module allows a free
resolution.

Proof. We will give a sketch of the proof. Let M be an R-module. Let {m;};.cr ¢ M be a set of

generators, where I is the index set. Define R! 5 ¢;:= (...,0,1,0,...). The R-module morphism

—_—
i-th position

R' % M for which #(e;) =m; (i €I) is surjective. The sequence 0 — ker ¢ — R’ % M — 0 is exact.
Do the same for ker¢. Let {n;};es c ker ¢ be a set of generators, where J is the index set. The
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R-module morphism R’ Y, ker ¢ for which ¢ (e;) = n; (j € J), is surjective. Compose ¢ with the
inclusion of ker ¢ in R?. Image elements of the composed mapping R/ — R! are mapped to 0 by
¢. Conversely, if ¢(z) =0 for z € R!, then x € ker ¢ and by surjectivity of 1, there is a y € R’ in the
pre-image of  under the composed mapping R7 — R!. Exactness at R’ is established. Etc. O

Corollary 4.73. Let R be a ring. Every R-module allows a projective resolution.

Proof. A free resolution is automatically a projective resolution by Corollary O

Theorem 4.74 (Dual to Theorem. Let R be aring, let M, N be R-modules and let f: M — N
be a morphism of R-modules. Let (P,,d) be a projective resolution of M and let (Q.,e) be a
projective resolution of N. There exists a chain map g: (P.,d) — (Q.,e) such that the following
diagram commutes:

y P —2 s pp 2 M > 0
Qll gol fl
y Q1 —25 Qy —— N > 0

This chain map g is unique up to chain homotopy.

Proof. Use property 3 of Lemma [£.67] in the same way property 3 of Lemma was used in
Theorem [4.36] O

Corollary 4.75 (Dual to Corollary |4.37). If there exists multiple projective resolutions of M, then
these resolutions are chain homotopy equivalent.

Remark 4.76. Let R be aring. Let N and M be R-modules. Dual to Definition the R-module
Ext% (M, N) can be constructed as follows. Take a projective resolution (P,,d) of M. Apply
Hompg(_, N) to (P.,d) to get a cochain Hompg((FP,,d), N) and take the i-th cohomology of it.
Remark 4.77. For PIDs injectivity and divisibility were equivalent (Lemma and Lemma [4.24]).
In a PID free and projective are equivalent as well. Let R be a PID. Take a projective R-module
P. There exists an R-module Q such that P& Q is free. Say P ® Q = R! where I is an index set.
Now P is a submodule of R!. Let m;: Rl — R be the projection for i € I. Now 7;(P) is a submodule
of R. Submodules of R are ideals. As R is a PID, there exists a « € R such that m;(P) = (z). If
x =0, then m;(P) is free of rank 0. If  # 0, then m;(P) is free of rank 1. Hence P is free itself. This
argument goes for any submodule of a free module over a PID. Therefore, we state the following
lemma.

Lemma 4.78. Let R be a PID. A submodule of a free module is free.

Remark 4.79. Tt is necessary to let the ring be a PID. For example Z /37 is projective in Z [6Z
(Chinese remainder theorem), but not free. So in general, projective non-free modules exist.

Example 4.80 (Dual to Example 4.45)). Let R be a ring. Let M be a projective R-module. Now
0 - M — M — 0 is a projective resolution of M. So Ext(M,N) =0 for every R-module N and
every ¢ > 1.

Example 4.81 (Dual to Example[4.46)). Let M be a Z-module. There exists a surjective Z-module

morphism P EN M with P free. By Lemma ker f is free itself. In particular, P and ker f are
free. So 0 — ker f - P - M — 0 is a projective resolution of M. Therefore Extz(M,N) = 0 for
every Z-module N and every i > 2.
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Theorem 4.82 (Dual to Theorem [4.52)). Let R be a ring. Let A, B, C, M be R-modules and let

0-A EN B % C - 0 be a short exact sequence. There exists a long exact sequence:

0 —— Homp(M,A) —°=5 Homp(M, B) —=5 Homp(M,C)

do
Exth (M, A) —° Bxth (M, B) —2— BExth(M,C)

(14)
01

Ext%(M, A) — Bxt% (M, B) —2— Ext%(M,C)
M

Remark 4.83. The converse of Lemma holds as well. In the Baer sum was set up to show
that a module over a ring for which the Ext'-groups vanish for any module in the left-hand term,
must be injective. A dual statement holds for projective modules. In the proof of Theorem
for the injectivity a section will be found instead. For the surjectivity, using a projective resolution
will lead to the same result. The proof can be dualised.

Lemma 4.84 (Dual to Lemma [4.66). Let R be a ring. Let M be an R-module. The following
statements are equivalent:

1. M is projective, i.e. the statements of Lemma [£.67] hold.
2. Extp(M,N) =0 for all R-modules N.

4.6 A projective resolution induces an injective resolution

At one point in the proof of the UCT, we will start out with a projective resolution and turn it
into an injective resolution. In this subsection we will show this is done. The application of this

technique is found in §16.1|

Let G be an abelian group. It allows a free resolution (see Lemma [4.72)) of the form 0 — F; —

Fy ER G — 0 (see Example . Obviously F; = ker f. By surjectivity, there is an isomorphism
G 2 Fy/Fy. Now Q is divisible (and therefore injective over Z) and so Fy ® Q is divisible as well.
Hence (Fy ® Q)/F7 is divisible. In this case view F} as the subgroup F; ® Z c Fy ® Q. There is an
embedding of Fy/F; into (Fo ® Q)/F;. The cokernel of the embedding is again divisible. Define
Ip:= (Fo®Q)/Fy and I := Fy/G. Tt follows 0 = G — Iy — I; — 0 is an injective resolution.

Remark 4.85. In the proofs of Lemma and Proposition it was assumed that any module
over a commutative ring is included in an injective module. Using this method of constructing an
injective resolution, it can be shown for abelian groups that every module is indeed included in an
injective module. This method can be generalised to modules over a PID. For PIDs, injectivity
of a module is the same as divisibility (see Lemma and Lemma [£.24). The field of fractions,
when viewed as a module, is divisible and therefore injective. There is an obvious inclusion of a
domain into its field of fractions. So this method works for all PIDs when Q is replaced by the field
of fractions. (Q is the field of fractions of Z). It cannot be further generalised to any domain or

40



any ring. An injective module over a domain must be divisible, but a divisible module need not be
injective. For a non-domain, there is no such thing as the field of fractions.
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Part II
C-algebras and K-theory

5 C*-algebras

This section is an introduction to some important definitions, facts about and constructions on
C*-algebras. It is necessary for understanding the later sections; Busby invariants in K-theory
in §7] and KK-theory in In order to keep this as brief as possible, proofs will be limited to a
few sentences or else there will be references to other sources.

5.1 The definition of C*-algebras and a few examples

Definition 5.1. A normed algebra (over a field) that is complete with respect to the metric induced
by its norm is called a Banach algebra.

Definition 5.2. A *-algebra is an algebra A over C combined with a function A 5A (denoted by
superscript) such that

(a+b)* =a*+b*, (Ma)* =Aa*, (ab)* =b"a”, (a*)" =a, Va,be A, XNeC.
Definition 5.3. A Banach *-algebra A is a C*-algebra if ||a*a|| = ||a]|* for all a € A.
Definition 5.4. A C*-algebra is unital if it possesses a multiplicative unit.

Example 5.5. Let H be a Hilbert space. The bounded operators form a C*-algebra B(H) if
the adjoint is its *-operation. It is always unital. The compact operators form an ideal K(H) c
B(H). The compact operators possess a unit if and only if A is finite dimensional. All infinite
dimensional separable Hilbert spaces are isomorphic (just connect orthonormal bases). The C*-
algebra of bounded operators on an infinite dimensional separable Hilbert space are denoted by B
and the compact operators by K.

Example 5.6. Let X be a locally compact Hausdorff topological space. A continuous function X EN
C wvanishes at infinity if for every € > 0 the set {z € X:|f(x)| > €} is compact. The set of functions

xLtc vanishing at infinity is denoted by Cy(X). The function Co(X) 3> f — sup,x |f(z)] is a
norm (this is called the supremum norm). The operation Co(X) > f — (xz — f(x)) € Co(X) is a

s-operation on Cy(X). With this norm and *-operation, Cy(X) is a C*-algebra. It is unital if and
only if X is compact [2I, Examples 1.1.2, 1.1.3, 2.1.2].

Definition 5.7. A *-homomorphism is a linear map between C*-algebras that preserves multipli-
cation and *-operation.

Remark 5.8. We can speak about the category of C*-algebras with objects C*-algebras (Defini-
tion and morphisms *-homomorphisms (Definition .

Lemma 5.9. *-homomorphisms between C*-algebras are norm-decreasing and hence continuous.

Proof. See [21], Theorem 2.1.7]. O
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Definition 5.10. A *-homomorphism is unital if its domain and codomain contain a multiplicative
unit and the *-homomorphism preserves the multiplicative unit.

Remark 5.11. Unital *-homomorphisms are ring homomorphisms; they preserve invertible elements.
In the category of unital C*-algebras, morphisms will be required to be unital. The category of
unital C*-algebras is not a full subcategory of the category of C*-algebras. The zero map is a
s-homomorphism. For instance, if preservation of the multiplicative unit is required, then there is
only one morphism from C to C.

Remark 5.12. From now on, in a unital C*-algebra, the multiplicative unit is called the unit and
the additive unit will be called the zero, as we do in rings.

Definition 5.13. Let A be a C*-algebra. An element a € A is called positive if there exists a be A
such that a = b*b.

Remark 5.14. This definition is in fact the result of a theorem. See [21, Theorem 2.2.5 (1)].
Lemma 5.15. A s-homomorphism between C*-algebras preserves positive elements.
Proof. »-homomorphisms preserve the *-operation and multiplication. Apply this to Definition[5.13

O

5.2 Multiplier C*-algebras

Definition 5.16. Let A be a C*-algebra. A double centraliser on A is a pair (L, R) of bounded
linear maps L, R from A to A such that L(ab) = L(a)b, R(ab) = aR(b) and R(a)b = aL(b) for all
a,be A. The set of double centralisers of A is called the multiplier algebra and denoted by M(A).

Example 5.17. Let A be a C*-algebra. Let ¢ € A. Left- and right-multiplication by ¢ forms a
double centraliser. The operator norm of both the left- and right-multiplication is ||c|| as a result
of |lec*|| = |lc*|* = |le*|| - |lc||. Likewise ||c*c|| = ||c||* = ||c*|| - ||c||. The left- resp. right-multiplication is
denoted by L. resp. R..

Lemma 5.18. Let A be a C*-algebra. M(A) is a vector space.

We will now construct a multiplication on the multiplier algebra, so that M(A) indeed becomes an
algebra. See the following proposition.

Proposition 5.19. Let A be a C*-algebra. M(A) is an algebra under this multiplication:
(L1, Ry)(Lg, R2):= (L1 Lo, RoRy).
Proof. The following equations hold for all a,be A. So (L1Ls, RoR1) € M(A).

Ll(Lg(ab)) :Ll(Lg(a)b) = L1L2(a)b
RQ(Rl(ab)) :RQ(aRl(b)) = aRgRl(b)
Rg(Rl(a))b :Rl(a)LQ(b) = aLl(Lg(b))

Associativity and distributivity hold for all linear operators. O

Lemma 5.20. Let (L, R) be a double centraliser on a C*-algebra A, then ||L|| = ||R]|-
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Proof. By boundedness we get [|aL(b)|| = ||R(a)b|| <||R]|-||al| - ||b]| for a,b e A. By the C*-property
IL(5)* L) = IL®)I* = [|L(5)*[| - [IL(D)]]-

Together [|L(b)[| = supyqc1 [laL(D)I| = supjqcr [[R(a)bl] < [|R][ - ||b]|. Hence [[L]| < [|R].

Likewise [|R(a)|| = supyy<; [R(a)bl] = supyp<r [laL(B)]] = llall - [|L]]. So [IR]| <[|L]]. O

Proposition 5.21. Let A be a C*-algebra. Define L*(a):= (L(a*))* and R*(a):= (R(a*))* for
a€A. Then (L,R)*:= (R*, L") defines a *-operation on M (A).

Proof. L* and R* have the following properties:

L*(Ma) = (L(Aa*))* = (AL(a*))* = AM(L(a*))* = AL*(a) for all a € A,\ e C (15)

R*(ab) = (R((ab)*))* = (R(b*a™))* = (b"R(a"))" = (R(a*))*b=R*(a)b for all a,be A  (16)
L*(ab) = (L((ab)*))* = (L(b*a™))* = (L(b")a™)" = a(L(b*))* =aL*(b) for all a,be A (17)
L*(a)b=(L(a*))*b=(b"L(a"))" = (R(b*)a")" =a(R(b*))" =aR*(b) for all a,be A (18)
(L1L2)" (@) = (11 La(a™))" = (La(L3())*)" = Li(L3(a)) for all ac A (19)

((L1, Ri)(L2, R2))" = (L1L2, RoR1)" = (R Ry, L1L3) = (L2, R2)" (L1, R1)” (20)

L* is linear by . The same holds for R*. From , and , it follows that (R*,L*) € M(A).
The *-operation is antilinear as (AL)* = AL* and (AR)* = AR*. The order reversal of the multipli-

cation in follows O

Remark 5.22. Equation holds for R and Ry as well. There is no order reversal of linear
operators L1 and Lo in equation , because the *-operation switches the left- and right-hand
side of the double centraliser

Corollary 5.23. Let A be a C*-algebra. Then M(A) is a *-closed subalgebra of B(A) & B(A)
(where B(A) is the Banach algebra of bounded linear operators on A) and hence a C*-algebra.
Moreover, M(A) is unital.

Proof. M(A) is a closed subspace of B(A)®B(A). A closed subset of a complete space is complete.
The operator norm on the Banach algebra of bounded operators is a C*-norm. So the norm of
Lemma is a C*-norm. The element (id4,ids) € M(A) forms a unit, so M(A) is unital. O

Remark 5.24. To see that the operator norm of the Banach algebra of bounded operators is a
C*-norm, notice that |[R*L|| < ||[R*|| - ||L|| = |IRI|-||Z]| = ||IL||* by Lemma Conversely, if
lall <1, then [IL(a)|* = [|(L(a))* L(a)|| = [IL*(a*)L(a)|| = [la* R*L(a)|| < |[R*L(a)|| < [|R"L||. As
LI = supaer IL(@)|12, we get [IL|2 <|[R*LI|. So (L, R)* (L, R)|| = (L, R)|?. The C*-property is
satisfied.

Lemma 5.25. Let A be a C*-algebra. A can be viewed as a C*-subalgebra of M(A) by left- and
right-multiplication (see Example [5.17]).

Proof. The map ¢ - (L¢, R.) is a *-homomorphism, as (L., R.)* = ((R.)*,(L¢)*) = (Ler, Rex ). Via
Example the *-homomorphism is an isometry. O

Lemma 5.26. A is an ideal of M(A) when viewed as a subalgebra of M(A) via Lemma
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Proof. A is a left-ideal by the left-hand column and a right-ideal by the right-hand column.

(Lco L)(a) = cL(a) = R(c)a (LoL¢)(a)=L(ca) =L(c)a
(RoR.)(a) = R(ac) = aR(c) (R.oR)(a)=R(a)c=aL(c)
(Le, Re)(L,R) = (L.oL,Ro R,) (L,R)(L¢,Re) =(LoL.,R.oR)
= (Lr(e)s Rr(ey) =(Lrey, Ri(ey) O

Corollary 5.27. If A is unital, then A 2 M(A).

Proof. If A is unital, then (L1, R;) € A is the unit of M(A). An ideal that contains an invertible
element cannot be proper. O

Remark 5.28. We owe a lot of credits to Wegge-Olsen [34] later on. He identifies M(A) by using
a faithful representation of A, which he requires to be non-degenerate. We have not defined all
of that; it would take unnecessarily much space. His characterisation depends on the choice of
representation. Our characterisation is canonical!

5.3 Unitisation and Gelfand duality

Lemma 5.29. Let A and B be C*-algebras. Then the Cartesian product A x B equipped with the
following pointwise operations and norm forms a C*-algebra:

e (a1,b1)+ (az,be):= (a1 +ag,by +bs)
o (ay,b1)- (az,b2):= (araz,b1b2)

e (a,b)*:=(a*,b")

o |[(a;b)[|:= max{|all, o[l }

Proof. This norm is subadditive, submultiplicative. It is non-negative and zero if and only if both
entries are zero, i.e. the element is zero. The norm is a C*-norm as

I(a®b)* - (a®b)|| = max{[la*all,[[b"b|[} = max{[lal[*, ltl*} = (max{[lall, [6]]})* = [la@b]*. O

Definition 5.30. The C*-algebra of Lemma is called the orthogonal direct sum of A and B.
It is denoted by A @ B and pairs (a,b) € A @ B are denoted by a @ b.

Definition 5.31. Let A be a C*-algebra. If A is non unital, then the C*-algebra generated by A
and the unit 1,44y is called the unitisation of A. Norms are taken from M(A).

If A is unital, then the orthogonal direct sum A @ C is the unitisation.

The unitisation is denoted by A.

Remark 5.32. A is embedded in A as an ideal. See Lemma m for the non-unital case. For the
unital case, it is obvious that A®0 c A& C form an ideal. The quotient A/A = C in both the unital
and non-unital case. In the unital case, the unitisation creates a new unit.

Lemma 5.33. A morphism between arbitrary C*-algebras induces a unique unital *~-homomorphism
between the unitisations. Unitisation is functorial.
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+ (fide) . . . .
Proof. Let f: A — B be a *-homomorphism, then A (f—)> B is a *-homomorphism. It is unital
since (f,id¢)(0,1) = (0,1). This construction clearly preserves compositions and identities. O

Remark 5.34. From now on the unitisation of a *-homomorphism will be denoted by f also.

Theorem 5.35. Let X be a locally compact Hausdorff space and X., denote its one-point com-
pactification. The map Co(X) 3 (f,\) = f+ A e C(Xo) is a *-isomorphism.

Proof. The unit in Cy(X) is the added unit, denoted by (0,1). The unit in C(Xs) is the con-
stant function 1. The map preserves the unit. It preserves addition and the =-operation. For
(fyA), (g, 1) € Co(X), the product is (f,A)-(g,1) = (fg, uf + Ag, Ap). The map clearly preserves
the product. So the map is a *-homomorphism. The kernel is (0,0), so it is injective. The image
of (Co(X),0) is Co(X) ={f € C(Xo): f(0) =0)}. Now C(Xoo)/Co(X) = C. Similarly the image
of (0,C) is the set of constant maps in C(Xs ). By counting dimensions, the map is surjective. [J
Theorem 5.36 (Gelfand duality). There is an anti-equivalence between the categories of locally
compact Hausdorff topological spaces with proper (the pre-image of a compact subset is compact)

continuous maps and commutative C*-algebras. Under this anti-equivalence, the category of com-
pact Hausdorff topological spaces is anti-equivalent to the commutative unital C*-algebras.

Proof. We will show that the functor Cy(-) from Example is an equivalence of categories. We
will first restrict Co(-) to the compact Hausdorfl spaces. This restriction will be denoted by C(.).
The essential surjectivity of C'(_) follows from [23] Theorem 1]. For the fully faithfulness, see the
remarks below [23, Theorem 1]. For the non-unital case, use Theorem [5.35] The unitisation of
a commutative non-unital C*-algebra is linked to a compact Hausdorff space. A C~-algebra is
a maximal ideal in its unitisation. The ideal space of a commutative unital C*-algebra forms a
bijection with the points of the compact Hausdorff space it is linked to. See [7, Theorem VII.8.7]
for this fact. This way, a commutative non-unital C*-algebra is uniquely (up to homeomorphism)
linked to a locally compact Hausdorff space. The fully faithfulness follows immediately from the
fully faithfulness of the unital case. O

Remark 5.37. Between compact Hausdorff spaces, every continuous map is proper.

5.4 Tensor products on C”-algebras

Lemma 5.38. Let A and B be #-algebras. Then A ®¢ B, can be endowed with the following
product and *-operation:

e (a®b)*=a"®b  forac A, beB
e (a1 ®b1) (aa ®by) = (ajaz ® bibs) for ar,as € A, by, by € B.
Proof. The anti-linearity follows from this equation:
(Ma®b))*=(Ma®b)* =(\a)* ®b* =Xa*®b* forallae A,be B,\eC.
The order reversal of the *-operation follows from this equation:
((a1 ®b1)(a2®b2))* = (a1as ® b1be)* = ajal @ b3b] =
(a5 ®b3)(a] ®b]) =(az®b2) (a1 ®by)* for allae A,be B.

The associativity follows from the associativity of A and B. The distributivity is immediate. O
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Remark 5.39. In most cases the ring of the modules is clear and omitted from the tensor product
notation. For the construction of the tensor product of modules over a ring, see Definition A
x-algebra is always a complex vector space. Because C is a field, a pure tensor of two non-zero
elements can never be zero.

So now one wonders, if A and B are C*-algebras, then what is the C*-norm on A ® B? No unique
answer exists. Firstly, the tensor product is most of the time not complete with respect to the
norm. It needs to be completed. Secondly, there is no canonical C*-norm. A different norm makes
a different completion. There may be multiple ways in which a tensor product can be completed
with respect to a C*-norm. At least two explicit constructions exist; the spatial norm ([21 p.
190])(a.k.a. the minimal norm, see [2I], §6.4]) and the mazimal norm. The spatial norm is built on
the Gelfand-Naimark-Segal representation([21, §3.4]) of both C*-algebras (this construction implies
that every C*-algebra is a #*-subalgebra of B). The maximal norm is the set-theoretic pointwise
maximum (indeed an upper bound can be found, see |21, p.193]) of each possible C*-norm on the
tensor product. This maximum of C*-norms satisfies the C*-property. This thesis will not go into
the details and properties of norm constructions on tensor products. The values of the minimal
and maximal norm give pointwise lower and upper bounds for all other C*-norms.

Remark 5.40. On the pure tensors, all possible norms agree, see [2I, Remark 6.4.4].

Remark 5.41. Some authors use ‘@’ instead of ‘®’ to denote the algebraic tensor product in order
to emphasise the omission of a norm. In this thesis, tensor products of C*-algebras are always
normed, so there is no need for more notation.

Definition 5.42. Let A be a C*-algebra. A is called nuclear if there exists only one C*-norm on
A ® B for every C*-algebra B.

Remark 5.43. Equivalently, A is nuclear when the minimal norm and maximal norm on A® B agree
(on every element of A ® B) for every C*-algebra B.

Example 5.44. K is nuclear. But B is not nuclear. See [21], p. 216].

Remark 5.45. A tensor product with a finite dimensional C*-algebra is automatically complete.
Therefore a finite dimensional C*-algebra is nuclear. An elaborate proof can be found in [21]
Theorem 6.3.9]. It builds on the fact that every finite dimensional C*-algebra is the direct sum of
matrix algebras ([21I, Theorem 6.3.8]).

Theorem 5.46. All commutative C*-algebras are nuclear.

Proof. See [21], Theorem 6.4.15]. O
Lemma 5.47. A tensor product of nuclear C*-algebras is nuclear.

Proof. Use the nuclearity property twice. O

Remark 5.48. A tensor product with not all of the C*-algebras nuclear need not be nuclear. Tensor-
ing with C leaves a C*-algebra invariant. If true, a non-nuclear C*-algebra would become nuclear.

Definition 5.49. Let A be a C*-algebras. K®A is called the stabilisation of A.
A C”-algebra A is called stable if Az K®A

Remark 5.50. Some others use A® to denote the stabilisation of A. This is mostly done in combi-
nation with multiplier and corona algebras.

47



Example 5.51. K is stable. B is not stable, as K®B ¢ B. In general, no unital C*-algebra is
stable. In particular, no finite dimensional C*-algebra is stable.

Example 5.52. Any stabilisation of a C*-algebra is stable. This follows from the stability of K
and from the associativity of tensor products.

Definition 5.53. Let A and B be C*-algebras. A and B are stably isomorphic if K®A =2 K®B.

Remark 5.54. Stable isomorphisms do not imply isomorphisms. For instance, K2 K®C ¥ K® K.
But C and K are not isomorphic.

5.5 Direct limits

In the category of C*-algebras all (co)limits exist. The statement is found in [8, Proposition 19,
page 8]. In particular, direct limits exist. In this subsection we will go over a few examples and
show their particularities. We will return to these examples in §7] where we will calculate their
K-groups.

Example 5.55. An i x i-matrix can be embedded into (i + 1) x (i + 1)-matrix by adding a column
and a row of zeros. For C-valued matrices, this embedding is a *-homomorphism. The map

M;(C)> X — ()O( 8) € M;41(C), for i > 1, defines a cotower of C*-algebras. In lim M, (C), the
X 0 X 00

matrices X € M;(C), (0 O) € M;41(C), | 0 0 0] € M;;2(C), et cetera represent the same
0O 0 O

element. It turns out lim M, (C) = K.
—

Example 5.56. Let A be a C*-algebra. The previous example can be generalised. The x*-

homomorphism M;(A)> X — (i)( 8) € M;,1(A), for i > 1, embeds M;(A) into M;.1(A) and this

defines a cotower of C*-algebras. Now h_r)nMn(A) = h_I)n(Mn((C) ®A)= (h_rr)l M,(C))® A=KegA.
Example 5.57. M>(C)®...® M,;(C) can be embedded into M(C) ® ... ® M(,,.1y(C) this way:
M(C)®...® My (C) 3z — z @ diag(z, 2, ...,x) € M2(C) ® ... ® M(5,41):(C).

This embedding is not obtained by adding zeros, but by repetition. It is a *-homomorphism. These
embeddings form a cotower. The direct limit omits the structure morphisms from the notation,
but they definitely matter! We will see that in Example This C*-algebra will be used in the
proof of the UCT as given in Theorem [17.3

Remark 5.58. It is easy to determine the norm on a direct limit. In a cotower of C*-algebras

fi1, X,

f1, fii
X, 12} X5 > > X1 *H) Xiyp —

each of the structure morphisms f; ;41 is a *-homomorphism and therefore norm decreasing (Lemma(5.9)).
So for x € X;, the sequence {||f; i+;(7)|x, }72; is decreasing, but bounded from below by 0. By the
monotone convergence theorem{||fi i+;(2)||x, }2; has an infimum. For every « € lim X, there exists
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an x; € X; such that x; is a pre-image of = € li_r)nXi under the *-homomorphism Xj; LN h_r)nXl This
infimum defines a C*-norm, see the following equations:

inf {1 f5,54k (fig (@))|lx, 372 < f{[]figon (@)l 15500 (010 Fi20 =
(inf{[[.fi jor (2)||x, o2 (d{][f 500 (WIx, }o20) i<, v € Xi, y e X

inf{[| fii+; (Ax)x; ;Zl = inf {|\]|| fi,i+ () x; ;‘.;1 = [NAnf{|| fi,645 (2)]|x, 511 reX;AeC.
If inf{||fiirj(2)llx, }521 = 0 for x € X;, then p;(x) =0 (by contradiction).
nf{||fi,ie5 (@ 2)lIx, 1520 = E {1 fiirs () Fring (@), 3520 = (| Fring (I, 3520 = (0 {]l g (2)1x, }520)%.

Definition 5.59. An AF-algebra is a C*-algebra A that allows a sequence {4;}32; of finite dimen-
sional C*-subalgebras, ordered by inclusion, such that U;s; 4; is dense in A.

Remark 5.60. Let A be an AF-algebra. Let be {A;}2, be a sequence of finite dimensional C*-
subalgebras, ordered by inclusion, such that U;s; 4; is dense in A. The inclusions A; — A;,; define
a cotower. Now A =lim A;. See [2I, Example 6.2.4].

Example 5.61. K is an AF-algebra via Example [5.55] The direct limit from Example [5.57]is an
AF-algebra.

Theorem 5.62. AF-algebras are nuclear.

Proof. See [21], Theorem 6.3.11]. O

5.6 Representations and postliminal C*-algebras

Definition 5.63. Let A be a C*-algebra. A representation of A is a *-homomorphisms A 5 B(H),
where H is a Hilbert space.

Definition 5.64. Let A be a C*-algebra and let % be a Hilbert space. Let A = B(#) be a
representation. A linear subspace K c H is invariant under 7 if w(a)h € K for all a € A and all
hek.

Definition 5.65. Let A be a C*-algebra and let H # 0 be a Hilbert space. Let A > B(#) be a
representation. If the only linear subspaces of H invariant under = are 0 and H, then 7 is called
irreducible.

Lemma 5.66. The Hilbert space of an irreducible representation of a separable C*-algebra is
separable.

Proof. See [9], 2.3.3]. O

Remark 5.67. There is up to isomorphism only one non-finite separable Hilbert space by Exam-
ple 5.5

Definition 5.68. Let A be a C*-algebra. If 7(a) is compact for every a € A for every irreducible
representation A *> B(#,), then A is called liminal.
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Definition 5.69. Let A be a C*-algebra. If every non-zero quotient of A possesses a non-zero
liminal closed two-sided ideal, then A is called postliminal.

Lemma 5.70. Every postliminal C*-algebra is liminal.

Proof. See [21], p.169]. O
Remark 5.71. The converse is false, see |21, Example 5.6.4].

Lemma 5.72. Every ideal and every quotient of a (post)liminal C*-algebra is (post)liminal.
Proof. See [21], Theorem 5.6.2]. O

Definition 5.73. Let A be a C*-algebra. A composition series for A is a family (I)p<q of ideals
indexed by the ordinal numbers § less or equal to the fixed ordinal number «, such that:

e [,=Aand I, =0.
o If y<fB<q,then Igcl,
[ U’Y</3]'Y:Iﬂ'

Theorem 5.74. Let A be postliminal C*-algebra. Then there exists a composition series (I3)g<a
for A such that Ig.1/Ig is postliminal for all 5 < a.

Proof. See [21], p. 172]. O

Theorem 5.75. Let A be separable postliminal C*-algebra. Let (Ig)3<q be a composition series for
A satisfying Theorem There exist locally compact Hausdorff spaces {Y3}3<q-1 and separable
Hilbert spaces {Hs}g<a-1 such that Ig,1/Ig = Co(Yp) ® K(Hp) for f<a—1.

Proof. This result is also stated in [30] p.449-450]. The proof follows from the relation between the
topological space of primitive ideals of A ([21, p.156]) and the quasi-spectrum ([9, §7.2]). O

Theorem 5.76. Postliminal C*-algebras are nuclear.

Proof. See [21], p. 226]. O

5.7 Separability and o-unitality
Definition 5.77. A C*-algebra is separable if it contains a countable dense subset.
Proposition 5.78. A C*-algebra is separable if and only if it is countably generated as a *-algebra.

Proof. Let A be a separable C*-algebra. There exists a countable and dense subset X c¢ A. The
C*-algebra generated by X must be A; it is the smallest C*-algebra that includes X. Conversely,
let X be a countable set. Then X u X* is countable. Now the set of finite sums of Q[i]-scalared
finite products of elements of X uX™* is countable and dense in the C*-algebra generated by X. [

Example 5.79. All finite dimensional C*-algebras are separable.
Example 5.80. K is separable as it is generated by rank one operators (see Definition [9.11)).

Example 5.81. B is not separable.
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Lemma 5.82. The tensor product of separable C*-algebras is separable.

Proof. Follows from Proposition the union of the set of pairs of the generators from the
respective C*-algebras plus the set of pairs of generators of one with generators of the other under
the *-operation is countable. O

Definition 5.83. Let A be a C*-algebra. An approxzimate unit of a C*-algebra is an increasing
net {uy}aea of positive elements in the closed unit ball such a = limy uya for all a € A.

Definition 5.84. A C*-algebra is o-unital if it allows a countable approximate unit.

Example 5.85. For unital C*-algebras the constant net {1} ca is an approximate unit. Hence all
unital C*-algebras are o-unital.

Lemma 5.86. All separable C*-algebras are o-unital.
Proof. See [21, Remark 3.1.1]. O
Lemma 5.87. The tensor product of o-unital C*-algebras is o-unital.

Proof. The tensor products of approximate unit elements of the respective C*-algebras forms an
approximate unit. O

Lemma 5.88. Every C*-algebra admits an approximate unit.
Proof. See [21], Theorem 3.1.1]. O

Remark 5.89. The definition and construction of approximate units build on the set of positive
elements with norm up to 1.

Theorem 5.90. Let A be a separable and unital C*-algebra and B be a unital C*-algebra. Let J
be a closed ideal of B. Let at least A, B/J or B be nuclear. For a unital norm-decreasing linear
map A LA B/J, there exists a unital norm decreasing linear map A LA B such that mo = ¢, where
B 5 B/J is the quotient.

Proof. The proof of a more general statement can be found in [4, Theorem 3.10]. O

Remark 5.91. Theorem [5.90| applies to *-homomorphisms in particular. But 1 need not be a
s-homomorphism. In Remark [13.50| the non-multiplicativity of v is revisited.

Remark 5.92. A positive map is one that preserves positive elements. Let k € N, a k-positive map
is one for which the induced map (coordinate wise) on the k x k-matrices is positive. Positive
maps are l-positive. A completely positive map is a map that is k-positive for all £ € N. Any
*-homomorphism between C*-algebras is completely positive.

Theorem 5.93 (Generalized Theorem of Stinespring). Let A be a separable unital C*-algebra
and let B be a o-unital C*-algebra. Let A LA M(K®B) be a unital, completely positive, lin-

ear map. Then there exists a *-homomorphism A 2 My(M(K®B)) such that ((b(oa) 8) =
1 0 1 0
(O O) p(a) (O O) for all a € A.
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Proof. The proof of a more general statement can be found in [I5, Theorem 3.2]. O

Remark 5.94. Other sources that reference results similar to the results of Theorem [B.90 and
Theorem may use different definitions. For example, in [2], [I6] and [4] the term contractive
map is used, which means a norm-decreasing map. A *-homomorphism between C*-algebras is
automatically norm-decreasing, see Lemma [5.9}

Remark 5.95. In |4, Theorem 3.10] the term nuclear map is used. The definition of nuclear maps
can be found in [4, p. 592]. For C*-algebras, being nuclear is equivalent to the identity being
nuclear under the given definition. For C*-algebras, if either the domain or codomain is nuclear,
then a *-homomorphism is nuclear (just pre- or post-compose with the identity on the nuclear
C~-algebras).

5.8 A special C*-algebra: C,

Definition 5.96. Define C; to be the C*-algebra isomorphic to C? as a vector space, with gener-
ators 1 and ¢; for which 12 =1, 6% =1,1-€1=€1,€1-1=¢€1,1" =1 and €] =¢€;.

Remark 5.97. Cy is isomorphic to C? as a -algebra too. The non-trivial ideals are {)\1*%: AeC}
and {)\1’%: A € C}. And so the multiplicative structure is the same. Denote by C? the endowment of
C? with a pointwise addition and *-operation, the multiplication A1) (Ao, o) = (A1 Ag + Ao +
1 Aa, 1 o) and the norm ||(A, 1) = |A+p|. Now C’isa C~-algebra, see |21 p.40]. We establish a x*-

isomorphism between C; and C? by linearly sending C; 31 — (0,1) € C* and C; 3 ¢; — (-2,1) € C*.
It preserves the *-operation and multiplication, since (-2,1)% = (0,1). It is of rank 2 and therefore
surjective. The injectivity follows from the finite dimension. We endow C; with the ( C*-norm of C2.
The ideal in C? corresponding to {ALEL: X e CYis {(-A, A\): A € C} and the ideal in C? corresponding
to {A52: A e C}is {(A,0): A e C}.

Remark 5.98. C; is finite dimensional and unital. Therefore C; is separable, o-unital and nuclear.

Remark 5.99. C; is a Clifford algebra. More on Clifford algebras can be found in [16, §2.13] and
[32, §4.1]. C; is abelian. In general Clifford algebras are not abelian.

6 Extensions of C*-algebras

In this section extensions of C*-algebras are introduced. The differences and similarities with
extensions of R-modules will be pointed out in the first section. In the second subsection, we will
show that extensions of C*-algebras can be classified by *-homomorphisms, the so-called Busby
invariants. In the third subsection, the unitary equivalence on extensions of C*-algebras will be
defined. In the fourth subsection we will introduce several constructions related to extensions. In
the last subsection we will show that extensions of C*-algebras preserve certain properties.

6.1 Ideals and quotients of C*-algebras

Categorically speaking a (co)kernel of a morphism is the (co)equalizer of that morphism with the
zero morphism. For a commutative ring R, the category R — Mod contains kernels and cokernels.

Moreover, an R-module morphism M EN N induced the exact sequence H This raises the question
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whether kernels and cokernels exist for C*-algebras, i.e. are they objects in the category of C*-
algebras? If so, do quotients exist? Is the cokernel formed by a quotient? In (5) N/f (M) represents
coker f. For R-modules, cokernels can be written as the quotient by the image of the morphism.
The quotient of a C*-algebra by an arbitrary C*-subalgebra does not exist. In this section a few
result are worked through to show that (co)kernels exist in the category of C*-algebras. (If you
look in the literature, for C*-algebras, all limits exist. See [8, Proposition 19, page 8]).

Lemma 6.1. Two sided closed ideals of C*-algebras are closed under the *-operation.
Proof. See [21], Theorem 3.12 & 3.1.3]. O
Corollary 6.2. Two sided closed ideals of C*-algebras are C*-algebras in their own right.

Proof. Ideals are algebras, since they are closed under addition and multiplication. By Lemma [6.1
they are closed under the *-operation. A closed subset of a complete set is complete. O

Corollary 6.3. Kernels exist in the category of C*-algebras.

Proof. A *-homomorphism is always continuous by Lemma A norm defines a metric. Every
metric space is Hausdorff. So singletons are closed. So the pre-image of {0} is closed. O

Lemma 6.4. There exists a C*-norm for the quotient of a C*-algebra by a closed ideal.

Proof. Let A be a C*-algebra and let I be a closed ideal. I is a C*-algebra and possesses an
approximate unit. Let {u)}aea be an approximate unit on I. Let a € A, now for a € A/I define
||a||: = limy ||a — uxal|. This defines a norm as a € I if and only if @ =0. If a € I, then a = lim) uya, so
limy ||a + uxal| = ||a = a|| =|0]|. Conversely I is closed, so limyuya € I. If a ¢ I, then a —uya ¢ I for
any A € A. Hence ||a]| # 0. This norm satisfies the C*-property by [7, Lemma VIIL.4.6]. O

Corollary 6.5. The image of a *-homomorphism between C*-algebras forms a C*-algebra.

Proof. The image of a *-isomorphism is isomorphic to the domain modulo the kernel. The kernel
is a closed ideal. Hence the image is a C*-algebra under the norm defined in Lemma O

Theorem 6.6. Injective *~-homomorphisms between C*-algebras are isometries (preserve norms).

Proof. See |21, Theorem 3.1.5]. Tt suffices to show that an injective *-homomorphism preserves
norms for positive elements. For this, use Gelfand representation. See [2I, Theorem 2.1.10]. O

Remark 6.7. In a short exact sequence 0 — A - B LN C — 0, we the image a(A) is an ideal of
B as a(A) = ker 8. Via Theorem A and a(A) are isometrically *-isomorphic. From now on,
when speaking of the ideal a(A) c B we will just write A.

Corollary 6.8. Every short exact sequence of C*-algebras can be viewed as a triple of a C*-algebra,
a closed ideal and its quotient.

Proof. The left-hand object is the kernel of the right-hand morphism. The left-hand term forms an
ideal of the middle element. By surjectivity of the right-hand morphisms, the right-hand object is
the quotient of the middle object modulo the left-hand object.

Conversely every closed ideal of a C*-algebra can be extended to a short exact sequence by taking
its embedding and quotient. O

53



6.2 Extensions of C*-algebras

Lemma 6.9. Let A be a C*-algebra and let I c A be a closed ideal. The following are equivalent:
1. Let a€ A, al =0 if and only if a = 0.
2. Let ae A, Ia =0 if and only if a =0.
3. For every non-zero closed ideal J c A holds I nJ # 0.

Proof. 1 implies 2: I is closed under the *-operation by Lemma[6.1] So al =0 if and only if Ia* =0
for a € A.

2 implies 3: Suppose there is a non-zero closed ideal J c A such that I nJ = 0, then since IJ c
InJ=0, we have Ij =0 for all j € J. This contradicts statement 2.

3 implies 1: The elements a € A such that al = 0 form a closed ideal of A. This closed ideal must
have zero intersection with I, since I is closed under the *-operation. Since there exists no closed
non-zero ideal in A with zero intersection with I, we get al =0 only if a = 0. O

Definition 6.10. Let A be a C*-algebra and let I ¢ A be a closed ideal. T is essential in A if it
satisfies the statements of Lemma

Example 6.11. Let A and B be C*-algebras. Then A and B are non-essential ideals in A @ B.
This is easily seen from the fact that (a,0)(0,b) = (0,0) for every a € A and b e B.

Lemma 6.12. Let A be a C*-algebra and let I c¢ A be a closed ideal. There exists a unique

*-homomorphism A 4, M(I) such that ¢(a) = (Lg, Ry) for a € I. Moreover, ¢ is injective if and
only if I is essential.

Proof. Take ¢(b)(c) = (bc,cb) for be A and ce I. As I is an ideal, left- and right- multiplication
by an element of A are linear maps on I. They are bounded by submultiplicativity of the norm.

This forms a double centraliser on I. Let A 5 M(I) be another *-homomorphism such that
¥(a) = (Lg,Ry) for a € I. Then ¢(b) o (L¢, Re) = (b)¢(c) = ¢ (be) = (Lpe, Roc) for be A and ce I,
as I is an ideal. The same holds for ¢, as ¢(b) o (L., R.) = (Lpe, Ry ). Hence ¢ = 4.

If ¢ is not injective, then there is a non-zero element of A such that left- and right-multiplication
by this element are the zero maps on I. This means there is a b € A such that ba = 0 and ab =0 for
all a € I. Certainly statements 1 and 2 of Lemma [6.9] are not satisfied. So I is not essential in A.

Conversely, if I is not essential in A, then there is a non-zero b € A such that bl = 0, i.e. left-
multiplication by b is the zero map on I. Now certainly b*bI = 0. But 0 = (b*bI)* = Ib*b (in terms
of sets) by Lemma So right-multiplication by b*b is the zero map on I as well. So ¢(bb*) = 0.
As b #0, we get b*b # 0 by Definition So ¢ is not injective. O

Corollary 6.13. Let 0 — A 5B LN C — 0 be a short exact sequence of C*-algebras. There exists
a unique *-homomorphism B % M(A) such that (oo a)(a) = (L4, Ra).

Proof. By Remark we get that «(A) and A are isometrically *-isomorphic. Hence M(«a(A))
and M(A) are isomorphic. Since a(A) is an ideal of B, the corollary follows immediately from
Lemma [6.12) O
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Corollary 6.14. Every short exact sequence 0 — A 4B LN C — 0 of C*-algebras induces a unique
+-homomorphism C' - M(A)/A such that the following diagram commutes:

0 s A * v B b s C s 0

i | o| |

0 —— A ) T MA)/A —— 0.

Proof. 8 is surjective. So for every ¢ € C there exists a b € B such that ¢ = 3(b). Now define
7(c):=m(o(b)). This is well-defined. If for both by,bs holds B8(b1) = 8(b2) = ¢, then B(by — bs) =0,
to by — by € im . Hence there exists an a € A such that a(a) = by — bs. Now a(by — b3) = o(a(a)) =
(La, Ra) and 7w(o(by —b2)) =7((La, Ra)) = 0.

The uniqueness of 7 is immediate: if there exist two such *-homomorphism, then they have to differ
at a certain element ¢ € C. By the surjectivity of 8 we can pull back to an element of B and then
we see that the images of 7 are predetermined. Hence they are equal. O

Definition 6.15. A is a closed ideal of M(A) via Lemma Now M(A)/A is a C*-algebra via
Lemmal6.4 M(A)/A is called the corona-algebra of A and denoted by Q(A).

Example 6.16. For unital C*-algebras, the corona-algebra is trivial. See Corollary

Definition 6.17. For a short exact sequence of C*-algebras 0 — A 4 B LN C — 0, the *-
homomorphism C' - Q(A) found in Corollary is called the Busby invariant.

Lemma 6.18. Let A, B and C be C*-algebras and let A % Cand B LN C be *-homomorphisms.
Then {(a,b) e A® B: a(a) = 5(b)} is the pullback of « and S.

Proof. Clearly {(a,b) € A® B:a(a) = B(b)} is a =-algebra. Take the norm [|(a,b)|| = [|a(a)|c =
||8(b)||c. This norm satisfies Definition[5.3] By the continuity of o and 3, the *-algebra is complete
with respect to the norm. For the limit property, see the proof of Proposition [3.3 O
Lemma 6.19. Let A and C be C*-algebras. Let 7 € Homcx_,4(C, Q(A)). There exists an extension
0-A5B LA C — 0 of C*-algebras for which 7 is the Busby invariant.

Proof. Let PB be the pullback of 7 and M(A) 5 M(A)/A. We will fill this diagram:

PB —— C

(L,R) Tl

0 —— A—"3 M(A) /= M(A)JA —— 0.

Let c € C. As 7 is surjective, there exists a x € M(A) such that 7(z) = 7(¢). Hence (¢,z) € PB and
so PB — C is surjective. Now ker(PB — C) = {(0,2) e C® M(A):7(0) = 7n(x)}. As 7(0) =0, we
get m(x) = 0. From kerm = A, it must follow z € A. So ker(PB — C') = A. So there is an embedding

ida,0 . .
A g PB such that following diagram commutes:

0 y A 840 pp s C s 0

W ] i

0 —— AL pa) T M)A —— 0.
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By Corollary 7 is the only *-homomorphism to make the diagram commute. Hence 7 is the

Busby invariant of 0 — A M PB—(C—0. O

Definition 6.20. Let A and C be C*-algebras. Extensions of C*-algebras 0 — A LN B, ﬂ» C—-0

and 0 > 4 2% B, LN C — 0 of C by A are isomorphic if there exists a *-homomorphism By 2, By
such that the following diagram commutes:

0 y A2, B 20 > 0
idAl wl idcl
0 y A2y B, 2, ¢ > 0.

Remark 6.21. An extension of C*-algebras is an extension of C-vector spaces, i.e. C-modules.
Hence Lemma [4.10] applies. The middle *-homomorphism is an *-isomorphism and therefore being
extension isomorphic is an equivalence relation.

Remark 6.22. In Definition [£.54] we used the word equivalent for R-modules. In Definition [6.20| we
used the word isomorphic for C*-algebras. Although confusing right now, it will pay off later. A
unitary equivalence (Deﬁnition is weaker than an extension isomorphism. Unitary equivalence
allows us to add extensions, similar to what is done in Definition

Corollary 6.23. The Busby invariant defines a bijection between the set of isomorphism classes
of extensions of C*-algebras of C' by A and Homc+_,4(C, Q(4)).

Proof. For surjectivity, see Lemma [6.19
For injectivity, if two extensions of C' by A have the same Busby invariant 7, then they are isomorphic
to the extension created in Lemma[6.19 by the pullback PB of 7 and 7. The isomorphism is given

by the map B ), PB, where B % M(A) is the s-homomorphism given in Lemma The
two extensions are isomorphic to the same extension. Hence they must be isomorphic. O

Example 6.24. Let A and C be C*-algebras. The orthogonal extension 0 — A A AeC IS 0 0
corresponds to 0 € Homex_,5(C, Q(A)). Notice that A® C is the pullback of the zero map and the

quotient M(A) 5 Q(A).

Lemma 6.25. Let 0 — A% B 2 ¢ = 0 be an extension of C*-algebras. «(A) is essential in B if
and only if the Busby invariant 7 is injective.

Proof. Note that by Lemma we get a(A) is essential in B if and only if the corresponding
-homomorphism B % M(A) is injective. By construction moo =70 (. Now if o is injective, then
ker(moo) = A. Since ker 8 = A, we get kert = 0. Conversely, if ker7 = 0, then 7(o (b)) # 0 for
be BN A. Hence o(b) ¢ A. In particular, o(b) # 0. So o is injective then. O

Definition 6.26. A short exact sequence of C*-algebras 0 — A 4B LN C — 0 is split if there
exists a *-homomorphism C 2, B such that B o~y =ide. Then - is called a section of 3.

Remark 6.27. Besides being a linear map a section must preserve multiplication and *-operation.
This is a stronger condition than being a section of a short exact sequence of complex vector spaces.
In the following remark, we will see the equivalences of Lemma do not hold for C*-algebras.
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Remark 6.28. Every orthogonal sum is split. But not all split sequences are orthogonal. One

example is the unitisation if for a non-unital C*-algebra A. There is a natural exact sequence

id ,0 ~ TC . e . 1 .
0—-A (a0 g e, C — 0. Now the *-homomorphism C 2> A, with v()) = (0,)) € 4 is a section.

However, if A were to be the orthogonal sum of A and C, then C = Span{(id4,id4)} ¢ M(A) has
to be an ideal by Example This is not the case.

Remark 6.29. There are many other words used for split extensions of C*-algebras. In [34] and
[2] the word trivial is used. But not all split extensions are the same, so there is no such thing
as the trivial extension. In [I6] the word decomposable is used for split extensions. But what do
those extensions decompose into? The word decomposable is suitable for the understanding of
the later sections where a correspondence is to be found between decomposable extensions and
degenerate pairs and Hilbert modules. Both words start with the same letter.

Corollary 6.30. Let A be a unital C*-algebra and let C' be a C*-algebra. Every extension of C
by A is orthogonal.

Proof. The isomorphism classes of extensions of C' by A are in bijection with Homc+_,5(C, Q(A)) by
Corollary As A is unital, Q(A) =0 (Example [6.16) and therefore Homcx_,(C, Q(A)) = {0}.
By Example the *-homomorphism 0 corresponds to the orthogonal extension. O

Lemma 6.31. Let 0 > A > B 5 C — 0 be an extension of C*-algebras. The extension is split if
and only if there exists a *-homomorphism C 2 M(A) such that the following diagram commutes:

0 s A =

> B LENNYo!
ida o'l /Tl
0 —— A ) — T M(A)/A —— 0.

Proof. If the extension is split, then there exists a section C' 2, B such that Bo~y =ide. In particular,
o oy makes the diagram commute; Toogoy=7o0fBoy="7.

Conversely, assume there is a *-homomorphism C' SR M(A) such that no 8 = 0. Let PB be the
ide, ida,0

pullback of m and 7. Then C' M PB offers a section of 0 — A g PB - C — 0. But

this extension is isomorphic to 0 — A > B LA C — 0. So the section extends to a section on

0-AS5B 5 C — 0. An explicit isomorphism is given by B ﬂ PB. O

6.3 Unitary equivalence of extensions of C*-algebras

In this section Busby invariants will be used to represent isomorphism classes of extensions.

Definition 6.32. Let A and C be C"-algebras. Let 7,72 € Homc+_,,(C, Q(A)) be Busby-
invariants. 7 and 7o are wnitarily equivalent if there exists a unitary u € M(A) such that

m2(c) = m(u)mi (e)m(u*) for all ¢ € C, where M(A) 5 Q(A) is the quotient.

Lemma 6.33. Unitary equivalence of extensions of C*-algebras is an equivalence relation.

57



Proof. Reflexivity: 7(c) = m(1p4¢a))7(c)m(1rq(a)) for 7 € Homes_4g(C, Q(A)) and ce C.
Symmetry: If there exists a unitary u € M(A) such that 7 (c) = 7(u)m(c)w(u*) for all ¢ € C, then

m(u)m2(c)m(u) = n(u*)m(u)m (c)m(u*)m(u) = T(Lpay)Ti(e)m(Iagay) = 71(c) for allce C.

Transitivity: If there exists a unitary u € M(A) such that 72(c) = 7(u)m1(c)w(u*) for all c € C and
a unitary v € M(A) such that 75(c) = 7(v) 2 (c)m(v*) for all c € C, then 73(c¢) = w(vu)1 (c)m(w*v*).
O

Remark 6.34. Two extensions can be unitarily equivalent while not being isomorphic. As a result of
Corollary isomorphic extensions are also unitarily equivalent. Unitary equivalence is a weaker
equivalence relation than isomorphism.

Lemma 6.35. The orthogonal extension is only unitarily equivalent to itself.

Proof. The orthogonal extension corresponds to the zero Busby invariant (Corollary [6.30]).
For every unitary u € Q(A) holds that uOu* = 0. So it can never be unitarily equivalent to any
non-zero Busby invariant. O

Lemma 6.36. Let C be a unital C*-algebra. A unital extension, i.e. an extension whose Busby
invariant is unital, can only be unitarily equivalent to a unital extension.

Proof. Let 7 € Homc+_y5(C, Q(A)) be a unital +-homomorphism. Let v € M(A) be a unitary. Now
m(u)T(lo)m(u*) = m(u)lgaym(u*) = 1g(a), where M(A) L Q(A) is the quotient. O

Lemma 6.37. Let A and C be C*-algebras. Let 71,72 € Homc+_,i(C, Q(A)) be Busby invariants
representing unitarily equivalent extensions. If 7 is split, then so is 75. In other words, split
extensions are only unitarily equivalent to split extensions.

Proof. Lemma m says that there exists a *-homomorphism C MR M(A) such that mon = 7.
The unitary equivalence says there exists a unitary v € M(A) such that 7o(c) = w(u)7(c)m(u*)
for all c € C. As 71(c) = w(n(c)), we get m2(c) = w(u)w(n(c))m(u*) = w(un(c)u*) for all ¢ € C.
The mapping C' 3 ¢ - un(c)u* € M(A) is additive. It is multiplicative: let c¢1,co € C, then
un(er)u*un(ex)u® = un(cr)n(ea)u* = un(cice)u*. And it preserves the *-operation. Let ¢ € C, then
(un(c)u*)* =u*n(c)*u* = un(c*)u*. So it is a *-homomorphism. Lemma [6.31] says 7> is split. [

In extensions of C*-algebras will be revisited. An addition of extensions of C*-algebras will be
defined in Definition [I3.1] This addition is only defined when the left-hand term of the extension is
stable. Via the Busby invariant, Homc+_,,(C, Q(A)) served as the set of isomorphism classes (see
Corollary in this section. In the following notation, which is exclusive to extensions with
a stable left-hand term, will be used.

Definition 6.38. Let A and B be C*-algebras.

The set of isomorphism classes of extensions of A by K®B is denoted by €rt(A, B).

The set of unitary equivalence classes of extensions of A by K®B is denoted by €rt(4, B).

The set of isomorphism classes of split extensions of A by K®B is denoted by Drt(A, B).

The set of unitary equivalence classes of split extensions of A by K®B is denoted by Drt(A, B).
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6.4 Useful exact sequences and constructions of C*-algebras

We will now give a few examples of extensions of C*-algebras and construct some C*-algebras that
appear in certain extensions.

Example 6.39. Let A be a C*-algebra. Recall Remark 0—A— A—C— 0 is always split
exact. It is orthogonal precisely if A is unital.

Example 6.40. Let A be a C*-algebra, then by construction 0 — A ACELDN M(A) S Q(A) -0

is exact. This will be the most recurring exact sequence throughout this thesis, in particular when
A is stable. It originates from Lemma and recall Q(A):= M(A)/A.

Example 6.41. In Example we will see that M(K) =B. Therefore 0 > K —-B - B/K — 0.

Definition 6.42. Let A be a C*-algebra. The suspension of A is the C*-algebra Co(R) ® A. The
suspension of A is denoted by SA.

Proposition 6.43. Suspension commutes with stabilisation.
Proof. Follows from the associativity of tensor products. O

Proposition 6.44. Let A be a C*-algebra. There are the following isomorphisms A ® Co(R) =
Co(R,A) = Co((0,1), A) = {f e C(T, A)|f(1) = 0}, where T is the unit circle {x € R*:|[z| = 1}.

Proof. The first isomorphism is immediate. The second follows from the fact that R and (0,1) are
homeomorphic. The last isomorphism follows the fact that f induces a unique continuous function
from the one-point compactification to A, in which the element oo € (0,1) is sent to 0 € A. Now

(0,1) =T and T is isomorphic to [0,1]/ ~ where 0 ~ 1. O
Lemma 6.45. Suspension is exact as a functor, i.e. for an exact sequence of C*-algebras 0 — A 5
B a®ideg (z) Beidc, @) .
B — C — 0, the sequence 0 — SA SB SC — 0 is exact as well.
Proof. Write SA, SB and SC in the form {f ¢ C(T, A)|f(1) = 0} (see Proposition [6.44). The
a®id B®id
*-homomorphisms S A 79, 9B and SB 2P, SC become postcomposition by a and § in
that form. Now the exactness is immediate. O

Remark 6.46. Stabilisation is functorial. For the induced *-homomorphisms between suspensions,
the same notation will be adopted.

Definition 6.47. Let A be a C*-algebra. Then CA:= {f € C([0,1], A)|f(0) =0} is the cone of A.
Lemma 6.48. Let A be a C*-algebra. Then C'A is contractible.
Proof. [0,1] is contractible. For an explicit homotopy, see [34, Proposition 6.4.7]. O
Remark 6.49. In general SA is not contractible. This is because T is not contractible.

evy

Lemma 6.50. Let A be a C*-algebra. The sequence 0 - SA - CA — A — 0 is exact.
Proof. Every element of SA is included in CA. Let f € CA, then fe SAif and only f(1)=0. O
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Definition 6.51. Let A and B be C*-algebras. Let A % Bhbea *-homomorphism. The mapping
cone of a is defined as Cy:={(a,f) e A®@ CB | evi(f) = a(a)}.

Proposition 6.52. Let A and B be C*-algebras. Let A = B be a s-homomorphism. C, is the
pullback of a and C'B -, B.

Proof. Pullbacks of C*-algebras can always be written in the form given in Lemma O

Lemma 6.53. Let A and B be C*-algebras. Let A = B be a %-homomorphism. Let SB ﬂ Cq

be the inclusion of SB into C'B from Lemma The sequence 0 — SB ﬂ Co—>A—0is

exact. Moreover, the following diagram commutes:

(©

0 y 55 07, Cao > A > 0
idSBJ/ l Oll (21)
0 s SB s CB 3 B s 0.

Proof. Tt is clear that for f e SB, (0, f) € C,. Obviously, SB 0, C, is injective. The projection
Co — A is surjective. Let a € A, then the map [0,1] 5 A - Aa(a) is included in CB. Now

(a, \a(a)) € Cy. Let (a, f) € Cy, if a =0, then evy(f) =0, so f € SB. Clearly im(SB O, Cy)c
ker(C, — A). In diagram the right-hand square is the pullback diagram corresponding to C,,.
The left-hand square consists of embeddings. O

Lemma 6.54. Let 0 > A 5 B LN C — 0 be an exact sequence of C*-algebras. The sequence

OeAMCgeCCéOisexact.

(a(-),0)

Proof. Boa =0, so (a(a),0) € Cg for any a € A. Obviously A Cj is injective. For any
g € CC, there exists a b € B such that 3(b) = evi(g) as 8 is surjective. So Cz — CC is surjective.

Let g € CC, if (b,0) € Cg, then B(b) =0, so be A. Clearly im(A (@09 Cg) cker(Cp —CC). O

Definition 6.55. Let A and B be C*-algebras. Let A = B be a s-homomorphism. The mapping
cylinder of « is defined as Z,:= {(a,f) e A® C([0,1],B) | evi(f) = a(a)}.

Lemma 6.56. Let A and B be C*-algebras. Let A % Bbea *-homomorphism. The sequence
0—>Ca—>Zaﬂ>B—>Ois exact.

Proof. C, is the ideal in Z,, of pairs (a, f) for which f(0) = 0. O

Lemma 6.57. Let A and B be C*-algebras. Let A = B be a *-homomorphism. Then A is a
deformation retract of Z,.

Proof. The deformation retract follows from inclusion of A via the constant functions under the
image of o and the evaluation at 1. O

Definition 6.58. Let A be a C*-algebra. Let A — A be a #-isomorphism. The mapping torus of
« is defined as T,:= {f € C([0,1],A4) | f(1) = a(f(0))}.
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Lemma 6.59. Let A be a C*-algebra. Let A <> A be a s-isomorphism. The sequence 0 — SA —
T, 20, A — 0 is exact.

Proof. Clearly SA is a *-subalgebra of T,,. Take for a € A the line segment between a and «(a),

then this defines an element of T,,. So the map T, —> A is surjective. If evo(f) =0 for f e T,,
then f(1) =a(0) =0, so f € SA. So the sequence is exact. O

6.5 Extension closedness

In this subsection we will state a few results about properties extensions of C*-algebras preserve.
To be precise, this means whenever C*-algebras A and B have a property, any extension of A by
B has that property as well. It is important to have this information. For example, in we
will construct a connecting morphism. This construction builds on the mapping cone. When we
restrict to a subcategory, we still want to be able to use this construction. If the mapping cone is
not included in the subcategory, then the construction fails in the subcategory.

Lemma 6.60. An extension of a separable C*-algebra by a separable C*-algebra is separable.

Proof. The proof builds on Proposition|5.78] The right-hand term is separable and therefore count-
ably generated as a *-algebra. Take the pre-image of the generator elements. Every element in
the middle term differs from this pre-image by an element of the kernel of the right-hand mor-
phism. Hence it differs by an element of the left-hand term, which is again separable and therefore
countably generated as a *-algebra. So the middle term is countably generated as a *-algebra and
therefore separable. O

Lemma 6.61. An extension of a o-unital C*-algebra by a o-unital C*-algebra is o-unital.

Proof. See [16], §1, Corollary 7). O

Lemma 6.62. An extension of a nuclear C*-algebra by a nuclear C*-algebra is nuclear.

Proof. See [21], Theorem 6.5.3]. O

Lemma 6.63. An extension of a postliminal C*-algebra by a postliminal C*-algebra is postlimi-
nal.

Proof. See [21], Theorem 5.6.2]. O

Corollary 6.64. Let A and B be separable, resp. o-unital, resp. nuclear, resp. postliminal C*-

algebras. Let A % Bbea s-homomorphism. Then Cy, Z,, T, are separable, resp. o-unital, resp.
nuclear, resp. postliminal.

Proof. C,, appears in the exact sequence of Lemma Now Z,, appears in the exact sequence of

Lemma And T, appears in the exact sequence of Lemma Now Lemmas
and finalise the proof. O

7 K-theory and Bott periodicity
This section goes through the definitions and properties of the K-functors. K-theory has some

valuable results. We will see that the K-functors are not unique in their behaviour. They are
actually examples of a much more general concept we will encounter in §8|
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7.1 Equivalence relations on projections and the Ky-functor
Definition 7.1. Let A be a C*-algebra. An element p € A is called a projection if p* = p* = p.
Example 7.2. 0 is a projection. If A is unital, 14 is a projection. These are the trivial projections.

Example 7.3. Let H be a Hilbert space, the projection on a closed linear subspace is a projection
in the sense of Definition [.1]

Definition 7.4. Let A be a C*-algebra. Projections p,q € A are Murray-von Neumann equivalent
if there exists a v € A such that p = v*v and ¢ = vv*. The set of Murray-von Neumann equivalence
classes of A is denoted by V(A).

Lemma 7.5. Murray-von Neumann equivalence is an equivalence relation.

Proof. Reflexivity: p is a projection, so p = p? = p*p = pp*. Symmetry: Immediate.
Transitivity: If p =v*v and ¢ = vv* and ¢ = w*w and r = ww*, then (wv)*(wv) = v W wWV* =v*qu =
viuv*v = p? = p and (wv)(wv)* = wov w* = wew* = wwrww* =r? =r. O

Definition 7.6. Let A be a C*—algebrz}. Projections p and ¢ are unitarily equivalent if there exists
a unitary u € A such that ¢ = upu* in A.

Lemma 7.7. Unitary equivalence of projections is an equivalence relation.

Proof. Reflexivity and symmetry are obvious. We will show transitivity, let p and ¢ be unitarily
equivalent and let ¢ and r be unitarily equivalent. There exists a unitary u € A such that ¢ = upu*
and there exists a unitary v € A such that r = vgu*. It follows that r = wvpv*u*. So p and r are
unitarily equivalent. O

Definition 7.8. Let A be a C*-algebra. Projections p and ¢ are homotopic if there exists a
(norm)-continuous path of projections £:[0,1] — A such that £(0) =p and £(1) =gq.

Lemma 7.9. Homotopy of projections is an equivalence relation.

Proof. Identical to the proof that path connectedness in a topological space is an equivalence
relation. See [28, Theorem 3.4.17 iii]. O

Theorem 7.10. Let A be a C*-algebra. Homotopy of projections implies unitary equivalence of
projections, which implies Murray-von Neumann equivalence.

Proof. See [34l, Proposition 5.2.10]. O
Definition 7.11. Let A be a C*-algebra. For projections p € M,,(A) and q € M, (A), addition of
p and q is defined as ( p 0”{;7") € My.n(A) and denoted by p @ q.

Oan

Lemma 7.12. Let A be a C*-algebra. Let p and p’ be Murray-von Neumann equivalent projections
and let ¢ and ¢’ be Murray-von Neumann equivalent projections, then p@q and p’®q’ are Murray-von
Neumann equivalent.

Proof. See [21], Theorem 7.1.1.1]. O
Corollary 7.13. The addition of Definition defines an addition on V(A).
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Remark 7.14. Murray-von Neumann equivalent projections in K®A (the direct limit in Exam-
ple [5.55)) need not be included in the same M,,(A) for some n € N. See [21, Theorem 7.1.1.3].

Lemma 7.15. Let A be a C*-algebra. The addition on V(A) is unital and commutative.

Proof. The class of 0 (which only contains 0) is the unit, see [2I, Theorem 7.1.1.3]. For commuta-
tivity, see [21I, Theorem 7.1.1.1]. O

Proposition 7.16. Let A be a C*-algebra. Then V(A4) =V (M, (A)) for all n e N.
Proof. See [34, Lemma 6.2.10]. O

Example 7.17. V(C) = V(M,(C)) =V (K) =Ny, V(B) = Ngu{oc} and V(B/K) = {0,000} (For an
explanation, see [34, Example 6.1.4]).

Proposition 7.18. Let A and B be C*-algebras and let A ER B be a *-homomorphism. Then
V(f)([p]) =[f(p)] € V(B) defines an unital subgroup morphism.

Proof. The *-homomorphism is applied pointwise to a matrix. s-homomorphisms preserve pro-
jections. Addition and 0 are preserved. Murray-von Neumann equivalence is preserved, so the
mapping is independent of representative. O

Corollary 7.19. V:C* - alg — CommMon defines a functor.
Proof. It follows immediately that identities and compositions are preserved. O

Definition 7.20. Let A be a C*-algebra. Let Koo(A) be the Grothendieck group of V(A).
[p] € V(A) is viewed as [p] - [0] € Koo (A).

Remark 7.21. A detailed explanation of the construction of Grothendieck groups from semigroups
can be found in [34, Appendix G] or [21].

Remark 7.22. For those familiar with localisations of commutative rings (see [II, §3]. A Grothendieck
group has striking resemblances with the field of fractions of an integral domain. In fact, every
commutative ring is a commutative semigroup under multiplication. Compare the equivalence
relations of [Il p.36] to [34, p. 295], the definitions of field of fractions [I, p.37] and Grothendieck
group [34] p.296] and the results of [I, Proposition 3.1] and [34, Theorem p. 296].

Lemma 7.23. Kgo: C* - alg — Ab defines a functor.
Proof. The same as Corollary O

Example 7.24. From Example follows Kgo(C) = Kgo(K) = Z and Kgo(B) = Kgo(B/K) = 0.
In the last two cases, this is because the class of infinite dimensional projections satisfies [34, Prop.
p. 297]. No inverse can be constructed for the class of infinite dimensional operators.

Proposition 7.25. Let A; and As be C*-algebras. Then V(A; & Ay) = V(A1) @ V(A43) and
KOO(Al @ Ag) = KO()(Al) @ Koo(Ag).

Proof. For a full proof, see [34] Proposition 6.2.1]. It builds on the fact that a projection in an
orthogonal sum is a pair of projections in each summand . O
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Koo ()

Definition 7.26. Let A be a C*-algebra. Define Ko(A):= ker(Koo(A)
A5 Cis the projection to the unit.

Lemma 7.27. Let A; and Ay be C*-algebras. Then Ko(A; @ As) =Ko(A1) ® Ko(Asz).

Koo(C)), where

Lemma 7.28. Ky:C* —alg — Ab defines a functor.

Proof. Let A and B be C-algebras. Let A EN B be a *-homomorphism. Then~f~l EN Bis a
unital *-homomorphism (f(a+A) = f(a) + A for a € A and A € C). So Koo(7p o f)([p] - [q]) =
Koo(ms)([f (P)] - [f(0)]) = ([ e f(P)] - [m5 o f(@)]) = [ra(p)] - [7a(q)] = Koo(ma)([p] - [4]) for
some projections p € M,,(A) and ¢ € M, (A), where A Z4, C and B =5 C are the projections to
the unit. So Ky(A) is mapped to Ko(B) by Koo(f). Identity and composition are preserved by

unitisation (Lemma [5.33) and by Kgo(Lemma [7.23)). O
Proposition 7.29. Let A be a unital C*-algebra. Then Ky(A) = Koo(A).
Proof. Tt follows immediately from the fact that A=A C and Proposition O

The harder C*-algebras to determine the Kg-groups for, are the non-unital ones. For instance, what
is Ko(K)? It turns out Ko(K) = Z and that is due to the stability of Ko, which is the result of the
following property of Kg.

Theorem 7.30. K preserves direct limits.

Proof. The proof is very technical and can be found in [34], p.116-117]. O

Corollary 7.31. Kj is invariant under stabilisation. In other words, let A be a C*-algebra, then
Ko(A) 2Ko(K®A). Moreover, Ky is invariant under stable isomorphism.

Proof. Let A be a C*-algebra. By Example K®A= h_I)nMn(A) By Proposition V(A) =
V (M, (A)) and as result of that Kog(A) = Koo(Mn(A)) and Ko(A4) = Ko(M,,(A)) for all n e N. The
group homomorphisms induced by application of Ky to the structure morphisms of Example [5.56|
are isomorphisms (as the Murray-von Neumann class is fixed by the structure morphisms). Hence
Ko(K®A) =Ko(A). Let A and B be stably isomorphic. Then K®A 2 K®B by definition of stable
isomorphism. So Kog(4) 2 Ko(K®A) 2 Ko(K®B) 2 Ky(B). O

Example 7.32. Ky(K) = Ko(C) = Z. This follows from K =K C.

Lemma 7.33. Kq is homotopy invariant, i.e. let A and B be C*-algebras and let f,g: A — B be
homotopic *-homomorphisms, then Ko(f) = Ko(g).

Proof. There is a path (&;)se[0,1] of *-homomorphisms A &, B such that & = f and & = g. Let
p € A be a projection. f(p) and g(p) are homotopic (by & (p)). Via Theorem a homotopy of
projections induces a Murray-von Neumann equivalence. Hence Ko (f) = Ko(g). O

Corollary 7.34. Let A be a contractible C*-algebra. Then Ky(A) = 0.

Example 7.35. Let A and B be C*-algebras. Let A <> B be a s-homomorphism. Then Ko(Za) =
Ko(A). This follows from the fact that A is a deformation retract of Z,, see Lemma [6.57]

Theorem 7.36. Let A be a C*-algebra. Then Ko(M(K®A)) = 0.
Proof. See [34, Theorem 10.2]. O
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7.2 Equivalence relations on invertibles and unitaries and the K;-functor

In this subsection another functor will be introduced: K. It has many of the properties of Ky. We
will go through them, but be brief in the explanation. More important to this thesis is the way
Ko and K; are interlinked. That will be saved for the next subsection. First we need to introduce
some definitions.

It is only possible to speak about invertibles and unitaries whenever a C*-algebras possesses a
unit. In this section always a unitisation will be used, even when the C*-algebra is already unital.
Let A be a C*-algebra. Denote the invertible A-valued n x n-matrices by GL,,(A) and denote the

unitary A-valued n x n-matrices by Uy, (A). Let M, (A) =2 M,(C) be the projection. Define the
following sets of invertibles and unitaries:

GL (A):={X e GL,(A):ma(X) =1,} U (A):={X eUp(A):7ma(X)=1,}.
Each is endowed with the subset topology from M,,(A).

X 0
0 14
cal groups. The same can be done for the unitaries. We will use the following notation for the
direct limits:

The embeddings GL; (4) > X — ( ) € GL;,,(A) with n > 1 form a cotower of topologi-

GLL(A):=mGLL(A) UL (A):=limd (A).

X 0

This means that X € GL; (A4) and (0 I
j—i

) € GLj (A) with i < j represent the same in GLZ, (A).
Definition 7.37. Let A be a C*-algebra. Elements X,Y € GL; (A) are homotopic if there exists a
path &[0,1] — GL; (A) such that £(0) = X and £(1) =Y.

Remark 7.38. The same definition will be used for U (A).

Theorem 7.39. In GL, (A) and U;} (A) path connected components are connected components.

Proof. See [34, Proposition 4.2.4]. There exists path connected neighbourhoods at every point.
Apply [28, Proposition 3.4.25] to the connected components to conclude each of them is path
connected. O

Definition 7.40. Let A be a C*-algebra. Let n,m € Nu{oo}. For invertibles X € GL; (A) and

Y € GL; (A), the composition of X and Y is defined as (i)( 50/) € GL; ,,,(A) and denoted by XY.

Lemma 7.41. Let A be a C*-algebra. Let n,m e Nu{oo}. Let X, X’ € GL} (A) be homotopic and
let Y, Y’ € GL; (A) be homotopic, then XY and XY’ are homotopic.

Proof. A composition in the same way as in Definition of the homotopies between X and X'
and between Y and Y’ gives a homotopy between XY and X'Y". O

Definition 7.42. Let A be a C*-algebra. Let n e Nu{oo}. GL; (A)o is the connected component
of 1), (4 in GL; (A) . Likewise U, (A)o is the connected component of Ly, 4y in Uy (4).
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Theorem 7.43. Let A be a C*-algebra. Then GL; (A)/GL; (A)o and U, (A)/U}(A)¢ are isomor-
phic for n e Nu{oco}.

Proof. See [34, Proposition 4.2.6]. O
Corollary 7.44. The composition of Definition defines a composition on GL., (A)/GLZ (A)o
Remark 7.45. In Definition Lemma and Corollary GLI(A) can be replaced by U (A).
Definition 7.46. Let A be a C*-algebra. K;(A) is the semigroup GL. (A)/GLZ (A)o
Lemma 7.47. Let A be a C*-algebra. Let X,Y € GL,, + (A) . The following four are homotopic:
X 0 Y 0 XY 0 d YX 0
o v)olo x))Lo 1)™ o 1)
Proof. See [34, Theorem 4.2.9]. O

Corollary 7.48. Let A be a C*-algebra. K;(A) is an abelian group.

0 X!

Proof. Lemmal|7.47|gives the existence of inverses in K;(A4). From this lemma follows (X 0 ) =

XXt o) .
0 1 :ldKl(A)-

The commutativity follows from Lemma [7.47] as well. O

Lemma 7.49. K;: C* - alg — Ab defines a functor.

Proof. Let A and B be C*-algebras. Let A ENYS be a *-homomorphism. Then A LB induces a
group homomorphism GL. (A) — GL!, (B). Unital *~-homomorphisms preserve invertibles and uni-
taries. *-homomorphisms are continuous by Lemma [5.9 So connected components are preserved.
It is obvious that identities and compositions are preserved. O

Proposition 7.50. Let A be a C*-algebra. Then K;(A) = K;(A4).

Proof. See [34, Example 7.1.11 (5)]. O
Lemma 7.51. Let A; and Ay be C*-algebras. Ky (A1 @ As) =K;(41) @ Ko(A2).

Proof. Every invertible element in A1 @ A5 is a pair of invertibles of A; and As. O
Theorem 7.52. K; preserves direct limits.

Proof. See [34, Proposition 7.1.7]. O

Corollary 7.53. K; is invariant under stabilisation. In other words, let A be a C*-algebra, then
K;(A) 2K;(K®A). Moreover, K; is invariant under stable isomorphism.

Example 7.54. K;(C) = K1(K) = 0 as C is the unitisation of 0 and K = lim M,,(C) (see Theo-
rem [7.52]).

Example 7.55. K;(B) =0 and K;(B/K) = Z. See [34, Example 7.1.11 (3) + (7)].
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Lemma 7.56. K; is homotopy invariant, i.e. let A and B be C*-algebras and let f,g: A — B be
homotopic *-homomorphisms, then K; (f) =K (g).

Proof. Same as Lemma [7.33] O
Corollary 7.57. Let A be a contractible C*-algebra. Then K;(A) =0.

Example 7.58. Let A and B be C*-algebras. Let A % Bbea *-homomorphism. Then K;(Z,) =
K (A). This follows from the fact that A is a deformation retract of Z,, see Lemma [6.57]

Theorem 7.59. Let A be a C*-algebra. Then K;(M(K®A)) = 0.
Proof. See [34, Theorem 10.2]. O

Remark 7.60. For an overview of some K- and Kj-groups, see [34, §6.5].

7.3 Suspensions and Bott periodicity

The Ky- and K;-functors are related. The Kg-group of a C*-algebra is the K;-group of the suspen-
sion and vice versa. More generally, we will construct a six term sequence Ky- and Kj-groups.

Theorem 7.61. Let 0 > A > B L C — 0 be an exact sequence of C*-algebras. The following
sequences are exact

Ko(a) Ko(8)
Ko(A) —=5 Ko(B) —=> Ko(C)

Ki(a) Ki1(B)
Ki(4) — Ki(B) — Ku(0).

Proof. See [34, Theorem 6.3.2] and [34, Theorem 7.1.12]. O

Remark 7.62. In other words, Ko and K; are half-exact.

Theorem 7.63. Let 0 > A > B LA C — 0 be an exact sequence of C*-algebra. There exists a

connecting map K;(C) 2 Ko(A) such the following sequence is exact:

Ki (@) K1(B) Ko (a) Ko(ﬁ)

Ki(A) K1 (C) 5 Ko(A) ~ Ko(B) —=2

Ki(B) Ko(C). (22)

The connecting map is natural in the sense that for a commutative diagram with short exact
sequences on the horizontal rows as in diagram , the induced long exact sequences of the form
of sequence (22) form a commutative diagram as in diagram .

0 3 et

~
[en

(23)
B2

SR ety

> 0.

K1(0/1)

K1 (B1 Ko (o K 1
K1 (4) 29 1, (B) Y K (0) —2s Ko(4) 2 Ko (B) = Ky (0)
Kl(‘”l Km/))l Kl(x)l Ko(¢)l Ko(il’)l Ko(X)l (24)
Ki(ao Ki (B2 Ko (a2 Ko (B2
Ky (D) 2% 1, (B) 2% Ky (F) —2 Ko(D) 2 Ko (B) ) Ko (F).
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Proof. For a sketch of the construction, see [34], §8.1]. O

Definition 7.64. The map K;(C) 2 Ko(A) in sequence is called the index map.

Lemma 7.65. Let A be a C*-algebra. Then K;(A) and K¢(SA) are naturally isomorphic (in the
sense of Definition [2.21)).

Proof. Appli Theorem [7.63] to the exact sequence 0 — SA — CA =5 A -0 from Lemma m

By Lemma [6.48, C'A is contractible. Now Ko(CA) = K1(CA) = 0. So K;(A) LN Ko(SA) is an
isomorphism by the exactness of sequence . O

Theorem 7.66. Let A be a C*-algebra. Then K¢(A) and K;(SA) are naturally isomorphic.
Proof. The construction is explained in [34] §9]. O
Definition 7.67. The next corollary is known as Bott periodicity.

Corollary 7.68. Let A be a C*-algebra. Then K¢(A4) and K(S?A) are naturally isomorphic and
K;(A) and K;(S?A) are naturally isomorphic.

Proof. Combine Lemma and Theorem O

Lemma 7.69. Let 0 > A 5 B 5 C — 0 be an exact sequence of C*-algebra. There exists a

. 4 . .
natural connecting map K;(C) — Ko(A) such that the following sequence is exact:

Ko(a) Ko (B) Ki (@) Ki(8)

Ko(4) Ko(C) > Ki(4) = Ki(B) = Ki(C). (25)

Ko(B)

Proof. 0 - SA —=> 5 SB — ) SC — 0 is exact by Lemma Now apply Theorem to it to
obtain an index map K;(A) 2, Ko(SA) and the following exact sequence:

K1S(a) 15(5) oS(ﬁ)

Ky (SA) Ky (SC) 5 Ko(54) =22

Ki(SB) ——

KO(SB) Ko(SC). (26)
Lemma and Theorem turn sequence into sequence (25). O

Definition 7.70. The index map Kq(C) = K;(SC) 2 Ko(SA) =K;(A) in sequence is called
the exponential map.

Corollary 7.71 (Six term sequence). Let 0 — A % B C — 0 be an exact sequence of C*-algebra.
Then the following sequence is exact:

Ko(4) “2% K (B) 22 &, ()

I |

Ki(C) AN K1(B) @ Ki(4).
The vertical maps are the index and exponential map.

Proof. Combine the exact sequences and . O
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7.4 Examples and applications of the six term sequence

Example 7.72. It is not true that Ky or K; is exact. The exact sequence 0 - K — B —
B/K — 0 gives a counterexample as Ko(K) = Z, while Ko(B) = Ko(B/K) = 0 and similarly,
Ko(K) = Ko(B) = 0, while Ko(B/K) = Z.

Example 7.73. Let A and B be C*-algebras. Let A = B be a s-homomorphism. Both the exact

sequences 0 — SB 0, Cyo—A—=0 (Lemma and 0 — Cp = Zo —% B — 0 (Lemma [6.50)

induce the following exact six term sequence:

K1(B) —_— KO(Ca) —_— KO(A)

I |

Kl(A) — Kl(Ca) — Ko(B)

Superscripts have been left out from the arrows. This is because the arrows differ, depending on
the choice of exact sequence. Recall that A is a deformation retract from Z, (Lemma [6.57) and
recall the relation between K-groups and suspensions.

Lemma 7.74. Let 0 > A % B 5 ¢ 5 0 be an exact sequence of C*-algebra. Then Ko(Cg) 2
Ko(A) and Kl(Cg) = Kl(A)

Proof. The sequence 0 — A M

six term sequence:

Cs — CC — 0 s exact (Lemma|6.54) and induces the following

ol\a( - ,0
Ko (AS 0K (C5) —— Ko(CC)

I |

Ki(CC) —— Ki(Cp) g Ki(AK®A).

As CC is contractible (Lemma , Ko(CC) =K1 (CC) =0. This proves the lemma. O
Lemma 7.75. Let A be a C*-algebra. Then Ko(Q(K®A4)) 2 K;i(A4) and K1 (Q(K®A4)) 2 Ko(A).
(LR

Proof. The exact sequence 0 - K®A M(KeoA) 5 Q(K®A) — 0 induces the following six

term sequence:

Ko((L R))

Ko(KoA) 2Bk (o mKea)) 22T k(oK eA))

I |

Ki(QK®A)) {5 Ki(MEKOA) 4 Ki(KA).

By Theorem and Theorem KoM(K®A)) = Ks(M(KoA)) =0, so Kog(Q(K®A))
Kl(K ®A) = Kl(A) and Kl(Q(K ®A)) = Ko(K ®A) = Ko(A) by stablhty

[T
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Example 7.76. Following up on Example let 0 > K®Ad > B LN C — 0 be an extension of
C*-algebras. Then the following diagram containing the Busby invariant C' - Q(K®A), commutes:

0 — KoA * B b s C s 0

o il |l

00— Ked % MK oA) — Q(K®A) —— 0.

Applying the naturality of Ko and Ky, we get the following commutative diagram:

Ki(a Ki(8) Ko(B)

K, (K®A) K (B) — 4 K (0) — 5 Ko(Kod) 2k, (B) P, k()

idKl(K®A)\L l Kl(-r)l ing(K@A)\L l Ko("’)l
> 0

Ki(K®A) » K1(Q(K®A)) —— Ko(K®A) > 0 » Ko(Q(K®A).

It follows that K;(C) AR Ko(K®A) coincides with K;(C) o, Ki(Q(K®A)) 2 Ko(K®A). The

same holds when Ky and K; are switched.

Lemma 7.77. Let 0 > A > B 5 C — 0 be a split exact sequence of C*-algebras. The following
exact sequences are split exact:

Ko (o) Ko(8)

0= Ko(A) —— Ko(B) —— Ko(C) =0, (27)
Ky (o) K1 (8)

0—-Ki(A) —> Ki(B) —= K 1(C) —0. (28)

Proof. 0 - A 5B LA C' — 0 is split, so there exists a section C L Bof 8. Recall sequence 1} By
functoriality Ko(8) oKo(v) = Ko(ide) = idk,(cy- So Ko(3) is surjective. Similarly, Ki(3) oK1 (v) =
Ki(ide) = idk,(¢). So Ki(B) is surjective. By exactness kerd = K;(C). Hence 0 = 0. Therefore
ker Ko(av) = 0 by exactness. So Ko() is injective. Via Examples [4.2] and [4.3]sequence is exact.
Ko(7) offers a section of sequence . Statement 1 of Theorem is satisfied. For sequence ,
do the same, but use the suspended exact sequence instead. O

Corollary 7.78. Let 0 — A %B 5 C — 0 be a split exact sequence of C*-algebras. Then the
index map and the exponential map are trivial.

Corollary 7.79. Let 0 - A 5 B LN C — 0 be a split exact sequence of C*-algebras. Then
Ko(B) = Ko(A) ® KO(C) and Kl(B) = Kl(A) 2] Kl(C)

Remark 7.80. Fun fact; K-groups can be used to determine whether an exact sequence of C*-
algebras is split. In particular, for a split exact sequence, when the middle term has trivial K-
groups, the left-hand and right-hand terms must have trivial K-groups as well! For instance,

the exact sequence 0 - K — B — B/K — 0 cannot be split. Similarly, the exact sequence
evy

0—SA— CA— A— 0 cannot be split whenever Kq(A) # 0 and/or K;(A) # 0!
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7.5 Thom isomorphism and Pimsner-Voiculescu

Theorem 7.81 (Thom isomorphism). Let A be a C*-algebra. Let R = Aut(A) be a continuous
group homomorphism. Then Kg(A x4, R) 2 K;(A) and K;1(A %, R) 2 Ky(A4).

Proof. See [6l, §IT]. O

Remark 7.82. This Thom isomorphism might be viewed as a generalisation of Theorem [7.66, The
suspension can be viewed as a trivial action of R.

Theorem 7.83. Let A be a C*-algebra. Let A = A be a #-isomorphism. Then Ko(A x4 Z) =
Kl(T(,) and Kl(A X Z) I~ Ko(T(,)

Proof. We will work through the strategy for solving [34, Exercise 9K]. Define on T, the R-action
R3AS (To f— (A (f)(t)) where 7(A)(f)(t) = a™(f(t+ A —n)), whenever ¢ + X € [n,n + 1] for
n € Z with ¢t € [0,1]. Now by Takai Duality ([2, Theorem 10.1.2]) there is a *-isomorphism Tj, x, R 2
(A%, Z)®K(L3(T)). As £2(T) is separable, K(£?(T)) = K. Applying the Thom isomorphism, the
isomorphism induced by Takai duality and stability, we find that Ko(7y) 2 K1 (T %, R) 2 Ky ((Ax,
Z) ® K(L*(T))) = Ky (A x4 Z). Similarly, Ki(T,) = Ko(Ts », R) 2 Ko((A %4 Z) ® K(£L*(T))) =
Ko (A % Z). O

Remark 7.84. The K-groups do not depend on the Z-action. But the morphisms of the six term
sequence do depend on the group action. See the following example.

Example 7.85. Let A be a C*-algebra. Let A % Abea *-isomorphism. Then the exact sequence
of Lemma [6.59 induces the following six sequence:

Ko(SA) — Ko(To) “X2 Ko (4)

| |

Ki(4) oo Ki(To) < Ki(S4).
As Ko(SA) =K;(A) and K;1(SA) = Ko(A), the following six term sequence is obtained:

Ky (A) —— Ko(Th) 2% Ko (A)

I |

Ki(4) $tov) Ki(To) <—— Ko(4).
Under the isomorphism T}, x, R = (A x, Z) ® K(L2(T)), the six term sequence becomes:

Ky (A) — Ky (A g Z) 2% Ko (4)

I |

Ki(4) B tov) Ko(Axq Z) <5 Ko(A4).
Here i, : K, (A) = K, (A x4 Z) is the inclusion A > a — (a,0) € A x, Z. The connecting morphisms

are idg, (4) K« (). For an explanation of how this follows from the construction of the connecting
morphism as found in [34] §8.1] (Theorem , see [2, Proposition 10.4.1].
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Remark 7.86. The connecting morphisms are not induced by a *-homomorphism as id 4 —« is not
a *-homomorphism.

7.6 Semigroup structures on homotopy classes of *-homomorphisms

Definition 7.87. Let A and B be C*-algebras. Let [A, B] denote the set of homotopy classes of
*-homomorphisms from A to B. Let [A, B]. denote the pointed set, where the special point is the
class of 0. Representatives of this class are called null-homotopic.

Theorem 7.88. Let A be a C*-algebra and let B be a stable C*-algebras. Fix a bijection between
B and M, (B) (for inspiration, see Definition [13.1)). Then [A, B], is a commutative monoid when

endowed with the operation (o ® as)(a) = (oqéa) o (za)) with ay, a9 € [A, B].
2

Proof. A proof can be found in [26), Theorem 3.1.a]. It only shows that the null-homotopic *-
homomorphisms form the unit element and the commutativity. For completion, we will show
independence of representatives. Let ay,az, (1,32 € Homer_o5(A, B) be such that oy and j3; are
homotopic (with homotopy (&t )¢ef0,1]) @2 and B2 are homotopic (with homotopy (w¢)¢efo,17). Then

oy @ 31 is homotopic to o @ B via ()(()t U(J) ) .
t

Theorem 7.89. Let A and B be C*-algebras. Then [A, SB], is a group under the loop composi-
tion: given aq,ae: A — SB, we define a; - as: A — Cy((0,1), B) as follows:

(o1 - 2)(a)(t) = {az(a)(% -1)

Proof. The proof for independence of representatives of homotopy classes, the associativity and the
fact that the null-homotopic *-homomorphisms form a unit is similar to that of fundamental classes
(see [28, Lemma 5.1.10, 5.1.11 & 5.1.12]).

The inverse of A % Cy((0,1), B) is given by A 5 Co((0,1), B) where a(a)(t) = a(a)(1-t). An
explicit homotopy from a - & to 0 can be found in [26, Theorem 3.1b]. The homotopy from é&- « to
0 is constructed in a similar way. O

Theorem 7.90. Let A be a C*-algebra and let B be a stable C*-algebra. Then the commutative
monoid operation on [A, SB], from Theorem and the loop composition on [A,SB]. from
Theorem [7.89] coincide.

Proof. In both Theorem [7.88] and Theorem [7.89] the null-homotopic *-homomorphisms form the
unit. Let ay,aq,f1, B2 € [A4, SB]. Notice the following:

(maﬂ@(ﬁl-@):(“lb” 51952)=(%1 50)(% 22):@1@&)-(%@/32).

Now for a, 3 € [A, SB] follows:

Boa=aaf=(0-a)e(f-0)=(0®p) (a«d0)=0"a. O
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Remark 7.91. Theorem is a weaker version of the Eckmann-Hilton argument.

Now that we know a few properties of [A, B], for special choices of C*-algebras, we would like
to calculate what the group [A, B]. is under the commutative monoid operation of Theorem m
and/or the loop composition of Theorem We no longer need to emphasise the special element
of [A, B]. In a monoid, the unit is automatically the special element.

In the next pages we will show a connection between homotopy classes of *-homomorphisms with
the K-groups!

Definition 7.92. Let A and B be unital C*-algebras. Then [A, B], defines the set of homotopy
classes of unital *-homomorphisms (via unital homotopies).

Lemma 7.93. Let A and B be C*-algebras. Then [A, B] is isomorphic to [A, B], as sets.
Proof. Follows immediately from the construction of the unitisation of C*-algebras. O

Theorem 7.94. Let A be a C*-algebra. Then [Co(R),K®A] 2 K;(A) under the commutative
monoid operation of Theorem [7.88

Proof. We will give a proof for when A is unital. How the proof must be generalised for when A is
non-unital, can be found in [26] Theorem 4.1]. It involves topological properties of the topological
groups U (K®A) and its subgroups and quotients.

By Lemma [Co(R),K®A] = [Co(R), K®A],. By Theorem Co(R) = C(T) as T is the
one-point compactification of R. Under Gelfand duality C'(T) corresponds to the C*-algebra gen-
erated by one unitary. See [21, Theorem 2.1.13]. A unital *-homomorphism from C(T) to KeA
is a choice of a unitary in K®A. Two *-homomorphisms from C(T) to K®A are homotopic
precisely if the unitaries in K®A that define the *-homomorphisms are homotopic. So there is
a bijection between classes in [Cy(R),K®A] and elements in UL (KeA)/UL (K®A)y. By Theo-
rem [7.43) UL (K @A) JUL, (K®A)g is isomorphic to GLE, (K®A)/GLL (K®A), (Recall the definition
of K in Definition [7.46). The bijection between [Co(R),K®A] and K;(K®A) is a group iso-
morphism. The commutative monoid operation of Theorem agrees with the group action on
GLL (K®A)/GLL (K®A) (see Definition [7.40). O

Theorem 7.95. Let A be a C*-algebra. There exist a C*-algebra F' and a *-homomorphism

K
Fo S(K®A) such that Ko(F) and K;(F) are free and the group homomorphisms Ko (F) Ko@),

Ko(S(K®A)) and Ky (F) LSICON Ki(S(K®A)) are surjective.

Whenever A is separable, a separable F' can be chosen.

Proof. For K®A, there exists a group isomorphism [Cp(R),K®A] =2 K;(A) (Theorem [7.94) under
the commutative monoid operator of Theorem Now K (A) is an abelian group; in other words
a Z-module (see Remark . So there exists a basis Z! % K; (A), where I is some index set. Let

Co(R) Y KeA be a representative of the class in [Co(R), K®A] that corresponds to the element
g(e;) € K1 (A) under that group isomorphism, for i € I.

Under the Gelfand duality Co(T) corresponds to the C*-algebra generated by one unitary. A unital
s-homomorphism from C(T) to K®A is a choice of a homotopy class of unitaries in K®A. By
Lemma[7.93] [C(T),K®A], = [Co(R),K®A]. The coproduct |I; R becomes the product Co(LI; R)
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under the Gelfand duality. Collectively, the *-homomorphisms Cy(R) YL KeA (with 4 € I) induce
the *-homomorphism Cy(LI; R) ¥, K®A. Now 1 makes this diagram commute for i € I:

Co(Ly R)) 2% 04 (R)

e

KeA

Notice that K;(Co(L; R)) = Z’ (because K;(Co(R)) = Z). As imK;(¢;) = (e;) (as a subgroup of
K;(A)), it follows K; (¢) = g, which means that K; () is surjective. Furthermore Ko(Co(LI; R)) =0
(because Ko(Co(R)) =0).

We repeat the steps for S(K®A). There exists a basis Z” LA K;(SA), where J is some index set.
Let Cy(R) X, S(K®A) be arepresentative of the class in [Cy(R), S(K®A)] that corresponds to the
element h(e;) € K1(SA) under that group isomorphism, for j € J. This induces a *-homomorphism
Co(L; R) % S(K®A) such that xi°Co(incly) = x for j € J. Now Ky (Co(LU; R)) = 77 and Ky (x) = h,
which means that K;(x) is surjective. Similarly, Ko(Co(LJ; R)) = 0.

Now take F = SCy(LI R) @ Co(LI;R) and define ¢ to be this *-homomorphism

SCo(LR) ® Co(||R) 2% s(K @4) © S(K®A) c My(S(K®A)) = S(K®A). 0
I J

8 (Co)homology theories

In §7] we introduced the functors Ky and K; and showed a few properties they have. Two of the
most important were half-exactness and homotopy invariance. In this section we will introduce a
more general notion; the (co)homology functor. In @ we constructed connecting maps between K
and Kj; the index and exponential map. In this section the more general (co)homology theory will
be introduced. (Co)homology theories consist of multiple (co)homology functors with connection
maps between them. We will take an axiomatic approach and show that the results in §7] were only
an application of the constructions for (co)homology theories. In the last section we will dive into
the direct limit behaviour of (co)homology theories.

8.1 Admissible subcategories

The goal of this subsection is to define what an admissible subcategory is. This concept is frequently
used in the later subsections. A closed model category is a category with an extra structure on
the morphisms. A subcategory of closed model category is admissible if it is a complete and
cocomplete and preserves the closed model structure of the morphisms. A complete overview of all
the properties of closed model categories would take us too far. We will refer to the definition in
[24] and sketch a closed model structure for C*-algebras. We will show a few properties of closed
model categories that will be important in the proofs of For this, we will mostly follow [31].
Two examples of admissible subcategories of C*-algebras are the separable and separable nuclear
C*-algebras.
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Definition 8.1. A closed model category is a category with three classes of morphisms; fibrations,
cofibrations and weak equivalences satisfying axioms M0-M6 in [24] §1, Def. 1 &85, Def. 1].

Remark 8.2. Not every morphism in a closed model category needs to be a fibration, cofibration
or weak equivalence, but any morphism can be factorised in two ways; both as a composition of a
morphism that is a cofibration and a weak equivalence with a fibration and as a composition of a
cofibration and a morphism that is a fibration and a weak equivalence. This is M2 in [24]. The titles
fibration, cofibration and weak equivalence are not mutually exclusive. For example, identities are
fibrations, cofibrations and weak equivalences.

Example 8.3. For readers with a background in (advanced) algebraic topology; the topological
spaces admit a closed model structure with Serre fibrations ([I2, p. 375-376]) as fibrations and
weak homotopy equivalences ([I2, p. 352]) as weak equivalences. See [24] p. 1.2].

Theorem 8.4. The category of C*-algebras admits a closed model structure.

We will not fully prove this theorem. We will define cofibrations for the category of C*-algebras. We
will construct a factorisation for *-homomorphisms between C*-algebras consisting of a cofibration
and another *-homomorphism to convince the reader of the admission of a closed model structure
without going too much into the details.

Definition 8.5. Let A and B be C*-algebras. A x-homomorphism A ER B has the homotopy
extension property if for every C*-algebra D and *-homomorphism D 9 A and any homotopy
DL C([0,1], B) between fog and another *-homomorphism from D to B, there exists a homotopy
p Lo ([0,1], A) between g and some other *-homomorphism from D tot A such that the following

diagram commutes:

C([0,1], B) 45— C([0,1], 4) —> A.

Definition 8.6. A morphism in C* - alg is a cofibration if it satisfies the homotopy extension
property.

Remark 8.7. A Serre fibration satisfies the homotopy extension property version of topological
spaces for spheres, see [12, p. 375-376]. In Example the Serre fibrations were fibrations. The
Gelfand duality (Theorem [5.36]) switches fibrations and cofibrations.

evy

Lemma 8.8. Let A be a C*-algebra and let ¢ € [0,1]. Then C([0,1], A) —> A is a cofibration.
Proof. See [31], Lemma 1.3]. O

Lemma 8.9. Let A, B and C be C*-algebras. Let A ER C and B2 C be *-homomorphisms. Let

X be the pullback of f and g and let the X 9, Aand X ER B be the structure maps (of the pullback
diagram). If f is cofibration, then so is f.

Proof. See [31], Proposition 1.5]. O
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Theorem 8.10. Let A and B be C* algebras Let A ER B be a *- homomorphlsm There exists a
*-homomorphism A4 - Z + (see Definition and a cofibration Z 2, B such that jor=f.

Proof. The mapping cylinder Z; is a pullback by construction (see Lemma . As evy is a
cofibration by Lemma8.8} it follows from Lemma[8.9|that the structure map Zy — A is a cofibration.
Now define A 5 C([0,1], B) to be the *-homomorphism that sends a € A to the constant path
f(a) € B. Now foids = evy oc. By the limit property (see Example , there exists a unique
*-homomorphism A - Z ¢ such that the following diagram commutes:

A /\
idya 4y —— C([0,1],B)

l lm

A—>

evo

Deﬁnej to be the composition Zy — C([0,1],B) — B. Then j is a cofibration by [31, Proposition

1.8]. Now f coincides with evy oc, which coincides Wlth evgoc as ¢ was chosen to map to the constant
evo

paths. Hence f coincides with the composition A > Z; — C([0,1], B) —> B. O

Remark 8.11. Recall that r in Theorem [8.9]is the deformation retract from Lemma So r is
the inverse equivalence (of C*-algebras) of a cofibration. Note id4 is an isomorphism and therefore
a weak equivalence.

Proof Theorem (sketch). If the cofibrations defined in Definition [8.6| are the cofibrations of C*-
algebras in a closed model structure as defined in Definition then Theorem proves that
in the C*-algebras every *-homomorphisms can be factorised into a cofibration and an arbitrary
%-homomorphism. If the *-homomorphism A - Zy — C([0,1], B) in the proof of Theorem is
both a fibration and weak equivalence (both have not been given for C*-algebras), then this would
prove the factorisation in M2 in [24] §1, Def. 1]. O

Definition 8.12. An admissible subcategory of the category of C*-algebras is a category that is
complete and cocomplete in the sense of Definition 2.53] and inherits the closed model structure,
i.e. any morphism in the subcategory that is a fibration, resp. cofibration, resp. weak equivalence
in C* - alg (with its closed model structure) is a fibration, resp. cofibration, resp. weak equivalence.

Example 8.13. The category of separable C*-algebras is an admissible subcategory of C* - alg.
This is claimed in [3T], p. 402].

Example 8.14. The category of separable nuclear C*-algebras is an admissible subcategory of
C* —alg. This is claimed in [31} p. 402].

Remark 8.15. We have not proven that the categories of separable and separable nuclear C*-
algebras are (co)complete. From Lemmas and we can check that the mapping cone is an
object via the exact sequence of Lemma [6.53] and the mapping cylinder via the exact sequence of
Lemma[6.56] We can check in a similar way that the factorisation from Theorem [8.10]is preserved.
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As [0,1] is second countable, it follows that C'([0,1]) is separable from [34] §1.11] (and nuclear by
Theorem [5.46). So tensor products with C([0,1]) are objects in the categories of separable and
separable nuclear C*-algebras. Hence the pullback diagram from the mapping cylinder can be used
to get the *-homomorphism r from Theorem [8.10]

In §8:3 we will show properties of homotopy invariant half-exact functors from an admissible sub-
category of the C*-algebras to the abelian groups. The proofs in are inspired by the proofs
in [34) §11]. In [34], only functors from the C*-algebras to the abelian groups are covered, no
subcategories. Nevertheless, the statements in [34) §11] also hold for admissible subcategories of
the C*-algebras. This is, in short, because admissible subcategories are closed under mapping cones
(see Definition and the factorisation of Theorem is preserved in an admissible subcate-
gory. We will see this in Theorem The proof relies on the mapping cone. We will introduce a
bifunctor KK: C* —alg®® x C* —alg — Ab (see Lemma. In general, the functors KK(A,_) and
KK(_, A) are not half-exact. We will see in that there is a subcategory for which the restriction
is half-exact.

8.2 (Co)homology functors and theories

In this subsection we will only give definitions and save the results for the next subsection. The
reader may replace the words admissible subcategory of C*—alg by the category of separable (nuclear)
C*-algebras throughout this section. See Examples and

Definition 8.16. A homology functor is a half-exact and homotopy invariant functor from an
admissible subcategory of C* - alg to Ab.

Definition 8.17. A cohomology functor is a half-exact and homotopy invariant contravariant
functor from an admissible subcategory of C* - alg to Ab.

Definition 8.18. Let X be an admissible subcategory of C* —alg. A homology theory is a collection
of homology functors {H,:X — Ab},cs, with I = Ny or I = Z, such that for every exact sequence

045 B2 05 0in X there exist connecting maps 0,: H,(C) — H,_1(A) (if I = Ny, then
n # 0) such that the following sequence is naturally exact:

Hn+1(a) Hn+1(6)

- —— Hn+1(A) Hn+1(B) Hn+1(c)

6n+1

Hp (o) Hn(B)
Hn(A) H,(B) —— Hyn(C)
On
H,1(a) Hy-1(8)

Hn,l(A) — Hn,l(B) — anl(C)
On-1

in the sense that for every commutative diagram with exact rows:

BNy
)
F

0 » A+ B > 0
of el
>y D 25 E

AN
y
B2 .
y

0,

v
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the following diagram commutes:

(041) Hy (ﬁl)

Hypy1 (o Hyv1(B
Ho (AP, (8) %8, (0) —2 H,(4) & 1,8) 222 b0
Hn+1(¢)l Hn+1(w)l/ Hn+1(X)J/ Hn((b)l Hn("/))l Hn(X)l
n+1(& Hyp1 (B Hy (a Hy (B
Hyo (D)™ ()™ %y (Fy 2 1, (D) Y g, (B T g ().

Definition 8.19. Let X be an admissible subcategory of C* —alg. A cohomology theory is a
collection of cohomology functors {H,: X" — Ab},.r, with I = Ny or I = Z, such that for every

exact sequence 0 — A 4B LA C — 0 in X there exist connecting maps d,: H,,(C) — H,+1(A) such
that the following sequence is naturally exact:

anl(ﬁ) H,- l(a)Hn+1(A)

v Hn—l(C) n I(B)

571,—1

Hy(B)

H,, H, («x
(8) (o)

H,(C) H,(A)

)Hn+1(5)

Hpot (C ml(B) Tl g1 (4)
6n+1

so that for every commutative diagram with exact rows:

0 > A > B > C > 0
of ol
0 y D -2, g2, F > 0,
the following diagram commutes:
H, (52) Hy (042) n+1(52) Hn+1(a2)
Ho(F) === Hy(B) =% Hy(D) —> Hy1(F) 5 Hyr (B) =5 H,p1 (D)

1,00 | )| ()| Hann (0] ()] Har()|

Hy, ﬂ Hn(a S5 H, 4 B Hyp1(a
H,(0) % g, (B) Y 1Ay — Hoo (0) ", (B H,,, 0 ().

Remark 8.20. A homology theory has degree decreasing connecting maps and a cohomology theory
has a degree increasing connecting maps. This is in contrast to [34] Definition 11.1.4].

To move one (co)homology theory indexed by I to another, we obviously need morphisms of functors
indexed by I. The connecting morphisms are not induced by *-homomorphisms and they do not
automatically commute with any choice of morphism of functors. We have to add extra structure
to them. We will coin the term morphism of (co)homologies for morphisms of functors with this
extra structure. The following two definitions will state this concept precisely.

Definition 8.21. Let X be an admissible subcategory of C* —alg. Let {H,:X — Ab},; and
{Jn: X = Ab},c; be homology theories. A morphism of homology theories from {H,,: X — Ab}, to
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{Jn:X — Ab} s is a collection of morphisms of functors { H, N Jn tner such that for every exact

sequence 0 — A > B LA C — 0 in X the following diagram commutes:

Hn+1(A) M)Hm-l(B)}M)HnH(C) % Hn(A) M Hn(B) M Hn(c)

nli“l nj’é”l né“l nﬁl W%l n%l
Jns1(a Jns1 ! Jn(a Jn (B

Tp(A) 2 g By R g o) —2 s g,a) 29 g3y 2P g o).

Definition 8.22. Let X be an admissible subcategory of C* —alg. Let {H,:X°"" — Ab},; and
{Jn: XP? — Ab},c; be cohomology theories. A morphism of cohomology theories from

{H,: XP? — Ab} 1 to {J,: XPP — Ab},,s is a collection of morphisms of functors { H,, LN I et
such that for every exact sequence 0 — A — B LA C — 0 in X the following diagram commutes:

H,(0) P g By T g4y s By (o) R g (B) Y | (A)

ngl n%l nXl n?j”l n}%’“l nlﬁ“l

Jo(€) 29 5By 9 g 4) —Es T (0) 2 g (B) g (),

8.3 Properties: generalising K, and K;

Proposition 8.23. Let X be an admissible subcategory of C* —alg. Let {H,:X — Ab},; be a
homology theory. Then H,, is split exact for every n € I, unless it is the bottom element (if I = Np).

Proof. See Lemmal[7.77] The proof fails for the bottom functor, because there is no connecting map
to a preceding functor. The left-hand induced morphism need not be injective. O

Remark 8.24. Bottom becomes top in cohomology. So the proof fails for the top functor. Due
to the non-existence of connecting map to a succeeding functor, the right-hand induced morphism
need not be surjective.

Corollary 8.25. Let X be an admissible subcategory of C* —alg. Let {H,:X — Ab}, be a

homology theory. Let 0 - A > B LA C — 0 be a split exact sequence in X. The connecting maps
On: Hy(C) — Hy—1(A) are trivial.

Corollary 8.26. Let X be an admissible subcategory of C* - alg. Let {H,:X — Ab}, be a

homology theory. Let 0 — A % B LN C — 0 be a split exact sequence in X. Then H,(B) =
H,(A)® H,(C) for every n € I, unless for the bottom element in I.

Remark 8.27. Corollary resp. Corollary is a generalisation of Corollary resp. Corol-
lary Because of Bott periodicity, Ky and K; in alternating order form a homology theory with
index Z. There is no complicating bottom element.

Proposition 8.28. Let X be an admissible subcategory of C* —alg. Let {H,:X — Ab},c; be a
homology theory. Let A € Ob(X). Then H,(A) is naturally isomorphic to H,_1(SA) for neI.

Proof. Similar to the proof of Lemma [7.65] O
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Definition 8.29. The isomorphism established in Proposition will be referred to as the sus-
pension isomorphism.

Theorem 8.30. Let H:C* —alg — Ab be a homology functor. Let 0 — A 4B LA C — 0 be an

* . . 4 .
exact sequence in C* —alg. There exists a connecting map H(SC) — H(A) such that the following
sequence is exact:

HS(a) HS(),

H(54) 259, gspy 259, e,

H(ﬁ)

H(SC) > H(A) =2 H(B) =2 H(C).

Proof. The exact sequence 0 — A % B LN C — 0 induces the exact sequences from Lemma
and Lemma [6.54

0-5¢%% 0, o B0
(a(-),0)

0—-A Cs = CC —0.
a(-),0 . .
Notice « is the composition A M Cp — B. Define § so that the following diagram commutes:

H(a)

H(sB) 2 gso) s H(A)

NI((Q( B} 0)/
H((0,9))

H(Cp)

H(B).

H((x(2),0 . . . o,
As CC is contractible, H(A) HO0), Cjs is an isomorphism. See [34, Proposition 11.1.10].

So H((a(.),0))7t is well-defined. H(a) is the composition H(A) RSECIDIN H(Cg) — H(B).
So ker H(a) = H((a(-),0)) ! (ker(H(Cs) — H(B)) = H((«(-),0)) ' (im H((0,-))) = imd by the
half-exactness of H. It remains to prove kerd = im HS(8). Define

E:={(f,9) € C([0,1], B) @ C([0,1], O)|£(0) = 0, 5(f(1)) = 9(0),9(1) = 0}

Define the *-homomorphisms SC % E to be ¢(g) = (0,t > g(t-1)) and E 2, Cs to be ¥(f,g) =
(evi(f),t > g(2-1t)). E appears in the following exact sequences:

O—>SC£>E—>CB—>O

0582 Y% oy o

As CB is contractible, H(SC) — o), H(E) is an isomorphism. Notice (¢ o Sﬂ)(f) = ¢(fo f) for

f € SB. Now 5B % E is homotopic to (¢0S8) and o6 is homotopic to SC =2 Cy (not equal,

H((0,_
notice the reversal in ¥). So H(v) o H(¢) coincides with H(SC) @) H(Cg) by homotopy
invariance. All the claims about exactness and homotopy are proven in [34] Proposition 11.1.12].

Now kerd = ker(H(SC) MO, H(Cp)) as H((a(-),0))™" is an isomorphism. This fact and the
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homotopy invariance of H give the following equalities:

ker 6 = ker(H(SC') 222,

H(Cp)) = ker(H () o H(6)) = H(6)™ (ker H(1)) =
I, [(B)) = H(p) ™ (im(H(9) 0 HS(B))) = im HS().

O

H(¢)™ (im H(SB) ——

Theorem 8.31. The proof of Theorem [8:30]is valid for any admissible subcategory.

Proof. For any C*-algebra A in an admissible category, C'([0,1], A) has to be in the admissible
category as well, see [31, Remark 2.12]. Recall that an admissible category is complete. The kernel
of the *-homomorphism C([0,1], 4) =% A is CA. The kernel of the *-homomorphism CA < A is
SA, see Lemmal6.50] So C'A and SA are included in an admissible category, whenever A is included.

To see that mapping cones are included, recall that it is a pullback, see Proposition [6.52 O

Lemma 8.32. Let X be an admissible subcategory of C* —alg. The connecting map constructed
in Theorem [8.30] is natural in the sense that for a commutative diagram in X with exact rows

0 > > 0

0,

v

the following diagram commutes:

Hs(al) Hs(ﬁl) H(Bl)

H(SA) Y gsB) 2 gsoy s ma) XY gy X o)
()| () | 1500 )| 1) 00|
H(SD) "2 g(sE) 5% gsry 2 m(D) P m(p) 1) gr).

Proof. The exact sequences from Lemmal[6.53]and Lemma[6.54] are natural. The following diagrams
are well-defined and commute:

0 Cgl » B >0
S(X)l (¢, xo- )J/ "/’l
(0,9)
0 > Cg, > B > 0,
00— A9De oo ——0

| we]

OHD(QQ()O)C — 3 CF ——0.
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We conclude that the following diagram commutes:

H(Cﬁl)
H((W \
H((01(),0))"
H(SB) sz H(SO) y » H(A) 55— H(B)
H((xo0) HS () HS() le) H(w)
H(SE) %) g (sF) i s H(D) 1 q(E).
\((az( >o>/
H((0,)
H(Cﬂz

Corollary 8.33. Let H be a (co)homology functor, then {HS™}, is a (co)homology theory.

Example 8.34. The connecting morphism between K; and K is constructed in the same way as
in Theorem See [34], §8.1] and Theorem

Theorem 8.35. Let X be an admissible subcategory of C*—alg. Let H:X°P? — Ab be a cohomology
functor. Let 0 > A > B 5 C — 0 be an exact sequence in X. There exists a connecting map
H(SC) Sl (A) such that the following sequence is exact:

HE) 2D g3y 29 may & Hisoy 229 gsy 22, gsa).
Proof. Identical to the proof of Theorem but with arrows reversed. O

Lemma 8.36. Let X be an admissible subcategory of C* —alg. Let {H,,: X — Ab},c; be a homology
theory. Let A = B be a morphism in X. Then the connecting morphism H, (A4) = AR H,_1(SB)

0,
induced by the exact sequence O — SB 0, C, — A — 0 coincides with a under the suspension

isomorphism (see Proposition (8.28]).

Proof. By the admissibility C,, € Ob(X) (it is a pullback, see Proposition [6.52]).
Apply {H,:X — Ab},cs to diagram (21). As CB is contractible, H,,(CB) =0 = H,_1(CB). This
gives the following commutative diagram:

Ho(Co) —— Ho(A) —— H, 1 (sBY %, (c.)

l Hn(a)l idHn_1<SB>l l

0 —— Hy(B) —= H,_1(SB) —— 0.

O

Lemma will be very useful in the eventual goal of working out the proof of the UCT. However,
it can also be applied to the homology theories that are already known: Ky and Kj.
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Theorem 8.37 (Essential surjectivity of K.). Let M and N be abelian groups. There exists a
C*-algebra C such that Ko(C) = M and K;(C) = N.

Proof. The steps are lined out in [34, Exercise 9H]. Let 0 — 7’ *, 7' 5 M — 0 be a free resolution,
with I and J index sets, such that there exist sets of generators {fi}ie; c Z’' and {g;}jes 7 for
which the matrix expression ¥(g;) = Y;er n4j fi consists only of n;; > 0. Only finitely many n;; can
be non-zero for any i € I. Define A:=@;K and B:= @ ;K. Now K;(A4) =K;(B) =0 (as K;(K) = 0)
and Ko(A) = @;Z and Ko(B) = @, Z. Since ny; > 0, there is a +-homomorphism B 5 A® K =

@i (K®K) such that « acts coordinatewise by letting K 2, KeK be a;j(x) = diag(z,...,x)
(n;j-times). Now Ko(«) = 9. By Lemma a induces a short exact sequence:

0>54%% . LB

We will now determine the six term sequence induced by this short exact sequence. First K;(B) =0
and Ko(SA) = K;(4) = 0. By Lemma the exponential map Ko(B) — K;(SA) = Ko(A4)
coindices with ¢. As ¢ is injective, it follows that Ko(C,) — Ko(B) must be the zero map. But as
Ko(SA) =K;(A4) =0, it must also be injective. Hence Ko(Cy) = 0. This is what remains from the

six term sequence:
K1 ((0,-
0~ Ko(B) 5 Ko(4) —22 K, (CL) — 0.
By exactness M = Zl/kerw =Ko(A)/kery =K;(C,). Suspend the obtained C*-algebra to flip Kg
and K;. Repeat this algorithm for N (but don’t suspend this time). Now the orthogonal sum of
the C*-algebras has Kg-group M and K;-group N. O

Theorem 8.38 (Mayer-Vietoris). Let X be an admissible subcategory of C* —alg. Let {H,:X —

Ab},cr be a homology theory. Let A % C and B LA C be *-homomorphisms in X. Define P:=
{(a,b) € A® B:a(a) = B(b)}. By Lemma [6.1§ P is the pullback of o and . It forms this pullback
diagram:

P45 A

b

B—25 ¢

If « or B is surjective, then the following sequence is naturally exact:

(Tma,mB)

= Ho (C) 2% H,(P) Hy(A) @ Ho(B) 2% Hoy(C) 2 Hyr(P) — ...

Proof. See [34, Exercise 11D] for the statement and [31, Theorem 4.1] for the proof. O

8.4 Bott functors

There is even a stronger version of a homology functor. A Bott functor is not only half-exact and
homotopy invariant, but also stable. This extra property guarantees the Bott functors a six term
sequence, just like Ky and K; have.

Definition 8.39. A Bott functor is a stable homology functor.

Example 8.40. Kq and K; are Bott functors for C* - alg.
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Theorem 8.41. Let F:C* —alg - Ab be a Bott functor. Then F and F'S? are isomorphic functors.
Proof. For the full proof, see [34, Theorem 11.2.1]. O

Remark 8.42. The proof relies on the Toeplitz algebra 7, which is the *-subalgebra of B(¢?(N))
generated by the unilateral shift on N (see [34] Exercise 3F]). As 7 appears in an exact sequence
0—>K— T — C(T), it follows T is separable, o-unital, nuclear and postliminal, see

Remark 8.43. Theorem gives a result about Bott functors whose domain is C* - alg. This
raises the question; does the proof fail for subcategories? For the subcategories in this thesis; the
category of separable C*-algebras, the category of separable nuclear C*-algebras and the category
of o-unital C*-algebras the answer is no! The proof is completely valid!

Corollary 8.44. Let F:C" —alg — Ab be a Bott functor. Let 0 — A 5B LA C — 0 be an exact
sequence of C*-algebras. Then the following diagram, in which the vertical maps are the connecting
morphisms, is exact:

Fa) 2% pB)y L9 p(o)

F(SC) $5055 F(SB) $55 F(SA).

Proof. Apply Theorem to F and F'S. Then use Theorem to conclude that F'S? = F and
close the six term sequence. O

8.5 Limit behaviour of (co)homology theories

Homology theories preserve direct limits, just like Koy and K; do (Theorems and . For
cohomology theories this is not the case. The morphism of functors as established in Example
turns out to be surjective in every component in Fun(N,C" - alg) for functors in a cohomology
theory. Not every component in Fun(N,C* - alg) is injective. Recall that when a component in
Fun(N, C* - alg) is isomorphic, the direct/inverse limit and the cohomology functor commute.

Theorem 8.45. Let {H,:C"—alg — Ab},.c; be a homology theory. Then Hn(h_I)Ill A;) = lim_ H,(A4;).

Proof. The proof can be found in [31], §5]. The proof involves mapping telescopes. The eventual
isomorphism is obtained via application of the homotopy invariance and half-exactness to a pullback
diagram and a few short exact sequences. U

Definition 8.46. Let ({M;}:2,, {fiix1};21) be a tower in Ab. Define the following map:
0:({Mi}Zy, { fiina }i21) = (M0, {fiinn Jia [1M; 3 (ma)y = (mi=fi (mia)) iy € [T M
i1 i=1

Define lim® M;: = coker 0.
<~

Remark 8.47. Although omitted from the notation, ¢ and Lir_n1 depend on the morphisms f; ;1 €
Homap, (M1, M;). For that reason it is necessary to work with towers of abelian groups and not
just products.

84



Proposition 8.48. Let ({M;}21,{fii+1}i2;) be a tower in Ab. The following sequence is exact:

0 — lim M; — T[] M; 5 T] M; — lim'M; — 0.
i=1 i=1
Proof. There is a bijection between Lian and sequence (m;)52; € [1527 M; such that f; ;11 (M) =
m; for all i € N (see Example . Clearly ker 0 = lim M;. By definition 11111Mi = coker 0. O

Lemma 8.49. lir_n1 defines a functor LiLnl:Fun(N(’pp,Ab) — Ab.

Proof. Let ({M;}21, {fiir1}2) and ({N;}521,{gii+1}52;) be towers in Ab. Let {d;: X; - Y;}2, be
a morphism of towers. By definition d;(f; i+1(mit1)) = giiv1(dis1(mis1)) for every m; € M;. It
follows dl(ﬁ(mz)) = dz(ml - fi7i+1(m,»+1)) = di(mi) —0ii+1 (di+1(mi+1)) = 6(d1(m1)) So the image of
0 is preserved by a morphism of towers. Therefore morphisms of towers define a well-define group
homomorphisms between the cokernels of 0. It is clear that this construction preserves identities
and compositions. O

Lemma 8.50 (Equivalent to Lemma|8.49)). The exact sequence of Proposition is naturally ex-
act. It means that for towers ({M;}521, { fii+1}501) and ({V;}224, {gii+1}521) in Ab and a morphisms
of towers {d;: X; - Y;}2, between them, the following diagram commutes:

0 — Lim M; — 1%, M; —%— 1, M; —— lim'M; —— 0
<«— <«—

ld l{di};’zl l{di}zl l{di}:l (29)

0 —— ImN; — [I2, Ny —2— 125, Ny — lim'N; — 0.
<« «—

Proof. Here d is the morphism in Ab induced by the morphism of towers {d;: X; - Y;}2,. See
Proposition [2.64] It is by construction/definition of the vertical arrows that the left-hand and
middle square of the above diagram commute. O

Theorem 8.51 (Milnor). Let {H,:C* - alg®*® — Ab},; be a cohomology theory. Then the
following sequence is naturally exact for every n € I:

.1 . .
0— lﬂl HrL—l(Ai) - Hn(h_l)nAz) - LlnHrL(Az) - 07

7 (3

so that for every morphism of cohomology theories { H,, AN Jn tner from {H,:C* —alg®®® — Ab} s

to {J,:C* —alg’®? — Ab},; the following sequence commutes:

lljr—n:nzz—l nﬁ_n;Ai ll(lnl n; (30)
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Proof. The full proof can be found in [3I], §7]. Via the Mayer-Vietoris sequence (Theorem ,
a long exact sequence is obtained from a pullback diagram of C*-algebras. Up to an equivalence,
this long exact sequence is:

= Hy(lim A;) — []Ha(A) 25 T Hu(Ar) — Hyor(lim A7) — -
=1 i=1

By exactness im(H, (limA) — 12y Hn(A;)) = kerd,, and ker(H, (limA) — [, Ho(A4y)) =
coker 0,_1. From dlagram , it is clear that coker 0,1 = hm Hy,-1(4; ) and ker& = hm H,(A).

This proves the exactness. The Mayer Vletorls sequence is natural SO dlagram is commutatlve
The right-hand square in diagram (30]) is diagram . from Theorem (but the functor is
contravariant in this case (it is the bituation described in Remark- The middle vertical arrow
is the component of n™ at hm A;. Asn™ is a morphism of functors, nhm 4, 1s the morphism that makes

diagram (3|) commute. The right-hand vertical hm 172 -arrow is the hrn functor (Proposition [2.

applied to the morphism of towers induced by a morphlsm of functors (Proposition [2.60)). The
left-hand vertical morphism is the ligll—functor applied to the morphism of towers induced by a
morphism of functors. O

9 Hilbert modules

The goal of this section is to get acquainted with Hilbert modules. We will show an isomorphism
between the adjointable operators and multiplier algebra of the compact operators. It turns out for
the standard Hilbert module of a C*-algebra the bounded operators are isomorphic to the multiplier
algebra of its stabilisation.

9.1 Hilbert modules

Definition 9.1. Let A be a C*-algebra. A Hilbert A-module is a A-module F with an A-valued
inner product (.,.)g: F x E - A such that:

1. (61,62'G)E:<€1,€2)E~a V61,€2€E, acA
2. (61,62)E:(62761>*E Vel,eQEE

3. (e,e)p 20 Vee E and (e,e)p =0 < e=0

1
4. E is complete w.r.t. the norm induced by the inner product: |le||z:=[|(e,e)g||? for e € E.
Example 9.2. A Hilbert C-module is just a Hilbert space.

Example 9.3. Let A be a C*-algebra, then A is an Hilbert A-module via the inner product
{a,b) = a*b. In case no inner product is explicitly stated, a C*-algebra is assumed to have this inner
product when viewed as a Hilbert module over itself.

Example 9.4. Let A be a C*-algebra. The standard Hilbert A-module is the inner product defined
in equation under pointwise addition and A-action:

Ha:= {(x) € [T Al Y] 32k converges in norm in A} (T, y)Hai= ). ThYk- (31)
1 keN
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Its norm is induced by the inner product. Clearly H¢ = /5.

Remark 9.5. The set Hy is often wrongly characterised. The sets {(zx) € [Tro1 Al Xpen [|zj2kl| < 00}
and {(zr) € [They Al {l| Xr-1 5kl 52 bounded} are not equal to H4. For the former, take A = B.
Each rank one projection on the span of an orthogonal basis element has operator norm 1. The
sum converges to the unit in B, however Y 1 = co. For the latter, take A = K. The sum of the rank
one projections on the span of orthogonal basis elements does not converge, since K is non-unital.
However the operator norm of the n-th sum is 1. [34] p.239)].

Definition 9.6. Let A be a C*-algebra and let E be a Hilbert A-module. The adjoint of F is
a linear operator F* on E such that (F(a),b)g = (a, F*(b))g for all a,b € A. The algebra of
adjointable operators on E is denoted by B(E) .

Remark 9.7. The A-action is automatically preserved for operators in B(FE), see [2, Definition
13.2.1]. For a Hilbert space, every bounded operator allows an adjoint [29, Theorem 6.1]. This does
in general not hold for Hilbert modules of other C*-algebras.

Lemma 9.8. Let A be a C*-algebra and let F be a Hilbert A-module. Then B(F) is a C*-algebra
with the adjoint as *-operation and the operator norm as norm.

Proof. The sums and products of two adjointable operators are adjointable. The adjoint satisfies
Definition It follows from the definition of the operator norm and adjoint that B(E) is a
C*-algebra. O

Remark 9.9. In this section, we assume that the domain and codomain of operators between Hilbert
modules over a C*-algebra coincide. This is because B(F) is a C*-algebra. The other results hold
for adjointable operators with a different domain and codomain. This also applies to
Lemma 9.10. Let A be a C*-algebra. View A as a Hilbert module over itself (as in Example .
Then B(A) 2 M(A).

Proof. Let (L,R) € M(A), then L(ab) = L(a)b, so L preserves the A-action. Proposition
shows the -operation on (L, R) € M(A). Notice that (L(a),b)a = (L(a))*b=L*(a*)b=a*R*(b) =
(a,R*(b))a. So R* is the adjoint of L. So L € B(A) and the mapping M(A) > (L,R) > L e B(A)
must be injective; it follows from the uniqueness of adjoints.

Let F e B(A). Define F' € B(A) as Ff(a) = (F*(a*))*. Now aF(b) = {a*,F(b))a = (F*(a*),b)a =
(F*(a*))*b=Ft(a)b. So (F,FT) e M(A). The mapping is surjective.

This bijection preserves addition, composition and the *-operation. It is a *-isomorphism. O

9.2 Compactness and Properties of Hy,

Definition 9.11. Let A be a C*-algebra. Let E be a Hilbert A-module. A rank one operator is
an operator in B(E) of the form 0, ,(2):= z(y, z)g for z,y,z € E. An operator T € B(E) is compact
if it is in the closure of the linear span of the rank one operators. The set of compact operators is
denoted by K(E). In other words, K(E):= Span({0,,:x,y € E}).

Remark 9.12. A rank one operator has an adjoint, namely 6} , =6, .. See the following equation:

*

(0r,y(2), w)e = (2(y, 2) B, w)E = (w,2(y, 2) ) = (W, 2)E - (y,2)B)" =
(v, 2)p (W, 2)p = (z9)e - (. w)p = (2,y(z, w)B)E = (2,0y (W) b

So the rank one operators are contained in B(F) indeed.
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Lemma 9.13. K(E) is an ideal of B(F).

Proof. Let T e B(E), then (T'00,,,)(2) = T(x(y,2)r) = T(x){(y, 2) & = Or(2),y(2)-
Likewise (0, 0 T)(2) = 2(y, T(2)) e = (T (y), 2) & = 01,1+ (y) (2). O

Lemma 9.14. Let A be a C*-algebra. Then K(H,) 2 K®A
Proof. See [34], p. 245]. O
Theorem 9.15. Let A be a C*-algebra and let E be a Hilbert A-module. Then B(F) ¥ M(K(E)).

Proof. The entire proof can be found in [34, Theorem 15.2.12]. The *-isomorphism is given by the
mapping B(E) >T — (L, Rr) € M(K(FE)), where Lt and Ry denote the post- and precomposition
by T. It is similar to Example So it is a well-defined *-homomorphism, because K(E) is an
ideal. If (L7, Rr) =0, then ToS =0and SoT =0 for all S ¢ K(E). In particular, for the rank one
operator 0, 7. Now (L7 00, 1,)(Tx) = T(x(Tz,Tx)g) = T(2)||T(z)|[*>. Now T(z)||T(z)|* =0 if
and only if T'(z) = 0. Hence T = 0. So its kernel is trivial.

For the surjectivity we refer to [34], Theorem 15.2.12]. O

Remark 9.16. The injectivity of the *-homomorphism in the proof of Theorem [9.15| shows that
K(FE) is an essential ideal of B(F), see Lemma

Corollary 9.17. Let A be a C*-algebra. Then B(H,) 2 M(K®A).

Example 9.18. M(K) =B, as K = K(¢5) = K(Hc) = K® C (Example [0.4), because {5 is separable
(29, Example 3.53]; it allows an orthonormal basis). Now B =B({2) = B(H¢) = M(K®C) = M(K).

10 Grading

A grading indexed by an abelian group adds more structure to the already existing additive and
possibly multiplicative structure of a ring, a module, an algebra. When a grading indexed by an
abelian group is applied to an object, the object will be decomposed into components indexed by
the abelian group. Each component may or may not be an object in the categorical sense. That
depends on the category. The best way for a more precise formulation is just going through several
applications of gradings. In this thesis objects (C*-algebras, Hilbert modules, abelian groups,
modules over a ring, etc.) will only be endowed with a Z/2Z-grading. For clarity, Z/2Z will be
abbreviated to Zs throughout this thesis.

10.1 Graded C*-algebras

Definition 10.1. A C*-algebra A is Zy-graded if it decomposes into self-adjoint closed linear
subspaces A(®) and AM) such that A = A(® @ AM as vector space and zy € A7) for z € A® and
y e AU) with 4,5 mod 2.

Remark 10.2. A is a C*-subalgebra (closed and self-adjoint subalgebra). A() in general is not a
C*-subalgebra. It is not multiplicatively closed.

Example 10.3 (Trivial grading). Every C*-algebra A can be endowed with the following grading:
A=A00 (A® = A and AM =0).
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Example 10.4 (Even grading). Let A be an arbitrary C*-algebra. M3(A) can be given the
following Zo-grading; let My(A)(®) be the diagonal and let My(A)™) be the off-diagonal. This is
called the even grading on Ms(A).

Example 10.5 (Odd grading). C; is defined in Definition [5.96] Define C{”) = {1:\ € C} and
(Cgl) = {Xe1: A € C}, then this forms a Zs-grading on C;. The motivation for this grading is the
isomorphism C; = C?. The corresponding grading on C? is (C*)(® = {(X\,A\): A e C} and (C*)M) =
{(X\,=\): A € C}. The non-trivial ideals of C* correspond to {)\“%:)\ € C} and {/\%: AeC}in Cy.
This can be generalised to any C*-algebra A (see [2, Example 14.1.2b]). The orthogonal sum A® A
will be Zy-graded in this way: (A® A)® = {(a,a):a € A} and (A® A)D = {(a,-a):a € A}. This is
called the odd grading.

Definition 10.6. Let A be a Zs-graded C*-algebra. Let B ¢ A be a C*-subalgebra. B is a Zs-
graded C*-subalgebra of A if B:= A A B and BM:= AM n B define a Zy-grading on B. It
means that if € B and a decomposes as a = a(® +a(® in A, then a(?,a™) ¢ B.

Remark 10.7. In line with Definition [T0.6} a Z-graded ideal is a Zs-graded subalgebra that happens
to be an ideal. A Zs-graded ideal can be decomposed into closed self-adjoint linear subspaces, but
the summands need not be ideals in their own right.

Definition 10.8. Let A be a Zs-graded C*-algebra. Elements of A(®) and AM) are homogeneous.

Remark 10.9. Later on, (linear) maps where the outcome depends on whether an element is in
AO® or AM will be introduced. The degree map, d: A u AM — {0,1}, is only well-defined
on homogeneous elements. In the expressions of functions, it is assumed that all elements are
homogeneous and extended linearly.

10.2 Graded Hilbert modules and results

Definition 10.10. Let A be a Zy-graded C*-algebra. Let E be a Hilbert A-module. FE is Zs-graded
if there is a decomposition into closed linear subspaces E = E©® @ M such that EM AU ¢ pi+)
and (E® EGD))yg ¢ A6+ for 4,5 =0,1 mod 2.

Definition 10.11. Let A be a Zs-graded C*-algebra and let E be a Zs-graded Hilbert A-module.
Let F e B(E). Then F is even if F(E®) c E©® and F(EM) c EM and F is odd if F(E(®) c EW
and F(EM) c EO,

Example 10.12 (Trivial grading). Similar to Example every Hilbert A-module E can be
graded with the trivial grading; F = E @ 0. The Hilbert modules of trivially graded C*-algebras
need not be trivially graded. For trivially graded Hilbert A-modules the only odd operator is 0.

Lemma 10.13. Let A be a Zs-graded C*-algebra and let E be a Zs-graded Hilbert A-module.
Every operator F ¢ B(E) can be decomposed into F = F(©) + F() for which F(©), F() ¢ B(E) such
that F(9 is even and F( is odd.

Proof. Decompose z € E into z =z +y with 2 € E©, y e EM, For F e B(E), F(z) = F(z) + F(y).
There are unique decompositions F'(z) =t +u and F(y) = v +w with ¢t,v € E(®), u,w e EM). Define
FO (z):=t, FO(y) =w and FM(z) =u and FP(y) =v. FO is even and F™M) is odd. O
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Corollary 10.14. Let A be a Zy-graded C*-algebra and let E be a Zg-graded Hilbert A-module.
The even and odd operators in B(E) define a Zs-grading. Under this grading B(E) is a Zo-graded
C*-algebra. Moreover, if E is trivially graded, then so is B(F).

Remark 10.15. Also adjointable operators with a different domain and codomain inherit a Zo-
grading; even is grading preserving and odd is grading reversing.

Lemma 10.16. Let A be Zy-graded C*-algebra and let E be a Zy-graded Hilbert A-module. Then
under the grading of Corollary [10.14{on B(F), the ideal K(E) c B(E) is a Zo-graded ideal.

Proof. Let x,y,z € E. Decompose = = (9 + 21 ¢ = y(© 441 and 2 = 2(0) 4 (D),
A5 (20 = (O + 5,20 120 = (OO 1 (02O 4 (20 (D, 2D)

(¥, 2z g (5D 2Dy e A and (yD, 2O 5 (y@, 2) 5 e A ¢ AM by Definition [10.10
02.4(2) = z(y, 2) g € E decomposes as follows:

(x(y,2)£) @ = 2Oy 2Oy 5 4 2O D Wy o4 2 (D) Oy oy (D (O M)y,
(x(y, 2) )P = 2D (@ 2Oy 5+ 2@ (D WY g 2O (W) Oy oy 20 (O Wy 5

Clearly 65°) = 0,01 o) + 0,00 yo» and 055 = 0,09 o) + 0,0, So 8,08 ¢ K(E).

So K(F) is a Zs-graded ideal of B(FE). O

Example 10.17. Let A be a Zs-graded C*-algebra. A is a Zs-graded Hilbert module over itself,
see Example Now B(A) inherits the Z2-grading of A by Corollary Lemma offers an
isomorphism between B(A) and M(A), so that M(A) can copy the Zs-grading of B(A). This will
from now on be the Zs-grading on multiplier algebras. By Example the multiplier algebra of
a trivially graded on C*-algebra is trivially graded.

Remark 10.18. Theorem is a Zs-graded isomorphism. In the proof of [34] Theorem 15.2.12]
no grading is taken into account. However B(FE) has its grading from F via Corollary As
K(F) is Zs-graded ideal of B(E), it has the same grading. The isomorphism of Lemma for
the C*-algebra K(F) is B(K(E)) 2 M(K(E)). Example let M(K(E)) copy the Zs-grading
from B(K(E)).

Definition 10.19. Let A be a Zs-graded C*-algebra and let E be a Zs-graded Hilbert A-module.
Then the opposite of E is the Hilbert A-module E°PP for which E°PP(0) = B(1) and gorr(l) = g(0),

Example 10.20. A Zs-graded C*-algebra A induces a natural grading on H ; Hff) consists of all
sequences of H 4 with values in A and ]I-]Ii‘l)

This grading will be assumed on Hy from now on. Define H,:= H4 e HYP. If A is trivially graded,
then so is H 4 and M4 is in fact the direct sum of two copies of H 4, so that m(o) =H4 ]IT]I;(U =Hy4.

Lemma 10.21. Let A be a trivially graded C*-algebra. Then B(H,) = My(M(K®A)).

Proof. Since A is trivially graded, H, = H @ Hy and every element of B(H4) can be written as a
2 x 2-matrix of elements of B(H,). Using Corollary every element of B(H[4) can be written
as a 2 x 2-matrix of elements of M(K®A).

It is easy to see that the gradings of My(M(K®A)) and B(H,) agree. An even morphism preserves
the grading and the image of each summand will be included in itself. So an even morphism is zero
on the off-diagonal. An odd morphism switches the grading and the image of each summand will
be included in the other summand. So an odd morphism is zero on the diagonal. 0

consists of all sequences of H 4 with values in AM).
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Theorem 10.22 (Kasparov’s stabilisation theorem). Let B be a Zs-graded C*-algebra and let
E be a CO}Eltably generated Zs-graded Hilbert B-module. There is a Zs-graded isomorphism
Hp e F 2 Hpg.

Proof. The proof can be found in [2, Theorem 13.6.2] for the ungraded case described in the remark
below. The modifications for the Zy-graded case are explained in [2, Theorem 14.6.1]. O

Remark 10.23. There is an ungraded version of this theorem. It can be obtained by endowing B
with the trivial grading. Then H—TI;; =Hp@®Hg and HgeoHp o F = ]I-/]IE; oF I[-/]IB =Hgp®Hpg. There
is an isomorphism between Hp and Hp @ Hp. It can be established by creating a bijection between
N and Nx N and mapping the indices accordingly. Hence Hp & E' = Hp.

10.3 Grading on tensor products of C*-algebras

Definition 10.24. Let A and B be Zy-graded C*-algebras. Denote by A®B the endowment of the
algebraic tensor product A ® B with the following structures:

o (A®B)® =Span({a®b:aec A be BO} U {a®b:ae A be BW})
o (A8B)M = Span({ad®b:a e A be BMW}u{adbac AN be BO})
o (a1®b1)(as®by) = (~1)21)%@2) (4 a4, &by by)

o (a®b)* = (=1)2(@®) (g*@p*).

Proposition 10.25. Let A and B be Zy-graded C*-algebras. A®B with the structure of Defini-
tion [10.24]is a Zy-graded *-algebra.

Proof. (A®B)(® and (A&B)™) are closed by construction. A® AM BO and BM are closed
under the *-operation. Hence (A®B)(O) and (A®B)(1) are closed under adjunction. Only the signs
differ from Lemma and so A®B is Zs-graded.

The *-operation is anti-linear, a minus sign does not change that. To see that the *-operation and
product commute in reversed order, check that and (33)) are both expressions for ((a1®b;)(a2®b2))*.

((-1)72) (a1as@b1by))* = (-1)7Ve2) (—1)20a)00102) (4307 9b3b7 ) (32)

(a28b2)" (181)" = (~1)°2742) (a3803) (~1)°*7*) (a}@b]) =
(-1)7(@2)202) (1) (@200 ()220 (g5a7 600507 (33)

It needs to be verified that the signs of and agree, the following equation holds:
(_1)6(171)(?(02)(_1)5(a1a2)5(b1b2) _ (_1)(3012)5(172)(_1)5@11)5(171)(_1)5@1)9(1’2)' (34)

The degree of a product is the sum of degrees, so:

8(61)6(@) + a(alag)ﬁ(blbg) = 8(1)1)6((12) + (ﬁ(al) + 0(a2))((7(b1) + 6(b2)) =
6(&1)8(191) + 0(a1)6(b2) + 6(a2)6(b2)
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From this follows that equation holds and so the signs of and agree.
It needs to be proven the product is associative. Equations and take products in different
orders:
((a18b1)(a2®by))(a3&bs) = (~1)° V%) (a1a38b1b,)) (a3&bs) =
(_1)6(b1)9(a2)(_1)6(b1b2)6(a3)(a1a2a3®b1b2b3) (35)

(a1®b1)((a2®b2)(a3®b3)) = (a1®b1)(—1)0(b2)8(“3)(agag ® bgbg) =
(~1)70atazas) (_1)0(2)203) (1 a5a5 ® bibabs).  (36)

It needs to be verified that the signs of and agree, i.e. the following equation holds:

(_1)0(171)(3((12) (_1)6(b1b2)0(a3) - (_1)6(b1)6(a2a3) (_1)5(b2)6(a3) . (37)

The degree of a product is the sum of degrees, so:
é(bl)(?(ag) + 6(b1b2)6(a3) = 5(b1)5(a2) + (a(bl) + &(bQ))a(ag) = 8(b1)6(a2a3) + 6(1)2)6(&3)

From this follows equation holds and and agree. The distributivity follows from the
distributivity of the ungraded tensor product (from Lemma [5.38). Addition of a minus sign will
not change that. O

Definition 10.26. Let A and B be Zy-graded C*-algebras. The Zs-grading on A® B from Defini-
tion [10.24] is called the tensor product Zs-grading.

Remark 10.27. The norm on the graded tensor product does not need to be altered; there are only
changes of signs. Any norm is invariant under sign changes.

Example 10.28. The Zs-graded tensor product C; ® C; is gradedly isomorphic to M5 (C) with even
grading (see Example . C; ®C; has dimension 4 and cannot be trivially graded as C; is not
trivially graded. The set {1&1,1®e;,€1®1, ¢ ®e } forms a basis of C; ® C;. Now 1&1 € (C; ® C,)(®)
is the unit. The odd basis elements 1®¢;,e;®1 € (C; ®Cy)™M) are self-adjoint. The self-adjoint

. . 0 1 0 0 1 0 =1
off-diagonal 2 x 2-matrices are + (1 0) and + (—i 0). Now (1 0) and (—i 0) commute up to a

minus sign. We check that (1&¢;)(e®1) = —(e®1)(1®¢;). If we send (1&¢1) to ((1) (1)) and (€;®1) to

(_OZ (Z)) and (e1®¢1) to ((Z) _OZ), then this forms an isomorphism. We check that (e;®¢1)* = —€1®¢.

Example 10.29. Let A and B be trivially graded C*-algebras. Then A ® B endowed with the
trivial grading is isomorphic to A®B.

Example 10.30. Let A be a trivially graded C*-algebra. Let B be any Zs-graded C*-algebra.
Since A has a zero odd part, the *-operation and product of A®B will never contract a minus sign.
This holds, in particular, for A® C;.

Remark 10.31. Lemma, and Corollary hold for Zs-graded C*-algebras as well. View K as
trivially graded. Lemma [10.21] only holds for trivially graded C*-algebras.
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Lemma 10.32. Let A be a Zs-graded C*-algebra. Then Hugc, HA®C; as Zy-graded Hilbert
A® C1- modules.

Proof. Hfécl consists of all the sequences of H 45 ¢, with values in (A®g (CEO)) e (AN (Cgl)) and
H(Alé ¢, consists of all the sequences of H,g¢, with values in (A<°>®<c§1)) ® (A<1>®<c§°)). O

Corollary 10.33. Let A be a Zs-graded C*-algebra. Then ]ITIE@(& ~ H:@ C, as Zy-graded Hilbert
A® Ci-modules.

Proof. By Lemma
Haoc,:=Hasc, ® H e, = (Ha®Cr) @ (Ha®Cy)P =
(Hs®Cp) ® (HFPPSC,) = (Hy © HFPP)® Cy = HASC; .
O
Lemma 10.34. Let A be a C*-algebra. M(K®A®C;) 2 M(K®A)® C; as Zy-graded C*-algebras.

Proof. According to Lemma and Remark MK @A®C;) 2 B(K®A®Cy) as Zy-graded
C*-algebras. Let F € B(K®A®Cy), then F((z1®y1)(22®y2)) = (F(218y1))(22®y2) for z1,z2 €
K®A and y;,y2 € C; as I preserves the K®A® Ci-action. Now F can be decomposed as F =
FO + PO with FO ¢ BK®A®C,)® and FM ¢ B(K®A®C,)™M. It is known what ele-
ments of (K®A® (Cl)(o) look like, they are of the form z®1 for z € K®A. Similarly, elements
of (K®A®C;)™ are of the form z®e;, for z € K®A. C; is unital, so M(C;) = C;. Both F(©
and F'(M) preserve the right-action, so F(9) is of the form G&1 and FM) is of the form G®e; for
Ge M(K®A). O

Remark 10.35. An alternative proof can be given, so that Lemma[10.34] actually holds for Z,-graded
C*-algebras A. Use Lemma [9.14] Lemma [10.32| and Remark [10.18| and the fact that C; is finite
dimensional and unital to get the follows Zs-graded *-isomorphisms:

MEKA®Cy) 2 M(K(Hypc,)) 2 MEKMHA®Cy)) 2 M(K(H4)®Cy) =
M(K(H4))®Cp 2 M(K®A)®C; .

As we saw in the proof of Lemma [10.34] if A is ungraded, then M(K®A) is ungraded and homo-
geneous elements of M(K®A)® C; have a nice form.

Remark 10.36. It is not true that M(A®B) 2 M(A)®B for Zs-graded C*-algebras A and B in
general; for example B 2 M(K) 2 M(K®K) £ M(K) ® K2z B®K, see Examples and

10.4 Different Z,-gradings on M;(K®A)

Throughout this thesis C*-algebras are considered to be trivially graded. Let A be a C*-algebra.
Now K®A can be trivially graded. The following (non-graded) isomorphisms have been established;
K®A =2 K(Hy) 2 K(Ha @ Hy) = Mo(K(Ha)) = Ma(K®A) (for inspiration, see Definition [13.1)).
There is also a graded isomorphism K(H,) 2 My(K®A) (see Lemma [10.21)). In the latter case,
My (K®A) is endowed with the even grading on 2 x 2-matrices (see Example . The even and
the trivial gradings on M2(K®A) are different. However tensored with Cy, they will get the same
grading. We will establish an isomorphism between them.
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Definition 10.37. Let A be a C*-algebra. Denote by M>(K®A)*"" the endowment of M>(K®A)
with the even grading and denote by My(K®A)"™ the endowment with the trivial grading.

Lemma 10.38. The following function preserves the Zs-grading:
o(y) . .
My(K®A)V"&Cy 3 28y — x (0 _1) & yel™ e My(K®A)™ & C; . (38)

Proof. The easiest thing to do is to write down all possible homogeneous pure tensors. We will
distinguish four cases. Let a,b,c,d e K®A and A, n € C. In Ma(K®A)"V&® C; a homogeneous pure
tensor is even precisely when the C;-side is even and odd precisely when the C;-side is odd.

e An even element of My (K®A)¥*" tensored with an even element of C; gives an even element
in My(K®A)®® C;. The image under this function is even in My(K®A)™V&® C; as

even A a 0\ . (e 0\ .
My(KeA) ®(Cla(0 d)@)\l (O d)@)\l.

e An even element of M>(K®A)®"" tensored with an odd element of Cy gives an odd element
in Ma(K®A)®¥*"® C;. The image under this function is odd in M3 (K®A)"W& C; as

MQ(K ®A)even® Cyo (g 2) ®,u61 - (8 _Od) ®,U€1.

e An odd element of Ma(K®A)®V" tensored with an even element of Cy gives an odd element
in My(K®A)®*"® C;. The image under this function is odd in My(K®A4)"V& C; as

even & 0 b\, 0 b).
MQ(K@A) ®Cq 3 (C 0) N — (C 0) ®Neq.

e An odd element of My(K®A)®V" tensored with an odd element of C; gives an even element
in My(K®A)®¥*"® C;. The image under this function is even in My (K®A)"™& C; as

0 b\.
(—c O)®u1.

By inspection of the above cases; the mapping preserves grading. O

even g 0 b S O b S
My (KoA)*V"® Cy > (c 0) Quer — (—c 0) &€

Lemma 10.39. The function of Lemma[I0.38| defines a *-homomorphism.

Proof. We will first show the function of Lemma [I0.38 preserves the *-operation. For homogeneous
elements in Mo (K®A)™V& C; the *-operation differs only from the *-operation in Ms(K®A)¢ver® C,
in the case of an off-diagonal 2 x 2-matrix tensored with an odd element of C;. In that case the
s-operations differ by a minus sign. Let z € M3(K®A)®V*" and y € C; be homogeneous, then by

equation :

a(y)
My(K®A)V"®Cy 5 (2®y)* — (—1)7@W) (é _01) &7 ™ e My(K®A)"™&C,, while
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Lo o\ * syt (10 a(y) o
triv & 5 T _ * 5 T) %
My(K®A)"™&Cq > (x (0 _1) ) ® (ye1 ) = (0 _1) @)yt

As C, is commutative and ((1) _01) commutes with the diagonal matrices of Ma(K®A) and anti-

commutes with the off-diagonal matrices of My (K®A), it follows that the function of Lemma|10.38
preserves the *-operation.

We will show that the map of Lemmapreserves the multiplication. Let z1, 25 € May(K®A)eve"
and y1,y2 € C; be homogeneous. The multiplication (z1®y;)(22®ys2) in Ma(K®A)®Ve" differs from
the multiplication in M, (IK®A)"! only if y; and x5 are odd. In that case the multiplications differ
by a minus sign. By equation (38):

0 -1
)5(y1)+0(92)

0 0(y1y2) )
My(K®A)V"®Cy 3 212280Yy1y2 — 7172 ( ) ® 919261(““) =

0
T1X9 0 -1

. 1 0 a(y1) 5 1 0 o(y2) )
MQ(K@A)tr1V® (T (.’,El (O _1) ® y161($1)) (IQ (O _1) ® yZET(:EZ)) =

)9(y1)+9(y2)

& y1yael T2 ¢ M (K@ A)VE Ty, while

(y)
(-1)2w)a2) [ 10 5 oz )+o(z2) | (1 O S (z) «
1T2 0 -1 ®UY1Y2€ 0 1 T e Y.

As C; is commutative and commutes with the diagonal matrices of Ma(K®A) and anti-

10
0 -1
commutes with the off-diagonal matrices of Ms(K®A), it follows that the function of Lemma
preserves the multiplication. O

Lemma 10.40. The function of Lemma [10.38|is bijective.

Proof. Any tensor in My(K®A)®V"® C; is a linear sum of the four forms of homogeneous pure
tensors described in the proof of Lemma[l0.38] The four forms are linearly independent. The proof
of Lemma [10.3§] shows clearly that the mapping gives a bijection on those four forms. Therefore
the kernel of the mapping is 0. The mapping is injective.

Any of the four forms of homogeneous pure tensors is included in the image. Therefore there exists
a basis of My(K®A)"V® C; that is included in the image. Hence the mapping is surjective. O

Proposition 10.41. M(K®A)"& C; and My(K®A)®V*"® C; are isomorphic as Zo-graded C*-
algebras.

Proof. The function in equation in Lemma [10.38|is a Zs-graded bijective *-homomorphism by
Lemma Lemma and Lemma [10.39] O

Corollary 10.42. My(M(K®A))" V& C; and My(M(K®A))v ® C; are isomorphic as Z,-graded
C*-algebras.
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Proof. As My(K®A)™&C, and My(K®A)®V*"® C; are isomorphic as Zs-graded C*-algebras, so
are their multiplier algebras. Remark [10.35| implies the following isomorphisms:

M(My(K®A)"™&Cy) 2 M(My(KeA)™)&Cy = May(M(KeA))"™eC,y
M(My(K®A)"&Cr) = M(Ma(K®A)™)&Cq = Ma(M(K®A))V"&C; .

O

Remark 10.43. Alternatively, the function in equation in Lemma gives a well-defined Zo-
graded function for a,b,c,d e M(K®A). By the same arguments, the analogous mapping between
multiplier algebras is a bijective *-homomorphism. It was chosen to give the proof for K®A instead
of M(K®A) for notational reasons.

Corollary 10.44. There is a bijection between even elements of IB%(]I—TI:;@Q) and M(K®A)®C;.
In particular, every even element of IBS(I[-’]I:;@@(CI) can be written as y®1 with ¢ e M(K®A).
Every odd element of B(m@cl) can be written in the form ¢¥®e; with ¢ e M(K®A).

Proof. B(H4) = Ma(M(K®A))*¥" follows from Lemma[10.21] and B(fagc,) =
My(M(K®A®Cq))V™ = My(M(K®A))V"® C; follows from Lemma
My(M(K®A))VmQCy = May(M(K®A))™Ve C, follows from Corollar Under the isomor-
phism H4 & Ha = Hy, the graded isomorphism My(M(K®A))™" V& Cy 2 M(K®A)®C; in which
M(K®A) has the trivial grading, is established. This proves the statement. O

Remark 10.45. Let A 2 IB%(]I-/]I\B®CI) be an even *-homomorphism. Now ¢'(a) € IB%(]IT]IE@CI) can
be written as ¢,®1 with ¢, € M(K®B). This assighment 4 5 a — ¢, € M(K®B) defines a
+-homomorphisms. The linearity is obvious. Let a € A, then ¢'(a*) = ¢'(a)* = ¢* ® 1. So g+ = 7.
Let a,be A, then ¢'(a) and ¢'(b) can be written as ¢,®1 and ¢»®1, with ¢4, dp € M(K®B). Now
@' (ab) = ¢'(a)¢'(b) = (¢a®1)(Pp®1) = P pp®1. SO dap = Papp. We conclude ¢’ can be written as

¢®1, where A 2, M(K®B) is a *-homomorphism.

10.5 Functoriality of Hilbert modules

Definition 10.46. Let A and B be Zs-graded C*-algebras. Let A ERy be an even *-homomorphism.
Let E be a Zs-graded Hilbert A-module. Define E®¢ B to be the B-module in which e® f(a)b = ea®b
for e€ E, a € A and b € B. Define E®;B to be the Zy-graded completion with respect to the the
inner product (e; ® by, es ® bg)Eé,fB = (b1, f({e1,e2)p)b2)B = b f({e1,e2)E)bs for e1,e5 € E and
b1, bg € B.

Remark 10.47. In the tensor product E® ;B we treat B as a Hilbert module over itself. Recall B
is endowed the inner product given in Example |9.3]

10.6 Graded K-groups

Rings can be Zs-graded in the same way C*-algebras are Zs-graded. Modules of a ring can be
Zo-graded in the same way Hilbert modules are Zs-graded. The purpose of this subsection is to
underscore that Ko- and Kj-groups together form a Zs-graded abelian group. Assume any ring
is trivially graded. For more information on grading of rings and their modules, see [I7, p.172 &
p. 427].
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Definition 10.48. Let A be a C*-algebra. Define K, (A4):= Ko(A4) ® K1(A). Ko(A) will be the
even part and K;(A) will be the odd part of K, (A).

Lemma 10.49. Let A be a C*-algebra. K, (A4)°PP = K,(SA).

Proof. This follows from Lemma and Theorem Ko(SA) =K;(A) and K;1(SA) =Ko(A).
O

Example 10.50. Let A and B be C*-algebras. Just as adjointable operators between Hilbert
modules inherit a Zs-grading, so do homomorphisms (of abelian groups). From additivity follows:

Homy (K. (4),K.(B)) = Homz(Ko(4) & Ki(4),Ko(B) @ Ki(B)) (39)
=Homyz(Kq(A),Ko(B)) @ Homz(Ky(A),K;(B))
® Homgz (K1 (A),Ko(B)) @ Homz(K;(A),K;(B)).

In terms of Corollary Homy (K. (A),K.(B)) has the following grading:
Homz (K. (A),K.(B)) = Homz(Ko(A),Ko(B)) & Homz (K1 (A), K1 (B))

Homz (K. (A), K. (B))") = Homz(Ko(A), K1 (B)) ® Homz (K1 (A),Ko(B)).

Example 10.51. Example [10.50| can be generalised; Lemma shows that Homyz and Ext% are
isomorphic functors. But similar to Example [10.50] from additivity follows

Exty (K. (A), K.(B)) = Exty(Ko(4) ® Ki(4),Ko(B) & Ki(B)) (40)
= Exty(Ko(A), Ko(B)) @ Exty(Ko(A), K1 (B))
® Ext}, (K1 (A),Ko(B)) @ Ext’,(Ki(A), K, (B)) for i >0.

In terms of Corollary [10.14} Ext}, (K, (A),K,(B)) has the following grading:
Ext, (K, (A), K, (B))© = Ext}(Ko(A), Ko(B)) @ Ext, (K (A), Ky (B)) for i >0

Ext} (K. (A),K.(B))® = BExt} (Ko(A4),K;(B)) @ Exty (K, (4),Ko(B)) for i > 0.
7 is a PID, Homy and Ext% are the only non-constant Ext-functors (see Example [4.46)).
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Part 111
KK-theory

11 First glance at KK-theory

In this section we will introduce KK-theory. We will define Kasparov modules and define a few
equivalence relations on Kasparov modules of Zs-graded C*-algebras in the first subsection. The
most important of them is homotopy. We will show how *-homomorphisms form a map between
Kasparov modules. A *-homomorphism induces a map between homotopy classes. This way the
homotopy classes form a functor; KK. We will state the most important properties of KK. We will
finish this section by adding a biadditive structure to KK.

11.1 Kasparov modules and equivalence relations

Definition 11.1. Let A and B be Zy-graded C*-algebras. A Kasparov module for the pair (A, B) is
a triple (E, ¢, F') consisting of a countably generated Hilbert B-module E, an even *-homomorphism
¢: A — B(E) and an odd operator F' € B(E) such that [F,¢(a)], (F?-1)¢(a) and (F - F*)¢(a) are
in K(E) for all a € A. The set of Kasparov A-B-modules is denoted by E(A, B). If [F,¢(a)] =0,
(F?2-1)¢(a) =0 and (F - F*)¢(a) =0 for all a € A, then (E,$, F) is called degenerate. The set of
degenerate Kasparov A-B-modules is denoted by D(A, B).

Remark 11.2. Some authors do not require the Hilbert B-module of a Kasparov A-B-module to be
countably generated. Later on, this will make a difference when we restrict to special subcategories
of C*-algebras. We stick to the definition in [2]].

Remark 11.3. The brackets [.,.] denote the graded brackets on B(E), not commutator brackets.
For its properties, see [2, Proposition 14.1.3]. The behaviour of the brackets depends on the grading.
Graded brackets are bilinear. Via decomposition into homogeneous elements, its complete behaviour
can be determined.

Remark 11.4. Kasparov modules are defined over Zs-graded C*-algebras and Hilbert modules.
Using Example [10.12) Kasparov modules can be constructed for any (non-graded) C*-algebra. A
Kasparov A-B-module (E, ¢, F) with E trivially graded satisfies F' = 0 by Corollary [10.14

Example 11.5. Let A and B be Zy-graded C*-algebras. Let A g, B be an even *-homomorphism.
Then (B, f,0) € E(A,B). Here B is the Hilbert B-module defined in Example The even
*-homomorphisms f sends elements of A to adjointable operators on B, as B ¢ M(B) = B(B) by
Lemma

Definition 11.6. Let A and B be Zj-graded C*-algebras. Kasparov A-B-modules (E, ¢, F') and
(E', ¢, F) are unitarily equivalent if there exists an even unitary u € B(E, E') such that u¢(a)u* =
¢'(a) for all a € A and uFu* = F'. Notation: (E,¢,F) =~, (E',¢',F).

Definition 11.7. Let A and B be Zy-graded C*-algebras and let (Fq, ¢g, Fy) and (E1,¢1, F1) be
Kasparov A-B-modules. A homotopy of the Kasparov A-B-modules (Eq, ¢o, Fo) and (E1,¢1, Fy) is
a Kasparov A-C([0,1], B)-module (E, ¢, F') for which (E®ey, B, $®evy 15, F®cv,15) ~u (Fo, b0, Fo)
and (E®ey, B, 9®eyv, 15, F®ey, 18) ~, (E1,¢1,F1). Notation: (Ey,¢o, Fo) ~n (E1,¢1,F1). The set
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of homotopy classes of Kasparov A-B-modules is denoted by KK(A, B).

An operator homotopy is a homotopy (E, ¢, F') in which F and ¢ are constant over [0,1]. Operator
homotopy will be denoted by »,;. The set of operator homotopy classes of Kasparov A-B-modules
is denoted by KK, (A, B).

Lemma 11.8. Unitary equivalence is an equivalence relation.

Proof. Let A and B be Zy-graded C*-algebras. Reflexivity: Let (E, ¢, F') e E(A, B), then idg ¢(a) idg =
¢(a) for all a € A and idg Fidg = F.

Symmetry: Let (E,¢,F),(E’,¢', F') e E(A, B). If there exists an even unitary u € B(E, E") such
that u¢(a)u* = ¢’'(a) for all a € A and uFu* = F', then

uw* ¢ (a)u=u ugp(a)u*u=idg ¢(a)idg = ¢(a) for alla € A
wF'u=v*uFu*u=idg Fidg = F.

Transitivity: Let (F,¢,F),(E',¢', F"),(E" ¢",F") ¢ E(A,B). If there exists an even unitary
u € B(E,E") such that u¢(a)u* = ¢'(a) for all a € A and uFu* = F' and there exists an even
unitary v € B(E’, E"") such that v¢'(a)v* = ¢"(a) for all a € A and vFv* = F"| then

¢"(a) =vd'(a)v* =vug(a)u*v* for alla € A and F" = vF'v* = vuFu*v*. O
Lemma 11.9. Homotopy and operator homotopy are equivalence relations.

Proof. The proof for an operator homotopy is the same as for a homotopy. We will show that homo-
topy is an equivalence relation. Let A and B be C*-algebras. Reflexivity: Let (E, ¢, F) ¢ E(A, B).
Then (E, ¢, F) ~, (E, ¢, F) via (C([0,1],E), $, F), where ¢ and F are constant over [0,1].
Symmetry: Let (EQ, d)o, FQ), (El, ¢17 Fl) € E(A, B) Let (Eo, qf)o, Fo) and (El, ¢1,F1) be homotopic
via (E,¢,F) e E(A,C([0,1],B)). Define E’ to be the Hilbert C([0,1], B)-module linearly isomor-
phic to E, but endowed with the following C([0, 1], B)-action: e g f(¢):=e-g f(1-1t) for all e € E,
f€C([0,1],B) and t € [0,1]. Define ¢’ to be the following *-homomorphism ¢'(a)(t):= ¢(a)(1-1)
for all a € A and t € [0,1]. Define F’ to be the odd operator F'(t):= F(1-t) for all ¢t € [0,1]. Now
(El, (bl, Fl) Xp (Eo, ¢0,F0) via (E,, ¢,,F,).

Transitivity: Let (EQ, ¢0,F0), (El, ¢1, Fl), (EQ, ¢2, Fg) € E(A, B) If (Eo, ¢07 Fo) X, (El, ¢1, Fl) via
(Ea ®, F) € ]E(Aa C([Oa 1]’ B)) and (El, ¢1, Fl) ~h (E27 b2, F2) via (E,v Qb/,F/) € E(Av C([l’ 2]3 B))a
then (Ey, o, Fo) ~ (B2, ¢2, F3) via the composition homotopy (E”,¢", F") e E(A,C([0,1],B) in

: . _ ! " . _ d)(a) 0 . _ F 0 S S S _
which E":= E®FE’', ¢"(a):= ( 0 qS'(a)) and F":= (0 | Note that (EQev, B, ¢®cyv. 15, F®cy, 15) =
(0,0,0) for s >1 and (E'®ey, B, ¢'®ev, 158, F'®cyv, 15) = (0,0,0) for t < 1. O

Remark 11.10. Operator homotopy is a stronger equivalence relation than homotopy, but not
necessarily strictly stronger. In some cases they agree. In Theorem [11.21] we will see a case in
which homotopy and operator homotopy agree.

Definition 11.11. Let A and B be Zs-graded C*-algebras. For Kasparov A-B-modules (FE1, ¢1, F1)
and (Ez, ¢2, Fy) , we define the addition as (E1, ¢1, F1)+(Ea2, ¢2, F2):= (E1© E, (¢1, ¢2), (F1, F2)).

Remark 11.12. It is obvious that the addition gives a Kasparov A-B-module. Furthermore the
addition is associative and commutative (up to unitary equivalence).
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Lemma 11.13. Let A and B be Zs-graded C*-algebras. If (Ey,¢1,F1) ~, (E7, ¢, F]) and
(B2, ¢2, Fo) ~y, (Ey, ¢5, Fy), then (Ey @ Ey, (¢1,¢2), (F1, F2)) =, (E] © B, (41, 05), (F1, F3)).

Proof. Add the respective homotopies in the sense of Definition [11.11] to obtain the homotopy
between the two additions. O

Lemma 11.14. Let A and B be Zs-graded C*-algebras. If (E1,¢1,F1) ~on (E7, ¢}, F]) and
(B2, ¢2, F2) won (B3, 3, F3), then (Ey @ Ea, (¢1,¢2), (F1, F2)) ~on (E] ® Ej, (81, ¢3), (F1, F3)).

Proof. Similar to the proof of Lemma [TT.13] O

Corollary 11.15. The addition of Kasparov modules gives a well-defined addition of KK-classes
and KK, -classes.

Proof. Lemmas [11.13| and [11.14] show that the addition defined in Definition [11.11]is independent
of the choice of representatives in the (operator) homotopy class. O

Theorem 11.16. All degenerate Kasparov A-B-modules are homotopic to (0,0,0).

Proof. Take (E, ¢, F) e D(A, B). Then Cy([0,1), E) is a Hilbert Cy([0,1), B)-module via pointwise
multiplication, when Cy([0,1), B) and Cy([0, 1), E) inherit the Zs-gradings of B and E. Notice that
Co([0,1), E) can be written as a Co([0,1), B)®E and (Co([0,1), E), 1, ([0,1),8)®9, Lo ([0,1),5)OF)
is a Kasparov A-Cy([0,1), B)-module. As (E,¢, F) is degenerate, [F,¢(a)] =0, (F?-1)¢(a) =0
and (F' - F*)¢(a) =0 for all a € A. So (Co([0,1), E), 1y ([0.1), B)®q§, Leg([o,1), B)®F) is degenerate.
Now (Co([o 1) E)®CVOB ]‘Co([o 1), B)®¢®cv0137100([0 1), B)®F®cv01B) (E gf),F) and

(Co([o 1), E)@ele 100([0 1), B)®¢®ev11B7100([0 1), B)®F®ev1]-B) (0,0,0). O

Remark 11.17. The homotopy in the proof of Theorem is not a Kasparov A-C([0,1], B)-
module, but a A-C([0,1), B)-module. This construction is still valid, because [0,1] is the one-point
compactification of [0,1). This way Cy([0,1),B) forms a *-subalgebra of C'([0,1],B). It is the
same idea as in Proposition [6.44]

Theorem 11.18. Let A and B be C*-algebras, then KK(A4, B) is an abelian group.

Proof. The group action is the addition that follows from Corollary[I1.15] The degenerate Kasparov
modules (Theorem form the unit. Associativity and commutativity follow immediately.

We will now construct the inverses. Let (E, ¢, F) be a Kasparov A-B-module. Define ¢": A —
B(EPP) to be ¢/(a) = ¢/ (a® +a) = ¢(a®) - ¢(a).

The Kasparov module (C([O, 1], E @ E°PP), (¢) 0 ) , (FCOS( 37t) sin( 27Tt)

)) forms a homo-

0 ¢ sin($mt)  —F cos($mt)
topy of (E, ¢, F) + (E°PP,¢',—F) and (E @ E°PP, ((g Q(S)') , (? (1))) Notice that the latter is de-
generate. So [(E°PP ¢’ —F)] e KK(A, B) is the inverse of [E, ¢, F)] e KK(A, B). O

Remark 11.19. KK, (A, B) is a group as well. The homotopy in the proof of Theorem [11.18]is an
operator homotopy.

Lemma 11.20. Let A and B be Zy-graded C*-algebras. Let (Hp,¢, F(t)) € E(A,C([0,1], B))
be an operator homotopy. Then there exists a norm continuous function u:[0,1] — B(Hpg) =
My(M(K®B))®" (see Lemma [10.21] for the Zs-graded-isomorphism) such that:
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L. u(0) = 1Ly, m(koB))
2. u(t) is an invariant even unitary element of Ma(M(K®B))*¥*" for all 0<t <1
3. u(t)d(a) - ¢p(a)u(t) e Mo(K®B) forall0<t<land allaec A
4. (F(t)u(t) —u(t)F(0))p(a) e Ma(K®B) for all 0 <t <1 and all a € A.
Proof. See [16], §6, Lemma 1] for the proof. O

Theorem 11.21. Let A be a separable C*-algebra and let B be a o-unital C*-algebra. On the
Kasparov A-B-modules homotopy and operator homotopy agree as equivalence relations.

Proof. See [2, Theorem 17.10.7]. O

11.2 Functoriality

In the previous subsection we defined the KK-group for (Zs-graded) C*-algebras. In this subsection
we will show how a *-homomorphism induces a group homomorphism between the KK-groups.

An even *-homomorphism f:A; - Agsends [(E, ¢, F)] e KK(Ag,B) to [(E,¢po f,F)] e KK(A;,B).
It is an easy observation that a homotopy of two Kasparov As-B-modules extends to a homotopy
of Kasparov A;-B-modules by precomposition with f. So the mapping is independent of the choice
of representatives and therefore well-defined.

An even *-homomorphism g: By » By sends [(E, ¢, F)] € KK(A, By) to [(E®yBa, ¢®41p,, F®,1p,)] €
KK(A, By) (see Definition [10.46[). Tensor products are associative, so a homotopy of Kasparov A-
Bi-modules extends to a homotopy of Kasparov A-Bs-modules.

Lemma 11.22. KK:C* - alg®? x C* — alg - Ab defines a bifunctor.

Proof. In the left-hand term identities are preserved and compositions are reversed. In the right-
hand identities and compositions are preserved. Tensor products and direct sums commute. The
mappings induced by the *-homomorphisms f: A; - As and g: By — By preserve the addition, i.e.
they induce group homomorphisms. It is an easy observation that the following diagram commutes
for any pair of *-homomorphisms f: A; - A, and g: By - Bs:

f
KK(Az, By) LA KK(Ay, By)

g g
Bl—)le lBl—)BQ

f
KK(As, Bo) =4 KK(Ay, By).
O

Example 11.23. Let A, B and C be Zs-graded C*-algebras. Let A EN B and B & C be
even *-homomorphisms. A *-homomorphism forms a Kasparov module, see Example Ap-
plying a *-homomorphism to a KK-class given by a *-homomorphism gives the same class as
the composition of the *-homomorphisms, as KK(f,id¢)([(C,g,0)]) = [(C,go f,0)] € KK(A4,C)
and KK(idp, g)([(B, f,0)]) = [(B&,C, f&41c,0)] = [(9(B)C, g f,0)]. There is a homotopy of
(g(B)C,go f,0) and (C,go f,0) by [2, Example 17.8.2].
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Lemma 11.24. Let B be a Zs-graded C*-algebra. The functor KK(_, B): C* - alg®®” — Ab is
homotopy invariant.

Proof. Let A; and A3 be C*-algebras and let f, g: A; — A be homotopic *-homomorphisms. There

exists a path (&;)e0,1] of *-homomorphisms A; L, As such that & = f and & =g. Let (E,¢,F) €
E(A2,B). Now (E,¢o f,F) and (E,¢p o g, F) are homotopic via the Kasparov A;-C([0,1], B)-
module (E, ¢ o &, F) where E is viewed as a Hilbert C([0,1], B)-module with (e-h)(¢t) = e- h(t)
foree E, he C([0,1],B) and t € [0,1] and A; 5 a = &(a) — ¢(&(a)) e B(E) for t € [0,1]. F is
independent of ¢ € [0, 1]. O

Lemma 11.25. Let A be a Zy-graded C*-algebra. The functor KK(A, _): C* —alg — Ab is homotopy
invariant.

Proof. Let By and By be C*-algebras and let f, g: By — B be homotopic *-homomorphisms. There

exists a path (&;)te0,1] of *-homomorphisms B, L, Bs such that £ = f and & =g. Let (E,¢,F) €
E(A2, B). Now (E®;B2,¢®1p,, F®slp,) and (E®,Bs, ¢®41p,, F®,1p,) are homotopic via the
Kasparov A-C([0,1], By)-module (E®¢, B2, ¢®¢,1p,, F®¢,15,). O

11.3 Properties

Definition 11.26. Let A and B be Zj-graded C*-algebras. Define KK (A, B):= KK(A4, B&C,)
(see Definition for the definition of Cy).

Remark 11.27. To match Example and Example we create a Zs-graded abelian group
KK. (A, B) with even part KK(A, B) and odd part KK; (A, B). To highlight the evenness, we may
write KKo(A, B) for KK(A, B) at times.

Lemma 11.28. Let A and B be C*-algebras. Then there are natural isomorphisms

KK(A,BQAZ) C1) = KK(A® (Cl,B)
KK(A,B) = KK(Aé) (Cl,Bé) (Cl)

Proof. See [16], §5, Theorem 4]. O

Lemma 11.29. KK is stable in both terms. In other words, let A and B be Zy-graded C*-algebras.
Then there are natural isomorphisms:

KK(A, B) = KK(K®A, B) = KK(A,K&B) = KK(K&A,K&B).
Proof. See [2, Corollary 17.8.8]. O

Lemma 11.30. KK is Bott periodic in both terms. In other words, let A and B be Zs-graded
C*-algebras. Then there are natural isomorphisms

KK, (A, B) 2KK(SA,B) 2 KK(A,SB)
KK(A, B) 2 KK(S?A, B) 2 KK(4,5?B) x KK(SA, SB).

Proof. See [16], §5,Theorem 7]. O
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11.4 Nice representatives and the Fredholm picture

Lemma 11.31. Let B be a o-unital C*-algebra, then Hp is countably generated.
Proof. See [2, Theorem 14.6.1]. O

Corollary 11.32. Let A be a Zs-graded C*-algebra and let B be a o-unital Zy-graded C*-algebra.
Every class in KK(A, B) can be represented by a Kasparov module of the form (Hg, ¢, F) € E(A, B).

Proof. Take (E,, F) e E(A, B) and (f3,0,0) € D(A, B). Then (E,é, F) + (H3,0,0) = (A3, 6, F)
as a result of Theorem [10.22 O

Remark 11.33. Theorem is true for any Zs-graded C*-algebra. Classes in the KK-group can
only be represented by Hpg if B is o-unital. This is because we explicitly require the Kasparov
A-B-module to consist of a countably generated Hilbert B-module. This is where we follow [2]
Definition 17.1.1] and deviate from [I6, Definition 4.1].

Lemma 11.34. Let A and B be Zs-graded C*-algebras. Every class in KK(A, B) can be repre-
sented by a Kasparov module (E, ¢, F') e E(A, B) such that F"* = ' and ||F|| < 1.

Proof. See [2, Proposition 17.4.2] and [2], Proposition 17.4.3]. O

Lemma 11.35. Let A be a unital Zy-graded C*-algebra and let B be Zy-graded C*-algebras.
Every class in KK(A, B) can be represented by a Kasparov module (E, ¢, F') € E(A, B) such that
¢ is unital.

Proof. See [2], p.153]. O

Theorem 11.36 (Fredholm picture). Let B be a trivially graded o-unital C*-algebra. Then
KK(C,B) =K (Q(Ke&B)) =Ky(B) and KK;(C, B) = Ko(Q(K®B)) = K;(B).

Proof. We will show there is an addition/composition preserving bijection between the homotopy
classes of unitary elements in Q(K®B) and homotopy classes of Kasparov C-B-modules. The
classes in KK(C, B) can be represented by Kasparov modules of the form (Hg, ¢, F) € E(C, B) such
that ¢ is unital, F* = F and ||F|| < 1 by Corollary [I1.32|and Lemmas [I1.34] and In [2] §17.4],
explicit algorithms are given to obtain representatives of KK-classes with the properties of Lem-
masand Hence, there exists a Kasparov module that has all the properties. As B(m) =

My(M(K®B))®¥°" by Lemma [10.21} F can be written in the form ( 0 T) with T e M(K®B)

7" 0
such that ||T]| < 1. There is only one unital *-homomorphism C — My(M(K®B))*v". We apply

T 0 0 1
Hence TT* = 1 pmkeny, T*T - 1 ko) € K®B. In other words 7(T') € Q(K®B) is a unitary, with
M(K®B) 5 Q(K®B) the quotient.

2
a compactness relation of the Kasparov module to get (( 0 T) - (1 0)) #(1) e Ma(K®B).

Let S, T € Q(K®B) be homotopic unitaries via the homotopy &:[0,1] — Q(K®B) , then | Hg, ¢, (79*
— 0o s L — 0 ¢ -, .
and (Hpg, ¢, g o] are homotopic via the homotopy | Hp, ¢, e o)) The composition of uni-

taries in Definition coincides with the addition of elements in KK(C, B) (Definition [11.11]),
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because Hp @ Hp = Hp by Kasparov’s stabilisation theorem and because there is only one uni-
tal *-homomorphism from C to My(M(K®B))®V". So there is a well-defined surjective group
homomorphism from K;(Q(K®B)) to KK(C,B). We will now determine the kernel. We get
Hz, ¢, (79,, g eD(C, B) ifand only if T' e M(K®B) is a unitary. So T comes from K; (M(K®B)) =
0 (by Theorem|[7.59) and 7(T") € Q(K®B) is represented by 0 € K1 (Q(K®B)). This shows that the
group homomorphism is injective. We conclude there is a group isomorphism between KK(C, B)
and Q(K®B). By Lemma [7.75] K;(Q(K®B)) = Ko(B). Apply Bott periodicity to conclude
KK(C, SB) = Ko(SB) = K1 (B). O

11.5 Kasparov product and connections

Kasparov has defined an extra structure on the KK-groups; the Kasparov product, see [16], §3-4].
He constructed the Kasparov product as a following bilinear mapping (with A;, A, By, By and D
Zo-graded C*-algebras):

KK(Al, Blé)D) X KK(D@)AQ, Bg) g KK(Alé)Ag, BﬂéBg)
A special case of the Kasparov product is when By = Ay = C. Then the Kasparov product becomes:
KK(A1, D) xKK(D, B2) = KK(41, Ba).

Even in this special case, Kasparov products are not easily calculated. The ‘goal’ of the Kasparov
product in the special case is to map classes [(E1, ¢1, F1)] € KK(A, B) and [Es, ¢, F3)] € KK(B, C)
to the class [(E1®¢, Ea, 0184, 15,, F1#F)] € KK(A, C) (with A, B and C Zs-graded C*-algebras),
where Fi#F, is an odd operator in B(FE; ®¢2 E5), that we will define later. Important to notice
is that Fi®g,F, is not a well-defined operator on E1®,Es. For b e B, e; € Ey and ey € Es, the
tensors e;b®es and e;®¢2(b)(ez) represent the same element. But in general Fy(e1b)®Fs(es) =
F(el)b®FQ(€2) = F1(61)®¢2(b)(F2(62)) # F1(€1)®F2(¢2(b)(62)). We will have to find another
construction for Fy#F5.

Luckily, Connes and Skandalis found a way to express the Kasparov product in a relatively easy
way via connections. For certain C*-algebras, the definition of a Kasparov product as given by
Connes and Skandalis coincides with the original definition of the Kasparov product as given by
Kasparov. We will go through the definitions and results step by step.

Definition 11.37. Let A, B and C be Zy-graded C*-algebras. Let (E1,¢1,F1) € E(A, B) and
(EQ,(ﬁQ,FQ) € E(B,C) Define Tx € B(EQ,E1®w2E2) for x € E1 as Tw(y) = x®y € Elészg for Y€ EQ.

Lemma 11.38. Let A, B and C be Zy-graded C*-algebras. Let (E1,¢1,F;) € E(A, B) and let
(B2, o2, F») € E(B,C). The adjoint of T, € B(Es, E1®¢,E>) from Definition [11.37| exists and is
given by T (20w):= ¢o({x,2) g, ) (w) with 2 € By and w € Ej.

Proof. We will use the tensor inner product from Definition [10.46|to check that (T, (y), z®w)El®¢2 B, =

(y,v2({z, 2) g, ) (w))E,. This operator preserves the C-action as 13 and the right-hand side of (_, ) g,
do. We conclude that s ({(z,2)g, ) € B(F2). O

Definition 11.39. Let A, B and C be Zy-graded C*-algebras. Let (F1,¢1, F1) € E(A, B) and let
(Ea, ¢2, Fy) € E(B,C). An operator F € B(E;®g4,E>) is called an Fy-connection for E; if for all
x € F the following conditions are satisfied:
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o T,oFy— (1)@ FoT, e K(Eq, E1&4,E>)
e [oT) — (1)@ T o F e K(E1&4,Ea, Es).

Theorem 11.40. Let A, B and C be Zy-graded C*-algebras. Let (E1,¢1, Fy) € E(A, B) and let
(Es, ¢o, Fy) € E(B,C). There exists an Fy-connection for Fj.

Proof. See [2, Theorem 18.3.3]. O

Definition 11.41. Let A, B and C be Zs-graded C*-algebras. Let (Fy,¢1,F1) € E(A, B) and let
(Ea, ¢2, Fy) € E(B,C). Let F € B(E1®4, E») be an Fy-connection for Ey. Then (E1®y, E2, ¢1®¢,1E,, F)
is a Kasparov product for (E1, ¢1, F1) and (Fa, o, Fy) if the following properties are satisfied:

o (E1®w2E27¢1®¢21E27F) € E(A7C)

o (¢1(a)®p,11,)[F1®1E,, Fl(¢1(a)*®4,1E,) is positive in B(E1®y, F2)/K(E1®y,F>) for all
ac€A.

The set of all F' e B(E®y,FE>) appearing in Kasparov products is denoted by Fy# g F5.

Theorem 11.42. Let A be a separable Zy-graded C*-algebra, let B be a o-unital Zs-graded C*-
algebra and let C' be a Zs-graded C*-algebra. Let (E1,¢1,F1) € E(A,B) and let (Esq, o, Fy) €
E(B,C). Then Fi#pF> # @. Moreover, all Kasparov products in the sense of Definition are
operator homotopic.

Proof. See [2, Theorem 18.3.3]. O

Definition 11.43. Let A, B and C be Zs-graded C*-algebras. Let (F1,¢1,Fi) € E(A, B) and let
(Es, ¢o, Fy) € E(B,C). The Kasparov product between (E1,¢1, F) and (Fa, ¢, Fy) is the unique
class (Theorem [T1.42)) in KK(A, C) that represents the Kasparov product in Definition [[1.41] The
Kasparov product will be denoted by [(E1, @1, F1)] ®p [(E2, ¢2, F2)].

Theorem 11.44. The Kasparov product is associative. In other words, let A, B, C' and D be Zs-
graded C*-algebras. Let X €e KK;(A, B),Y € KKi(B,C) and Z € KK;(C, D), then (X®pY)®cZ =
Xop (Y ®c 2).

Proof. See [2, Theorem 18.6.1]. O

Lemma 11.45. Let A, B and C be Zs-graded C*-algebras. Let (E1,¢1, F1) € E(A, B) and let

(Es, ¢o, Fy) e E(B,C). Let A ENy and B % C be even *-homomorphisms. The Kasparov modules
of the form of Example give the following Kasparov products:

[(E1,¢1, F1)]®p [(C,g,0)] = KK(ida, g)([(E1, é1, F1)])
[(B, f,0)] ®B [(E2, ¢2, F2)] = KK(f,idc)([(Ea, g2, F2)]).

Proof. See [2, Examples 18.4.2 a+b]. O

Corollary 11.46. Let A be a Zy-graded C*-algebra. Then KK, (A, A) is a Zsy-graded ring when
the Kasparov product is the multiplication.
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Proof. KKg(A, A) and KK;(A, A) are abelian groups by Theorem The Kasparov product
is associative by Theorem and distributive by the biadditivity of the Kasparov product.
From Lemma follows that the multiplicative unit is given by [(A,id4,0)] € KK(A, A). The
Kasparov product is a mapping KK, (A4, A) xKK; (A, A) - KK;.;(A, A). So the Kasparov product
respects the Zs-structure. O

Definition 11.47. Let A be a Zo-graded C*-algebra. The KK-class [(A,id4,0)] € KKo(A4, A) is
denoted by id 4.

Lemma 11.48. Let A, B, C and D be C*-algebras. The Kasparov product commutes with group
homomorphisms induced by *-homomorphisms in the following way:

1. Let X e KK;(A4,B) and Y € KK;(B,C). Let C L Dbea *-homomorphism, then
X ®p KK;(idp, f)(Y) = KK, (ida, f)(X ®pY).

2. Let X e KK;(A,B) and Y ¢ KK;(B,C). Let D % A be a *-homomorphism, then
KKz(ngB)(X) ®B Y = KKHJ(g,ldc)(X ®B Y)

3. Let X eKK,(A4,B) and Y e KK;(C,D). Let B L Chbea *-homomorphism, then
KK;(ida,h)(X)®cY = X @ KK;(h,idp)(Y).

Proof. The *-homomorphisms can be written as a Kasparov product, see Lemma Now the
associativity of the Kasparov product proves the lemma:

L. X®BKKj(idByf)(Y):X®B (Y®C [(D7f70)]):
(X®pY)ec[(D,f,0)]=KK;;({ida, f)(X®pY)

2. KKi(g,idp)(X)®pY = ([(A,9,0)]®4 X)®pY =
[(A4,9,0)]®4 (X ®pY)=KK;.;(g,idc)(X ®pY)

3. KK;(ida, h)(X)®c Y = (X @5 [(D,h,0)]) ®c Y =
X ®p ([(D7h,0)] ®c Y) =X®p KKj(h7ldD)(Y)

O

11.6 KK-equivalence

Definition 11.49. The Zs-graded C*-algebras A and B are KK-equivalent if there exist a class
X € KK((A,B) and a class Y € KKo(B, A) such that X @ g Y =idg € KKo(4,A4) and Y ®4 X =
idg € KKo(B,B). If there exist a class X € KK;(A4,B) and a class Y € KK;(B,A) such that
XopY =idy € KKo(A,A) and Y ®4 X = idg € KKy(B, B), then A and B are called KK-anti-
equivalent.

Lemma 11.50. KK-equivalence is an equivalence relation.
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Proof. Reflexivity and symmetry are immediate. For the transitivity, say that Zs-graded C*-
algebras A and B are KK-equivalent via X € KKq(A,B) and Y € KKy(B,A) and C*-algebras
B and C are KK-equivalent via Z ¢ KK(B,C) and W e KKq(C,B). Now A and C become
KK-equivalent via X ®p Z € KKo(A,C) and WepY € KKo(C,A) as (X ®p Z) ®c (W e®pY) =
X®pidp®pgY =id4 € KK()(A,A) and (W®BY) ®4 (X®B Z) =We®pidpg®pZ =id¢ € KKo(C,C)
by the associativity of the KK-product. O

Remark 11.51. KK-anti-equivalence is not an equivalence relation! It is not transitive. If X e
KK;(A,B) and Z e KK (B,C), then X ®p Z ¢ KKy(A,C).

Lemma 11.52. Let A and B be KK-equivalent Zs-graded C*-algebras, then KK (A, C) 2 KKq (B, C)
and KKq(C, A) 2 KKo(C, B) for every Zo-graded C*-algebra.

Proof. Let X € KKo(A,B) and Y € KKy(B, A) be such that X ® Y =id4 and Y ®4 X = idp.

Now the group homomorphism KKy (A, C) RAZE KKo(B,C) has an inverse KKy (B,C) X85,

KKq(A,C). Similarly, the group homomorphisms KKq(C, A) BaX, KKo(C, B) has an inverse

KKo(C, B) 225 KKy (C, A). O

Remark 11.53. Because KK;(C,D) = KKo(C,D ® C;) for C*-algebras C' and D, the proof of
Lemma holds when KKj is replaced by KKj.

Example 11.54. Let A be a C*-algebra. Then A and K®A are KK-equivalent.

Lemma 11.55. An even *-isomorphism between Zg-graded C*-algebras induces a KK-equivalence.

Proof. Let A and B be C*-algebras and let A ER B be an even #-isomorphism. Now f and f~!
represent the Kasparov modules (B, f,0) € E(A,B) and (A, f71.0) € E(B,A) by Example [11.5
The compositions in both orders are homotopic to (A,id4,0) and (B,idg,0) by Example [11.23
This forms the KK-equivalence between A and B. O

Corollary 11.56. An even stable isomorphism induces a KK-equivalence.

Proof. Let A and B be evenly stably isomorphic C*-algebras. By Example A and K®A are
KK-equivalent, just as B and K®B are KK-equivalent. The isomorphism between K®A and K®B
implies KK-equivalence between K®A and K®B. The transitivity of KK-equivalence makes A and
B KK-equivalent. O

11.7 Thom isomorphism

Theorem 11.57 (Thom isomorphism). Let A be a separable C*-algebra. Let R 2> Aut(A) be a
continuous group homomorphism. Then A x, R and A are KK-anti-equivalent. In other words,
there exists an X € KK;(A, A x, R) and a Y € KK;(A x4 R, A) such that X ® 4, r Y =id4 and
Yo X = idAx(,]R~

Proof. See [10, Theorem 1]. O

Remark 11.58. The Thom isomorphisms of Theorem is a special case of this Thom isomor-
phism. See [10, Remark 2, p. 8].
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12 The Universal Coefficient Theorem for C*-algebras

We now have gone through sufficient definitions to understand what the Universal Coefficient The-
orem (UCT) states. In the first subsection we will show how a KK-class induces a group homo-
morphism between K-groups. We will introduce the UCT and the subcategory for which we will
prove it. We will show how Z,-grading allows the exact sequence of the UCT to be separated into
two exact sequences. In the second subsection we will state the Kiinneth theorem; an important
tool in calculating K-groups for tensor products. The proof of the UCT will not be given in this
section. In Corollary [7.71] we showed that the K-groups allow a six term sequence. We took a
more axiomatic approach in §8| to show that any Bott functor has a six term sequence. To prove
the UCT, we will first need to show the six term sequence of the KK-groups. To do this, we will
show that the KK-functor, when restricted to the right subcategories, is a Bott functor. This will
be done in §14]

12.1 Statement of the theorem and some observations

Every K-group can be written as a KK-group under the Fredholm picture (Theorem [11.36]). Now
a KK-class will induce a group homomorphism between the K-groups via the Kasparov product.
We will formalise this with the following definition.

Definition 12.1. Let A and B be C*-algebras. Define v(A, B) to be the group homomorphism:
KK.(A4,B)>Y - (KK,(C,A)> X - X ®,4 Y ¢ KK,(C, B)).

Remark 12.2. By Theorem [11.36] there is a natural isomorphism KK, (C, B) = K,(B). This way
~v(A, B) defines a group homomorphism from K, (A) to K.(B).

Lemma 12.3. The group homomorphism KK, (4, B) = Homz (K, (A),K,(B)) in Definition m
is even.

Proof. Let Y € KK¢(A,B), then X ®4 Y € KK;(C,B) for X ¢ KK;(C,A4). Let Y € KK; (A4, B),
then X ®,4Y e KK,.1(C, B) for X e KK,(C, A). 0

We might wonder what other properties of the v are. If v(A, B) is injective, then this means
that every class in KK, (A, B) defines a unique group homomorphism from K, (A) to K.(B). If
~v(A, B) is surjective, then this means that every group homomorphism between K, (A) and K, (B)
is induced by a class in KK, (A, B). For general C*-algebra A and B, we cannot say that (A, B)
is injective or surjective. The UCT states that for certain choices of A and B, (A, B) is surjective
and the kernel of (A, B) is isomorphic to Exty(K,(A),K,(B)). To get these results, at least A
needs to be in the following category.

Definition 12.4. N denotes the smallest full subcategory of the category of separable nuclear
C*-algebras, which contains the separable type-I (postliminal) C*-algebras and is closed under
KK-equivalence, inductive limits, extensions and crossed products by R and Z.

Theorem 12.5 (Universal Coefficient Theorem). Let A € Ob(N) and let B be a o-unital C*-

(A,
algebra. Then there exists an odd group homomorphism Exty, (K, (A),K,(B)) 45 KK, (A, B)
such that the following sequence is exact:
0 — Exty(K.(A),K.(B)) N KK, (A, B) & Homy (K, (A),K.(B)) — 0. (41)
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Remark 12.6. We will give the definition of § in Definition From sequence is clear that
0 is some embedding of the kernel of v into KK, (A4, B).

Remark 12.7. The groups in Theorem have a Zs-grading. The Zs-grading is not obtained
by just filling in 0 or 1 on the dots. That is because the even part of Exty(K,(A),K.(B))
is not Ext}(Ko(A),Ko(B)) and the odd part is not Ext}(K;(A),K;(B)). The Zy-grading of
Ext} (K, (A),K,(B)) is explained in Example The Zs-grading of KK, (A, B) is explained in
Remark The Zs-grading of Homyz(K.(A),K.(B)) is explained in Example As v is
even and J is odd, the exact sequence can be separated into two parts:

0 — Ext}(Ko(4), Ko(B)) @ Ext} (K1 (A), K1 (B)) > KK, (4, B) >
Homyz (Ko(A),K1(B)) ® Homz (K1 (A),Ko(B)) = 0 (42)

0 — Ext}(Ko(A), K1 (B)) ® Exth (K, (4), Ko(B)) > KKo(4, B) >
HOmz(KQ(A),Ko(B)) ® HOmz(Kl(A),Kl(B)) — 0. (43)

Sequence (42) contains the even part of Ext} (K, (A),K,(B)) and the odd parts of KK, (A, B) and
Homyz(K.(A),K.(B)). Sequence contains the odd part of Ext},(K.(A),K,(B)) and the even
parts of KK, (A4, B) and Homz (K, (A),K.(B)).

Lemma 12.8. Sequence is exact if and only if sequence is exact.

Proof. Fill in SB in either location instead of B. Then use the natural isomorphisms between
K.(SB) and K,1(B) and KK, (A4, SB) and KK,,;(A4, B). O

Theorem 12.9. Let 7 € €rt(A, B). View [7] € Ext(A, B) as an element of KK (A, B) under the iso-
morphism of Corollary [13.63] Then «([7]) € Homz(K((A),K;(K®B))®Homz(K;(A4),Ko(K&B))
gives the index and exponential maps of the extension 7.

Proof. A far more general statement is proven in [I6] §7, Theorem 2]. O
Remark 12.10. A somewhat similar result is found in Example[7.76] which says that the boundary

and index maps are the application of Ky and K; to the Busby invariant.

12.2 The K-groups for objects of N

In N there is an extra result that can be used to calculate the Ky-group and the K;-group of tensor
products. This is called the Kinneth Theorem. We will only use a special case. We can use this
result to calculate the K-groups of the direct limit in Example [5.57}

Theorem 12.11 (Kiinneth). Let A € Ob(N) and let B be a C*-algebra such that K, (B) is torsion
free. Then there is a Zg-graded isomorphism K. (A4)®K,(B) 2 K,(A ® B).

Proof. This is a special case of the Kiinneth theorem in [30, p. 443]. O
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Example 12.12. The Kiinneth theorem and the results from §7] make it possible to calculate the
K-groups of the direct limit in Example It is known Ko(M;(C)) = Z and K;(M;(C)) =0 for
all 7 > 1. We now apply the Kiinneth theorem to calculate the K-groups of M2(C) ® M3 (C):

Ko (M2(C) @ M3(C)) = (Ko(M2(C)) ®z Ko(M3:(C))) & (K1 (M2(C)) ®z K1 (M3:(C))) = Z
K1 (M2(C) @ M3(C)) = (Ko(M2(C)) ®z K1 (M3(C))) & (K1 (M2(C)) ®2z Ko(M3(C))) = 0.

From Kl(MQ((C) ®M31(C)) =0 and Kl(M4g(C)) =0, it follows Kl(Mg((C) ®M31((C) ®M41((C)) =0.
So it follows from induction that K;(M2(C)®...® M(,,,1y(C)) = 0 for all n > 2. From Theorem
follows Kl(h_r)n MQ((C) ®..8 M(n+1)l(C)) = h_I)I’lKl(MQ((C) ®..8 M(n+1)l((C)) =0.
In a similar way Ko(M2(C) ® ... ® M(,,11)1(C)) can be calculated from Ko(M2(C) ® ... ® M (C))
and Ko(M,+1!(C))). By the Kiinneth Theorem we get the following calculation:

Ko(M2(C) ® ... ® M(,41)1(C)) = Ko(M2(C) ® ... ® M, (C)) ®z Ko(M(41)1(C)) =
K()(MQ((C) ®..Q® Mni((c)) ®7 7.

As Ko(MQ((C) ® Mgl(@)) =7, it follows Ko(MQ((C) ®..Q® M(n+1)|(C)) =7 for all n > 2.

The structure morphism M>(C) ®...® M,,;(C) 3 x — z ® diag(z, z,...,x) € M2(C) ®...® M(y,11y1(C)
induces an (n+1)-multiplication with respect to the Ko-groups. Now 1 € Ko(M2(C)®...9 M,,1(C)) =
Z is sent to (n +1) € Ko(M2(C) ® ... ® M(1,41(C)) = Z and so the image of a generator in
Ko(M3(C) ® ... ® M, (C)) becomes divisible by (n + 1). Finally, we use the preservation of direct
limits (Theorem to get Ko(li_rr)l M>(C)®...® M,,1(C)) = h_H)lKQ(MQ((C) ®...® M(;,11)1(C)).
The direct limit structure is given in the following diagram:

.7 _n ~(n+1)

> 7
1 l 1
k R CES)!

lim Ko (M2(C) ® ... ® M(5,.1)1(C))

> 7

v

:\H

We have abbreviated Ko(M3(C)®...9@ M,,1(C)) to Z for every n > 2. The element in h_r)nKO(MQ((C)tX)

. ® M;,41)1(C)) corresponding to 1 € Ko(C) = Z can be divided by every element of Z. We
conclude from the diagram that lim Ko(M2(C) ® ... ® M(y,41y1(C)) is divisible as a Z-group (see
Definition {4.21] u We will now establish an 1somorphlsm between lim Ko (M2(C) ® ... ® M(11)1(C))

and Q. We use the mapplngs Z = Ko(M2(C) ® ... ® M,,1(C)) So - 2eQ. ThlS mapping is

surjective, because let £ € Q (with m # O) then £ M This mapping is injective, because

if 5 = -2 with m,n € N zeKog(M2(C)®...® Mnn((C)) and y € Ko(M2(C) ® ... ® M1 (C)), then
nly = mlx. Without loss of generality, if m < n, then x is divisible by m + 1,m + 2, ...,n. It means
that z € Ko(M2(C) ® ... ® M,,1(C)) comes from Ko(M2(C) ® ... ® M, (C)). So x and y represent

the same element in lim Ko(M2(C) ® ... ® M(;,,1)1(C)).

13 Addition of extensions and its structure
In §4.4] the Baer sum gives an addition for extensions of R-modules M by N, for a commutative

ring R. It was shown in Theorem [£.62] and Theorem [£.64] that Extz(M, N) is an abelian group
isomorphic to Ext R(M N). For extensions of C*-algebras an addition of extension can be defined as
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well if the left-hand term is stable. This time it will be done by characterising isomorphism classes
of extensions (Definition via their corresponding Busby invariant (Definition [6.17). From now
on, an extension of C*-algebras will always be viewed as a representative of its isomorphism class.
Contrary to the extensions of R-modules, the unitary equivalence classes extensions of C*-algebras
do not form a group in general. However, for a special choice of C*-algebras, it will be a group;
an isomorphism between the semigroup of unitary equivalence classes modulo split extensions and
the KK-group will be established. We will make use of Kasparov pairs. They will be defined
in We will construct an isomorphism between classes of Kasparov pairs and classes of
extensions in §13.4] and an isomorphism between classes of Kasparov pairs and KK-groups in §13.5
The two isomorphism combined will form the isomorphism between extensions of C*-algebras and
KK-groups.

13.1 The construction of the addition and its properties

The addition of extensions of C*-algebras is only well-defined if the left-hand term is stable. A
stable C*-algebra can be written as K®B with B a C*-algebra. The set of isomorphism classes of
extensions of A by K®B was denoted by €rt(A, B) (Definition [6.38). Recall K(Hp) = K&B and
B(Hp) = M(K®B) by Lemma [9.14 and Corollary [9.17] If B is assumed to be trivially graded,
then B(Hp) ¥ My(M(K®B)) (Lemma [10.21)) as Zy-graded C*-algebras. Recall Hp = Hp @ Hp.
Additionally, Hg ¥ Hp @ Hpg. This isomorphism can be established by creating a bijection between
N and N x N and mapping the indices accordingly.

Definition 13.1. Let A and B be C*-algebras. Fix a bijection between N and N x N. The mapping
of indices induces an isomorphism Hp = Hp @ Hp. This isomorphism induces the following x*-
isomorphisms:

K®B = My(Ke® B) M(KeB) 2 My(M(Ke B)) Q(K®B) = M2 (Q(K®B)).

For 61,2 €A, B), dofne (01 0 02)(a= (1§70

(inverse) #-isomorphism between M3 (Q(K®B)) and Q(K®B) to view it as an extension, i.e. an
element of €rt(A, B). ¢1 @ ¢2 is called the addition of ¢ and ¢o.

Remark 13.2. Obviously ¢ @ ¢2 defines a *-homomorphism from A to M3(Q(K®B)). Under the
isomorphism between Hp and Hp @ Hp, this gives a *-homomorphism from A to Q(K®B) and
therefore defines an extension of A by K®B.

) € M2(Q(K®B)), for a € A. Use the

Remark 13.3. The addition is not canonical. It depends on the choice of the bijection between N
and N x N. However, later on we will find that the addition on €rt(A, B) extends to an addition on
¢rt(A, B). This addition will be canonically defined. For this result, see Lemma [13.13

Remark 13.4. Contrary to the addition of rings and modules over a ring, this addition is not
commutative. However the addition on the unitary equivalence classes is commutative. For this
result, see Lemma, [13.10

Remark 13.5. The associativity of the addition follows from the associativity of composition of
adjointable operators between Hilbert B-modules.

Remark 13.6. The addition in Definition turns €rt( A, B) into a semigroup. After Lemmall3.21]
it will be shown that €rt(A, B) and €rt(A, B) need not have a unit. The Busby invariant corre-
sponding to the orthogonal extension, 0 € €rt(A, B), is not a unit under the addition.
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Remark 13.7. In general, extensions cannot be added in the way of Definition It is necessary
that the left-hand term is stable. For an explanation, see [34] p. 62].

Lemma 13.8. Let A and B be C*-algebras. Drt(A, B) is a subsemigroup of €xt(A, B) under the
action defined in Definition [311

Proof. By Lemma a split extension factors through M(K®B).

m(m(a)) 0 . () 0
Let 71,72 € Homes_(A, M(K® B)), then ( 7710 ~7r(772(a))) =7 ((7710 772(a))) forac A,

where M(K® M) 5 Q(K® M) and My(M(K® M)) 5 My(Q(K ® M)) define the quotient maps.
Hence m(n1) @ w(12) defines a *-homomorphism from A to M2(Q(K®DB)) that can be factored
through My(M(K®B)). Hence m(n1) ® m(n2) can be factored through M(K®B) and therefore
defines a split extension; m(n;) @ w(n2) € Drt(A, B). Drt(A, B) is closed under the action of
Definition [3.11 O

Lemma 13.9. Let A and B be C*-algebras. The addition of Definition m gives a semigroup
structure on €rt(A, B).

Proof. The associativity is made clear by Remark It remains to be shown the addition is
independent of representative. Let ¢1,¢2,11,1 € €rt(A, B) such that ¢ and 1; are unitarily
equivalent and ¢o and 1y are unitarily equivalent. There exist unitaries u,v € M(K®B) such that

¥1(a) = w(u)e1(a)m(u*) and a(a) = m(v)ds(a)m(v*) for all a € A, where M(K®B) = Q(K®B)

is the quotient. Now 2) is a unitary in My(M(K®B)) and

U
0

wl(a) 0 _ 7T(’LL) 0 (bl(a) 0 ﬂ.(u*) 0
( 0 1/12((1))_( 0 w(v))( 0 ¢2(a))( 0 w(v*)) for all a € A.

Unital *-isomorphisms preserve and reflect unitaries. So ¢1®¢- is unitarily equivalent to ¥ ®1s. [
Lemma 13.10. Let A and B be C*-algebras. €rt(A, B) is an abelian semigroup.

0
1Q(K®B)

¢2(a) 0 ) _ 0 lowen) | [¢1(a) O 0 loen)
0 ¢i(a) loxen) 0 0 ¢#2(a))\loxen) 0

for ¢1,¢2 € €rt(A, B) and all a € A.

Proof. ( 19(]18@3)) is a unitary in M>(Q(K®B)). And

Hence ¢1 & ¢ is unitarily equivalent to ¢ @ ¢. O
Corollary 13.11. Let A and B be C*-algebras. Dxt(A, B) is a subsemigroup of €xt(A4, B).
Definition 13.12. Let A and B be C*-algebras. Define Ext(A, B):= €rt(A4, B)/Dx1t(A, B).

Lemma 13.13. The addition on €rt(A, B) is independent of the choice of bijection between N and
NxN.
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Proof. Let S,T:N - NxN be two bijections. Then S~! o T:N - N forms a permutation of N. This
permutation induces a permutation of indices on Hp. Any permutation has an inverse and using
the inner product on Hp ({(x,y)mu,:= Xy Tiyk), it immediately becomes clear that the inverse of the
permutation is the adjoint. So S™!oT induces a unitary element of B(Hp) = M(K®B). Hence the
additions defined by S and 7" are unitarily equivalent and represent the same class in €t(A, B). O

Remark 13.14. Another proof of Lemma [13.13]is given in [34] Proposition 3.3.4]. It builds on [34]
Proposition 1.10.2]. That approach requires quite some analysis and feels less conceptual than ours.

13.2 Absorption

Definition 13.15. Let A and B be C*-algebras. An extension ¢ € €xt(A, B) is absorbing if ¢ & ¢
is unitarily equivalent to ¢ for all ¢ € Drt(A, B).

Lemma 13.16. Let A and B be C-algebras. Let ¢1,¢2 € €rt(A, B) be unitarily equivalent
extensions (so they represent the same class in €rt(A, B)). If ¢; is absorbing, then so is ¢s.

Proof. Let ¢1, ¢ € €rt(A, B) be unitarily equivalent. Let ¢ be absorbing. By definition ¢; @
is unitarily equivalent to ¢; for all ¥ € Drt(A, B). Now ¢y is unitarily equivalent to ¢, which
is unitarily equivalent to ¢1 @ ¢ for all ¢ € Drt(A, B). By Lemma the addition of unitary
equivalence classes is well-defined. As ¢; and ¢ are unitarily equivalent, it follows ¢1 & 1) is
unitarily equivalent to ¢o @ 1 for all ¥ € Drt(A, B). So ¢ is unitarily equivalent to ¢o @ 1) for all
1 € Drt(A, B). Hence ¢4 is absorbing. O

Definition 13.17. The set of unitary equivalence classes of absorbing extensions of A by K®B is
denoted by Ext, (A4, B).

Lemma 13.18. Let A and B be C*-algebras. Let ¢ € €rt(A, B) be an absorbing extension. Then
¢ ® w is absorbing for all w € Exrt(A, B).

Proof. ¢ is absorbing, so ¢ is unitarily equivalent to ¢ @ ¢ for all ¢ € Drt(A, B). Now ¢ & w is
unitarily equivalent to ¢ @ ¢ ® w for all ¢ € Drt(A, B). By Lemma ¢ ® Y ® w is unitarily
equivalent to ¢ ® w ® 1 for all ¥ € Drt(A, B). So ¢ ® w is unitarily equivalent to ¢ & w @ v for all
1 € Drt(A, B). Hence ¢ @ w is absorbing. O

Remark 13.19. Lemma [13.18| clarifies the name absorbing.

Remark 13.20. By Lemma and Lemma Ext, (A, B) forms a subsemigroup of €rt( A4, B).
Unlike Ext(A, B), Ext, (A, B) is not defined as the quotient of the absorbing classes by the absorbing
split classes. This is because the addition of a split class by definition does not change an absorbing
class. There is nothing to be divided out.

Lemma 13.21. Let A be a unital C*-algebra and B an arbitrary C*-algebra. A unital extension
in €rt(A, B) cannot be absorbing.

Proof. Let ¢ € €rt(A, B) be a unital absorbing extension. Then ¢ @ ¢ is unitarily equivalent to ¢
for all ¢ € Drt(A, B). But by Lemma |6.36] ¢ & ¢ must be unital for all ¥ € Drt(A, B). Now if
s ¢(la) O loen) 0
® 1 is unital, then = and so ¥(1a) =1 . So ever
¢ '(/} ( 0 w(lA) 0 1Q(K®B) ¢( A) O(KeB) very
1 € Drt(A, B) is unital. That is not true: 0 € Drt(A, B) and 0 is certainly not unital. O
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Remark 13.22. The main takeaway of Lemma [13.21] is that ¢ & 0 does not need to be unitarily
equivalent to ¢ and in particular not equal. So 0 is not a unit under addition in €t(A, B) or
¢rt(A, B).

Remark 13.23. The unital extensions form subsemigroups of €rt(A, B) and €rt(A4, B).

Lemma 13.24 (Generalised Theorem of Voiculescu). Let A be a separable C*-algebra and B be a

o-unital C*-algebra. Let at least A or B be nuclear. An embedding A - M (K) s, M(Ke®B)

for which A nK = 0, postcomposed by M(K®B) = Q(K®B), is absorbing.
Proof. This is a special case of [I5, Theorem 6. O

Remark 13.25. An embedding A = M(K) such that AnK =0 exists when A is separable, see [I5]
Lemma 8.1.3].

Theorem 13.26. Let A be a separable C*-algebra and let B be a o-unital C*-algebra. If A or B
is nuclear, then Ext, (A, B) = Ext(A, B).

Proof. There is always an inclusion Ext, (A, B) c Ext(A, B) by Lemma Conversely, via
Lemma [T3:24] there exists a split absorbing extension. The extension constructed in Lemma [13.24]
factors through M(K®B) (see Lemma. Adding a split extension does not change the class in
Ext(A, B). An addition containing an absorbing extension is absorbing by Lemma So every
class in Ext(A, B) has an absorbing representative. From this follows Ext(A, B) 2 Ext,(4,B). O

Remark 13.27. Theorem does not imply that every extension is absorbing when A or B is
nuclear. For this the orthogonal extension would need to be absorbing. It only means that every
class of unitarily equivalent extensions differ by a split extension from an absorbing class of unitary
equivalent extensions. This is because inverses need not exist.

13.3 Kasparov Pairs

Definition 13.28. Let A and B be C*-algebras. Let ¢ € Homcs_y5(A, M(K®B)) and let P ¢
M(K®B). The pair (¢, P) is a Kasparov-A-B-pair if

¢(a)P - Pp(a) e KoB (P?-P)¢(a) e K®B (P-P")p(a)e K@B forallae A. (44)
The set of Kasparov A-B-pairs is denoted by £'(A4, B).

Definition 13.29. Let A and B be C*-algebras. A Kasparov A-B-pair (¢, P) is degenerate if the
three terms in equal 0 for all @ € A. The set of degenerate Kasparov A-B-pairs is denoted by
DY(A, B).

Definition 13.30. Let A and B be C*-algebras. Let (¢, P1), (¢2, P) € E1(A, B).
Define (¢1,P1) @ (¢2, P):= (1 ® ¢2, P) & P ), where

P 0

P1®P2::(O P2

) € B(HB @HB) = B(HB) I~ M(K@B)

(¢1,P1) ® (@2, P) is called the addition of (¢1,P1) and (¢, Ps).
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Remark 13.31. Tt is easy to see (¢1 ® ¢2, P; ® P») is again a Kasparov A-B-pair as

(¢1éa) @(za))(lgl 122)_(131 g)(qbl(()a) QSZ(za))eMQ(K@B);K@B for all a ¢ A.

Lemma 13.32. The addition of Definition [13.30|gives £1(A, B) a semigroup structure. Under this
addition D!(A, B) is a subsemigroup of £*(A, B).

Proof. Similar to Lemma [13.§ O
Remark 13.33. It is very easy to create some Kasparov A-B-pairs. A few examples are:
e Let PecK®B and let ¢ € Homcs_,5(A, M(K®B)), then (¢, P) € £*(A, B).

o Let ¢ € Homer_y5(A, M(K®B)), then (¢, 1r(ke5)) € D'(A, B). More generally, an element
of Home+_,g(A, M(K®B)) paired with a central element of M(K®B) forms a degenerate
Kasparov pair.

o Let P e M(K®B), then (0, P) ¢ D'(A, B).

Definition 13.34. Let A and B be C*-algebras. Kasparov A-B-pairs (¢1, P1) and (¢, Py) are
unitarily equivalent if there exists a unitary u e M(K®B) such that ¢2(a) = ugi(a)u* for all a e A
and P, = uPju*.

Lemma 13.35. Unitary equivalence of Kasparov pairs is an equivalence relation.

Proof. The proof is almost identical to the proof of Lemma Nonetheless;

Reflexivity: M(K®B) is unital. ¢(a) = 1yyken)@(a)lmken) for all a € A and

P =1pken) Plames) for (¢, P) e E'(A,B).

Symmetry: If there exists a unitary v € M(K®B) such that ¢2(a) = u¢i(a)u* for all a € A and
Py, =uPyu”, then u*do(a)u = u upy(a)u*u = ¢1(a) for all a € A and u* Pou = v*uPiu*u = P.
Transitivity: If there exists a unitary v € M(K®B) such that ¢2(a) = u¢i(a)u* for all a € A and
P, = uPju* and there exists a unitary v € M(K®B) such that ¢3(a) = véa(a)v* for all a € A and
P3 = vPyv*, then ¢3(a) = vugpy(a)u*v* for all a € A and P = vuPiu*v*. O

Lemma 13.36. Let A and B be C*-algebras. Let (¢1,P;) and (¢2, P») be unitarily equivalent
Kasparov A-B-pairs. If (¢1, P1) is degenerate, then so is (¢, Ps).

Proof. Let ue M(K®B) be a unitary such that ¢2(a) = ugi(a)u* for all a € A and Py = uPyu*.
d2(a)Po — Paga(a) = udi(a)u*uPiu® — uPiu*udy(a)u” = udy(a) Piu* —uPigi(a)u” =
u(¢p1(a)Pr — Pig1(a))u” =ulu* =0 for allae A
(P3 = Po)¢2(a) = (uPru)? —uPyu”udr (a)u” = (u(Pf = P )u" )udi (a)u” =
u(PE - Py)¢1(a)u* =ubu* =0 for all a e A
(Py - Py)pao(a) = (uPu* = (uPru* ) ugi(a)u” = (uPru* — uPfu* )udy (a)u” =

O
u(Py - P )¢1(a)u” =ulu” =0 for all a € A.

Lemma 13.37. The addition of Definition [13.30|gives a well-defined commutative semigroup action
on the classes of unitarily equivalent Kasparov pairs.
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Proof. The well-definedness is similar to Lemma and the commutativity is similar to Lemma/|13.10
O

Definition 13.38. Let A and B be C*-algebras. Kasparov A-B-pairs (¢1, P1) and (¢, P) are
homological if Pi¢1(a) — Pago(a) e K@B for all a € A.

Lemma 13.39. Let A and B be C*-algebras. Homology of Kasparov A-B-pairs is an equivalence
relation.

Proof. Reflexivity: Clearly P¢(a) — P¢(a) =0e K®B for all a € A.
Symmetry: If Pi¢q(a) — Paga(a) e K®B for all a € A, then

Popo(a) — Pip1(a) = —(Prd1(a) - Pega(a)) e K®B for all a € A.
Transitivity: If Pig(a) — Paga(a) e K®B and Pygo(a) — Psgs(a) e K®B for all a € A, then
Pi¢1(a) - Psgs(a) = Proi(a) - Padz(a) + Pad2(a) - P3ds(a) e KeB for all a € A. O

Remark 13.40. Let (¢1,P;) and (¢2,P>) be homological Kasparov A-B-pairs. (¢1,P;) can be
degenerate, while (¢2, P») is not. For example (0, P) and (¢,Q), for ¢ e Homc+_ (A, M(K®B))
with P e M(K®B) and Q e K®B. (0, P) is degenerate, while (¢, Q) is not (necessarily). However
0-¢(a)Q € KoB for all a € A. Therefore it is impossible to speak about degenerate homology
classes of Kasparov pairs. This is in stark contrast to unitary equivalence, see Lemma [13.30]

Lemma 13.41. Let A and B be C*-algebras. The addition of Definition [13.30| gives a well-defined
addition on homology classes.

Proof. Let (¢1,P1) and (¢2, P») be homological Kasparov A-B-pairs and let (11, Q1) and (12, Q2)
be homological Kasparov A-B-pairs. The following sums are homological:

(1, P1) @ (¢2, P2) = (¢1 ® ¢o, (];1 .22)) (¥1,Q1) ® (¥2,Q2) = (?ﬁl ® 12, (%1 6(2)2))’ as

(P1¢1(a) 0 )_(Qlwl(a) 0 ):

0 Prgs(a) 0 Q2v2(a)
(P1¢1(a) BQlwl(a) Paa() ?szz(a)) e My(K®B) 2 K®B for all a € A.
So (¢1, P1) @ (¢2, P2) and (¢1,Q1) @ (b2, Q2) are homological. 0

Definition 13.42. Let A and B be C*-algebras. El(A,B) is defined as the set of Kasparov A-

—1
B-pairs modulo unitary equivalence and homology. D (A, B) is defined as the set of Kasparov
A-B-pairs modulo unitary equivalence and homology that have a degenerate representative. The

quotient is denoted by E'(A, B):= El(AB)/ﬁl(A,B).

Remark 13.43. Unitary equivalence and homology are two different equivalence relations and nei-
ther is stronger than the other. Unitarily equivalent Kasparov pairs need not be homological.
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Though conjugation by unitaries of M(K®B) fixes K®B, this does not mean that the conjuga-
tion is the identity on Q(K®B). Homological Kasparov pairs need not be unitarily equivalent,
see Remark Being unitarily equivalent and/or homological is not an equivalence relation;
it is not transitive. However, unitary equivalence and homology generate an equivalence relation
when reflexivity, symmetry and transitivity are applied. These are exactly the equivalence classes

El(A, B) consists of.
Corollary 13.44. E'(A, B) is a unital abelian semigroup under the addition of Definition |[13.30

Proof. The semigroup structure on fl(A, B) given by Definition |13.30} is well-defined because the
addition of Kasparov pairs is independent of representative of unitary equivalence class or homology

class (Lemma |13.37] and Lemma [13.41]).

The addition is commutative, because any sum is unitarily equivalent to the sum in the opposite
order and therefore lands in the same class (Lemma [13.37)).

—1 =1 PN
D (A, B) is a subsemigroup of £ (A, B), because any class in D (A, B) can be represented by a
degenerate Kasparov pair and the sum of two degenerate Kasparov pairs is degenerate (Defini-

tion [13.30). So E'(A, B) is a semigroup. Any representative of a class in 51(/17 B) represents the
unit of E' (A, B). O

Remark 13.45. See Remark [13.33[to conclude D(A, B) # @.

13.4 Connection between Kasparov pairs and extensions

Lemma 13.46. Let A and B be C*-algebras. The mapping v(¢p, P) = P¢ mod K®B defines a
semigroup morphism : B (A, B) — Ext(A, B).

Proof. First we will prove that for a Kasparov A-B-pair (¢, P) € £'(A, B), the map A > a - P¢(a)
mod K®B defines a *-homomorphisms from A to Q(B). The map A3 a - P¢(a) mod K®B is
clearly additive. To prove that the map A3 a — P¢(a) mod K®B is multiplicative, the compact-
ness relations for Kasparov pairs (see Definition [13.28)) are exploited. This is done in equation .
Finally, to prove that the map A3 a - P¢(a) mod K®B preserves the *-operation, the properties
of the *-operation and compactness relations are exploited. This is done in equation .

Pé(araz) mod K®B = P*¢(ajaz) mod KB =
P?*¢(a1)¢(az) mod K®B = Pp(ai)Pé(az) mod KB for aj,ase A (45)

(P¢(a))* mod K®B = (¢(a)P)* mod KB =P ¢(a)* mod K®B =
P*¢(a*) mod K®B = P¢(a*) mod KB for ae A. (46)

It follows from the following equation that + preserves addition:

Y((p1, P2) ® (P2, P2))(a) = (P1¢56(a) P2¢2(a)) mod K®B =

(v(¢1, P1) ®v(¢2, P2))(a) for all a € A.
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Let (¢1,P>) and (¢2, P») be unitarily equivalent. There exists a unitary u € M(K®B) such that
¢2(a) = ugy(a)u* for all a € A and Py = uPiu*. Now Padso(a) = uPu*ugr(a)u* = uPioi(a)u’.
So v(¢2, Py) is unitarily equivalent to y(¢1, P1) and therefore represents the same element in
Ext(A, B). It is obvious that v is invariant under homology.

Each class in 51(A,B) can be represented by a degenerate Kasparov pair. For degenerate Kas-
parov pairs, everything in the first paragraph of this proof is true without the ¢ mod K®B’-
statement. For (¢, P) € D'(A, B), the mapping A > a » P¢(a) € M(K®B) defines an element
of Home+_,g(A, M(K®B)). So (¢, P) is split by Lemma Hence v is independent of the
representative in E'(A4, B). O

Remark 13.47. Notation has been abused in the proof; sometimes the images of v were viewed as
extensions rather than classes of extensions (modulo split classes). The use of brackets or overlines
to denote classes or modulo relations would not have made it any clearer.

Lemma 13.48. Let A and B be C*-algebras. The morphism +: E'(A, B) — Ext(A, B) from
Lemma [T3:46] is injective.

Proof. Let (¢1,P1), (2, P2) € EY(A,B). If v(¢1,P1) = ¥(¢o, Po) in Ext(A, B), then there exist a
ue M(K®B) and 11,15 € Drt( A, B) such that v(¢1, P1 )@ equals uy(ps2, Po)u* @1 as extensions.
Notice that v(¢1, Irmxeny) =1 mod K®B and v(¢2, 1 ypken)) = ¥2 mod K®B. So v and 1
can be viewed as image elements of 7. From the equality of extensions between v(¢1, Py) @ 11 and
uy (P2, P2)u” @ by follows that (¢1, P1) @ (Y1, Iamken)) and (udau™, uPou”) @ (Y2, Lpren)) are
homological. In particular, (¢1, P1)® (11, Lpmeken)y) and (udau®, uPou*)® (12, 1 p(k o 3)) Tepresent
the same class in E* (A, B). Both (¢1, Lk en)) and (Y2, Ly o)) are degenerate Kasparov pairs.
They represent the unit element in E*(A, B). It follows that (¢1, P;) and (upou*, uPsu*) represent
the same class in E*(A, B). The Kasparov pair (ugou”*,uPyu*) is unitarily equivalent to (¢o, Ps)
and therefore they represent the same class in £'(A, B), in particular in E*(A, B). Hence (¢1, Py)
and (¢g, P) represent the same class in E'(A, B). O

Lemma 13.49. Let A be a separable nuclear C*-algebra and B be a o-unital C*-algebra. The
morphism : B (A, B) — Ext(A, B) from Lemma [13.46|is surjective.

Proof. A is nuclear and so is its unitisation A. This is because there is a natural exact sequence
0> A—> AT C—0. See Remark [6.28] The left-hand and the right-hand term are nuclear and
so the middle term is nuclear (Lemma [6.62). M(K®B) is unital and Q(K®B) is the quotient

of M(K®B) by K®B. Let ¢ € €tt(A, B), by Theorem [5.90| its unitisation A A Q(Ke®B) allows
a unital, completely positive and linear map AL M(K®B) such for which 7oy = q~5, where
M(K®B) 5 Q(K®B) is the quotient. We apply Theorem

unital *-homomorphism A AN My(M(K®B)) for which

x(a)®0= (1M(§®B) 8) ¥(a) (1M(§®B) 8) for all a € A.

(Stinespring) to x. There exists a

We will now prove that (@/J, (1M(§®B) 8)) is a Kasparov A-B pair. The linear map x does not

need to be a *-homomorphism, as A 3 a — (1M(§®B) 8) ¥(a) (1M(§®B) 8) is in general not mul-
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tiplicative. But mo x = ¢ is a *-homomorphism. Write My(M(K®B)) 3 ¢h(a) = (i;gzg z;zgz;)

We will set up relations between 111,712,121 and 19y first. The multiplicativity of ¥ implies
77/111(6Lb) ¢12(ab) _ _ _ 1/111(0) 1/112(a) 77/111(1)) 1/112(5) _
(¢21(Gb) ¢22(ab)) = v(ab) =v(a)p(b) = (7/)21(61) 1/122(0)) (1/121(5)) ¢22(b)) -

(¢11(G)¢11(b)+¢12(G)¢21(b) Y11(a)iPr12(b) +1/J12(a)1/}22(b)) for abe A
Yo1(a)h11(b) +122(a)h21(b)  Po1(a)ihiz(b) + a2 (a)ihaa(b) ’ '

From the multiplicativity of 7 o x, it follows that
Imkeny 0 Lmmwen)y 0) _ (¥11(a)Pr1(b) +¢12(a)ipai(b) O
( 0 ¥(ab) 0 = 0 and

0 0 0
(1M(§®B) g)w(a) (1M(§®B) 8) (1M(§®B) 8)¢(b)(1M(§®B) 8) _ (1#11(@)01/)11(5) 8) are

equal modulo My(K®B) for a,be A. It follows that ¥12(a)i2(b) e K®B for a,b e A.
As 1) commutes with the *-operation, it follows that

Pr1(a*)  Pr2(a®)) “ . (v1(a)* Pai(a)* iy
St e ) R RO S AR AN

So 1/)11 and 192 commute with the *-operation and ¥12(a)* = 121 (a*) and 21(a)* = ¥12(a*) for
a € A. In particular ¥12(a)iai(a”) = ¥i2(a)iiz(a) and P12(a”)ibai(a) = Pai(a) bz (a) for all
a €A As a(a)e(b) € K®B for a,b € A, it follows Y12(a)h12(a)*, vPo1(a) e (a) €e KeB. So
P12(a),¥e1(a) e K®B for a € A.

Now we will show that (g/}, (1M(§®B) 8)) satisfies Definition [13.28] Notice:

2 *
Imwen) 0} _(Immen) 0}, 4 (tmxes) 0} _(lmmxen) O
0 0 0 0 0 0 0 0]

It remains to show:

#(a) (1M(§®B) 8) B (1/\4(%@3) 8) W(a) = (1/1210(@) —¢102(a)) e My(K®B) for all a ¢ A.

It follows that (1/), (1M(§®B) 8)) is Kasparov A-B pair.

We will now show that ~ (¢7 (1M(§®B) 8)) = ¢~>GB 0. For this, notice

2
(1M(§®B) 8)¢(a):(1M(§®B) 8) v(a) =

(1M(§®B) 8)¢(a)(1M(§®B> 8) mod My(K®B) for all a € A.
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Let A 24, A be the inclusion. Precompose both é and ¢ with i 4 to get that v (w o4, (IM(K®B) 0)) =

0 0
¢ ®0. In Ext(A,B), ¢ and ¢ ® 0 represent the same class. We have found a pre-image for
[¢] € Ext(A, B). So 7 is surjective. O

Remark 13.50. The y in the proof of Lemma [I3.49] does not need to be a *-homomorphism. In fact
X is a *-homomorphism precisely if the ¢ € €rt(A, B) from Lemma [13.49|is split.

If x is a *-homomorphism, then (1M(§®B) (O)) ¥ (1M(§®B) 8) a *-homomorphism.

From the multiplicativity of x follows that 12(a)t21(b) = 0 for a,b € A. From the fact that
P12(a*) = wo1(a)* for a € A, it follows 112 = 0 and 91 = 0. Then

Y(a) (IM(§®B) 8) - (IM(§®B) 8) ¥(a) = (1/)210(a) —¢1§(a)) =0 for all a € A.

So (¢, (1M(§®B) 8)) is a degenerate Kasparov pair.

Proposition 13.51. Let A be a separable nuclear C*-algebra and B be a o-unital C*-algebra. The
morphism : E1(A, B) — Ext(A, B) from Lemma [13.46|is an isomorphism.

Proof. By Lemma [13.46, v(¢, P) = P¢ mod K®B defines a semigroup morphism ~: E'(4, B) —
Ext(A, B). The semigroup morphism 7: E*(A, B) — Ext(A, B) is injective by Lemma [13.48 and
surjective by Lemma O

13.5 Connection between Kasparov pairs and KK-groups

This subsection will use the notation of Remark[10.45] Remark [I0.45]shows that every Kasparov A-
B& C;-module with the Hilbert module Hip® C; can be written in the form (Hp® Cy, ¢®1, F&e;).
This notation allows a much clearer display of the mapping from Kasparov modules to Kasparov
pairs. It is elaborately explained in how this result is obtained.

Lemma 13.52. Let A and B be C*-algebras. If (Hp®Cy,¢®1, F&e,) € E(A, B®C,), then
F+1

(¢’T+) ¢ £'(4,B).

Proof. As (Hp®Cy,¢®1, F&e,) € E(A, B&C,), by definition the following three things hold:
o [F&er, ¢(a)®1] e K(HE&Cy) for all a € A. So [F,¢(a)] e K®B for all a € A.

o ((F®&e1)’-1pmkon)®1)(¢(a)®l) € K(Hp&C,) forallae A. So (F2-1ken))d(a) e K®B
for all a € A.

o ((F&e) - (F&e)*)(o(a)®1) e K(AZ&C,) for all a € A. So (F - F*)¢(a) € K®B for all
ac€A.

+1lmken) ;

F
Now ¢ € Homcs_,g(A, M(K®B)) and 5 M(K®B) satisfy Definition [13.28
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1. M(K®B) is trivially graded. Therefore the graded brackets agree with the commutator

brackets.
F+1 F+1 F F F
o)y mwen)  Frlvwen o o B F L 1O F] g e Al
2 2 2 2 2
2. [(F+lmxen)) F+luxes F2+2F + Luwgen) 2F +2mEen)
- ¢(a) = - ¢(a)
2 2 4 4
F?-1
= wwa) e K®B for all a € A.
F+1 F*+1 F_F*
MKeB) _ MKeB) o(a) = ¢(a) e K®B for all a € A.
3. 2 2 2
F+1
So ((;5, T+) forms an element of £1(A, B). O

Lemma 13.53. Let A and B be C"-algebras. If (¢, P) € EY(A, B), then
(HBé) C1,¢®1, (2P - 1M(K®B)®€1) € ]E(A,Bé) (Cl)

(2P - 1pmkeB)) + LMk eB) _2r
2 2

Lemma 13.54. Let A and B be C*-algebras. If (ﬁ]\gé(cl,qbél,Féel) € D(A,B&C,), then

F+1
(¢7 +A;<H<®B>) DA B).

Proof. Copy the proof of Lemma [[3.52]

Proof.

= P. The rest is inverting the proof of Lemma[13.52| [

1. M(K®B) is trivially graded. Therefore the graded brackets agree with the commutator

brackets.
F+1 F+1 F F F
o(a) MEeB) _ M{Eo5B) o(a) =¢(a)— — =¢(a) = [o(a), 1] =0 for all a € A.
2 2 2 2 2
2. ((F+lmwen)) F+luxen o) = (2 bweny 2F + Lmcson) ) 4oy
2 2 4 4
F?-1
= wwa) =0 for all a € A.
F+1 F*+1 -

; ( + A;(K@B) BT+ /;(K®B))¢(a) _F 2F 6(a) =0 for all a € A. .

Lemma 13.55. Let A and B be C*-algebras. If (¢, P) € D'(A, B), then
(HB® (Cl, ¢®1, (2P - 1M(K®B))®€1) € ]D)(A, B® (Cl)

Proof. Similar to Lemma [13.54] but with ‘0 =" added at the left-hand side instead. O

Remark 13.56. Let A and B be C*-algebras. It is immediate from the definitions of addition of
Kasparov A-B-modules (Definition [11.11]) and addition of Kasparov A-B-pairs (Definition [13.30))
that the construction of Lemma [I3.52] preserves and reflects direct sums.
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Lemma 13.57. Let A and B be C*-algebras. Let (¢, P), (¢,Q) € £'(A, B) be unitarily equivalent
Kasparov pairs. Then (Hp® Cy, ¢®1, (2P - Lymken))®er) and (Hp&Cy, ¢®1, (2Q- Lymken))®E1L)
are unitarily equivalent Kasparov A-B-modules.

Proof. There exists a unitary u € M(K ®B) such that ¢(a) = ud(a)u” for every a € A and Q = uPu*.
Now u®1 € B(Hp® C;) is the even unitary such that ¢(a)®1 = (u®1)(¢(a)®1)(u*®1) for every
a€Aand (2Q - 1pkon))®er = (u®1)((2P - 1k op))®€1) (u*®1). O

Lemma 13.58. Let A and B be C*-algebras. Let (¢, P),(¥,Q) € EY(A, B) be homological
Kasparov pairs. Then (Hp®Cy,$®1, (2P - Lymken))®€r) + (HB®(C1,1/J®1 “1pmkop)®e1) and
(H‘Eé C1,¢®1, 1M(K®B)®61) + (HB® (Cl,’(l)®1, (2Q 1M(K®B))®61) are hOl’IlOtOplC.

Proof. Notice the following additions:

(m®cl7¢®17 (2P— 1M(K®B))®€1) + (ﬁ;‘é@lﬂﬁé’la _1M(K®B)®61) =
— o 0). 2P — 1M(K®B) 013~
(HB®(C1,(0 b ®1, 0 1 ®e€1 ], (47)

(Hp&Cy, 981, ~1pmreny®er) + (Hp&Cy,¥81, (2Q - Ly(ken))®61) =

. 6 0. (-1 0 .
Hp& Cq, ®1, ®e1|. (48
( seC (0 6)® 0 20-1uwen) ) Y
We claim that an operator homotopy of (47)) and (48] is given by:

. 2P - 2tPQ
HBécl,(ﬁ 3)) 1+ t? L+t? with 0 < ¢ < oo. (49)

1+¢2

Notice that for ¢ = 0, the module becomes (]ﬁl}@ Cq, (Qg 2}) , (2P0— ! _01)).

1 1
. —— 9P-1 ——92PQ . _
Notice lim,o | Hp® C1, ¢ 0 , 1+1t2 L+1? = |Hp®Cy, ¢ 0 ) ! 0 )
1+¢2 1+¢2
It remains to prove that is a Kasparov A-Cy([0, 00), B)-module (see Definition [11.1]).
Recall the compactness relations obtained by the Kasparov A-B-pairs (¢, P) and (1, Q) and their
homology:
¢(a)P - Pp(a), ¥P(a)Q-Qu(a)c KeB forallaec A
(P?-P)é(a), (Q?-Q)y(a)c K®B forallac A

(P-P")p(a), (Q-Q")¢(a)e K®B forallac A
Po(a) - Qy(a) e KeB for all a € A

. . 6 0\ 1 (P tPQ )
The operator homotopy is a pre-image of ((0 1/1) Tre\ior 20 e EM(A,Cy([0,00),B))

. . o 0 1 P tPQ 1
under the mapping of Lemma(13.52] We verify that ((0 o) e lor 2o e £'(A,Cu([0,00),B)).
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.1 (¢(a) 0 )(
1+t2\ 0 ¢(a))\tQP

1

1+¢2

(1+12)2

2. 1 P tPQ
tQP t2Q
P2 +t?PQ?P

1

P

( ¢(a)P - Po(a) t(aﬁ(a)PQ—PQw(a)))_
1+¢2 \t((a)QP - QP¢(a))  t*(¥(a)Q - Q¥ (a))

t(¥(a)Q* - P*¢(a))

1 ( ¢(a)P - Po(a)
t( (¥ (a)Q - Q¥(a))

¢(a)P? - Q*)(a))

)2

t2Q

1

C1+e2

tPQ) L (P tPQ)(¢(a) 0 )

tQP t2Q 0 ¥(a)

C1tt2

(tC];P ifg))(%a) w?a)):

tP2Q + 3 PQ? 1 P tPQ\\(¢(a)
(1+2)2 \tQP*+£2Q*P ?QP*Q+t'Q*| 1+ 1P £QJJ\ 0 v

(1+12)2
(1 +12)2
1+1¢2

tions. Two examples:

tQip(a)  t*Qi(a)

1 P2¢(a) + 2PQ*Po(a)
tQP?*¢(a) +°Q*Po(a) t*QP*Qy(a) +t*Q*Y(a)

1 ( P¢(a) +t2Po(a)
tQp(a) +t3Qip(a)  t*Qip(a) +t*'Qip(a)

1 (P¢<a) tPg(a) )

1
1+¢2

This follows from repetitively switching P¢(a) and Q¥ (a) and applying compactness rela-

tP2Qw(a)+t3PQ2w(a))_ 1 ( Po(a)
1+¢2 \tQP¢(a)

) =0 mod M>(K®B) for all a € A.

)

tPQp

tP¢(a)+t3P¢(a)) 1 (P¢(a) tP¢(a))E

S 1+t?

tQp(a) *Qi(a)

tQQw((s)))

Pg(a)  tP¢(a) ) =0 mod My(K®B) for all a € A.

tQy(a) t°Qy(a)

PQ*y(a) = PQy(a) = P?¢(a) = Pp(a) mod KeB
QP*Qy(a) = QP’¢(a) = QP?¢(a) = QP¢(a) = Q*(a) = QY(a) mod K®B.

3. 1 ((p tPQ)_(

tQP t2Q
1

1+t2

1 Pg¢(a)

1+t2 \\tQP¢(a)
1 Po(a) tP¢(a) )

1+ \\tQu(a) t*Qy(a)

6 0\ 1 P tPQ

Indeed (0 ¥ ’1+t2(tQP 2Q

P

tQP

1 P
1+¢2 \\tQP

E) ) o)

tPQ)_( P tP*Q*))(¢(a) 0 )_
2Q) ligrrr 2ot )\ 07 w@)”

)) € E1(A,Cy([0,00), B)). Tt follows from Lemma
is a Kasparov A-Cy([0, 00), B) module.

tPQw(a)) _ ( P*¢(a) tP*Q*w(a))) _
2Qi(a)

Pg(a)  tPo(a) \)_
tQy(a) tQQw(a)))ZO mod My (K®B) for all a € A.

tQ*P*¢(a)  t?Q*¥(a)

13.53

that
O

Remark 13.59. Tt is assumed in Lemma that (¢, P),(1,Q) € (A, B) are homological.
Also (¢,0),(¢,0) € D*(A, B) are homological. Addition of homology classes is well-defined. So

(6 55 o))

¢ 0
0 ¢

)

Q 0
0 0

)) are homological. In the proof of Theorem

13.58| the

order of the addition was reversed for clarity reasons. Recall the addition is commutative up to

unitary equivalence.
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Remark 13.60. The operator homotopy in the proof of Theorem is not a Kasparov A-
C([0,1], B)-module, but a A-C([0, o), B)-module. This construction is still valid, because [0, co)
is homeomorphic to [0,1). The one-point compactification of [0,1) is [0,1]. This way Cy([0,1), B)
forms a *-subalgebra of C'([0,1], B). It is the same idea as in Proposition

Lemma 13.61. Let A and B be C*-algebras. Let (Hz® Cy, p®1, F(t)®e€;) € E(A,C([0,1], B& Cy))
£(0) +1M(K®B)) and (q5 F(1)+1mxen)

represent the

be an operator homotopy. Then (gi), 5 5

same class in fl(A, B).

Proof. The map w:[0,1] — B(ﬁB&acl) = M(K®B)®C; of Lemma [11.20| can be written in the
form u'(¢)®1, where u':[0,1] — M(K®B) satisfies the conditions of Lemma [11.20} By definition
F(0)+1 F(0)+1
( 7 (0) 2M(K®B)) and (u’(1)¢u’(1)*,u’(1) (0) 2M(]K®B)u,
F(0)+1 F(1)+1
( ) 2M(]K®B)u,(1)*) and ((b’ ( ) 2M(K®B)

(1)* | are unitarily equivalent.

Now (u'(1)¢u'(1)*7u'(1) ) are homological as:

F(0) + 1pkon)
2

W)W (oap (1) - LTI o)
WP (1) = F(1)ofe) | 1/ (Do)’ (1) = 6(a)
2 2
POV PO ) D) ota)
PO 1) =P ) SO 000) Ly g o,

u'(1)

Theorem 13.62. The mapping of Lemmal(13.52/induces a semigroup morphism between KK (A4, B& C;)
and E1(A, B).

Proof. Any class in KK(A, B& Cy) can be represented by an element of the form (Hp® Cy, ¢®1, F®e;) €
E(A,B®Cy). See Corollary [11.32} The construction of Lemma [13.52| preserves addition. We
will show that the map of Lemma [13.52 induces a well-defined bijection from KK(A, B&Cy) to
EY(A,B).

We will now show that the map of Lemma|13.52|is independent of representative in KK(A, B& Cy).
Two Kasparov A-B® Ci-modules that represent the same class in KK(A4, B&® Cy) are homotopic.
By Lemma [13.61] the images of homotopic Kasparov A-B® C;-modules represent the same class in

?1(A,B). Degenerate Kasparov A-B® C;-modules are mapped to degenerate Kasparov pairs by
Lemma [I3:54] We conclude that the mapping of Lemma [I3.52] gives a well-defined mapping from
KK(A4,B&C,) to E'(A, B).

We will now show that the mapping of Lemma [13.52] is injective. If two Kasparov A-B® C;-
modules are sent to the same class in E'(A, B), then there is a chain of unitary equivalences and
homologies until the images differ by a degenerate Kasparov pair. If the images in £}(A, B) are

unitarily equivalent, then this means that the Kasparov A-B® C;-modules were unitarily equivalent
by Lemma [13.57} If the images in £'(A, B) are homological, then this means that the Kasparov
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A-B® C;-modules were homotopic by Lemma [13.58

We will now show that the mapping of Lemma is surjective. It follows from Lemma
that for every Kasparov A-B-pair in £'(A, B), there exists a Kasparov A-B® C;-module that is
mapped to that Kasparov pair under the mapping of Lemma In particular, any class in
E(A, B) has a pre-image. O

Corollary 13.63. Let A be a separable nuclear C*-algebra and let B be a o-unital C*-algebra.
Then Ext(A4, B) 2 KK(A, B&Cy).

Proof. Compose the semigroup isomorphism of Proposition [13.51] and Theorem [13.62 O

Remark 13.64. KK(A,B&®C;) is a group. The isomorphisms of Proposition and Theo-
rem are semigroup isomorphisms. Under those isomorphisms E'(A, B) and Ext(A, B) obtain
a unique group structure. The inverses of elements in E'(A, B) and Ext(A, B) are found by using
the isomorphisms to get the corresponding element in KK(A, B& Cy), inverting it in KK(A, B&® Cy)
and sending it back.

14 Half-exactness and the six term sequence for KK-theory

In this section we will reap the rewards of Corollary [[3.63] We will show that KK defines a Bott
functor when restricted to the separable nuclear C*-algebras in the left-hand term and the o-unital
C*-algebras in the right-hand term. It was already shown that KK is stable in either term and
that KK is homotopy invariant in either term. It remains to be proven that KK, when restricted
to the right subcategories, is half-exact, which will be done in this section. Once the half-exactness
is settled, the many corollaries of homology theories and Bott functors can be applied to it.

14.1 Half-exactness of KK

Theorem 14.1. Let D be a separable nuclear C*-algebra. Then KK(D,_): cC* —alg — Ab is
half-exact.

Proof. Let 0 — A 4B 5 C — 0 be an exact sequence of o-unital C*-algebra. The goal is to

show that KK(D, A) ~2042:9, g p gy KU, wpe(D, €Y s exact. As Boa =0, it follows
KK(idp, 8) e KK(idp,«) = 0, so imKK(idp, «) c ker KK(idp, 5).

We will now prove that ker KK(idp,8) ¢ imKK(idp,«). For this we will use the isomorphism
between KK (D, B) and Ext(D, B) from Corollary [13.63] Let ¢ € €t(D, B) be such that [So¢] =

0 € Ext(D,C). Then this means that there exists a ¥ € Drt(D,C) such that (8o ¢) & ¢ is de-

composable. Let x be the composition of an embedding D - M(K) s, M(K®B) for which

D nK =0 (such an embedding exists when D is separable, see Remark [13.25) with the quotient

M(KeB) 5 Q(K®B). By construction y is split, see Lemma By Theorem [13.24] x is
absorbing. As f is surjective, the quotient = and 8 appear in the following commutative diagram
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(see [34, Proposition 2.2.16]) where M(K&C) I Q(K®C) is the quotient:

0 —— KoB &= M(Ke®B) — Q(K®B) —— 0

lidx 88 lidK ®8 lidK &8 (50)

0 —— KoC ™ MKeC) = 9(KeC) —— 0.

From this follows 8o x € Drt(D,C). Theorem also applies to S oy, so B o x is absorbing. As
Y € Drt(D, C), this means that 1)@ (Sox) is unitarily equivalent to Boy. The addition on Dxt(D, C)
is well-defined, so (Bo @) @1y @ (8o x) is unitarily equivalent to (8o @)@ (Box) =60 (¢ x). By
assumption (5o ¢) @ 1) was split. As S oy is split, the addition (8o ¢) @ ¥ & (5o x) is split. Split
extensions can only be unitarily equivalent to split extensions (Lemma . Hence Bo (¢ @ x)
is split. By Lemma there exists a lifting D <> M(K®C) such that 7 ow = 3(¢ @ x). Define

E:={(z,y) e Q(KoB)e M(K®C): 8(z) = 7(y)}. Now E is the pullback of Q(K®B) L Q(KeC)
and M(K®C) 5 Q(K®C). There is the following pullback diagram:

DX

w E—— Q(K®B)

| Js

M(KeC) —— Q(KeC).

We define the following map M(K®B) 5z — (z mod K®B, 3(z)) € Q(KeB)® M(K®C') to show
E is isomorphic to M(K®B)/(K®A). By the commutativity of diagram (50]), this defines indeed
an element of E. Every element (z,y) € E is of the form (z mod K®B, 3(z)) for z ¢ M(K®B).
Let (z,y) € E, by the surjectivity of 7, there exists a z ¢ M(K®B) such that 7(z) = . Now
7 (2) = {z+wwe K®B} and B(771(z)) = {B(2) + B(w):w e K&B} = {B(2) +v:iv e KoC}. As
(z,y) € E, B(z) = 7(y), so y € B(r~(x)). Write y = B(2) + v, with 2 € M(K®B) and v € K&C.
Now we only need to find a pre-image for v under 8 (which must exist by surjective of ). Say
B(w) =v with w e K®B. Now z +w is the element such that (z+w mod KB, 3(z+w)) = (z,y).
We will determine the kernel of M(K®B) 5> z — (2 mod K®B,5(z)) € Q(K®B) @ M(K&C).
Obviously, an element of the kernel comes from K®B. Furthermore, an element of the kernel must
satisfy 8(z) = 0. From the exactness follows ker(idx ®3) = im(idx ®A) = K®A. We conclude that
E = M(K®B)/K®A. We view K®A c K®B c M(K®B) as an ideal. By Lemma [6.12] there is a

unique *-homomorphism M (K ®B) X M(K®A) that fixes K®A. The following diagram, in which
M(K®A) = Q(K®A) is the quotient, commutes:

M(K ®B)

/ 2|

0 — Kod T M(EKoA) — 9(K®A) —— 0.
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Now kern’ = K®A, so 7’ o { induces a *-homomorphism M(KeB)/K®A LI Q(K®A). The

composition D - M(K®B)/K®A £, Q(K®A) forms an extension in €rt(D,A). The pullback
diagram shows ¢@ y coincides with the composition D - M(K®B)/K®A — Q(K®B). It remains
to show that [avo &’ on] and [ @ x] represent the same class in Ext(D, B). To show this, we will
follow the construction in Lemma|13.49) which combined Theorem [5.90{and Theorem For D
M(K®B)/K®A, there exists a linear lifting D 5 M(K®B) by Theorem[5.90, Let D 5 M(KeB)
be the unitisation. By Theorem there exists a *-homomorphisms D 2 My(M(K®B)) such
that (C(Od) 8) = ((1) 8) p(d) ((1) 8 for all d € D. Although ¢ might not be a *-homomorphism, it
is a *-homomorphism under the quotient M(K®B) - M(K®B)/K®A as 1 is *-homomorphism.
In a similar way as in the proof of Lemma [13.49] it follows that

p(d)((l) 8)—((1) 8)p(d)eM2(K®A) for all d e D. (51)

It follows that (p,( O)) is a Kasparov D—B—pair. We precompose p with the inclusion of D in

1
0 0

D to make it a Kasparov D-B-pair. Because of equation , it follows that (f op, ((1) 8)) is a

Kasparov D-A pair. Now « (f op, ((1) 8)) = (p, ((1) 8)) under the isomorphisms in [16, §Theorem

From n(d)®0 = ((1) 8) p(d) mod My(K®A) for all d € D, we conclude (£0n) @0 = ((1) 8) E(p(d))

mod M>(K®A) for all d € D. Via the isomorphism of Proposition [13.51) we conclude that the
class of [a o & on] € Ext(D,B) is the class of the extensions D - M(K®B)/K®A — Q(K®B).
From the pullback diagram followed that this extension is ¢ & x. So [0 & on] =[¢® x] = [¢] in
Ext(B, D), as x € Drt(A, B). O

Remark 14.2. We have abused notation in the proof. The *-homomorphism idg ®(3 is surjective
and therefore induces the *-homomorphism M(K®B) — M(K®&C) in (50). Postcomposition with
this *-homomorphism is denoted by 5o _. We do something similar for «, which is not surjective.
Because A, B and C are o-unital, the Hilbert B-modules H4 ®, B is a direct summand of Hp by
Theorem|[10.22] This way « induces a *-homomorphism M(K®A) = B(H4) — B(Hg) = M(K®B).
This *-homomorphism was denoted by « o _.

Remark 14.3. Tt is not true that KK(D,_) is half-exact for general C*-algebras D. Also for D
separable nuclear or not, KK(D, ):C* — alg — Ab need not be half-exact.

Theorem 14.4. Let D be a o-unital C*-algebra. Then KK(_, D): SepNucC* - alg®®* — Ab is
half-exact.

Proof. The proof is somewhat similar to the proof of Theorem [I4.1] The full proof can be found in
[16] §7, Lemma 7]. O
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Remark 14.5. In response to Remark a *-homomorphism can be applied to an extension of
C*-algebras by precomposition. Let C' 5 Q(K®D) be an extension of C*-algebras, then B A
Q(K®B) is the extension obtained from application of B 5.

Remark 14.6. Tt is not true that KK(_, D) is half-exact for general C*-algebras D. Also for D
o-unital or not, KK(_, D):C* — alg®®® — Ab need not be half-exact.

Lemma 14.7. Let D be o-unital C*-algebra. Let 0 — A 4B LA C — 0 be an exact sequence of
separable nuclear C*-algebras. Define KK (A4, D) 2 KK;(C, D) to be the composition KK(A, D) =

KK((0,-),id . .
KK(C3,D) KR 1dp), KK(SC,D) 2 KK;(C, D). Now the following sequence is exact:

KK(a,idp) KK (B,idp)
e e =

..—> KK(B,D) KK(A, D) % KK, (C, D) KK1(B,D) — ...

Proof. KK(_,D) is half-exact and homotopy invariant. The category of separable nuclear C*-
algebras is admissible. Therefore the connecting morphism construction in the proof of Theo-
rem (with reversed arrows) does the job. O

The category of separable nuclear C*-algebras is admissible and therefore the construction from
Theorem can be applied to KK(_, D) whenever D is o-unital. We don’t know whether the cat-
egory of o-unital C*-algebras is admissible. It will still be possible to construct an exact connecting
morphism in the same way for KK(D, ), when D is separable nuclear. We will see how this is done
in the following lemma.

Lemma 14.8. Let D be a separable nuclear C*-algebra. Let 0 — A % B LN C — 0 be an
exact sequence of g-unital C*-algebras. Define KK;(D,C) 2, KK(D, A) to be the composition

KK (id p , KK ((0,- . .
KK (D,C) zKK(D,SC) HRGdp KEWO.0), KK(D,Cs) 2 KK(D, A). Now the following sequence is
exact:

KK (idp,B) KK(idp,a)
—_— —_—

.. > KK,(D,B) KK, (D,C) > KK(D, A) KK,(D,B) — ...

Proof. Cpg is o-unital by Corollary The same holds for the C*-algebra F in the proof of Theo-
rem As KK(D,.) is half-exact and homotopy invariant, the connecting morphism constructed
in Theorem [8.30| exists and makes the sequence exact. U

Corollary 14.9. Let D be a o-unital C*-algebra. Then KK(_, D): SepNucC* - alg®®” — Ab is a

Bott functor. Let 0 - A 5 B 5 C — 0 be an exact sequence of separable nuclear C*-algebras,
then the following diagram in which the vertical maps are the connecting morphisms, is exact:

KK(C, D) R0 (g, py k4, p)

[ l

KK (A, D) o KK (B, D) s KK (C, D).

Proof. Tt was already shown that KK(_, D) is stable in Lemma [11.29] and homotopy invariant in
Lemma [11.24] The half-exactness is proven in Theorem m By Lemma [11.30} KK;(D,_) =
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KK(D,S(.)) are isomorphic functors. All the C*-algebras in the proof of Theorem M (34,
Theorem 11.2.1]) are separable and nuclear. Hence that proof is valid for this corollary. The
exactness of the six term sequence follows from Corollary [8:44] O

Corollary 14.10. Let D be a separable nuclear C*-algebra. Then KK(D,_): 0C* —alg — Ab is a

Bott functor. Let 0 > A > B 5 C — 0 be an exact sequence of o-unital C*-algebras, then the
following diagram in which the vertical maps are the connecting morphisms, is exact:

KK(D, A) 8820 p, gy Eie0yep o

[ |

KK1(D, C) g KKi(D, B g KK (D, A).

Proof. Similar to Corollary [I4.9] O

The connecting morphisms in Lemma[14.7]and Lemma|14.8 are natural in the sense of Lemma [8.32
In the following two lemmas we will see that the connecting morphisms are also natural with respect
to the Kasparov product in the sense of Lemma [11.48

Lemma 14.11. Let D and E be o-unital C*-algebra. Let 0 — A = B LN C — 0 be an exact

sequence of separable nuclear C*-algebras. Define KK, (A4, D) Jo, KK;:+1(C,D) and KK, (A, E) 2z,
KK;;1(C, E) to be connecting morphisms as in Lemma Let X € KK;(D,E). The following
diagram commutes:

KK;(A, D) 22 KK,,(C, D)

\L@ pX J:®D X

KK, (A, E) —£% KK,.1(C, E).

Proof. The connecting morphisms are constructed by composing group homomorphisms induced
by *-homomorphisms and suspensions. Each of them commutes with the Kasparov product. Hence
the following diagram commutes:

KK, (A, D) —— KK, (Cs, DY “URK (s¢, D) —— KK,,.(C, D)

l7®D X J:®D X l—@D X ‘Lf@D X

KKJ(A7E) —_— :K:K](C’ﬁ,§1<2< mdllg(j(SC,E) —_— KK]'+1(C,E).

O

Lemma 14.12. Let D and E be separable nuclear C*-algebra. Let 0 — A 4B LA C — 0 be an

exact sequence of o-unital C*-algebras. Define KK;(D,C) 2o, KK;_1(D,A) and KK;(E,C) 2z,
KK;_i1(E, A) to be connecting morphisms as in Lemma Let X € KK;(D, E). The following
diagram commutes:

KK;(E,C) —£ KK;_,(E, A)

lX@E— lX@Ef

KK;(D,C) —225 KK, (D, A).
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Proof. Similar to Lemma [14.11 O

14.2 Pimsner-Voiculescu

Theorem 14.13. Let A be a Zs-graded separable nuclear C*-algebra. Let B be a trivially graded
o-unital C*-algebra. Let A 2 A be an even s-isomorphism. Then KK, (Ax,Z, B) = KK, 1(T, B).
Furthermore the exact sequence from Lemmal6.59 gives the following six term sequence with respect
to KK:
KKo(A, B) 4y KKo(A %0 Z) «—— KK1(4, B)
idkk(a,B) — KKo(a,idp )l Tidxxl (a,B) ~KKi(a,idg)
KKo(A, B) —— KK (A, 2) Rk (4, B).
Proof. With respect to KK, (A%, Z, B) = KK,11(T,, B), the proof is similar to the proof of Theo-

rem [7.83] For the six term sequence, see Example [7.85] note the arrow reversal. For the connecting
morphisms, see [2, Theorem 19.6.1]. O
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Part TV
The Universal Coefficient Theorem

We have now gone through all the preparation for understanding and proving the Universal Coef-
ficient Theorem. We have stated the theorem in In that section the subcategory for which it
holds, is defined. In we will prove a special case of the UCT. We will prove the UCT whenever
K.(B) is an injective module. In we will construct a projective resolution for K,(B); a free
resolution induced by a *-homomorphism. Via the technique of §1.6] the projective resolution be-
comes an injective resolution. In we will finalise the proof by applying the results of to the
injective modules in the injective resolution.

15 The UCT in case K.(B) is injective

In this section we will prove Theorem when K, (B) is injective. If K, (B) is injective, then prov-
ing Theorem is reduced to showing that (A, B) is an isomorphism, because Ext} (K, (A), K. (B))
vanishes by Lemma

Theorem 15.1. Let A € Ob(N) and let B be a o-unital C*-algebra such that K.(B) is injective.
Then (A, B):KK, (A, B) > Homz(K.(A),K.(B)) is an isomorphism.

KK, (--
To prove Theorem we show that v defines a morphism of functors from N°PP x cC*-alg RSICEN

Ab to Nopp x O'C*—a|g HomZ(K*(,),K*(,))

Lemma 15.2. Let A be a separable nuclear C*-algebra and let B be a o-unital C*-algebra, such
that K, (B) is injective. Then KK, (_, B) and Homgz(K.(.),K.(B)) are cohomology theories and
~(_, B) is a morphism of cohomology theories between them as in Definition

Proof. KK, (-, B) is a contravariant functor. Homyz(K.(-),K.(B)) is the composition of K, () and
Homyz(_,K.(B)); a composition of a covariant and a contravariant functor.

Ab. The precise statement is found in the next lemma.

KK.(_, B) is homotopy invariant by Lemma K. () is homotopy invariant by Lemma
and Lemma So Homyz (K. (-),K.(B)) is homotopy invariant.

As B is o-unital, KK, (_, B) has a six term sequence by Corollary K. has a six term sequence
by Corollary[7.71] A six term sequence of K-groups can be cut into short exact sequences consisting
of the cokernel of the previous arrow, an object and the kernel of the next arrow. Homgz(_, K. (B)) is
exact as K, (B) is injective. So Homgz(_, K. (B)) preserves short exact sequences. See Lemma
So Homy (K, (), K, (B)) has a six term sequence.

~v(-, B) is given by the Kasparov product. It commutes with *-homomorphisms by Lemma [11.48
and it commutes with connecting morphisms by Lemma [14.11 O

We will show ~ is an isomorphism of functors, by showing it is an isomorphism at each component.
See Lemma [2.23] This is precisely what we will do in the remainder of this section. We will go
over all the objects of N and show that  is an isomorphism. The order in which we do this is
very important. We will start with the extensions in N; if v is an isomorphism for two of the three
C*-algebras in an extension, then so for the third. This result will be used later, for example in the
proof that v is an isomorphism for commutative C*-algebras.
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15.1 The UCT for extensions and direct limits

Proposition 15.3. Let A be a separable nuclear C*-algebra and let B be a o-unital C*-algebra,
such that K,(B) is injective. Let J c A be a closed ideal. If two of the following maps are
isomorphic:

~v(J, B): KK, (J, B) = Homz(K.(J),K.(B))
v(A, B): KK, (A, B) - Homz(K,(A4),K.(B))
v(A/J, B):KK.(A/J, B) - Homz(K.(A/J),K.(B)),
then so is the third.

Proof. As J c A is an ideal, it induces an exact sequence: 0 — J LA% AJJ — 0, where i is the
inclusion and ¢ is the quotient. The KK, (-, B)-functor has the following six term sequence:

KK(q,

KK(A/J, BY 2194, B) KK(A, B)

51T J’%

KK (B fe i, KK (A, B) s KK (4], B).

KK(i,idp)
—

The K,-functor has the following six term sequence:

Ko(J) =29 Ko(A) 299 g a/0)

5] 15

The six term sequence of the Homz (K. (), K. (B))-functor is obtained by applying the Homz (K. (.), K. (B))-
functor to the above six term sequence. Lemma says that v(_, B) is a morphism of cohomology
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theories. In other words, the following diagram commutes:

| |

KKo(J, B) — 24 Homy(Ko(J), Ko(B)) ® Homz (K, (1), K1 (B))

5Ol Homz(zs],idKO(B))lHomZ(&J,idKl(E))
KK1(A/J, BY P Homs (K1 (4/.7), Ko(B)) ® Homz (Ko (A/), K1 (B))
KKl(q,idB)l Homz(Kuq),idKo(B))lHomz(Kf)(q),idKl(B))
KKy (A4, B) 25 Homg,(K; (4), Ko(B)) © Homy (Ko(A), Ky (B))
KKl(i,idB)l Homz(Kl(i),idKO(B))lHomZ(Ko(i),idKl(B))
KK, (J, B) —"20 Homgz (K1 (7). Ko(B)) ® Homz(Ko(J), K1 (B)) (52)
5{ Homz(&),idKU(B))lHomZ(&,idKl(B))
KKo(A/J, B) ") Homz(Ko(A/.7), Ko(B)) ® Homz (Ki (A/), K1 (B))
KKo(q,idml Homz(Kom),idKU(B))lHomz(Kl<q),idK1<B>)
KKo(4, B) “*2% Homg (Ko (A), Ko(B)) ® Homz (K, (A), Ky (B))
KK(J(i,idB)l Homz<Ko<i>,idKU<B>>lHomz(K1(i>,idKl<B>>

KKo(J, B) — s Homy(Ko(J), Ko(B)) ® Homz (K1 (1), K1 (B)).

| |

The vertical sequences are the six term sequences stretched out. The Five lemma can be applied.

If v(J, B) and (A, B) are isomorphic, then the following maps are isomorphic:

v(A/J,B)

KKo(A/J,B) Homy (Ko(A/J),Ko(B)) ® Homz (K1 (4/J),K:1(B))

v(A/J,B)
—_

KKl(A/J7B) Homz(Kl(A/J),Ko(B)) @ Homz(Ko(A/J)7K1(B))

Hence v(A/J, B) is isomorphic as a Zs-graded group homomorphism.

If v(J, B) and v(A/J, B) are isomorphic, then the following maps are isomorphic:

A.B
KKo (A, B) 22

Homyz (Ko (A), Ko(B)) ® Homz (K1 (A), K1 (B))
KK (A, B) 222 Homy (K (4), Ko(B)) ® Homg (Ko(A), Ki (B)).

Hence v(A, B) is isomorphic as a Zs-graded group homomorphism.
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If v(A, B) and v(A/J, B) are isomorphic, then the following maps are isomorphic:
KKo(J, B) "7 Homy (Ko(7). Ko(B)) ® Homg (K, (1), K1 (B))

KK, (J, B) 222 Homy, (K, (1), Ko(B)) ® Homsz (Ko (), Ky (B)).

Hence ~(J, B) is isomorphic as a Zs-graded group homomorphism. O

Remark 15.4. As N is a full subcategory of SepNucC* - alg, the result of Lemma is wvalid.
Although Theorem is only true for objects of N, Proposition holds in greater generality.

Proposition 15.5. Let B be a o-unital C*-algebra, such that K, (B) is injective. For A = li_n)1Ai
in SepNucC* —alg, if v(A;, B) is an isomorphism for every 7 € N, then (A, B) is an isomorphism.

Proof. As KK, (., B) and Homz(K.(-),K.(B)) are cohomology theories and ~(_, B) is a morphism
of cohomology theories. Theorem [8.51] gives the following natural exact sequences:

.1 . .
0 — lim" KK;(4;, B) - KKo(lim 4;, B) — lim KK (A4;, B) — 0

0 — lim' KKo(A;, B) = KK; (lim 4;, B) — limKK; (A4;, B) = 0
<« — <~

0 — lim* (Homz (Ko (A;), K1(B)) ® Homz (K1 (4:), Ko(B))) —
Homz(Ko(h_H}Az),Ko(B)) ® Homz(Kl(h_H)lAz)7K1(B)) —
lim(Homz (Ko (4:),Ko(B)) ® Homz (K1 (A;),K1(B))) — 0

0— liLnl(HomZ(Ko(Ai),Ko(B)) ® Homyz(K;(4;),K,(B))) —
Homgz (Ko(lim A;), K1 (B)) © Homz (K (lim 4;), Ko (B)) —
lim(Homz (Ko(4;), K1(B)) ® Homz (K1 (4:),Ko(B))) — 0.
By Proposition the Zs-graded morphisms {v(A;, B)}2; make two morphisms of towers:

'YO(AivB)

KKQ(A,L‘, B) Homz(Ko(Ai), KQ(B)) ® HomZ(Kl(Ai), K]_(B))

' (A;,B)
_ 5

KKl(Ai,B) Homz(Ko(Al),Kl(B)) @D Homz(Kl(AZ),Ko(B))

In the following diagram, the horizontal rows are towers of Zs-graded modules. The vertical arrows
form the morphism of towers 4% and ~!.

KK, (A, B)
J/KK*(/'LiaidB)

KK, (pi-1,idp) KK (pi+1,idB)

s KR B) S KK, (f,i41,id )

l’Y(Ai—hB) l’Y(AhB) l’Y(A'HhB)
- — HomZ(K*(A“l)’K*(B),)om }SlomZ(K*(Ai)’K*(B),)omﬂlglomz(K*(A”l)’K*(B)) —
7°K*(uz‘)T

HomZ(K*(A)y K*(B))

v(A,B)

oK (pri-1) —oK (pi+1)
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As v(A;, B) is isomorphic for every i € N, the morphisms of towers 4 and +! are isomorphisms.
Now we can apply the naturality of Theorem This is the diagram for the even degrees:

0 0

l lim* (1) l

lil_nl KKl(AZ,B); linl(Homz(Ko(Ai),Kl(B)) ® Homz(Kl(Al),Ko(B)))

| |

KKo(A, B) — %205 Homy (Ko(A), Ko(B)) ® Homy(Ki (4), K1 (B))

l lim(~°) l

lﬂlKKo(A“B) ;> Lin(HOle(Ko(Al),Ko(B)) ® HomZ(Kl(Ai),Kl(B)))
0 0

Functors preserve isomorphisms and 7° and 4! are isomorphisms of towers. Hence £i£11 (v) and
liLn('yo) are isomorphisms. Now the vertical exact sequences are equivalent (see Definition ) and

122, Homs (Ko(4). Ko(B))@Homs (K3 (4), K (B))

in particular, the middle horizontal arrow KK (A, B)
must be an isomorphisms by the Five lemma.

This is the diagram for the odd degrees:
0

0
LiLI’ll KKo(AZ,B)g}) llnl(Homz(Ko(Al),Ko(B)) ® HomZ(Kl(AZ),Kl(B)))

| |

KK, (4, B) — )y Homy (Ko(A), K, (B)) ® Homy (K, (A), Ko(B))

hm( 1) l

lim KK, (A, B) = lim(Homz(Ko(4:),K1(B)) @ Homz(K1(4;),Ko(B))).

|

0

o4— £l

The proof here is similar. ~° and 4! are isomorphisms of towers. So hml(’y ) and hm(’y )
are isomorphisms. The vertical exact sequences are equivalent and the middle horizontal arrow

KK;(A,B) —— 2B, Homyz (Ko (A), K1 (B)) ® Homz(K;(A),Ko(B)) is an isomorphism.
As (A, B) is an isomorphism in both degrees, it is an isomorphism of Z,-graded modules. O

Remark 15.6. From Theorem [2.74] and Theorems [7.30] and [7.52] follows
HomZ(K*(li_n)lAi),K*(B)) = HomZ(li_I>nK*(Ai),K*(B)) = LiLnHomZ(K*(AZ-),K*(B)).

So lim" Homg (K, (4;),K.(B)) = 0. As lim'(y) is an isomorphism, it follows lim" KK, (4;, B) = 0.
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15.2 The UCT for commutative C*-algebras

Remark 15.7. We will work with the n-spheres S™:= {z € R™:||z|| = 1} ¢ R™*' in this subsection.
The n-spheres are compact Hausdorff topological spaces. In Proposition [6.44] T was used to denote
the unit circle S*. This was done to prevent confusion with the suspension functor. It is not true
that S =T" = S! x --- x S (n-times) in general.

Definition 15.8. A topological space is second countable if it allows a countable basis.
Theorem 15.9. A second countable compact Hausdorff topological space is metrizable.

Proof. A compact Hausdorff space is normal ([28, Example 3.5.11b]). Urysohn’s metrization theo-
rem ([28, Theorem 4.1.10]) finalises the proof. O

Definition 15.10. Let X, Y, Z be topological space and let X ER Y and X % Z be continuous
maps. Define Yux Z:=Y uZ/ ~, where ~ denotes the equivalence relation generated by f(x) ~ g(x)
with z € X.

Lemma 15.11. Let X, Y, Z be topological space and let X EN Y and X 2 Z be continuous maps.
Y ux Z is the pushout of f and g in Top.

Proof. This follows from the fact that for a topological space W and any two continuous maps
v & W and Z LN W such that ko f =10 g, there exists a unique continuous map from Y ux Z to
W, such that we get a commutative diagram as in Example [2.48}

x 1 4y

O

Definition 15.12. Let X be a topological space and let S"7! ER X be a continuous map. A
topological space Y arises from X whenever the following diagram is a pushout diagram:

gt L, x

L

D" —— Y.

In this diagram S™! %, D" is the inclusion. In this construction f is called the attaching map. The
image of f in Y is called an n-cell attached to X.

Remark 15.13. Although omitted from the notation, Y uyx Z in Definition [15.10] depends on the

choice of continuous maps X ER Y and X % Z. The spaces arising from different attaching maps in
Definition [15.12 are non homeomorphic. For example, S* ! ugn-1 D™, obtained from the attaching
idgn

s S™1is homeomorphic to D™. But S" ! Ugn-1 D", obtained from a constant
1 const

map ™!

attaching map S™~ S"™1 is homeomorphic to S™! v S™ (one-point union).
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Remark 15.14. Because pushouts are unique up to unique isomorphism, we will from now on use
the topological space D™ ugn-1 X to denote the space obtained from cell attachment.

Remark 15.15. In Definition [15.12 one n-cell is attached. Multiple n-cells can be attached to X at
once. Even (un)countably many at once. This is done via index sets, see [12], p. 519].

Definition 15.16. A topological X is called a CW-complex relative to a topological space A if
there exists a sequence:

A:X,lCX()CXlC---CXn,lCXnCXnJrlC"'CX,

in which X, arises from X,_; by attaching n-cells.

X, is called the n-skeleton of X. A CW-complex is finite dimensional if X = X, for some n € Ny.
A finite CW-complex is finite dimensional and X, arises from X,,_; by attaching only finitely many
n-cells for every n € Ng. A CW-complex relative to @ is an absolute CW-complex.

Lemma 15.17. A CW-complex relative to a Hausdorff topological space is Hausdorff.

Proof. See [12], Proposition A.3]. O
Lemma 15.18. A finite CW-complex relative to a compact topological space is compact.

Proof. See [12, Corollary A.10]. O
Corollary 15.19. A finite absolute CW-complex is compact.

Lemma 15.20. Let X be a metrizable compact Hausdorff topological space. Then there exists a
tower ({X;}52,,{fii+1}152;) in the category of locally compact Hausdorff spaces, in which X; is a
finite absolute CW-complex for every i € N such that X = @Xi.

Proof. See [11], Satz 1, p. 229]. O

Remark 15.21. The concept of CW-complexes was introduced by Whitehead in 1949. It generalised
the concept of polyhedrons; geometric realisations of finite simplicial complexes (spaces constructed
from gluing n-simplices A™:= {(zg,...,2,) € R"|t; > 0,27 4t; = 1}). The proof referred to in
Lemma was published in 1936. Every polyhedron has a finite CW-structure, so it is a valid
proof for Lemma [I5.20]

Proposition 15.22. Let A € Ob(N) be KK-equivalent to a commutative C*-algebra in N. Let B
be a o-unital C*-algebra, such that K, (B) is injective. Then (A, B) is an isomorphism.

Proof. Tt suffices to prove the proposition for commutative C*-algebras A only. This is because both
KK(-, B) and Homz(K.(-),K.(B)) are invariant under KK-equivalence by Lemma Recall
that Ko(_) = KKo(C,_) and K;(.) = KK;(C, _) by Theorem Furthermore v(_, B) commutes
with any Kasparov product by Theorem in particular KK-equivalences. Hence, if v(A, B) is
an isomorphism for every commutative C*-algebra A, then also for every C*-algebra that is KK-
equivalent to A.

First we will prove the proposition when A € Ob(N) is a commutative unital C*-algebra. By

Gelfand duality (Theorem , there exists a compact Hausdorff topological space X such that
A =C(X). Every object of N is separable. A commutative separable C*-algebra corresponds under
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Gelfand duality to a second countable locally compact Hausdorff topological space. See [34], §1.11].
So X is second countable. By Theorem [15.9] X is metrizable. By Lemma [15.20] there exists a
tower of finite absolute CW-complex X; such that X = LLHXI For every such X; the n-skeleton

(X;)n arises from the (n - 1)-skeleton (X;),-1 by attaching finitely many n-cells. In case there is
one n-cell, then this is the attachment diagram:

Sl (Xi)n
| !
D" —— (Xi)n.

The attachment diagram is a pushout square. Equivalences of categories reflect and preserve
(co)limits (Theorem [2.54). So under Gelfand duality, it becomes the following pullback diagram:

C((Xi)n) — C((Xi)n-1)

| e

Co(D™) 229 c(sm1y.

As Cy(1) is surjective (see Remark [15.23)), applying Mayer-Vietoris (Theorem [8.38) gives the fol-
lowing commutative diagram:

KKO(Slnl, B) "B . (HomZ(K*(Sgl), K. (B)))o
50l l‘%
KK, ((X:)n, B) X ) s (Homz (K. ((X:)n), K. (B):1
KK, (D", B) ® iKl((Xaéﬁ?é’f”ﬂ”(ﬁéﬁ%’z(K*w"),K*(Bml ® (lHomZm((Xi)n_l), K.(B))h
KK, (i,idB)”l— KK (f,idp) HomZ(K*(i),idK*(B))\L— Homz (K. (f),idk, (5))
KK, (5", B) "B » Homy(K, (5™ 1), K, (B)
51l 5}l

KKo((Xi)n, B) XD » (Homgz (K. (X)), K« (B)))o

|

(v(D58) v ((Xi) ey, B))
KKo(D", B) & KKo((X,) 1) B) 5 (Hom (K. (D"), K. (B)))o ® (Homz (K. ((X:)a1). Ka (B)))o
KKo(i,idB)”l—KKo(f,idB) Homz(K*(i),idK*(B))l—Homz(K*(f),idK*(B))

(8", B)

KKy (S™ !, B) > (Homz (K. (S™1),K.(B)))o-

! |
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In this diagram Cj is omitted from the objects and morphisms for brevity.
Now the n-sphere S™ is the one-point compactification of R". Also S™ is the one-point compactifica-
tion of D"~!. Using Theorem [5.35] it induces the following two split exact sequences (Remark [6.28)):

0— Co(R") - C(S")-C—0
0—Co(D" ) - C(S") - C -0

The UCT holds for C. By Bott periodicity the UCT also holds for Co(R™). Hence by Proposi-
tion it follows that the UCT holds for C'(S™). By the same arguments the UCT holds for
Co(D" ). In diagram , the horizontal arrows v(S™™!, B) and v(D™, B) are isomorphisms.

Suppose Y(C((X;)n-1), B) is an isomorphism, then by the Five Lemma ~(C((X;),), B) is an iso-
morphism as well. This is the induction step. As X is a finite absolute CW-complex, (X;)o consists
of finitely many loose points. As C({*}) = C, v(C((X;)o), B) is an isomorphism. The induction
is completed; v(C(X;), B) is an isomorphism. By Proposition v(C(X), B) is an isomorphism.

If A € Ob(N) is a commutative non-unital C*-algebra, then A corresponds to a second count-
able locally compact Hausdorff space under Gelfand Duality. The one-point compactification X, is
a compact second countable Hausdorff space. By Theorem [5.35, Co(X) 2 C(Xo ). The unitisation
of Cy(X) gives the following exact sequence:

0—Co(X)—>C(X)—>C—0.

As the UCT holds for C and C(X«), it follows that the UCT holds for C(X) by Proposition [I5.3]
O

Remark 15.23. D™ is homeomorphic to the southern hemisphere (excluding equator) of the n-sphere.
As S™ is the one-point compactification of D™, remove the north pole z € S™ to get D™. There is a
homeomorphism between S™™! and the equator of the n-sphere. Using this characterisation, take
a function in f € C(S™!). Let 2 € S" 1. Let y € D™ be the south pole. The shortest path from
y to = forms a line segment. Now let A € [0,1) represent a point on the line segment from y to x
(0 represent y and 1 represents x). This way every point in D™ is on such a unique line segment.
Send A to A\f(x) € C. This defines a continuous function from D™ to C. The set of elements in D"
for which this function has an absolute value higher than € is closed (and therefore compact as D"

Co(i
is a subset of S™). This construction proves the surjectivity of Cy(D™) SLION c(sm .

15.3 Completion of the proof of Theorem [15.1

Proposition 15.24. Let A be a separable postliminal C*-algebra. Let B be a o-unital C*-algebra,
such that K, (B) is injective. Then (A, B) is an isomorphism.

Proof. Theorem says there exists a composition series (Ig)g<q for A satisfying Theorem m
and locally compact Hausdorft spaces {Y3} g<a-1 and separable Hilbert spaces {#3}g<a-1 such that
Igia/Ig = Co(Yp) ® K(Hp) for B < a—1. Notice Iy = I/Iy = Co(Y1) ® K(H1). Either #H; is
infinite dimensional, then K(H;) 2 K and Cy(Y1) ® K(H1) is a stabilisation of a commutative
C*-algebra. Or H; is finite dimensional, then Cy(Y1) ® K(H1) consists of finitely many copies of
a commutative C*-algebra. In both cases I; is KK-equivalent to a commutative C*-algebra. By
the same argument, any of the quotients I5,1/Ig is KK-equivalent to a commutative C*-algebra for
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1<p<a-1. So v(I1,B) is an isomorphism and v(Ig41/I3, B) is an isomorphism for 1< f<a -1
by Proposition [15.22] Now the inclusion Ig c Iz, induces this exact sequence:

0—1Ig— Ig1 — Ipi1/Ig — 0.

If we assume that y(Ig, B) is an isomorphism, then it must follow from Proposition m that
~v(I41, B) is an isomorphism. As Iy = 0, it follows that y(I1, B) is an isomorphism. This completes
the induction. By construction A can be written as A = li_r)nﬁ I. By Proposition ~v(A, B) must

be an isomorphism. O

Proposition 15.25. Let A be a separable nuclear C*-algebra. Let B be a o-unital C*-algebra,
such that K, (B) is injective. Let R = Aut(A) be a continuous group homomorphism. If v(A, B)
is an isomorphism, then so is v(A x4 R, B).

Proof. The Thom isomorphism for KK-groups is given by a KK-anti- equivalence. See Theo-
rem [11.57, The maps v(A, B) and (A x, R, B) are given by a Kasparov product. Kasparov
products are associative. Therefore this diagram commutes:

KK, (A, B) — 204y KK, (A x, R, B)
l’Y(A7B) l’y(Axa]RﬁB)
om(Thom,id
Homy (K. (A), Ko (B} m S 5 (K1 (A w0 R), Ko (B)).
The horizontal arrows are isomorphisms. By assumption (A, B) is an isomorphism. It follows
that v(A x4 R, B) is an isomorphism. O

Proposition 15.26. Let A be a separable nuclear C*-algebra. Let B be a o-unital C*-algebra,

such that K, (B) is injective. Let A = A be a #-isomorphism. If v(A, B) is an isomorphism, then
so is Y(Ax, Z, B).

Proof. The exact sequence from Lemma produces the six term sequence from Example
when the K, is applied. When KK, (_, B) is applied, it produces the six term sequence from
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Theorem Now ~ connects the two. Together this commutative diagram is formed:

| |

(4,B)
KK; (A, B) — 22— Homg(Ko(A), K (B)) @ Homy (K, (A),Ko(B))
idkk, (a,B) ~ KKl(a,idB)l Homyz (idk (a) —KO(Q)’idKl(B))lHomz(idxlm) K1 (a),idky(5))
7(A,B)

KKl(A, B) _— Homz(K()(A), Kl(B)) ® HomZ(Kl(A), K()(B))

|

KK (A 0 Z, BY 5 omy (Ko (A #a Z), K1 (B)) ® Homg (K1 (A #q Z), Ko(B))

| |

A,B
KKo(4, B) — P Homy (Ko(A), Ko(B)) ® Homy (K; (A), K (B))
idkkg(a,B) — KKO(OuidB)l Homgz (idk (a) _KO(a)vidKo(B))lHomZ(idKl(A) -Ki(a),idk, (8))

KKo(A, B) — 55 Homy (Ko(A), Ko(B)) ® Homz (K, (A), Ky (B))

Axg

KKo (A g Z, B 2% Homy (Ko (A #a Z), Ko(B)) & Homyz (Ko (A #a Z), K1 (B)).

| |

By assumption (A, B) is an isomorphism. The Five lemma finalises the proof in a similar way as
it did in diagram (52)). Hence v(A x4 Z, B) is an isomorphism. O

Proof Theorem[15.1] By Definition N is the smallest full subcategory of the category of sep-
arable nuclear C*-algebras, which contains the separable type-I (postliminal) C*-algebras and is
closed under KK-equivalence, inductive limits, extensions and crossed products by R and Z. Let B
be a o-unital C*-algebra such that K.(B) is injective. We will now show that the UCT holds for
each of the objects of N.

Whenever A is a separable postliminal C*-algebra, then v(A, B) is an isomorphism by Proposi-
tion For a KK-equivalence, recall that both KK(_, B) and Homz(K.(.),K.(B)) are invari-
ant under KK-equivalence by Lemma And recall that v(_, B) commutes with any Kasparov
product by Theorem in particular KK-equivalences. So if v(A, B) is an isomorphism, then
~v(C, B) is an isomorphism for every C*-algebra C' that is KK-equivalent to A. For inductive lim-
its, see Proposition [15.5] For extensions, see Proposition [15.3] For crossed products by R, see
Proposition For crossed products by Z, see Proposition O

16 Constructing a special injective resolution of K. (B)
If K, (B) is not injective, we can still prove the UCT by creating an injective resolution in which

each of the modules is a K-group induced by a C*-algebra and the group homomorphisms are in-
duced by *-homomorphisms. Such an injective resolution exists! The UCT holds for all the modules
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in the injective resolution. That is what we proved in To obtain an explicit injective resolution
of that form, we must take a slight detour. We will build a projective resolution in which each
of the modules is a K-group induced by a C*-algebra and the group homomorphisms are induced
by *-homomorphisms. This projective resolution can be turned into an injective resolution. This
method is described in The definition of projectivity and the dual results of the first four sub-
sections of §4 can be found in At first creating injective resolutions from projective resolutions
seems an unnecessarily laborious way compared to our direct proof of the existence of injective reso-
lutions, but this approach allows the invocation of Theorem which otherwise could not be used.

Recall that we have not defined the map § (see Definition yet. To highlight the necessity
of the approach we will take, we have included in this thesis another approach in which we try to
guess 0 in a naive manner. This wrong approach can be found in If you prefer to take the
quickest route to the proof of the UCT, then you can skip that subsectlon entirely.

16.1 The construction of the injective resolution of K, (B)

In §4.0] it was shown how a projective resolution can be turned into an injective resolution. Now
we will apply this construction to the result of Theorem [7.95] to turn a *-homomorphism that is
surjective on the K-groups into a *-homomorphism that is injective on the K-groups. The result is
the following theorem.

Theorem 16.1. Let B be a C*-algebra. There exist a C*-algebra D and a *-homomorphism S? B EN
D such that Ko(D) and K; (D) are injective and the group homomorphisms K¢ (S?B) — oD —5 Ko(D)

K
and K;(S’B) — 1) —5 Ky (D) are injective.
Proof. By Theorem there exist a C*-algebra F' and *-homomorphism F 2, S(K®B) such

that Ko(F) and K;(F) are free and the group homomorphisms Kq(F') Ko@), Ko(K®SB) and

K
Ky (F) IO K;(K®SB) are surjective. Now ¢ induces the exact sequence (Lemma [6.53)):

0—-KeS’B C¢—>F—>O (54)

The right-hand morphism is the projection (see Definition . We will need it on several occa-
sions; it will be referred to as s. Sequence (54) induces the followmg six term sequence:

Ko(K®52B) K () —59 s Ko(F)

[ !

Ki(F +— K (K®S2B).
1(F) <—( 1(C¢>)K o) 1(K®S*B)
From Lemma [8:36] it follows that under the suspension isomorphism, the index and exponen-

tial maps coincide with the group homomorphisms Ko (F) 1), Ko(K®S?B) and K;(F) @),
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K;(K®S?B). They give the following diagram:

Ky (KoSB) VK, (0y) —220 Ko ()

K1(¢)T lKo(lb)

As Ko(¢) and Ky (¢) are surjective, they split the diagram into two exact sequences. Notice:

kerKo((0,-)) =imK;(¢) =K1 (K®SB) ker Ko(s) =imKy((0,.)) =0
ker K;((0,-)) =imKy(¢) = Ko(K®SB) kerK;(s) =imK;((0,-)) = 0.

So Kq(s) and K;(s) are injective. Hence, these are the exact sequences:

0 — Ko(Cy) 22 ko (F) K29, k(K @S B) -0
K1 (s) K1(9)

0—-Ki(Cy) —> Ki(F) — K1 (KeSB) — 0.

By Theorem there exists a C*-algebra N such that Ko(/V) = Q and K1 (V) = 0. The direct limit
from Example has these K-groups (see Example . In this proof, we will denote this C*-
algebra lim M>(C) ® ... ® M(;,41)1(C) by N. By Theorem (Kiinneth), Ko(F®N) =Ko(F)®Q
and K1 (F@ N) =K (F) ®Q (see [34, p.171]). Recall Ko(F) ® Q and K;(F) ® Q are divisible. By
Lemma divisible Z-modules are injective.

Let F 5> F® N be the s-homomorphism F 52 — z®1 € FF® N (there is a unit in N). Now
Ko(t) and K;(t) are the inclusions of Ko(F') into Ko(F') ® Q and K;(F') into K; (F) ® Q. This is
because Ko(F') and K;(F') are free. As Z is a PID, K, (F) is in particular torsion free. So there
exist no 0 # 2 € K, (F) and 0 # y € Q such that  ® y = 0. This means that Kq(¢) and K;(¢) have a
trivial kernel. They are injective.

The composition Cy > F L F® N induces the following exact sequence (Lemma :

0—>S(F®N)E>Cts—>0¢—>0.

It induces the following six term sequence:

Ko ((0,-
K1 (F o N) PR (0),) —— Ko(Cy)

Kl(ts)T lKo(ts)

Ki(Cy) —— Kl(Cts)Km)Ko(F‘X)N)-

The index and exponential maps in the diagram follow from Lemma As Ko(ts) and K;(ts)
are injective (by functoriality, they are the composition of injective group homomorphisms), they
split the diagram into two exact sequences:

Ko(ts) K1((0,-))

O—>K0(C¢)—>K0(F®N) Kl(Cts)ﬁo
00— K1(0¢) m Kl(F®N) M’ KO(Cts) — 0.
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It follows that K;(Cis) is a quotient of Ko(F® N) = Ko(F)®Q. A quotient of a divisible Z-module
is divisible and therefore injective (Lemmal4.24)). Similarly, Ko(C}s) being a quotient of K; (F® N)

makes it injective. By [31, Theorem 2.9], there exists a *-homomorphism C % €y, such that the
following diagram commutes up to homotopy:

S(s)

SCy > SF > C »Cp ——— F

lids% lS(t) lu lidcd, lt (55)

SCy, 2N S(FeN) —— Chy —— Oy —23 FoN.

As Ky and K; are homotopy invariant, diagram induces a commutative diagram of K-groups
(the K-functors are homotopy invariant, see Lemma [7.33 and Lemma [7.56). As Ko(s) and Ko(ts)
and K;(s) and K;(ts) are injective, the six term sequences of K-groups induced by the horizontal
rows can be split (in both cases). It gives these diagrams:

0 —— Ko(Cp) —2s Ko(F) —— Ki(Cy) —— 0
dkg(0y) J/K()(t) lKl(u)

0 —— Ko(Cy) 2 Ky(Fo N) —— Ki(Chy) — 0

0 —— K1 (Cy) 0 K (F) ——— Ko(Cy) —— 0

lidm%) lm(t) lKo(U)

0 —— Ki(Cy) K (Fe N) —— Ko(Chy) —— 0.

As kerKo(t) = 0 = Kq(¢) and cokeridk,(c,) = 0 = idk,(c,), it follows from the Snake lemma
kerKo(u) =0 = ker Ky (u) (see [I7, Lemma 9.1]). Sequence (54)) induces the following exact sequence

(see Lemma [6.54)):
0—>K®S’B > C, —CF —0

Here v is the map ((0,-),0). Now CF is contractible (see Lemma [6.48)), so there are isomorphisms
Ko(K®S?B) 2 Ko(C,) and K1 (K®S%B) = K;(C,). Define $2B = K®S52B to be an inclusion by
tensoring with a rank one projection in K. The composition S2B - K®92B > Cy — Cys = D
induces injective group homomorphisms Kg(uvw) and K;(uvw). This finalises the proof. O

16.2 A wrong approach

Going back to the exact sequence , it is clear that ¢ is supposed to be some embedding of
the kernel of v into KK; (A, B). In Corollary we found that KK;(A, B) is isomorphic to
Ext(A, B) whenever A is separable nuclear and B is o-unital. Under this isomorphisms y coincides
with the index and exponential maps of the induced six term sequence of the extensions (Theo-
rem [12.9). In Theorem it was shown that Ext(Ko(A),Ko(B)) (resp. Ext}(Ki(A),Ki(B)))
is isomorphic to the group of isomorphism classes of extensions of Ko(A) by Ko(B) (resp. K;(A4)
by K;(B)) under the Baer sum. Recall that extensions of C*-algebras can only be added in the
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way of Definition if the left-hand term is stable. As K, is stable, under the Baer sum elements
of Ext}(Ko(A),Ko(B)) and Ext(K;(A),K;(B)) can be viewed as extensions

0= Ko(K®B) 2% M 2% Ko(A) = 0 (56)
0 - Ki(KeB) L5 N % K, (A) - 0. (57)

Via the essential surjectivity of K, (Theorem [8.37)), it is possible to find C*-algebra C such that
Ko(C) =M and K;(C) = N . Using this result, the extensions and can be written as

0 - Ko(K®B) 2% Ko(C) 2% Ko(A) — 0 (58)
0 - Ki(KeB) 25 K (C) 25 K (4) — 0. (59)

Now this fails to induce an extensions of C*-algebras of the form 0 - K®B — C — A — 0. It
need not be true that fy, f1, go or g1 come from a *-homomorphism, i.e. are in the images of the
following maps:

Home+_,g(K®B,C) o, Homz (Ko (K®B),Ko(C))
Homc+_ag(K®B, C') =5 Homy (K, (K®B), K, (C))
Homce_yg(C, A) % Homy(Ko(C), Ko(A))
Homc«_ag(C, A) ~5 Homy(Ky (C), K1 (A)).

Remark 16.2. In other words; Ky and K; need not be full.

Remark 16.3. In Theorem [7.61] it is stated that Ko and Ky are half-exact. So an extension of
C*-algebras need not induce an extension under Ky and K;. In our quest to make an educated
guess of what ¢ is, we did the converse. We tried to bring an extension of abelian groups that
happens to be the image of Ky and K; at the object level back to an extension of C*-algebras.

Remark 16.4. Even if fy, f1, go and g; are all induced by *-homomorphisms, then it need not be
true that an extension 0 - K®B — C' — A — 0 is induced by and . Although gpo fop =0
and g1 o f1 = 0, it need not be true the group homomorphisms gg o fo and g1 o f; come from the
*-homomorphism 0. This is because Ky and K; are not faithful (not even up to homotopy).

Another issue is the non-uniqueness of the failing induction. In Lemma [7.77] it was proven that
Ko and K; are split exact. This meant a split extension of C*-algebras will give a split extension
under Ko and K;. However, it might be true that a non-split extension of C*-algebras becomes
a split extension under Ky and K;. This would lead to different classes in Ext(A, B) giving the
same equivalence classes of extensions under application Ky by Kj. If this happens,  has to make
a choice in its assignment of an extension of K-groups to an extension of C*-algebras. There is
no obvious choice for this and besides it need not be true that there exists a choice such that §
preserves the additive structure (the Baer sum for modules (see Definition and the addition
of Definition for C*-algebras).

17 The proof of the UCT for general K. (B)

Now the big moment has come to reveal the definition of §! The definition in this section looks
different from the ¢ in Theorem [I2.5] but we will see in Theorem [I7.3]that the § from Definition [I7.]]
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gives the § from Theorem [12.5

Let A be a separable nuclear C*-algebra and let B be a o-unital C*-algebra. By Theorem

there exist a C*-algebra D and a *-homomorphism K ®52B ER D such that K, (D) is injective and
K. (f) is injective. By Lemma this sequence is exact:

0502 ¢, L Kes?B 0. (60)

Its six term sequence with respect to KK is this:

KKo(A, sDY U ORK (4, 0) —— KKo(A, B)

| |

KK, (4, B) +—— KK1(4,Cg) £ KK1(4,5D).

Definition 17.1. Define coker KK, (id4, (0,-)) 2 KK, (A, B) to be the inclusion following from
the six term sequence.
Remark 17.2. It is not obvious that Definition is independent of the choice of C*-algebra

D and *-homomorphism K®S?B ER D. We will first prove the UCT for D and f that satisfy
the conditions of Definition [I7.1]} We will then show that a different choice of D and f gives an
equivalent exact sequence of the form of sequence (41)).

Theorem 17.3. Let A be a separable nuclear C*-algebra. If the UCT (Theorem [12.5) holds for
all pairs (A, B) in which B is a o-unital C*-algebra such that K,(B) is injective, then the UCT
holds for all pairs (A, B) in which B is a o-unital C*-algebra.

Proof. Let B be a C*-algebra. By Theorem there exist a C*-algebra D and a *-homomorphism
K®S2B L D such that Ko(D) and K;(D) are injective and the group homomorphisms

K K
Ko(K ®S2B) o) — Ko(D) and K;(K®S?’B) —— aS —> K (D) are injective. Now f induces se-
quence . Its six term sequence with respect to K-groups is:

K, (D) O g (0r) —— Ko(K®S2B)

Kl(fﬁ lm(f)

The index and exponential maps in the diagram follow from Lemma As Ko(f) and Ky (f) are
injective, they split the diagram into two exact sequences:

0 - Ko(K®52B) 2, i (p) 20Dy (0p) -0 (61)
0 - K (Kes2B) 2,k (p) XDk op) —o. (62)

It follows that K;(Cy) is a quotient of Ko(D). A Z-module is divisible if only if it is injective (See
Lemma and Lemma [4.24). A quotient of a divisible Z-module is divisible. So K;(Cy) is an
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injective Z-module. Similarly, Ko(Cy) being a quotient of K; (D) makes it injective.

Applying the covariant functors Homy (Ko (A), ) and Homyz(K;(A), ) to sequences and
gives these exact sequences (see Theorem and recall Lemma [4.66)):

Ko(f)o- K1((0,-))o-

0 — Homy(Ko(A), Ko(B)) Homyz (Ko(A),Ko(D))

Homg (Ko (A), K, (Cf)) — Exty(Ko(A),Ko(B)) =0

0 — Homz (Ko(A), K1 (B)) % Homy, (Ko (A), Ky (D)) 20D

Homz (Ko (A),Ko(Cy)) — Extz(Ko(A),K1(B)) =0

Ko(f)o- K1((0,-))o-

0 —>H0mZ(K1(A),K0(B)) Homz(Kl(A),Ko(D))

Homgz (K, (A),K;(Cf)) — Exty(Ki(A),Ko(B)) — 0

K1 (f)o. Ko((0,0))e-

0 — Homz (K1 (A), K1 (B)) Homz (K (A), K1 (D))

Homgz(K;(A),Ko(Cf)) — Exty(Ki(A),K;(B)) — 0.

In these sequences K, (K®S?B) has been replaced by K, (B) (as a result of the Bott periodicity
and stability). In terms of Zs-graded modules, the exactness implies:

MHOmZ(K*(A)vK*Jrl(Cf)))a (63)

K. ((0,-))e-
—

Homgz (K. (A),K. (B)) = ker(Homz (K. (A), K. (D))
Ext} (K, (A),K,(B)) = coker(Homz (K, (A4),K, (D)) Homz (K. (A),K.:1(Cy))). (64)
Sequence induces the following six term sequence with respect to KK-groups:
KK, (4, DY ORK (4, 05) — KKo(A, B)
KKl(idA7f)T lKKo(idA,f)
KK;(A,B) +— KK, (A4, Oﬂlmoggo(A,D).

The boundary maps follow from Lemma In the diagram KK, (A,K®S2B) is replaced by
KK.(A,B) (again as a result of the Bott periodicity and stability). As D and Cy are injective,
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Theorem applies to them. The following commutative diagram arises:

Homy,(Ko(A), K, (D)) & Homy (K, (A), KO(D))?)EEE:; "Homy (Ko(A), Ko(Cy)) @ Homz (K1 (4), K1 (C))
+(4,0) ]2 ey
KK, (A, D) KKo(id4,(0,0) » KKo(A,Cy)
KKl(idA,f)T l
KK, (A, B) KKo(A, B)

T KKO(idA,f)l

KKl(Avcf) < KK: (ida,(0,)) KKo(A,D)
’Y(A,Cf)l; ;l'y(A,D)

Homz (Ko (A), K1 (Cf)) ® Homz (K1 (4), Ko(cf))KMOHOIHZ(KO(A), Ko(D)) ® Homgz(K1(A),K1(D)).

Ko((0,-))o-

(65)
The square in the middle is the six term sequence with respect to KK induced by sequence .
Note that v(A, D) and v(A, Cf) are isomorphisms. Two elements of KK, (A, Cy) are mapped to the
same element in KK, (A, B) whenever they differ an element of ker(KK.(4,Cy) — KK.(4, B)). In
an exact sequence, the kernel is the image of the previous arrow. So in this case, ker(KK.(A,Cy) —
KK.(A,B)) = imKK.(id4, (0,-)). We conclude that the six term sequence of sequence induces
an injective group homomorphism coker KK, (id4, (0,-)) - KK, (A4, B).
The elements of KK, (A, B) are mapped to KK, (A4, D) by KK, (id4, f). By definition, the map
KK.(A,B) K Gdaf), im KK, (id4, f) is surjective. In an exact sequence, the image of an arrow
is the kernel of the next arrow. So in this case, im KK, (id4, f) = ker KK,11(id4, (0,-)). Hence
the exactness of the six term sequence induces the following exact sequences (with the obvious

inclusions and quotients):

0 — coker KKq (id4, (0,)) > KKo(A, B) — ker KK (id4, (0,_)) — 0 (66)
0 — coker KK, (id4, (0,.)) > KK; (4, B) — ker KKq (id, (0,_)) — 0. (67)

By definition, the left-hand morphisms are the ¢ from Definition In and we find the
kernel and cokernel of the top and bottom horizontal arrows of diagram . From the isomorphisms
v(A, D) and v(A, Cy) follows ker KK, (id 4, (0,-)) = ker(K.((0,-)) o -) and coker KK, (id 4, (0,.)) =
coker(K,((0,.)) o_). Applying and , the sequences (66) and (]@ become:

0 — Exth(Ko(A), K1 (B)) @ Ext}(Ki(4), Ko(B)) > KKo(4, B) >
Homz(Ko(A),KQ(B)) @ HomZ(Kl(A),Kl(B)) —0

0 — Ext}(Ko(4), Ko(B)) @ Ext} (K (4), K1 (B)) > KK, (4, B) >
Homz (Ko(A), K1 (B)) ® Homgz (K1 (A),Ko(B)) — 0.

The map § defined in Definition is precisely the map Exty, (K, (A),K,(B)) = KK, (4, B) from
sequences and (67). We will now show that the right-hand morphism coincides with v(A, B).
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See the following commutative diagram:

Homyz (K. (4), K. (B)) Y8 Homy, (K. (4), K. (D))
| a0z (68)
KK, (A, B) — 04D gy (a4, D).

KK, (id4, f) maps onto ker KK.,1(id4, (0,-)) = Homz(K.(A),K.(B)) under v(A4, D). The inclu-
sion of Homz (K, (A),K.(B)) into Homz(K.(A),K.(D)) is given by K, (f)o_. Hence the morphism
connecting KK, (A4, B) and Homz(K.(A),K.(B)) in diagram is 7(A, B). It follows from the
fact that v is a morphism of functors (see Lemma |15.2)). O

Remark 17.4. The group homomorphisms K, ((0,-))o_ and KK, (id4, (0,-)) become odd instead of
even by the application of Lemma[8:36] The removal of a suspension causes the reversal in grading

of sequence and (]@

Remark 17.5. Compared to the proof in [27], our proof is cleaner. In [27, Theorem 3.2] (Theo-
rem , the created *-homomorphism does not exist. In reality, a double suspension and Bott
periodicity are used. The resulting K-group homomorphism is the same. In [27, Theorem 4.1]
(Theorem , the degree of the K- and KK-groups is lowered to get rid of the suspension. In our
approach Bott periodicity has to be invoked only once in the two theorems. It is done at a point
we no longer need the underlying *-homomorphisms.

Proof Theorem[12.5. Let A € Ob(N) and let B be a o-unital C*-algebra. If K,(B) is an injective
Z-module, then Ext, (K, (A),K,(B)) = 0 and Theorem shows that v(A, B) is an isomorphism.
Hence if K, (B) is injective, then sequence (41)) is exact.

In case K, (B) is not injective, then it might happen that Ext}(K,(A),K.(B)) # 0. If § is de-
fined as in Definition then Theorem says that sequence (41)) is exact. O

Theorem 17.6. A different choice of the C*-algebras D and *-homomorphisms K ®S%B ER D such
that K, (D) is injective and K, (f) is injective in Definition does not change 4.

Proof. Suppose there exists another C*-algebra E and a *-homomorphism K ®S?B 4, F such that
K.(F) is injective and K,(g) is injective, then the exists an exact sequence similar to :

0—SE—C, ->KeS*B

By Lemma and the fact that Ko(g) and K;(g) are injective, the six term sequence with respect
to the K-groups splits into two exact sequence (similar to sequences and :
K K1 ((0,-
0 - Ko(K@52B) “22, k() 210D,

K, Ko((0,_
0 - K (Kos2B) =9, i, () 20,

Kl(Cg) - 0,
Ko(Cy) — 0.

Similarly Ko(C,) and K;(Cy) are quotients of injective modules over a PID and therefore injective
themselves. This gives Ko(K®S52?B) and K; (K ®52B) each two injective resolutions (of Z-modules).
By Corollary injective resolutions of the same module are cochain homotopy equivalent. We
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will show what the implications are for sequence . The results for sequence are similar.

By Theorem there exist group homomorphisms Kq(D) Yo, Ko(E), K1(Cy) , Ki(Cy)
such that ¥y o Ko(f) = Ko(g) and 91 o K1((0,-)5) = K1((0,-)g) o ¢9. Likewise, there exist
group homomorphisms Ko(E) 2> Ko(D), K1(Cy) > K1 (Cy) such that xo o Ko(g) = Ko(f) and
x1°Ki((0,-)g) =K1((0,-)f) o xo. By Corollary there exist group homomorphisms Ko (D) —
Ko(K®5%B) and K1 (Cy) 2, Ko(D) such that Ko(f) oo+ 0Ky ((0, ) ¢)K =idg,(py —x0° %0 and
K1((0,-)f) om =idk,(c;) —x1 0 ¢1-

To show the fact that both injective resolutions give the same map §, we make the following diagram:

KK, (A, D) K@@ pye (4,05) — 5 KK,u1 (A, B)

W(A,D)Iz v(A,cf)I; 54

Homy (K. (4), Ko(D))" 220 Homy (K. (A), K1 (C)) —— ExtL(K,(A),Ko(B)) —— 0

woo,lTXoof wlo*lTX107 J/idExt%(K*(A),KO(B))

Homz (K, (A), Ko (£)) 229 Homy (K. (4), K1 (C,)) —— Extl(K,(A),Ko(B)) —— 0

Y(AE) | = ’Y(Avcg)IE 59l

KK, (A, B) S8 0aOal g (4,0,) — 5 KKuy1 (A, B).

In this diagram only the relevant objects are included. Ko(K®S2B) is abbreviated to Ko(B).
The diagram does not commute, but 11 o x1 and idg, (¢,) differ by an element of im Ky ((0,-)y).
As a result of this y(A,Cy)™ o x1 011 0y(4,Cy) differs only from idgk «+1(A,c;) by an element of
im KK, (id4, (0,-)s). Hence §; coincides with 4. The same argument applies to sequence . O

Remark 17.7. Tléeorem rules out a situation as in (IS{emark 55 In that remark we showed
that 0 = Z/3Z > Z/9Z — Z|3Z — 0 and 0 — Z [3Z — Z |97 — Z |37 — 0 are non-equivalent
extensions. The objects and the right-hand morphism are the same, only the left-hand morphism
differs.

In fact, something stronger than Theorem [I7.6]can be proven. The UCT is not just some extension,
but a split extension! The power of this result is that for A € Ob(N) and B o-unital, KK, (A, B)
can be determined from the K-groups alone.

Theorem 17.8. Let A € Ob(N) and let B be a c-unital C*-algebra. Then sequence in
Theorem splits.

Proof. See [27, Theorem 7.10]. O

Corollary 17.9. Let A € Ob(N) and let B be a o-unital C*-algebra. Then

KKo(A, B) = Ext}(Ko(A), K1 (B)) ® Ext} (K1 (A), Ko(B)) @ Homy (Ko(A), Ko (B)) ® Homy (K1 (A), Ky (B))
KK, (A, B) = Ext},(Ko(A), Ko(B)) ® Ext}, (K1 (A), Ky (B)) @ Homz (Ko (A), K1 (B)) ® Homgz (Ky (A), Ko(B)).

Proof. Sequence (41]) can be separated into two parts; sequence and sequence . Applying
Lemma to sequence and sequence finalises the lemma. O
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Remark 17.10. In other words, for A € Ob(N) and B o-unital the group KK, (A, B) is completely
determined by K, (A) and K.(B).

In [27, Theorem 4.4] naturality of the UCT with respect to Kasparov products is proven. We will
state this theorem as well with a short proof. For completeness we will add a similar theorem about
+-homomorphisms. We don’t need to be as elaborate as in [27, Theorem 4.4], because we already
know a lot of properties of the six term sequences and of the Kasparov product.

Theorem 17.11 (Naturality w.r.t *-homomorphisms). Let A € Ob(N) and let By and By be

o-unital C*-algebras. Let B ﬁ, B be a *-homomorphism. Then the following diagram commutes:

0 — Ext:(K.(A),K.(B1)) "MV KK, (4, B)) ™Y Homy (K, (A), K. (B1)) — 0
Ext%(idK*(A),K*(ﬂ))l KK, (ida,B) lHomZ(idK*(A),K*(ﬂ))

0 — 5 Exth(K.(A),K.(Bs)) “2PY KK, (4, By) "2 Homy (K. (A), K. (Bs)) —— 0.

Let Ay, As € Ob(N) and let B be a g-unital C*-algebra. Let A; 2 Asbea *-homomorphism. Then
the following diagram commutes:

0 —— Extl(K.(4s), K. (B)) "2 KK, (49, B) "2 Homy (K. (4s), Ko (B)) —— 0
Ex'ﬁ%(K*(a),idK*w))l KK (a,idp) lHomz(K*(a),idK*(B))

0 — ExtL(K. (A1), K. (B)) "B KK, (A1, B) "% Homy (K. (4,),K.(B)) — 0.

Proof. The right-hand squares of these diagrams commute, as the Kasparov product commutes
with *-homomorphisms. See Lemma [11.48] The left-hand squares commute, because § comes from
the six term sequence of KK, see Definition In the proof of Theorem we found that

coker KK, (id 4, (0,_)) = Exty, (K, (A),K,(B)). For B, LA Bs, let x € coker KK, (id 4, (0, .)) B, , then

V(A, B2) (KK, (ida, 8)(6(A, B1)())) = Homz(idk, (4), K+ (8)) (7(4, B1)(6(A, B1)(x))) =
Homgz (idxk, (4), K+ (8))(0) = 0.
Hence KK, (id4, 8)(6(A, B1)(x)) comes from coker KK, (id, (0,-))p,. This way KK, (ida, ) de-
fines a group homomorphism from Ext}(K,(A),K,(B1)) to Ext}(K,(A),K,(By)). This group
homomorphism coincides with Ext%(idK*( 4), K. (B)). This follows from applying Homz (K. (4), -)
to sequences and for both By and By and then connecting them with 5 and applying
Theorem Using the naturality of «, it follows that the constructed group homomorphism
coincides with Ext%(idK*(A), K.(5)). The construction for A; — A, is similar. O

Theorem 17.12 (Naturality w.r.t Kasparov products). Let A € Ob(N) and let By and By be
o-unital C*-algebras. Let Y € KK, (B, B2). Then the following diagram commutes:

0 —— ExtL(K.(A),K.(B1)) "V KK, (4, B1) "2 Homy (K. (A), K. (B1)) — 0

Ext;}‘(idK*(A),,®BIY)J/ ®p, Y lHomZ(idK*(A)vf®B1Y)

0 — ExtL(K.(A),K.(B2)) "2 KK, (4, B2) " Homy (K. (A), K. (Bz)) — 0.
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Let Ay, A € Ob(N) and let B be a o-unital C*-algebra. Let X € KK, (A1, A2). Then the following
diagram commutes:
0 —— ExtL(K.(A2), K. (B)) 2B KK, (A9, B) 2% Homy (K. (42), K. (B)) — 0
Ext%(X@Az,,idK*(B))l X®a,- lHomZ(Xc@AT,idK*(B))
1 6(‘4173) ’Y(AlvB)
0 — Exty(K.(A41),K.(B)) —= KK, (A4;,B) —— Homgz(K.(A;),K.(B)) — 0.
Proof. The right-hand squares of these diagrams commute, as the Kasparov product is associative.

See Lemma [T1.44] The left-hand squares commute, because ¢ comes from the six term sequence of
KK. The construction of the left vertical morphism is similar to the proof of Theorem [17.11 O
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