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ABSTRACT

This thesis combines the fields of functional analysis and topology.

C*-algebras are analytic objects used in non-commutative geometry
and in particular we consider an invariant of them, namely E-theory.

E-theory is a sequence of abelian groups defined in terms of homo-
topy classes of morphisms of C*-algebras. It is a bivariant functor
from the category where objects are C*-algebras and arrows are *-
homomorphisms to the category where objects are abelian groups
and arrows are group homomorphisms. In particular, E-theory is
a cohomology theory in its first variable and a homology theory in
its second variable. We prove in the case of real graded C'*-algebras
that E-theory has 8-fold periodicity.

Further we create a spectrum for E-theory. More precisely, we use
the notion of quasi-topological spaces and form a quasi-spectrum,
that is a sequence of based quasi-topological spaces with specific
structure maps. We consider actions of the orthogonal group and
we obtain a orthogonal quasi-spectrum which we prove has a smash
product structure using the categorical framework. Then we obtain
stable homotopy groups which give us E-theory.

Finally, we combine these ideas and a relation between E-theory and
K-theory to obtain connections of the E-theory orthogonal quasi-
spectrum to K-theory and K-homology orthogonal quasi-spectra.
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Introduction

A key aspect of this work is that we have connected operator algebras and
topology.

We use complex C*-algebras, i.e. Banach x-algebras A for which ||T*T|| =
|T||*> for all T in A. By results of Gelfand and Naimark, any commutative
C*-algebra is isomorphic to the algebra of continuous functions on some topo-
logical space, and any C*-algebra is a subalgebra of bounded linear operators
on a Hilbert space. Additionally, we also work with real C*-algebras [Pal84].
These have an analogous definition to complex C*-algebras but require that the
element 1 + T*7T is invertible for all 7" in A. Further it is also necessary for me
to work with Zs-graded C*-algebras.

In C*-algebra theory, we are interested in studying certain invariants. We
work with homotopy classes of functions between C*-algebras. These form
groups known as E-theory groups; a bivariant version of the K-theory groups.
Many C*-algebraists use the notion of K-theory and/or K K-theory but we
use F-theory since it has additional properties of K K-theory and relates to
K-theory.

E-theory was introduced by Higson [Hig90] as a categorical framework to in-
clude the excision property that K K-theory does not have. It was formed to aid
in the study of K K-theory since it has additional structure making it easier to
work with. Soon after, Connes and Higson constructed a concrete definition us-
ing almost homomorphisms [CH|. Higson did some work with Guentner [HG04]
and defined E-theory for complex graded C*-algebras. Furthermore, Guentner,
Higson and Trout [GHTO0O], define equivariant E-theory and descent and the
Baum-Connes conjecture there after.

E-theory is a bivariant functor from the category where objects are C*-
algebras and arrows are x-homomorphisms, to the category whose objects are
abelian groups and arrows are group homomorphisms, being a cohomology the-
ory in its first variable and a homology theory in its second variable. That



is, we have a sequence of abelian groups E°(A, B), E'(A, B) ... for Z,-graded
C*-algebras A and B.

We prove that when we consider real Zs-graded C*-algebras that E-theory
has 8-fold periodicity using techniques of Guentner and Higson [HG04|, who
prove that in the case of complex Z,-graded C*-algebras we have 2-fold period-
icity. That is,

Theorem A. For real graded C*-algebras A and B,
E"(A, B) = E""8(A, B).

As we have homotopy classes, the notion of topological spectrum is a logi-
cal choice since we can obtain a stable homotopy theory which gives resulting
groups as the E-theory groups. A topological spectrum is a sequence of based
topological spaces with connecting structure maps. The classes of functions that
define the F-theory groups are not continuous, but satisfy a weaker property
called “quasi-continuity”. The appropriate structure to describe this is a quasi-
topological space. A quasi-topology on a set W is a collection of maps for each
compact Hausdorff space C into W, Q(C, W), called quasi-continuous with ad-
ditional properties. A set X with a quasi-topology is a quasi-topological space.
In this thesis, we generalise the definition of a spectrum to quasi-topological
spaces, that is we have a sequence of based quasi-topological spaces with struc-
ture maps. Our spaces are defined by

E.(A, B) = Asy(Co(R)I®ARK, BRF, ,&K)

where ' = R or C and we equip the set with a quasi-topology. We can define
the structure maps too and denote this quasi-spectrum by X(A, B).

The notion of an orthogonal quasi-spectrum is a quasi-spectrum with an
action of the orthogonal group and additional properties. This is necessary for
a rich product structure called the smash product of orthogonal quasi-spectra.
We prove that this structure exists in this framework and obtain the following
theorem.

Theorem B. There is a natural map of orthogonal quasi-spectra
X(A,B) ANX(B,C) = X(A,C).

This result gives us a realisation of the E-theory product.



The thesis concludes with a connection of K-theory and K-homology or-
thogonal quasi-spectra using the F-theory orthogonal quasi-spectrum and the
smash product as in the above theorem.

Others have done similar constructions, namely Mitchener [Mit01] con-
structed a symmetric spectra for K-theory and a symmetric spectra of K K-
theory for C*-categories. Joachim and Stolze [JS09] created an enrichment of
K K-theory over the category of symmetric spectra.

There are many avenues for future work. The author is working in col-
laboration with Mitchener on extending the thesis to C*-categories. Then in
a postdoctoral position at Penn State, the author hopes to use this theory in
applications to positive scalar curvature results, by generalising work of Weiss
and Williams [WWO95].



Chapter overview

Chapter 1

We cover key preliminaries on ungraded F-theory, some necessary topological
notions, the concept of a quasi-topology and categorical definitions.

Chapter 2

Here we detail the definition of Z,-graded C*-algebras and cover the generali-
sation of the E-theory groups in this case. We include proofs throughout and
set up material for later.

Chapter 3

We consider real C*-algebras and prove Bott periodicity for real K-theory de-
fined in terms of E-theory and then generalise this to the case of E-theory.
Chapter 4

We prove that quasi-topological spaces satisfy various properties. Addition-
ally we prove that the category of quasi-orthogonal sequences is a symmetric
monoidal category.

Chapter 5

We define orthogonal quasi-spectrum which is a quasi-orthogonal sequence with
further structure, and prove that the category of these is equivalent to the cat-
egory of R-modules. This then gives a smash product structure. We construct
the orthogonal quasi-spectrum for E-theory and show it has the properties re-
quired before defining a smash product structure.

Chapter 6

Finally, we combine the E-theory orthogonal quasi-spectrum with K-theory
and K-homology orthogonal quasi-spectrum to connect these together.
Appendix A

We give details on functional calculus for complex, unbounded, real and graded
C*-algebras.

Appendix B

We give the definition of K-theory and detail its properties.
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Chapter 1

Preliminaries

In this chapter, we detail the specific definitions and technical statements that
we need to define in order to define the E-theory groups. We will cover the
concept of a C*-algebra and asymptotic morphisms as well as homotopy classes
of morphisms. Some of this is taken from [WO93].

1.1 (*-algebras

Definition 1.1.1. A complex Banach space is a complete normed vector space.
A Banach algebra is a complex Banach space A with an associative multiplica-
tion operation, A x A — A, written (a,b) — ab such that:

e a(b+c) =ab+ ac and (a+ b)c = ac + be, for all a,b,c € A,
o (Aa)(ub) = (Au)(ab), for all A, u € C and a,b € A,
and a norm || — || satisfying
[lad]| < [lal[l|b]]-
For a proof of the following see Theorem 2.11 in [Rud91].

Theorem 1.1.2 (Open Mapping Theorem). Let f: V. — W be a surjective
continuous linear map between Banach spaces. Then f is open.

]

A consequence of the Open Mapping Theorem is that for a surjective linear
continuous map f: V — W between Banach spaces, we can find a continuous
linear map g: W — V such that f o g = idy.
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Definition 1.1.3. An involution is a mapping a — a* satisfying:

(a) (Conjugate-linear) (Aa + pb)* = Aa* + mb* for all a,b € A and A\, u € C,
(b) (a*)* =aforall a € A,

(c) (ab)* = b*a* for all a,b € A.

A C*-algebra is a complex Banach algebra with an involution * that satisfies
the C*-identity ||aa*|| = ||a||? for all a € A.

An algebra A is commutative if ab = ba for all a,b € A. Let C'(X) denote the
continuous functions from a locally compact Hausdorff space X to the complex
numbers and Cp(X) those functions of C'(X) that vanish in norm at infinity.

Some examples of C*-algebras:

e Let X be alocally compact Hausdorff space, then C'(X) is a commutative
C*-algebra where involution is given by complex conjugation. The norm
here is the standard supremum norm.

e Let H be a Hilbert space, then the set of bounded linear operators on
H, B(H), is a C*-algebra where involution * is defined as the adjoint and
with norm defined by the operator norm.

Definition 1.1.4. Let A and B be C*-algebras. Then we call f: A — B a
x-homomorphism if:

1. f is an algebra homomorphism, that is
(a) f(ka)=kf(a) for all a € A and k € C,
(b) fla+b)= f(a)+ f(b) for all a,b € A,
(c) f(ab) = f(a)f(b) for all a,b € A,

2. fa*) = fla)".

If in addition f is bijective, then we have a C*-isomorphism, denoted by =, and
say that A and B are isomorphic as C*-algebras.

Denote the set of *-homomorphisms from A to B by Hom(A, B).

Continuity is automatic by the above definition for a x-homomorphism. This
is clear once you see that a sx-homomorphism is norm-decreasing (see The-
orem 2.17 in [Mur90]), and norm-decreasing implies continuous. We call a
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C*-algebra separable, if its underlying topological space has a countable dense
subset.
For a proof of the Theorem below see Theorem 2.1.10 in [Mur90].

Theorem 1.1.5. (Gelfand-Naimark 1) Let A be a commutative C*-algebra.
Then A = Co(X) for some locally compact Hausdorff space X .

[
See Theorem 3.4.1 in [Mur90] for a proof of the following.

Theorem 1.1.6. (Gelfand-Naimark II) Let A be a C*-algebra. Then A is
isomorphic to a subalgebra of B(H) for some Hilbert space H.

[]

Definition 1.1.7. The spectrum of an element z in a unital C*-algebra is the
set
o(x) ={A € C |z — X is not invertible}.

We pass to the spectrum of an operator for later on. We need to be care-
ful with the definition in the unbounded case, as the domain of an unbounded
operator needs to be dense in our Hilbert space. We firstly consider the com-
plement to the spectrum, namely the resolvent set. The following results are
from [Kre89], namely Theorem 10.4-1, Theorem 10.4-2(page 544) and one inclu-
sion from Theorem 7.4-2 (page 381) and proofs are consistent even with extra
conditions.

Theorem 1.1.8. Let T': D(H) — H be an unbounded self-adjoint on a complex
Hilbert space H where D(H) is a dense subset of H. Then X is in the resolvent
set, if for every x € D(H) there exists a C' > 0 such that

(T = AD)z[| = C|[].
O

Definition 1.1.9. Consider an unbounded operator T': D(H) — H on a com-
plex Hilbert space H where D(H) is a dense subset of H. D(#) is not in general
closed and so we define the spectrum of T by the set

o(T) ={\ € C | (T — M) ! exists and is bounded}.



Theorem 1.1.10. The spectrum of a self-adjoint unbounded operator T is real
and closed.

]

Theorem 1.1.11. Let X be a complex Hilbert space and T an unbounded linear
operator on X. Then for a, # 0, let

P(A) = ap N+ ap A"+ ap.

Then
o(p(T)) C p(o(T)).

O

We should note that for an operator 7" on a real Hilbert space we have

similar results. This is because we can consider the complexification of T,

Te = T ®gr C, which is the tensor product of T" and C over R. Then it follows
that O'(T) = U(T@).

1.2 Asymptotic morphisms

Definition 1.2.1. Let A and B be C*-algebras. An asymptotic morphism from
A to B, denoted by ¢: A --» B, is a family of functions {¢;}+e[1,00) such that:

1. the map t — ¢y (x), from [1,00) to B is continuous for each = € A,
2. limy o0 ||0e(y) — wi()ee(y)]| = 0, for each z,y € A,

3. limy o ||0e(T + Ay) — pi(x) — Ape(y)|| = 0, for each z,y € A, X € C,
4. limy o ||oe(z*) — @i()*|| = 0, for each z,y € A.

That is an asymptotic morphism is a family of functions which asymptotically
converges to a x-homomorphism.

Note that we will often not refer to the family of functions that form an

asymptotic morphism but if we have an asymptotic morphism ¢ then it is
associated to the family of functions denoted ¢;.
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Definition 1.2.2. Two asymptotic morphisms ¢, : A --+ B formed from the
families of functions ¢y, ¥ respectively are called equivalent if for all a € A:

lim [[(a) — a)]| = 0.

It is easy to see that this relation is in fact an equivalence relation. Denote this
equivalence by ~s,, and the set of equivalence classes of an asymptotic mor-
phism ¢ by (¢). Denote the set of equivalence classes of asymptotic morphisms
from A to B, by (4, B).

Definition 1.2.3. Let A be a C*-algebra and let 7' = [1,00). Then define the
asymptotic algebra of A, AA, by:

AA = Cy(T, A)/Co(T, A),

where C, (T, A) denotes bounded continuous functions from 7" to A and Cy(T, A)
denotes those functions of Cy(7T', A) which vanish in norm at infinity. Alterna-
tively,

AA={[f] | f: [1,00) = A | f is bounded and continuous},

and [f] denotes the equivalence class of functions, where f ~ g if
lim [1£(t) — g(t)]| = 0.

The algebra structure here is defined pointwise as expected.
Let 2(A denote the algebra of continuous bounded functions from [1, 00) to
A, that is to say Cy(T, A).

Denote the set of x-homomorphisms f: A — AB by Hom(A,AB).

Lemma 1.2.4. We hav/e\a map 0: AB — AB such that for any x-homomorphism
: A — AB the map g(v): A --+ B defined by

is an asymptotic morphism for alla € A, t € [1,00).

Proof. We have an obvious surjective *-homomorphism 7: AB — AB which is
clearly continuous and linear. Hence by Theorem 1.1.2, we see that 7 is open.

11



Consequently we have a continuous map 6: AB — AB , such that m o0 = idyg.
Then we can define

9(@)(a) = 00(a)(b).

Clearly the map t — g(1); is continuous since ¢ and v are continuous. Let
a,b € A, then since 7 is multiplicative and linear,

m(0¢(a)0(b) — 0¢(ab)) = w(0¢(a))m(04(b)) — m(6¢(ab))
= P(a)ip(b) — ¢ (ab)

Then,
9¢(a)9¢(b) o ew(a’b) € CO([L 00)7 B),

SO

() (a)g(¥)(b) — g()e(ab)[| = |[6¢(a) ()0 (b)(E) — O (ab)(E)|| — O,
as t +— 00. The other conditions to check 61 defines an asymptotic morphism
are checked similarly. O

~We define a function g: Hom(A,2AB) — (A, B) using the above. So g(v) =
(g(w)) since g(1) is the class of the above asymptotic morphism.
The following is stated similarly in [D94] on page 3 with some justifications,
but the details are given in the proof below.

Theorem 1.2.5. There is a bijection between the set of equivalence classes of
asymptotic morphisms A --+ B and the set of x-homomorphisms A — AB.

Proof. Define f: (A, B) — Hom(A,2B) as follows. Let ¢: A --» B be an
asymptotic morphism formed from the family of functions ¢;, with (¢) as the
equivalence class of ¢. Then we want a x-homomorphism f({y)) € Hom(A,AB).
Let a € A, then f({¢))(a) € AB. First let us define f(())(a) € Cy(T, A) with
T =[1,00) by, ~

FUe))(a)(t) = pi(a),
for all ¢t € [1,00). Then define

~

fe))(a) = [F({#))(a)].

Now we need to check that f is well defined. Let ¢g,¢1: A --» B be
equivalent asymptotic morphisms formed from the family of functions (pg);
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and (1) respectively, then we want to show that f({¢o)) = f({p1)). Since
Yo ~ 1, for all a € A,

Iim {[(go)i(a) = (w1)i(a)]] = 0.
Then we have f(<<ﬂo>)(a)(t) = (Wo)t(a)Nand f((<p0>)(a)~: [J?(<<p0>)(a)], and

similarly for ¢;. Then since o ~ @1, f({0))(a)(t) — f({¢1))(a)(t) — O as
t — 00, and hence,

[f ({p0))(@)(B)] = [ ({0)) (@) (£)] = 0.

Hence f({¢0)) = f({#1))-
Now we check that f({(¢)) is a x-homomorphism. Note that f({p))(z) =0

means that [f((¢))(x)] = [0]. In our case we have that

pi(a”) = pi(a)” =0,

as t — 00, so
FUen)@)(t) = f({e))(a)(t)* — 0,
as t — oo, and so

fle)(a) = f({))(a)” = 0.

Similarly we can also prove the other requirements of a x-homomorphism hold.
We now define g: Hom(A,2(B) — (A, B) as above,

—

9(W)i(a) = 0(a)(t).

where 0: AB — 2B is such that g/(\w)t is a asymptotic morphism, and this is
possible by Lemma 1.2.4.

Finally we need to show that fog =1d, and go f = id.

Let ¢: A — 2AB be a x-homomorphism,

fogle) =,

then we want ¢ = ;. Then we have

F(9(@)(a) = [f(9(#)(@)] and F(g(¢))(@)(t) = g(p)i(a),

— —_—

by the above definitions. Also g(¢)¢(a) = 01 (a)(t), but [fyY(a)] = [¢(a)] = ¢,

—_

and using the relation between g(v¢)) and g(v), we get our equivalence by the
properties of our equivalence relation.

13



Now let ¢: A --+ B be an asymptotic morphism associated to the family ¢
and denote the set of equivalence classes Bf @ by (). Thgn suppose for some 1,
go f({p)) = 4. Then g(f((p))(a)) = g[f({¥))(a)], and f({¢))(a)(t) = g(#):(a)
and g(¢)t(a) = 0¢(a)(t), and similarly to the above we get that ¢ = .

m

Definition 1.2.6. Let A and B be C*-algebras. Then we define the object
A®B to be the completion of the algebraic tensor product of A and B in the

norm
I E a; ® bl = SU}; I E ©(a;) ()|
i #s i

where p: A — AC, ¢: B — AC are x-homomorphisms for some C*-algebra C'.
This is the maximal tensor product.

By Theorem 1.2.5 and the definition above we get a tensor product from
asymptotic morphisms in the same manner.

1.3 Homotopy classes of asymptotic morphisms

Let A, B be C*-algebras. Denote by I B the continuous functions from a closed
interval I to B. Define the suspension, XA, by:

YA:={f:]0,1] — A | f(0) = f(1) =0, f is continuous}.

This is a C*-algebra itself with operations taken pointwise and its norm is the
supremum norm. We can apply the suspension to a x-homomorphism g: A — B
between C*-algebras and we obtain the x-homomorphism ¥g: ¥ A — ¥ B, where

(Bg(p)(s) = g(u(s)),
for all 4 € XA, s €0,1].

Definition 1.3.1. Two x-homomorphisms ¢g,p1: A — B are homotopic if
there exists a *-homomorphism ¢: A — IB such that ¢(a)(0) = ¢o(a) and
w(a)(1) = p1(a) for all a € A.

The conditions in the definition above can also be written as evgop = ¢y and
evy o p = 1, where ev; denotes evaluation at i for i = 0, 1, that is ev;(f) = f(4)
for a function f.

The notion of homotopy is an equivalence relation and the classes obtained
are called homotopy classes. Denote the set of these homotopy classes of *-
homomorphisms from A to B by [A, B].

14



Proposition 1.3.2. Let o, 3: A — B be homotopic *-homomorphisms, then
the x- homomorphisms Yo, X.0: XA — X B are homotopic.

Proof. Let ¢: A — IB be a x-homomorphism such that evy o ¢ = « and
evy o p = . Now for g € ¥ A, s € [0, 1], we can define

(Xa)(9)(s) = a(g(s)) and (X5)(g)(s) = B(g(s))-

Then we can define a homotopy ¢: XA — IXB by

for all g € ¥A,t € I and s € [0,1]. Then it suffices to check that evy o 1) = X«
and evy o) = X4, For all g € XA, s € [0, 1] we have

evg o 1 = ¥(g)(0)(s) = p(g(s))(0) = al(g(s)) = (Ba)(g)(s),
S0 evg o 1 = Y . Similarly we can show that evy oy = X5 as required. [

Definition 1.3.3. Two asymptotic morphisms ¢, : A --+ B with families of
functions ¢y, Y, are homotopic if there exists an asymptotic morphism 6: A --»
I B with family of functions 6; such that for all a € A:

0:(a)(0) = ¢i(a) and Oy(a)(1) = ¢r(a).

Proposition 1.3.4. Let p,v: A --+ B be equivalent asymptotic morphisms.
Then ¢ and 1) are homotopic.

Proof. Define a homotopy #: A --» IB by

0i(a)(s) = (1 = s)pu(a) + svu(a) = pi(a) + s(¢i(a) = pi(a)),

for all @ in A, and s € [0, 1].
Then we need to check that 6 is an asymptotic morphism. That is check,

I 16, (z + Ay) = 6:(x) = M (y)l| = 0,
for each x,y € A, A € C. For all s € [0, 1],
0:(x + Ay)(s) — Ou(7)(s) — My (y)(s),

15



equals

pi( + Ay) + s(e(x + Ay) — oi(x + Ay)) = (@) + s(e(x) — ()
— Mee(y) + s(e(y) — o))

— il
Since @i(x + Ay)(s) — wi(z)(s) — Api(y)(s) — 0 as t — oo, we have
s(the(z 4+ Ay) — (@ + Ay)) — s(e(x) — u(2)) — A(s(¥e(y) — @:(y))),

as t — 0o, and as ¢ and v are equivalent, the expression above tends to 0 as ¢
tends to infinity. This is true for all s, so

Jim (1 + \g) () = ()| = 0.
The other conditions are similarly checked. O

Note that the definition of homotopy and statement above are from the
paper [D94]. Let [f] denote the homotopy class of an asymptotic morphism f
and if f and g are homotopic as asymptotic morphism then write f ~y, g.

We now define an n-asymptotic morphism (for any natural number n) and
the notion of homotopy for these, in order to form a single set of homotopy
classes. Let | — | denote the supremum of an ordered set. For example if
k= (tl,tQ’ e ,tn) then |]€’ = supi(tl,tg, e ,tn) for all t; € R.

Definition 1.3.5. Let A and B be C*-algebras. Then for any natural number n,
an n-asymptotic morphism o from A to B is a family of functions ¢y: A --+ B
where k = (t1,ta,...,t,) for t; € [1,00) for all 4, such that

1. the map k — ¢x(z), from [1,00)™ to B is continuous for each = € A,
2. limgjso0 [[or(2y) — r(z)@r(y)|| = 0, for each z,y € A,

3. limpp oo ||k + Ay) — wr(x) — Api(y)|| = 0, for each z,y € A, A € C,
4. iy seo ||r(2*) — @r(x)*]| = 0, for each x,y € A.

Note that a 0-asymptotic morphism is a *-homomorphism and a 1-asymptotic
morphism is just an asymptotic morphism.

Definition 1.3.6. Let ¢, : A --+ B be n-asymptotic morphisms with associ-
ated famililes of functions py, ¥, where k = (t1,ta,...,t,) for all ¢; € [1,00) for
all 7. Then ¢, are equivalent if for all ¢ in A

lim {[¢x(a) — ¢u(a)]] = 0.

|k|—o00
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Definition 1.3.7. Let p,¢: A --+ B be n-asymptotic morphisms with asso-
ciated families of functions ¢y, Vg, where k = (t1,ta,...,t,) for all t; € [1,00)
for all 7. Then ¢,1 are homotopic if there exists an n-asymptotic morphism
0: A --» IB with family of functions 6, such that for all a € A:

0k(a)(0) = ¢r(a) and Ox(a)(1) = Px(a).

Proposition 1.3.8. Let p,9: A --+ B be equivalent n-asymptotic morphisms.
Then ¢ and v are homotopic.

Proof. This proof is the same as for Proposition 1.3.4, but extended to n-
asymptotic morphisms. L]

Definition 1.3.9. Let A and B be C*-algebras, then we denote by [A, B],,
the set of homotopy classes of n-asymptotic morphisms from A to B.

Note that [A, B]; is the set of homotopy classes of asymptotic morphisms
from A to B.

Definition 1.3.10. Denote by [A, B], the direct limit of the following system
[A, Blo — [A, By — [A, B]2 — -
where the linking maps [A, B],, — [A, B].+1 are given by

D) (11,89, tmstis1) T Pltr tretn)s
and by taking homotopy classes.

Theorem 1.3.11. If A is a separable C*-algebra then the natural map in the
direct limit
[[A7 B]]l — hgl[["éL B]]n7

is a bijection. Thus [A, B] is isomorphic to the set of homotopy equivalence
classes of asymptotic morphisms from A to B.

For a proof see Theorem 2.16 of [GHTO00].

Henceforth we will use [A, B] for homotopy classes of asymptotic morphisms
from A to B and for an asymptotic morphism ¢: A --+ B denote the homotopy
class by [¢].

It is worth noting here that it is not possible to compose asymptotic mor-
phisms simply by composing. This is since composing two asymptotic mor-
phisms at the same ¢t does not guarantee an asymptotic morphism as a result.
Instead we need to reparameterise one when composing. Before we describe the
concrete method we require the following lemma from [CH90] (Lemma 3).

17



Lemma 1.3.12. Let p: A --+» B and ¥: B --» C' be asymptotic morphisms.
Let A’ be a dense x-subalgebra of A which is a countable union of compacts.
Then there exists an increasing continuous function r: [1,00) — [1,00) such
that for any increasing continuous function s: [1,00) — [1,00) with s(t) > r(t)
the composite

0r = Vs(e) © @1,
is an asymptotic morphism from A" --» C.

Due to this lemma and since
limtsup = ||(s@) 0 pe)(a)|] < [lall,

for all a € A, the map 6,: A’ --» C is well-defined and bounded. Hence we can
lift so that the function vanishes at infinity and obtain an asymptotic morphism
from A to C. Henceforth we will say () is our reparameterisation. We should
also note that the choice of reparameterisation has no effect on the homotopy
classes and also composition with *-homomorphisms can be done in the obvious
manner.

For a proof of the subsequent result see Proposition 2.12 in [GHT00].

Proposition 1.3.13. Given asymptotic morphisms p: A --» B and ¢: B --»
C with families of functions @ and 1, we have an associative composition law

[A, B] x [B,C] — [A,C],

given by
[l > [9] = [y o]
Here on a representative (1 o @), of [¢ o ¢], we can define

(Yop) = ?/Jr(t) O Y.

For a proof of the next result see Proposition 2.19 in [GHTO00].
Proposition 1.3.14. For any C*-algebra B the natural map
[Co(R), B] = [Co(R), B,

defined by sending a representative ¢ of [Co(R), B] to the constant asymptotic
morphism representative in [Co(R), B] (i.e ¢ = ¢ for all t € [1,00)), is a
bijection.

]
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1.4 FE-theory

Throughout this section all C*-algebras are separable, so their underlying topo-
logical spaces each have a countable dense subset. Let KC(H) denote the set of
compact operators on a separable Hilbert space H. For simplicity we will just
use K throughout. Note that ¥B ® K = (B ® K).

We start by defining two operations on the set [A, ¥B ® K] which we will
show are equivalent. This is in order to show that there is an operation that the
set [A,XB ® K] can be equipped with, which makes it into an abelian group.

We will use the following theorem to prove this.

The succeeding Theorem’s proof can be found in [EH62] Theorem 4.17.

Theorem 1.4.1 (Eckmann-Hilton Argument). Let + and + denote two op-
erations on a set A with common identity element e € A, such that for all
Qop, ay, G2, as,

(a0 + a1)+(as + as) = (ag+as) + (a1+as).

Then the operations are equal, and furthermore are commutative.

Now let us define an isomorphism ag: K(H & H) — K(H) by
ao(T) = UTU",

where T € K(H@® H) and U: H & H — H is a unitary operator defined by
sending the elements

eg D eg,e1 D eg,e9 D ey, e Der, e deg,. ..

to eg, €1, €a, ... where e; form an orthonormal basis for H.
Observe that we therefore also have isomorphisms:

a:BOKMHOH) = BoKMH), S(BoKHSH)) — S(BeKH)).

Definition 1.4.2. Let A and B be C*-algebras. Given the two asymptotic
morphisms ¢, 1: A --» £(B ® K(H)) we define the operation @, [¢]®[¢], to
be the homotopy class of the asymptotic morphism 6: A --» (B ® K(H))

given by
i =a ("7 o))
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The above makes sense since the C*-algebra B ® IC(H) is a direct limit of
matrices M, (B) by the mapping

b 0
b— (0 O) .
For details see [RLLOO] page 102. Note that 6; above is also the same as the
homotopy class of the asymptotic morphism (o®H));.

Lemma 1.4.3. The operation @ defined in Definition 1.4.2 is well-defined.

]

Definition 1.4.4. Given two asymptotic morphisms p,9: A --» B ® K we
define the direct sum operation @, [¢] @ [¢/], to be the homotopy class of the
asymptotic morphism 6: A --» (B ® K) defined by

~ Jola)(2s), if s € [0, 3]
bula)(s) = {wt(a)(Zs —1), ifse (L],

for all a € A and s € [0, 1].

Note that 6, above is also the same as the homotopy class of the asymptotic
morphism (¢ @ ¥);.

Proposition 1.4.5. The group operation defined above is well-defined.

Proof. We need to show that the direct sum operation is well-defined. It suffices
to show that this holds for representative elements in the class since then it
will hold for the whole class. Suppose that we have asymptotic morphisms
Y0, o, 01, ¢ A —-» X B® K, such that pg ~j ¢ and @1 ~;, ). Then we have
asymptotic morphisms

pr: A-—» I(EB®K)and y: A --» [(XEB®K)

such that for all a € At € [1,00), p(a)(0) = go(a), p(a)(1) = ¢i(a), ¥(a)(0) =
¢1(a) and Y(a)(1) = ¢} (a). Now we define

6: A--»I(XBoK)®I[(XB®K),
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for all a € A, by

(0 ® ¥e)(a)(2s), if 5 € [0, 3]
1

Oi(a)(s) = {(@t @) (a)(2s — 1), ifse (L 1],

and then
0: A-->I(XBRK)® (EB®K)).

Then 6 is clearly an asymptotic morphism and it is clear that ¢g ® @1 ~p
y Yy
©o D 1. —~

Proposition 1.4.6. For any asymptotic morphisms @, ¢, u, 7: A ==+ ¥B® K
the distributive law

([Pl @ WDk @ [7]) = (el@lud) @ ([Wlelr])
holds.

Proof. By the definitions of @ and @, it suffices to check that the distributive
law holds for elements of the classes, that is

(e @ V) DB(HDT)e = (pBp)e ® (VDT):.

Now we have

(¢ ®9)(a)B(n&® 7)e(a) = a ((30 ’ g})t@ ( @g)t(a))

S AR LY (¢ Sty

= (¢®p)i(a) ® (YO7)i(a),

for all a € A. O

It follows from the above and the Eckmann-Hilton argument that the oper-
ations @ and @ defined on the set [4, B ® K] are equal.

Lemma 1.4.7. Let A and B be C*-algebras. The set [A, XB®K] is an abelian
group under the direct sum operation @ defined in Definition 1.4.4. The zero
element of this group is represented by the zero asymptotic morphism.
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Proof. The group operation is well-defined by Proposition 1.4.5.
For associativity we have a homotopy f: A --» (3B ® K) that we first
represent using the following diagram

¥o Y1 P2

Yo Y1 ©2

and then by an exact formula:

(po)e(a)(4s/(1+ 1)) if 0 < s < (r+1)/4
Be(a)(r)(s) = § (p1)i(a)(ds =1 —r)if (r+1)/4 <s < (r+2)/4
(pa)ila)(1 —4G=3) if (r+2)/4 < s <1,

foralla € A,s € [0,1] and r € [0, 1].

Commutativity follows immediately from the Eckmann-Hilton argument and
Proposition 1.4.6. A proof of the existence of additive inverses can be found
in [Bla98], Proposition 25.4.3(c). O

Definition 1.4.8. Let A and B be C*-algebras. Then the E-theory group is
given by
E(A,B)=[YA® K, XB®K].

In addition we have E-theory groups:
E"(AB)=[2A® K, X" B®K],
for all n > 0.

The definition of E-theory may look a bit forced but actually it is defined in
this way so that we get certain desired properties. In particular the suspension
of a C*-algebra is necessary so that we obtain long exact sequences and needed
for the group operation, and the compact operators are necessary for the group
operation and for stability of our functor as defined later.
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Lemma 1.4.9 (Functoriality). E is a bivariant functor from the category where
objects are C*-algebras and arrows are x-homomorphisms to the category of
abelian groups and group homomorphisms. That is, it is a functor that is con-
travariant in its first variable and covariant in its second variable.

Proof. By lemma 1.4.7 it is obvious that the source and target categories of
the functor E are as stated in the lemma. The identity property is also clearly
satisfied.

Let A, B,C and D be C*-algebras. Let a: A — B be a x-homomorphism,
then we have an object F(A,D) = [YA® K, XD ® K] for all A and a mor-
phism o*: E(B,D) — E(A, D) for all a defined by a*([z]) = [z.«f, where
(z.0); = 24 0 (B ® idy) for all [z] € E(B, D). Now consider the composition

of morphisms A % B B Cona representative x of [z],

(Boa) (z;) =x0(XB(oa)®@idk)
=120 (X ®ide) o (X ®idg) as X is a functor
= [*(2¢) o (X ®idy)
= o' " (2)
= (a* o %) (xy).

Similarly, we have for all A, E(D,A) = [¥D ® K, XA ® K] and for all
«, a morphism «,: E(D,A) — E(D,B) defined by a.([y]) = [a.y], where
(a.y): = (Ba®idg) oy for all Jy] € E(D, A). Considering the composition of
morphisms above and taking a representative y of [[y] € E(D, A) we see that

(Boa)(y) = (B(Boa)@idc) oy,
= (B0 Xa) ®idk) oy
= (X ®idk) o (Xa ®idx) oy
= (X8 ®idk) o a.(ys)
= Bua(ys)
= (B0 ) ().

]

Theorem 1.4.10 (Homotopy invariance). Suppose a, B: A — B are homotopic
x-homomorphisms and C is a C*-algebra. Then the induced maps
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1. ay, B E(C,A) — E(C, B), and
2. o, 0 E(B,C) — E(A,C)
are equal.

Proof. 1. Let f: XC®K --+ YA®R K be an asymptotic morphism represent-
ing [f] € E(C, A), then we can define «, and S, by

a(fi) = (Ba®idg) o f; = (a®@idk) o fi,

Bi(fr) = (BB ®idk) o fr = B(B®idk) o fi.
By Proposition 1.3.2, we see that 3(a®idx) and X(f®idx) are homotopic
and hence «a, and [, are equal since we are homotopic on representatives
of our class.

2. Similarly to (1) we can define o* and §*, for an representative g of [g] €
E(B,C) by
a*(gt) = g o (Xa @ idy),
B*(g:) = gr o (X @ idx).
Then by Proposition 1.3.2, we can clearly see that a* and 8* are equal at

the level of homotopy classes.
O

For a proof of the following see section 6 Lemma 2 and Lemma 4 in [CH].

Lemma 1.4.11 (Half exactness). Let 0 — J = B 5y A = 0 be a short ezact
sequence of C*-algebras and let D be a C*-algebra. Then

1. BE(D,J) %5 E(D,B) 25 E(D, A) is ezact,

2. B(A,D) 2 B(B, D) %5 E(J,D) is exact.
O

Definition 1.4.12. Let ¥ and ¥ be categories. Then a covariant functor
F: ¢ — 2 is called half exact if we have short exact sequence of objects in &,
0— AL B % € — 0 then the induced sequence F(A) LN F(B) & F(C),
is exact. The functor F' is called homotopy invariant if we have homotopic
morphisms in €, «, f: A — B, then the induced map a.,: F(A) — F(B) and
Be: F(A) — F(B) are equal. If F'is both half exact and homotopy invariant
we call it a homology functor.
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We obtain the following result from [WO93|, Proposition 11.1.12.

Proposition 1.4.13. Let0 - A 5 B B0 5 0 be a short exact sequence of
C*-algebras. Let H be a homology functor from the category of C*-algebras and
x-homomorphisms to the category of abelian groups and group homomorphisms.
Then there is a group homomorphism

§: HY.C — HA,

such that the following sequence is exact,

HYA 2 geB 2% g0 % HA 25 HB 2 HC.

m
The same result applies in the contravariant case. For a proof of the following
see Theorem 6.15 and Theorem 6.18 in [GHTO00].

Theorem 1.4.14. Let D be a C*-algebra and let 0 — J = B 5 A= 0bea
short exact sequence of C*-algebras. Then there is an element o € E(XA,J)
and long exact sequences:

E(A,D) — E(B,D) — E(J,D) & E(SA,D) — - -,

and
... = B(D,2A) % E(D,J) - E(D,B) — E(D, A),

in which the maps 0%, 0. are given by the E-theory product with o € E(XA, J).

O
Here we can define 6* and 4, explicitly by,

where o is an asymptotic morphism from XJ @K to YD ® K and x € X2ARK,
and

0:(B(y)) = o(By)),
where £ is an asymptotic morphism from YD ® K to YX?A®K andy € D ® K.
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Proposition 1.4.15. Let A, B,C and D be C*-algebras and suppose we have
a split exact sequence,

0—=A_ "B 0c——0,

~

then

*

0— E(C,D) -2~ E(B,D) —~ E(A, D) —0,

5

0—— E(D,A)__~ B(D,B) -2~ E(D,C) —0,

Y

are split exact.

Proof. By Theorem 1.4.14, we obtain the following long exact sequence:

*

E(C, D)2~ E(B, D)~ E(A, D) >~ E(SC, D) —— - -- ,

Y

for any separable C*-algebra D. By exactness we have ker 9* = im «o* but
v*o* = idpp,py and by functoriality ker 0* = E(A, D) and hence 9* = 0. So,

*

E(C, D)2~ E(B,D) — " E(A, D) —=0,

~

is exact. By functoriality of E-theory, lemma 2.2.11, we see §* is surjective so

*

0—— E(C,D) -2~ E(B,D)__~ E(A, D)~ 0,

5

is exact as required.
By Theorem 1.4.14, we obtain the following long exact sequence,

O

.. — = E(D,xC) -2~ E(D,A) —_~ E(D,B)-2~E(D,C),

Y

By functoriality, «, is injective so ker a,, = 0 = im 0,, so 0, = 0. Hence,

0——=E(D,A) __~E(D,B) -2~ E(D,C).

Y
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Similarly 3, is surjective, we obtain

Qlx

0——E(D,A) __~ E(D,B) -2~ E(D,C) —0.

—_—
-~
Y

By functoriality we see that the sequence is clearly split exact. O]

Then using a similar proof we can obtain the following result in the con-
travariant case.

Proposition 1.4.16. Let A, B,C and D be C*-algebras and suppose we have
a split exact sequence,

B
0—A—+B C—0

)

Y

then
B )
0——= E(C,D) E(B,D)LE(A,D)—>0,
6*
and

0—— E(D, A)—*~ B(D, B) =2~ E(D, ) — 0,
O

are split exact.

For a proof of the following Lemma, see Lemma 6.25 in [GHTO00]. :
Lemma 1.4.17. Let A and B be C*-algebras, with A separable. Then
E(A,B) =[XA,XB®K].
O

Proposition 1.4.18. Let A and B be C*-algebras. Then
1. E(A® K,B) = E(A, B)

2. E(A,B®K) = E(A,B).
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Proof. 1. By Lemma 1.4.17, we need to show equivalently that
[Z(ARK),YXBe K] =[2AR K, 2B ® K],
which follows if (A ® K) = A ® K. This is obvious since

L(A®K)=Ch(0,1))® A® K.
2. This proof is exactly like the one above but we need to use that LK = k.
O

A proof of the following is found in [GHT00] as proposition 6.17.

Proposition 1.4.19. Let A and B be separable C*-algebras. Then the suspen-
s510M Mmap

S: E(A, B) = E(SA,YB),

s an isomorphism.

[
The subsequent result is proved in section 4 in [Cun84].

Theorem 1.4.20 (Bott periodicity). Let A and B be separable C*-algebras,
then we have isomorphisms:

E(A,B) = E(A,Y?B) and E(A, B) = E(X%A, B).
m

Proposition 1.4.21. For separable C*-algebras A and B, there is a natural
1somorphism:

E(SA,B) =~ E(A,SB).

Proof. This follows from the following natural isomorphisms from Theorem 1.4.20
and Proposition 1.4.19,

P: E(A, B) — E(X2A, B) and $: E(A, B) — E(SA,SB).
m

The Theorem below is proven using Theorem 1.4.14 and Bott periodicity.
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Theorem 1.4.22. Let D be a separable C*-algebra and let

oA BL oo,

be a short exact sequence of C*-algebras. Then there are exact sequences

E(D,YA) E(D,¥B) E(D,xC),
E(D,C)~——— E(D, B) ~——— E(D, A)
and
E(SA, D) E(SB,D) E(SC, D),
E(C,D)—" ~ E(B,D)—2"~ E(A, D)

where the boundary maps are defined by Bott periodicity and product with the E-
theory class of an element o € E(X A, J) associated to the short exact sequence.

]

1.5 Spectrum

Here we cover the notions of spectra and orthogonal spectra as we will need them
later when we generalise their notions to quasi-topological spaces and also when
combining K-theory and K-homology spectra using E-theory spectra.

Definition 1.5.1. A spectrum X is a sequence of based topological spaces
Xo, X1, ... with structure maps €: X,,, — QX,,1 for m > 0.

Proposition 1.5.2. The functors X1, and S are adjoints, where ¥, is the
left adjoint and ) the right adjoint.

O
Due to the above proposition, we can also define a spectrum to be a sequence
of based topological spaces with structure maps defined by

0: XX = X,
where ¥X,, = X,, A S!.
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Definition 1.5.3. An Q-spectrum is a spectrum where for all natural numbers
m the structure maps e: X, — Q2X,,,; are weak homotopy equivalences.

We will also want to use the notion of orthogonal spectra but firstly we need
to recall the notions of group actions and facts about them.

Definition 1.5.4. Let G be a topological group and X a topological space.
Then we call a group action h: G x X — X continuous, written h(g, x) = gz if
the map h is continuous. In this case, we call X a G-space. A map of G-spaces
f: X =Y is called G-equivariant if for all g € G,

flgz) = gf ().
If the map f: X — Y is G-equivariant, we call it a G-map.

Definition 1.5.5. An orthogonal spectrum is a sequence of based topological
spaces Xy, X1, ... with a basepoint preserving continuous left action of O(m)
on each X, for all m, and based structure maps o = 0,,: X, A St — X1,
such that for each m,n > 0, the iterated structure map

O'm/\idsn—l

o Aid g — o —1Aid
Sn_l m-+1 sn 2\ m+n—1 Sl\

opt X ANS™ X1 A Xinans

is O(m) x O(n)-equivariant.

Since Yo, and €2 are adjoints, we can reformulate the structure map explic-
itly o: X,, A St — X, using e: X,, — QX,,,, and we write

o(2,5) = e(x)(s),

for all z € X,,, and s € S*.

A morphism of orthogonal spectra f: X — Y is a collection of O(m)-
equivariant maps f,,: X,, — Y,, for all m, which satisfy the following com-
mutative diagram:

FAid
X, NSty A St

fm+1
Xm+1 Ym+1-
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Definition 1.5.6. Let X be an orthogonal spectrum with spaces X,,. For each
integer k € Z we define the k-th stable homotopy group m,(X) to be the direct
limit

Wk(X) = liﬂﬂ-k-&-an’

under the maps €,: T, X5y = Teirni1Xne1 induced from the structure maps
QkJrnE: Qk+an - Qk+n+1Xn+1.

1.6 Quasi-topological spaces

This section is taken from [Spa63| and we will need quasi-topological spaces
since it is not known if we can put a standard topology on the set of asymptotic
morphisms.

Definition 1.6.1. A quasi-topology on a set X, is a collection of sets of maps
from C to X for each compact Hausdorff space C, written Q(C,X), called
quasi-continuous and satisfying:

e any constant map C' — X belongs to Q(C, X),

e if f: C7 — Cy is a map of compact Hausdorff spaces and g € Q(Cs, X)
then gf € Q(CIJX)J

e for a disjoint union C' = C} II (5 of closed compact Hausdorff spaces, a
map ¢g: C'— X is contained in Q(C, X) if and only if g|¢, € Q(C;, X) for
1=1,2,

e for every f: C; — (5 surjective map of compact Hausdorff spaces, then
a map h: Cy — X is quasi-continuous if h o f is quasi-continuous.

A quasi-topological space is a set X endowed with a quasi-topology as described
above.

If X is a topological space we can obtain a quasi-topology on X by consid-
ering Q(C, X) as the set of continuous maps from C to X in the topology of
X.

A map of quasi-topological spaces f: X — Y is called quasi-continuous if
g € Q(C, X) implies that the composite fg € Q(C,Y"). Also by the definition
of quasi-continuous maps, a composite of quasi-continuous maps is also quasi-
continuous. A quasi-homeomorphism f: X — Y between quasi-topological
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spaces is a quasi-continuous bijection with a quasi-continuous inverse g: Y —
X.

As in the standard notion of topology we can define the product quasi-
topology and the quotient quasi-topology. Let X = X; x Xy x ... X,,. Then
define the product quasi-topology on X by the condition that a: C — X is
quasi-continuous if and only if the composite

C — X % X;, (where p; is the projection map)

is in Q(C, X;) for each 7.

For the quotient quasi-topology, let X be a quasi-topological space and
g: X — Y a surjection. Then the quotient quasi-topology on Y is defined by
the condition that a: C' — Y in Q(C,Y) if and only if there is a surjection

map ¢ : C' — C of compact Hausdorff spaces and a quasi-continuous map
a:C"— X in Q(C', X) such that

; a
Y. X

Q

g

LD\
-

Q

a Y’

commutes.

Using the product and quotient quasi-topology we define the quasi-topology
on X AY. Here X and Y are quasi-topological spaces with basepoints xy and
Yo and we define X VY by

X1I Y/(.’L‘o ~ yo),

where the equivalence class of xy and ¥, serve as the basepoint. Then we define
the smash product of X and Y, X AY by

XxY/XVY.
A map a: C' - X AY is quasi-continuous if and only if there exists a surjec-
tive map ¢': C' — C of compact Hausdorff spaces and quasi-continuous maps
a:C"— X and a”: C' = Y such that for every ¢ € C,

ag' () =d () Nd"(c).
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Let X and Y be quasi-topological spaces. Let F(X,Y) denote the set of
quasi-continuous maps between X and Y. Then we can define a quasi-topology
on F(X,Y) by considering the evaluation map

E:F(X,Y)x X =Y,

defined by E(f,z) = f(x) for all f € F(X,Y) and x € X. We define the
quasi topology on F(X,Y) by declaring a map a: C' — F(X,Y) to be quasi-
continuous if and only if for every surjective continuous map g: C' — C' of
compact Hausdorff spaces and every quasi-continuous map a’: ¢! — X, the
map

E(ag,ad): C" =Y,

is quasi-continuous. Due to definition of the product quasi-topology, the evalu-
ation map is quasi-continuous.

Definition 1.6.2. Let X,Y be quasi-topological spaces and f,g: X — Y be
quasi-continuous maps. Then a homotopy is a quasi-continuous map

H: X = C(0,1],Y),
such that for all x € X, H(z)(0) = f(z) and H(z)(1) = g(z).

From the above we can define the suspension and loop space of a quasi-
topological space. The suspension is defined by

EtOpX - Sl A X,
and the loop space is defined by
QX = {u: S' = X | p is quasi-continuous and basepoint preserving}

and we consider the circle S* with the quasi-topology that comes from the
topology coming from that on R%. That is, our quasi-continuous maps are the
continuous maps from every compact Hausdorff space to S! in that topology.

1.7 Category Theory

We detail the definition of a symmetric monoidal category here as it will be
necessary to check that we have a symmetric monoidal structure on a particular
category later.
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Definition 1.7.1. A symmetric monoidal category (€, ®,u) has the following
data

e A category €,

A functor ®: ¥ x ¥ — € called the tensor product,

An object u € obj(%) called the unit object,

A natural isomorphism «, called the associator, with

aspc: AR (B®C)— (A® B)® C,

A natural isomorphism -, called the left unitor, with

Yaru®A— A,

A natural isomorphism p, called the right unitor, with

pa: A®u— A,

e a natural isomorphism Iy p: A ® B — B ® A called the braiding

subject to the following commutative diagrams.

g (A® B)® (C ® D)
M,W WLC,D
A® (B® (C® D)) (A®B)®C)® D
ida® ap,c,D aa,B,c®idp
A®(B&C)®D) s (A® (B®C)® D
2.



ARu = u® A
PA YA
A
4.
A9 B—2" _BgA
idagB lB,a
A® B
5.
I,
(AB)@C—25%C®(A® B) ,
a;\,lBC Qc,A,B
A® (B®C) (C®A)®B
ida®lB,c lc,A®idp
A®(C®B) 225 (A C)® B
and
6.
. -
AR (B®C)=225(BRC)®A |
aaB.C O‘E,lc,A
(A® B)® C B® (C® A)
lA,B®idc idB®lC,A

(BoA)©C-L2% Bg (A C)

It should be noted that a monoidal category satisfies all the criteria as above
apart from diagram (4).
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Definition 1.7.2. A commutative monoid (M, p,n) in a symmetric monoidal
category (¢, ®,u) is an object M in the € together with morphisms p: M ®
M — M and n: u — M satisying the following commutative diagrams:

1.
(M@ M)® M
M ® (M & M) MeM
tdpr ®p H
Me M p M
2.
w@ M2EN o MY v @
o
YM PM
M
3.
l
MoM—s Mo M
Iz I3
M

Definition 1.7.3. Let (¥, ®, u) be a monoidal category with a monoid (M, p,n)
as defined above. Then we define a right M -module to be an object J with an
associative morphism v: J ® M — J such that we have the following commu-
tative diagram:

J@ (M® M 1dJ®N 1dJ®7]

v@idy \ \
14

(J®M)®M/®1dM J®M
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Let (A,v4) and (B,vg) be right modules of M. Then a morphism of right
modules of M is a map f: A — B such that

vpo (f®idy) = fova.

Denote the category where objects are right M-modules and where arrows are
the morphisms defined above, by mod-M.
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Chapter 2

Complex Graded E-theory

This chapter extends the definition of E-theory in the previous chapter to the
case when we consider complex graded C*-algebras. We start by defining the
notion of gradings on a C*-algebra alongside the definition of Clifford algebras
which will play an important role for us. Then we will define the complex
graded form of F-theory and state and prove the properties that it has.

2.1 Gradings and Clifford algebras

Much of this section is taken and proofs adapted from [Mit01]. To save repeating
ourselves in the next chapter, where possible we include the real graded case.
We will see that Clifford algebras are fundamental to the construction of the
Bott map of complex graded E-theory.

Definition 2.1.1. Let A be a C*-algebra. A grading on A is an automorphism
§: A — A such that 62 = 1.

Every C*-algebra can be equipped with the trivial grading, defined as the
identity map. We can also consider a grading on a C*-algebra in terms of odd
and even elements as we see below.

Definition 2.1.2. Let A be a C*-algebra with grading . Then define
Awen ={a € A | da=a} and Aygq ={a € A | da = —a}
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Definition 2.1.3. Let A be a graded C*-algebra. Then the degree of an element
a is defined by:
0, ifaé€ Awen
deg(a) =<7 "
1, if a € Aodd-

Definition 2.1.4. Let A and B be graded C*-algebras with gradings a and
8 respectively. Then we define the object ARB to be the completion of the
algebraic tensor product of A and B in the norm

||Zaz‘ ® b|| = SUP||Z@(%)¢(5¢)||

where p: A --» C, ¥: B --» C are graded asymptotic morphisms for some
graded C*-algebra C'. We equip A®B with involution, multiplication and grad-
ing defined by:

1. (a®b)* = (—1)des(@)deat) > @ p*
2. (a®b)(cRd) = (—1)%e®)dee() (e @ bd)
3. 7(a®b) = a(a) ® B(b)
It should be noted this is the maximal tensor product.

If additionally we also extend by linearity within the definition of AQB we
obtain the following result.

Proposition 2.1.5. The object ARB is a graded C*-algebra.
O

Definition 2.1.6. Let p, ¢ be natural numbers. Then define the Clifford algebra
[F, 4, to be the algebra over the field F = R or C generated by the elements:

{617"'7€p7f17"'7fq}a

such that e? = 1 and fj2 = —1 and all generator anti-commute.

The following propositions are taken from [Mit01], so for the proofs see the
paper.

Proposition 2.1.7. The Clifford algebra F, , is a C*-algebra with grading de-
fined by having all generators being odd.
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]

Proposition 2.1.8. For all p,q,r, s in the natural numbers there is an isomor-
phism

> Y
Fp,q@IFT’,S = IE‘err,quS'

O

The following two Propositions show why Clifford algebras are really useful

in this context, since they will be the reason we can define the Bott map of
E-theory using them.

Proposition 2.1.9.
Caop = Cy 1 = Cyp.

Proposition 2.1.10.
Rgo = Ryq = Rog.

]

Proposition 2.1.11. The Clifford algebra Fy ; and the algebra Ms(F) are iso-
morphic when we have the grading:

MQ(F)even:{(g 2) ‘a,deF} and MQ(F)odd:{@ 8) ‘b,ce]F}.

O

Proposition 2.1.12. Let A be a graded C*-algebra over the field F. Let M, (A)
denote the set of n x n matrices with entries in A. Then

M, (F)RA = M,(A),

where the matriz in M, (A) is odd when every element is odd and even when
every element is even.
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Remark 2.1.13. Let H be a Hilbert space equipped with the orthogonal de-
composition

H="HoDHi,

where Hy denotes the even elements and H; denotes the odd elements. Then
the C*-algebra KC(H) of compact operators on such a Hilbert space is graded.
For this grading, we consider 2 x 2 matrices of operators where the diagonal
matrices are even and the off diagonal ones are odd. That is we have a grading

B: K(H) = K(H)
defined by

B(T) = {T if T'is even

=T if T is odd.
Note that if we have an odd element E € My(B(#H)) then

ET if T is odd

ET) =
BET) {—ET if T is even,

so —B(ET) = ES(T) and similarly —5(TE) = 5(T)E.
Then in particular with the above remark we have the following result.

Lemma 2.1.14. We have an isomorphism

K(H)®F 1 = Ms(K(H)),

-5 )

for all a,b,c,d € K(H),where 3 is as in Remark 2.1.13.

with grading

Denote My(K(H)) in this case by My(KC(H))?.
Lemma 2.1.15. We have a set of isomorphisms

K(H)&F11 = My(K(H))? = Ma(K(H)) = K(H).
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Proof. By Lemma 2.1.14 it suffices to show that My(IC(H))9 = My(K(H)). The
grading on My (K(H)) is

o (e 1) = () o)
c d Ble) B(d))”
so it suffices to check that we can define a map
0: My(KK(H)) — Ma(K(H))?,

which is an isomorphism. Let

V= ((1) g) € My(B(H)), and E = <(1) (1)) € My(B(H))

and note F is odd. Notice V? =1 and V* = V. Then define §(x) = V2V, then
0: IK(H) — K(H) is clearly a s-homomorphism since
O(zy) = VayV = VaVVyV = 0(z)0(y),

for all z,y € My(K(H)). Then if VaV =y, then x = VyV so 6 is invertible.
Now we check that 6(5(x)) = a(0(x)).
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Let IC(HPP) denote the compact operators on the Hilbert space H where
the grading is reversed.

Definition 2.1.16. Let S = Cy(R), be the C*-algebra of continuous, complex
valued functions on R which vanish at infinity but with the following graded
defined as a decomposition:

S = Cy(R) = {even functions} & {odd functions}.

The grading automorphism is defined by f(x) — f(—z). In addition define
the amplification of a graded C*-algebra A to be the graded tensor product

SA = SRA.

Remark 2.1.17. Let u(z) = e * and v(x) = ze~*" and notice that these are
functions contained in S and w is even and v is odd. Now set A to be the
algebra generated by v and v.

The theorem below is Theorem B page 167 in [Sim63]. It follows from the
classical Stone-Weierstrass Theorem.

Theorem 2.1.18. Let X be a locally compact Hausdorff space, and let B be a
closed subalgebra of Co(X) which separates points, for each point in X contains

a function which does not vanish there, and contains conjugates of the functions.
Then B equals Co(X).

Lemma 2.1.19. The algebra A is dense in S.

Proof. This is immediate from Theorem 2.1.18 since R is locally compact and
Hausdorff and A separates points. m

Then it follows that the elements v and v in Remark 2.1.17 generate S.

2.2 Complex Graded E-theory

In this section we give the definition of graded E-theory and also certain prop-
erties we require when it comes to defining its spectrum.
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Definition 2.2.1. Let A, B be C*-algebras with gradings d4, and dp respec-
tively. A graded asymptotic morphism p: A --+ B is an asymptotic morphism
with family of functions {¢;}p o)which additionally satisfies the relation:-

lim (105 (¢(@) — @u(6a(@)]] = 0.
Denote the set of graded asymptotic morphisms from A to B by Asy, (A, B).

Definition 2.2.2. Two graded asymptotic morphisms ¢,¢: A --+ B formed
from the families of functions ¢y, ¢y respectively are called equivalent if for all
a€ A:

lim [[¢(a) — i (a)|| = 0.

Definition 2.2.3. Two graded asymptotic morphisms ¢, : A --+ B with fam-
ilies of functions y, 1)y are graded homotopic if there exists a graded asymptotic
morphism 6: A --» I B with family of functions 6, such that for all a € A:

0:(a)(0) = ¢i(a) and 0,(a)(1) = thi(a).

Denote the set of graded homotopic asymptotic morphisms from A to B by
1A, B],-

Proposition 2.2.4. Let p,v: A --» B be equivalent graded asymptotic mor-
phisms. Then ¢ and 1 are homotopic.

Proof. As in Proposition 1.3.4 we again define a homotopy 6: A --» I B by
0u(a)(s) = (1 = s)@i(a) + sir(a) = @ia) + s(r(a) — @i(a)),

which satisfies the graded property of graded asymptotic morphisms since for
all s € [0,1],a € A

ap(6i(a)(s) = Oi(aala))(s)
= ag[(1 = s)pi(a) + str(a)] = [(1 = s)pi(aala)) + si(aa(a))]
= appi(a) — pi(aa(a)) — s(appi(a) — pi(aa(a))) + slapii(a) — Pi(aa(a))

and this tends to 0 as ¢ — oo since ¢; and ¥, are asymptotic morphisms.  [J
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Now we need a notion of tensor product for our graded asymptotic mor-
phisms so that we can define the composition of asymptotic morphisms. It is
worth noting that we actually need to be pretty careful when we define a ten-
sor product since unless our C*-algebras are nuclear, we don’t always get an
asymptotic morphism when we tensor. For us to get an asymptotic morphisms
we must use the maximal tensor product. In detail, let us consider two graded
asymptotic morphisms ¢;: A --» B and ¢;: C' --» D. We form the tensor
product ¢,@v by taking the maximal tensor product to obtain:

A®max0 - B®maxDa

which is obtained in the standard way by taking the completion and extending
by linearity.
The following is Lemma 4.5 in [GHTO00], so see this for a proof.

Lemma 2.2.5. Let ¢: Ay --» Ay and ¢: By --» By be (graded) asymptotic
morphisms, then the compositions

A®B, P 4,68, 2% A,8B,,

and
A1®B; 2% A,8B, £25 A,8B,,
are equal. The 1 symbolises the relevant identity morphism.

O
In order to talk about compositions in the E-theory category we first need
to define the x-homomorphism

A:S = SRS,

described in [HG04]. Let Sg be the set of continuous functions on the interval
[—R, R]; we have a surjection 7: S — Sy defined by restriction. Let X € Sg
be the function x + x, then note that Xp is odd. Now if f € §, by functional
calculus (see Appendix) we have an element

f(Xp®1+18XR) € Sp®Sk,

where 1 denotes the function 1. Then we have a graded x-homomorphism as
follows:
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Lemma 2.2.6. There is a unique graded x-homomorphism A: S — S®S such
that
(rRm)A(f) = f(Xr®1 + 10 XR),

for every R > 0.

Proof. The map is clearly a graded *-homomorphism by the properties of func-
tions in S. Uniqueness follows from the fact that (J,.,Sr is dense in S by the
Stone-Weierstrass Theorem. O

Write A (f) = (7®@m)A(f).

Proposition 2.2.7. For the elements u = e* and v(x) = ze™* of S we have

Ar(u) =u@u  and Ar(v) = u@v + v&u.
Proof. Using the above lemma we have,

— o~ (Xr®1+18XR)?

_ 2 QX2 . .
(XR®1HIEXR) gince Xp is odd

~(X381) ,~(18X3)

=€
=€

w2~ y2
= e XR®€ XR

= uRuU.

and

Ar(v) = v(Xp@1 + 10 Xp)
= (Xp®1 + 1<§)XR)6—(XR®1+1®XR)2
— (Xr®1)(e Xk@eXk) + (18 XR) (e~ XhBeXF)
= Xpe Xr@e Xk + e XR@ X pe X

= u@v + v@u,

as required. O
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Lemma 2.2.8. Let A': S — S®S be a graded x-homomorphism such that
Al (u) =uRu  and Al (v) = u@v + v&@u.
Then A" = A.

Proof. Let A be the algebra generated by u and v. Then by Lemma 2.1.19,
S is generated by A. Hence A’ is uniquely determined by A! (u) and A/ (v).
Then since Al (u) = Ay(u) and Al (v) = A,(v), it follows that A’ = A as
required. O]

Now we consider compositions of asymptotic morphisms.
Let ¢;: SQARK(H) --+ BRK(H) and ¢ : SRBRK(H) --+ CRK(H) be

asymptotic morphisms, then the composition is defined by:

ARId 45 ids®ar ﬁr(t)

SRARK(H) ERSRARK(H) S50 - SRBRK(H) 2L~

CBK(H),
where (3,(;) is a reparameterisation as of Lemma 1.3.12.

Lemma 2.2.9. Let A and B be C*-algebras. The set [SRARK(H), BRK(H)],
1s an abelian group under the direct sum operation & defined in Definition 1.4.4.
The zero element of this group is represented by the zero asymptotic morphism.

Proof. By the previous statements in the ungraded case, it just suffices to check
that we have additive inverses. Let ¢: SRARK(H) --+ BRI(H) be a graded
asymptotic morphism and define

O SRARDK(H) --+ BRI(HPP),

to be the graded asymptotic morphism defined by ¢;*"(z) = ¢;(a(x)) where «
is the grading automorphism. Now let s > 0 be a fixed scalar and define

D SRSRDARK(H) --+ BRK(H ® HPP),

by R
i (f@x) = f(5)(pr ® ™) (),

with f € S and = € SOARK(H). Then this is a graded asymptotic morphism
and we can define a homotopy on s € [0,00) between ¢; @ ;" and the zero
asymptotic morphism,

SRARBK(H) TN SOSRARK(H) --» BRK(H & HOPP).
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It is well defined and is clearly a graded asymptotic morphism so we need to

check at the end points we obtain ¢; @ <p,?p P and 0. In order to do this it is

enough to consider the functions u = e™*" and v(x) = ze™* that generate S.
For u, and a € ARK(H),

O (ABid g5 (uBa) = O (A(u)a)
= OF (uBu®a)
= u(s) (g ® ™) (uBa),

and when s = 0, u = e = 1 and so we obtain ¢; ® ¢;"® and when s — co, we
obtain 0.
Now for v,

O} (ARId gz () (v00a) = @7 (A(v)@a)
S (u@v + v®u)@a)
~ O ((uv)®a) + OF(vBu)@a)

= u(s)(i2r © 9™ (v®a) + v(s)(p: @ ¢7™") (uBa),

I
K

where the equivalence is valid, since equivalent graded asymptotic morphisms
are homotopic by Proposition 2.2.4. Now at s = 0, v(s) = 0 and as s — o0,
v(s) — 0, so the second term is equal to 0 at the end points, and hence we
obtain the same endpoints as above and we are done. O]

Definition 2.2.10. Let A and B be C*-algebras. Then the graded E-theory
group is given by
E (A, B) = [SRARK(H), BRK(H)],-
In addition we have graded E-theory groups:
E?(A, B) = [S®ARK(H), S"B&K(H)],,
for all n > 0. The grading on ¥ B is the one coming from the grading of B, and
the compact operators have grading § defined in Remark 2.1.13.

Lemma 2.2.11 (Functoriality). E, is a bivariant functor from the category
where objects are graded C*-algebras and arrows are x-homomorphisms to the
category where objects abelian groups and arrows are group homomorphisms.
That s, it 1s a functor that is contravariant in its first variable and covariant
in 1ts second variable.
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Proof. By Lemma 2.2.9 it is obvious that the source and target categories of
the functor E, are as stated in the lemma. The identity property is also clearly
satisfied.

Let A, B,C, D be C*-algebras. Let a: A — B be a graded *-homomorphism,
then we have an object E,(A, D) = [SRARK, DRK], for all A and a morphism
a*: Ey(B,D) — E,(A, D) for all o defined by a*([z]) = [z.«], where (z.a); =
ry o (a ® idggy) for all [z] € Ey(B,D). Now consider the composition of

morphisms A % B 5 Cona representative = of [z],

(Boa) () =mz0((Bo a)®ids®/c)
= 1, 0 (ABidgg) 0 (a®idggy)
= B"(x¢) 0 (a®ids®m)
= " 3" ()
= (a* o B")(xy).

Similarly, we have for all A, E,(D,A) = [S®D&K, A®K], and for all
o, Ey(D,A) — Ey(D,B) defined by o.([y]) = [a.y], where (a.y), =
(a ®idk) oy, for all [y] € Ey(D,A). Considering the composition of mor-
phisms above and taking a representative y of [y] € E,(D, A) we see that

(Boa)y) = ((Boa)®idc) oy
((Boa)®idg) oy

= (B®idk) o (a ®idk) oy
= (B ®@idk) o au(ye)
Bucvi(yr)

= (Bi o a) ().

]

The following proposition and lemma on projections may seem out of place
but they will be useful for a proof immediately after. This is since we will
want to consider the compact operators and we know that they are formed of
projections of rank 1. For a proof of the following proposition see [WO93],
Proposition 5.26.
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Proposition 2.2.12. If p,q are projections and ||p — q|| < 1 then they are
homotopic.

]

Lemma 2.2.13. Let p,q € K(H) be rank 1 projections. Then there is a path
from p to q.

Proof. Let [p] denote the homotopy class of a projection p. We know from
Appendix B, that

Ko(F) = {[p] = [q] | p,q € Mo(F)}
={lpl = ld] | p,qa € K(H)},

since M (F) is dense in K(H), and also since any two projections that are suffi-
ciently close are homotopic by Proposition 2.2.12. Now we have an isomorphism

0: Ko(F) = Z,

defined by
0([p] — [q]) = Rank(p) — Rank(q),

where we recall that Rank(p) denotes the rank of a projection p. Now let
p,q € K(H) be rank 1 projections. Then Rank(p) = Rank(q), so 6([p] —1g]) = 0,
and since 6 is an isomorphism, [p] — [¢] = 0, so p and ¢ are homotopic as
required. O

Lemma 2.2.14. Let A and B be graded C*-algebras, with A separable. Then
E (A, B) = [S®A, B&K],.
Proof. Let 7: S®A — SR®ARK denote the graded s-homomorphism defined by
f®a — fRa®e,

where f € S, a € A and e is the standard rank 1 projection in K. Then define
g: [SRARK, BeK], — [S®A, BRK], by

9(en)(f@a) = (a0 7)(f®a) = au(fBa®e),

for all a € [SRARK, BRK],.
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Then define an inverse to g, h: [S®A, BRK], — [SRARK, BRK], by

h(B)(f®a@p) = B f&a),

where 3, € [SRARK, BRK], and p is a rank 1 projection.
Then for all v, € [S®A, B&K],,

gh(7)(f&a) = h(v)(f@aRe) = v(fRa),
and for all k; € [SRARK, B&K],,
hg(k) (f®a®p) = g(ke) (f®a) = ki fRae).

By Lemma 2.2.13 there is a path from p to e so hg is homotopic to the identity
and we are done. O

Proposition 2.2.15. Let A and B be graded C*-algebras. Then
1. E,(ARK, B) = E,(A, B)
2. E,(A,B®K) = E,(A, B).

Proof. 1. This is immediate by Lemma 2.2.14.

2. Use K&K = K and the proof is immediate.
]

Theorem 2.2.16 (Homotopy invariance). Suppose a, f: A — B are homotopic
graded x-homomorphisms and C' is a C*-algebra. Then the induced maps

1. o, Be: Ey(C,A) = Ey(C, B), and
2. o, % Ey(B,C) = Ey(A,C)
are equal.

Proof. 1. Let f: SQC®K --+ ARK be a graded asymptotic morphism rep-
resenting [f] € E,(C, A), then we can define o, and S, by

a.(fi) = (a@id,c) ofi= (Oé@idic) o fi,
B(fy) = (BRidk) o fi = (B®idk) o f:.

Since a and S are homotopic and hence a, and (3, are equal since we are
homotopic on representatives of our class.
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2. Similarly to (1) we can define o* and §*, for an representative g of [g] €
E(B,C) by
a’(gt) = gt © (a®idgz),

B*(g9¢) = ge 0 (5@)“3@&)-

Then again since a and [ are homotopic, we can clearly see that o and
[£* are equal at the level of homotopy classes.
O

The following definition is very similar to that of the one given in [HG04] as
Definition 1.26 and the Theorem 1.14 too. The proof of Bott periodicity below
is omitted since we give a proof in the case of real graded C*-algebras in the
next chapter.

Definition 2.2.17. Denote by b € E(C,~C&C, ) the E-theory class of the
x-homomorphism

B: SC — YCRC, .

The *-homomorphism above is given by functional calculus and defined in
explicitly for the real case in Definition 3.2.1.

Proposition 2.2.18. The x-homomorphism
B: S®C — LCRC, ,
induces the isomorphism:
E(A,Y*B&C, ) = E(A, S*'B&Cpi1,),
of E-theory groups, for all positive n and k.
Proof. We consider the map
B®id2k3®(cn’0: S®BRC, o — S BRC,1,,

which is an E-theory equivalence as (8 is. Consequently, we obtain the isomor-
phism as required. O

Call this x-homomorphism the Bott map.
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Corollary 2.2.19. Let A and B be graded C*-algebras. The Bott map induces
natural isomorphisms

E}(A,B) = EI'(A,%(B®C1y)),
of E-theory groups.

m

To obtain the property that if we take a short exact sequence, we get a long
exact sequence in graded E-theory, we need to introduce a particular asymptotic
morphism that is associated to the short exact sequence. We also need some
of the construction here to show that F is half-exact. For this we start by

introducing the notion of approximate units as in the work by Guentner, Higson
and Trout [GHTO00] and the first two authors in [HG04].

Definition 2.2.20. For a separable graded C*-algebra B and an ideal J in B,
an approzimate unit for J C B is a norm-continuous family {u;}icp,00) of J,
satisfying

1. 0 <wu <1 forall ¢,
2. limy o ||uej — j]| = 0 for all j € J,
3. limyye0 [|ura — auy|| = 0 for all a € A.

Now furthermore an approximate unit as defined above always exists by
Lemma 5.3 in [GHTO00].
For a proof of the next result see Proposition 5.5 in [GHT00].

Proposition 2.2.21. Let 0 — J — B 5 A — 0 be a short exact sequence of
separable graded C*-algebras and {w;} an approzimate unit for J C B. Then
there is an asymptotic morphism o: XA --+ J such that if we have any asso-
ciated family {oi}iepno0): DA = J and a set-theoretic section s: A — B of ©
then

Ut(f@A%) = f(ue)s(x),

where f € ¥ and a € A.

O
Furthermore the asymptotic morphism o is independent of the choice of
section.
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Definition 2.2.22. For a graded C*-algebra A we define the cone of A by
CA={f:[0,1] — A | f(1) =0}.
Let m: B — A be a *-homomorphism. Then the mapping cone of w is defined
by:
Co={bdfeBaCA|n(b)=f(0)}
Define *-homomorphisms a: C, — B by a(b@® f) = b and g: XA — C; by
Blf)=0&f.

By the definition of o and 8 above we can form a short exact sequence
0—=%J—=CB™ C,—0, (2.1)

where we define m; by m(f) = f(0) ® 7(f). Then by Proposition 2.2.21 we
obtain the associated asymptotic morphism o: XC) --» ¥J.

The proof of the following proposition follows from the short exact sequence
(2.1) and by the inclusion of J in C;.

Proposition 2.2.23. The associated asymptotic morphism o determines an
element in E,(XCr,XJ) which in addition is inverse to an element X, €

E,(SJ,5Cy).

e 1

By Bott periodicity it follows that E,(J, A) = E,(Cr, A) and E (A, J)
E,(A,C;) for all C*-algebras A.
For the following result, let p: A — A/J and then

Cp={a®feAaC(A/J])|pla) = fF(1)}.

Lemma 2.2.24. For a graded C*-algebra B, the following are exact in the
maddle.

1. E,(B,C,) % E,(B,A) 2 E,(B, A/J) is exact,
2. E4,(A/J,B) 7, E,(A, B) LN E,(Cy, B) is exact.

Proof. 1. Let ¢;: SO®BRK --» ARK, and [p;] € E,(B,A) be such that
pili] =0, ie [py] € Ker p.. Then po p; ~p, 0.
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Now let 0: SRBRK --» ARKRC[0,1] be such that p o 6, is a homotopy
between p o ¢, and 0. Then write

0: SHBRK --» ARCy[0,1)BK = CARK,
and define 1): SR BRK --» p@)IC by,
Yy = o O 0.

Then aothy = ¢y, and o [thy] = [¢¢] and so [¢] € Im .. So Ker p, C Im av,.

Conversely, from homological algebra we know that Im a, C Ker p, is
equivalent to p.a,. = 0. Now for z; € E(B,C,)

Petty(y) = p*(oc@id,c o xy)
= p@id;g o a®idy o z
= (po a)®idg o
=0

since p o « is equal to the identity.

. Firstly a* o p* = 0 so Im p* C Ker o* by a similar method to part(1).
Now we show that Ker a* C Im p*. Let ¢;: SOARK --» BRK and
q: C,®K — A®K be the projection. Then we want 6,: SRLA/JRL --»
Y B®K such that

6,0 (ids o Xp)] = £[¢] € B(ZA,£B),

where p: SRARK — SRA/JRK.

Now let n: S@C’I@IC — IB®K (where I = [0, 1]) be a homotopy between
¢ 0 (id®g) and 0. Then by symmetry of homotopy we can obtain

e SRC,®K — I BRK,
where I; = [0, 1]. Now we also have an inclusion
i YSRA/JOK = SRXA/JRK — SBC,K,

defined by
i(gRfRk) = g®(0 @ f)RFE,
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where g € S, f: [-1,1] = A/J and k € K. Then (ids®q) o i = 0.

Define 6,: SRXA/JRK --» SBRK by 6, = 7; o i. Then we need to show
that 6, o (ids o Xp) is homotopic to X¢. Now Y, = 1,010 (ids 0 Xp), and
SO

16: 0 (ids o Xp) — (Xer)[| = 0,

as t — oo and asymptotic equivalence implies homotopic equivalence by
Proposition 2.2.4, half exactness follows.

]

Then the next result follows from the isomorphisms E,(J, D) = E,(Cy, D)
and E,(D, J) = E,(D,C;) and Lemma 2.2.24.

Lemma 2.2.25 (Half exactness). Let 0 — J = B 2y A= 0 be a short ezact
sequence of graded C*-algebras and let D be a graded C*-algebra. Then

1. E(D,J) % Ey(D, B) 25 E,(D, A) is exact,
2. B,(A,D) L E,(B,D) %5 E,(J,D) is exact.
O
Now once we see the following result, proposition 6.14 in [GHT00], we can
obtain the theorem following it. Recall from chapter 1, that a functor is a
homology functor if it is half exact and homotopy invariant.

The subsequent result is proven as Proposition 21.4.1 of [Bla98].

Proposition 2.2.26. For a homology functor F from the category of graded
C*-algebras and x-homomorphisms to the category of abelian groups and group
homomorphisms to every short exact sequence of separable graded C*-algebras

0—-J—B—>A—=0,
we obtain a long exact sequence of abelian groups
.= F(B) = F(2A4) & F(J) = F(B) - F(A),
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where the connecting map O, fits in to the commutative diagram

F(SA)

O
Then the following theorem is proven by using the above statements with
contravariant version of the above proposition.

Theorem 2.2.27. Let D be a graded C*-algebra and let 0 — J = B 5 A0
be a short exact sequence of graded C*-algebras. Then there is an element
o: XA --+ J and long exact sequences:

Ey(A, D) = Ey(B, D) = Ey(J,D) %5 E,(SA, D) — -,

and
.- = E,(D,YA) & E (D, J) = E,(D, B) = E,(D, A),

in which the maps 0%, 0, are given by the E-theory product with o.

As before we can define 6* and 9, explicitly by,
§* () = avo (i[d®0) o (ARidy 45),
where « is in the E-theory class Ey(J, D), and
5.(8) = o o (ids®p) o (A®idD®K)a
where 3 is in the E-theory class E (D, XA).

Proposition 2.2.28. Let A, B,C and D be graded C*-algebras and suppose we
have a split exact sequence,

0—=A_ "B 0—>0

Y
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then
0—— E,(C, D)2~ E,(B,D) .~ E,(A, D) —=0,
’y*

0—— E,(D,A) __~ E,(D,B) 2~ E,(D,C) —=0,

Y

are split exact.

Proof. The proof is the same as in Proposition 1.4.15 where we use Theo-
rem 2.2.27. O

Proposition 2.2.29. Let A, B,C and D be graded C*-algebras and suppose we
have a split exact sequence,

B
0—=A—2~B ~C—>0,

)

then
B .
0——~ E,(C,D) " E,(B,D) -~ E,(A, D) —=0,
6*
and
0—— E,(D,A)—%~ E,(D, B) =2~ E,(D,C) —=0,

*

are split exact.
Proof. This proof is similar to Proposition 2.2.28. O

Proposition 2.2.30. Let A, B be unital graded C*-algebras. Then we have an
isomorphism
E, (A, B) = E,(A®F, ;, BRF, ;).

Proof. This is immediate from Lemma 2.1.14, Lemma 2.1.15 and Lemma 2.2.14.
O

Corollary 2.2.31. Let A and B be complex graded C*-algebra. Then we have
natural isomorphisms
n ~ n+2
E] (A, B) = Eg+ (A, B).
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Proof.

E!'(A,B) = E}(A,%*(BRC1x®Ciy)), by Corollary 2.2.19,
A, EQ(B(@(CM)), by Proposition 2.1.9,

=F
E™(A,¥%B), by Proposition 2.2.30,

3 3
—

]

The proof of the next Theorem follows from Theorem 2.2.27 and Bott peri-
odicity.

Theorem 2.2.32. Let D be a separable graded C*-algebra and let

0ASBES oo,

be a short exact sequence of graded C*-algebras. Then there are exact sequences

E,(D,%A) E,(D,~B) E,(D,xC),

E,(D,C) E,(D,B) E,(D, A)
and

E, (XA, D) E,(YB, D) E,(2C, D),

E,(C,D)—"—~ E,(B,D) —*—~ E,(A, D)

where the boundary maps are defined by Bott periodicity and product with the E-
theory class of an element o € E (XA, J) associated to the short exact sequence.

[]
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Chapter 3

Bott periodicity in the real case

We wish to pass the definition of E-theory to real C*-algebras, so this chap-
ter begins by giving a brief introduction to real C*-algebras based on [Goo82]
and [Pal84]. Our aim is to extend the Bott map in the previous chapter to
the real case. We will start by thinking about Bott periodicity in K-theory
(see Appendix B for details) since this then can be used to induce the Bott
periodicity in E-theory. We will define a *-homomorphism

B: S — Cy(V, CLff(V))

for a finite dimensional Euclidean vector space V over R. We will see that this
gives a class in K-theory. Similarly to Guentner and Higson [HGO04], we will
construct an asymptotic morphism

oy S@)CO(V, CLff(V)) --» KC(H).

Thereafter we will prove « is asymptotically equivalent to another map before
proving that the induced maps g, and a, are such that «,/f, is homotopic to 1
in K(R) = Z. Then we will show why this is sufficient to prove Bott periodicity
for E-theory.

3.1 Real C*-algebras

Definition 3.1.1. A real C*-algebra A is a real Banach algebra with involution
satisfying the C*-identity and additionally the property that 1+z*x is invertible
in A for all x € A.
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Note that the property above that 1+ z*z is invertible is equivalent to the
element z*z being positive. That is, x*x is self adjoint and the o(xz*z) C [0, 00)
(For a proof see [Goo82], Proposition 13.4.).

Example 1. Every compler C*-algebra is a real C*-algebra, where we restrict
scalar multiplication to just real scalars.

Example 2. The algebra of bounded linear operators on a real Hilbert space is a
real C*-algebra with the operation of pointwise multiplication and the supremum
norm.

Example 3. C(X), the algebra of real valued functions on a compact Haus-
dorff space is a C*-algebra with operation of pointwise operation and with the
supremum norm.

Here we define the spectrum of an element x in a real C*-algebra by consid-
ering the set of formal expressions z + iy for x,y € A which forms a complex
C*-algebra B. Then the spectrum of an element in A is the spectrum of the
element in B.

3.2 The Bott map

Let Cliff(V) denote the Clifford algebra of a finite dimensional Euclidean real
vector space V. That is, the algebra generated by elements V', that have odd
grading, and such that v = v* and v? = |[v||> - 1 for every v € V. Then
define a function P: V — Cliff(V) by P(v) = v. Notice that P(v)? = [|v|[%.
Now we require a function in Cy(V, Cliff(V)) so using functional calculus (see
Appendix A), take f € S then we define the map f(P): V — CIliff(V') by:

v = f(P(v)).

This gives a *-homomorphism from S to Cy(V, Cliff(V')), and hence the following
definition:-

Definition 3.2.1. We define the Bott element b to be the class of the K-
theory group K (Cy(V,Cliff(V)) induced from the s-homomorphism §: & —
Co(V, Cliff(V')) defined by f +— f(P).
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Theorem 3.2.2. For a finite dimensional Fuclidean vector space V over R, the
Bott map induces the isomorphism of K-theory

Be: K(R) = K(R&Co(V, CLff(V))),
defined by the formula B.(x) = x X b, where x € K(R).

To prove this theorem we need a collection of ingredients which we now
detail. We start by defining a map that induces the inverse homomorphism in
K-theory but before that we require some definitions to define such a map.

Denote by H(V) the real Hilbert space L?(V, Cliff(V')) which is the Hilbert
space of square-integrable Cliff(V')-valued functions on V. Note that this is
graded and the grading is the one coming from that of Cliff(V).

The following definition may seem irrelevant to our aim but it will be very
useful for defining the operators we need to define the maps inducing Bott
periodicity.

Definition 3.2.3. Let e, f be elements in V. Define linear operators
e, f: Cliff(V) — Cliff(V)
on a finite-dimensional Hilbert space under Cliff(V') by

e(z) = ex,
f(z) = (=1 f.

For a vector space V, the Schwarz space Sch(V) is the topological vector
space of functions f: V — [F such that f is continuously differentable and for
r eV, 2°0°f(x) — 0 as |z| — oo for every pair of multi-indices a, 3 € N™.
These form a class of functions. Let Sch(V') denote the dense subspace of H(V)
of Schwartz-class Cliff(V')-valued functions.

Definition 3.2.4. Define the Dirac operator D: Sch(V) — H(V') by

(DN = Y algh )

1

where the e;’s form an orthonormal basis of V' and each x; is the correspond-
ing coordinate in V. Here we use functional calculus to define the functions
throughout the summation.
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For h € Cy(V, Cliff(V')) let M}, denote the operator of pointwise multiplica-
tion by h on the space H(V). So

Myu(g)(v) = h(v)g(v).

Then for the multiplication operator we have the following result. For a
proof of the this see [HG04], Lemma 1.8, since this proof is still valid when we
take real finite dimensional Euclidean vector spaces.

Lemma 3.2.5. The Dirac operator on V' 1is formally self-adjoint. For f € S
and h € Co(V, Clif(V')), the product f(D)M, is a compact operator on H(V).

[
It will be convenient to write h € Cy(V, Cliff(V')) as hy, with ¢t € [1,00) and
hi(v) = h(t™'v).

Definition 3.2.6. Define the graded commutator of elements a,b in a real
graded C*-algebra A by

[a,b] = ab — (—1)deg(“)deg(b)ba,
which extends by linearity to all elements in A.

Letting V' = RR,, o we have the following result:

Lemma 3.2.7. For every f € S, h € Co(R™, R, ), with the finite dimensional
FEuclidean vector space R™ having Dirac operator D,

lim ||[f(t7' D), My ]| = 0,

t—o00

where My, is a bounded linear operator on H(R™) and f(t~*D) is defined using
functional calculus of unbounded operators(see Appendiz A).

Proof. Let [ € C'O(R)@R(C, then f is also contained in f € Co(R)&cC. Let
fu(x) = (x +4)7% and fy(z) = (x —i)7" and define

A={fu, fu | K €Nxg}.

Then A is a unital algebra closed under complex conjugation which separates

points, sincs f1 separates points. Hence by the Stone-Weierstrass Theorem, A
is dense in Cy(R)®gC. So if

Yim [|(fi(t D), My, ]| = 0 and Jim || (¢~ D), My ]| =0,
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for all f € A, then
lim [|[f(t™ D), Ma,]|| =0,

t—o00

for all f € Co(R)®RC, and so for all f € Co(R). It is enough to check this for
f1, and f; since they generate A. Let f = f;.
Then we obtain the factorisation,

[f(tD), My] = [(t7'D —4I)™", Mp,]

(t'D —il) "My, = My, (t7'D —il)™!

(t'D —4I) "My, (t'D — D) (t7'D —4il)!
+(t'D—4i)N(t T D — i) My, (1D —il) !

={t'D —il) M, ¢ 'D —iD))(t "D —4il)™?

=ttt 'D —il)"[M,,, D)(t D —il)t.

Then the norm of this is bounded by ¢~![M,, D], but since this commutator is
pointwise multiplication we obtain for v € R"

£ (M, D)(0) = Za<§—Z<v>>.

=1

Then this norm tends to 0 as ¢t — oo.

Now we can state the map a we require to prove Bott periodicity.

Proposition 3.2.8. There exists a unique asymptotic morphism (up to equiv-

alence)
a: SRCH(V, Cliff(V)) -+ K(H(V))
defined by
ar(f®h) = f(t"'D)M,,,
fort > 1.

Proof. Firstly to prove this we consider «; defined from the algebraic tensor

product of SOCy(V, Cliff(V)) to K(H(V)) by,
a(fOh) = f(t™'D)My,.
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Then we have a linear map, which is asymptotically *-linear by Lemma 3.2.7
and universality of the tensor product gives an asymptotic morphism

a,(f@h) = f(t™'D)My,.
Also by Lemma 3.2.5, the image is contained in the compact operators. Hence
we have our required asymptotic morphism. O

Definition 3.2.9. On a finite dimension Euclidean real vector space we define
the Clifford operator C': Sch(V)) — H (V') by

(CH) = welf ),

where e; form an orthonormal basis for V', x; are the corresponding coordinates
in V. Here we use functional calculus to define the functions throughout the
summation.

Lemma 3.2.10. The composition of the Bott map and the multiplication oper-

ator given by

S Z ooV, cliff(vy)) 2 BH((V)),

15 defined by
[ f(O),
where C' s the Clifford operator and f € S.

Proof. Since the operator C is essentially self adjoint on the Hilbert space H (V)
we can form the operator f(C) in the bounded linear operators. Then

(MB())(9)(w) = My (9)(v) = B(f)(v)g(v) = F(C)(v)g(v) = F(C)g(v).
O

Now we need to prove that a and [ satisfy the requirements that their
induced maps give a, /3, is homotopic to 1 € K(R). In order to show this we
firstly need an equivalent morphism coming from composing o and § for which
we need a new operator.

Definition 3.2.11. We define an operator B: Sch(V') — Sch(V') by
n n R af
(BA) = Y werl ) + D a5 (w))
i=1 i=1 !
Call B the Bott operator and notice B = C + D.
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Definition 3.2.12. Define the number operator N: Cliff(V) — CLff(V') by

n
N = E é\ieiu
=1

where e;’s form an orthonormal basis for V.

We should note that the number operator is bounded and we can extend it
to an operator on ‘H (V') by composition with a map from V' to Cliff(V'). Also

note that N commutes with both C and D.

Proposition 3.2.13.
B*=C?+ D*+ N.

Proof. By orthogonality of the basis of V/,

~

n m

A ) =323

=1 3

ox;

1
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Then for i = 7,

fEﬁi@if(“) + eiei f(v) + @eiwia%f(v))

& 0 0

where the third line is established using the product rule and for i # j,

AN = 5 (e o) + B f0) )

i=1 j=1
So
YNIOESS zieitjm—f(v) + Gejuj5—f(v) | + Nf(v)
i=1 j=1 Ti i
= Nf(v),
since éje; = —éje;. So as required

B?=C?+ D?+ N.

O

The following two results have identical proofs to the results stated in [HG04]

so for proofs see Proposition 1.16 and Corollary 1.1 of that paper.

Proposition 3.2.14. For a finite dimensional real vector space V' of dimension
n, consider the operator B = C'+ D. Then there exists an orthonormal basis

in Sch(V') for H(V') consisting of the eigenvectors for B* such that
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1. the eigenvalues are nonnegative integers and each eigenvalue occurs with
finite multiplicity,

2. the eigenvalue 0 occurs only once and its corresponding eigenfunction is
1 2
e—sllvl?

]

Corollary 3.2.15. For a finite dimensional real vector space V. Then the Bott
operator B

1. is essentially self-adjoint,
2. has compact resolvent,

3. has one-dimensional kernel generated by the function e~2llvIl,

O
The following two results follow from a standard result of analysis.

Proposition 3.2.16. Let T be an unbounded self-adjoint operator. Then e T

15 bounded.
The following is proved similarly.
Proposition 3.2.17. For an unbounded self-adjoint operator T, Te T is bounded.

[l
The following follows from chapter 12 [CFKS87] and [HT92| page 114-115,
and it is stated in [HG04] as Proposition 1.6.

Proposition 3.2.18 (Mehler’s formula). For the Clifford operator C and the
Dirac operator D defined above we have the following identities for s > 0

—s(C?4+D?) —%S1CQ€—SQD2€—%3102 s(C?4-D?) —%31D2€—52026—551D2

e =e and e~ =e

with
cosh(2s) — 1 sinh(2s)
S1 = —————— ana Sq9 = —2 .

sinh(2s)

Then as in [HG04], Lemma 1.11, we have the asymptotic conditions:
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Lemma 3.2.19. For an unbounded operator X we have the following condi-
tions:

lim ||6_%51X2 - 6_%t72X2|| =0,
t—o0
lim [[e™2%2%" — 730X | = 0,
t—o00
and
lim ||t X e 25X —mlxem 2t Y| = o,
t—00
lim ||t_1Xe_%S2X2 — t_lXe_%t%XQH =0,
t—o0
where
cosh(2t72) — 1 sinh(2t~2)
$1 = and sy = ——=.
! sinh(2t=2) ? 2
[
For a proof of the following result, see Lemma 1.12 of [HGO04].
Lemma 3.2.20. Let f,g € Co(R), then
tim [[L£(671C), gt D) | = 0.
[

We can use the proof in [HG04] of Theorem 1.17 and the above statements
to obtain.

Proposition 3.2.21. For operators C' and D defined before,

e—rz’B2 ~asy e—t*2026—t*2D2‘
The following is similar. -
Proposition 3.2.22. For the operators C and D,
t~1Be t?B ~asy tHC + D)e‘tdCQe_rQDQ.
O
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Theorem 3.2.23. The composition of oy and [ given by :

§ 2~ SBS L SECH(V, CUfV)) = K(H(V),

is asymptotically equivalent to the asymptotic morphism ~y;: S --» K(H) defined
by
w(f) = f(t7'B),
forallt > 1.
Proof. Here we imitate the proof of Guentner and Higson in [HG04] with addi-

tional details. Since S is generated by v and v by Lemma 2.1.19 it suffices to
check that
a(id®B)(A(f)) ~asy 1),
for f =wu and f = .
For f = u,

a(id®f)(A(u) = afi

and
Ye(u) =ut'B) = et B,
and these are both asymptotically equivalent by Proposition 3.2.21.
For f = v,
a(id®B)(A(u)) = a(id®f)(uv + v&u)
a(u@B(v) + v&B(u))
a(u@v(C) + v&u(C))
~asy A(u®0(C)) + a(v®u(C))
= u(t™' D) My(c), +v(t™ D) Myc),
=ut "Dt 'C) + vt ' D)u(t'C)
_ e—t*2D2t—1ce—t*2C2 + z5—1De—t*2D2e—r202

=t C + D)e—t’202€—t*2D2’
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and -
() =v(t'B) =t'Be .
Then by Proposition 3.2.22 these are asymptotically equivalent. Hence the

composition of a and [ is asymptotically equivalent to ;. O]

Corollary 3.2.24. The composition o[y of the induced homomorphisms
Bi: K(K(H)) = K(Co(V, Cliff(V)))

and

a,: K(Co(V, CLff(V))) — K(K(H)),
18 the identity homomorphism.

Proof. By Theorem 3.2.23, the composition of a3, is equivalent to the asymp-
totic morphism ~y, given by v;(f) = f(t7'B). Since f is in S, each ~; is a *-
homomorphism and + is homotopic to the x-homomorphism mapping f to f(B).
Now it suffices to define a homotopy between v and the map 6: S — IC(H) de-
fined by 0(f) = f(0)p where p is a rank 1 projection (by Corollary 3.2.15) onto
the kernel of B.

Let f =w or f =v from Remark 2.1.17.

Consider an eigenvector w of u(B) or v(B) with non-zero eigenvalue, then

u(t"'B)w — 0 and v(t'B)w — 0

as s — 0.
Now if w € ker(B), then

u(t™'B)w =w and v(t'B)w =0

for all s.
Finally, for an eigenvector w of u(B) or v(B) respectively

0 ifw ¢ ker(B)

u(0)p(w) = {w if w € ker(B)

and v(0)p(w) = 0.
By Proposition 3.2.14 and Corollary 3.2.15, H (V') has a basis consisting of
eigenvectors of u(B) and v(B). Combining these, we have

1f(¢"B) = f(0)pl| — 0,

71



ast — 0 when f = u or f = v. Since u and v generate S, it follows that the
above holds for all f € §, and so we have a homotopy between v and 6 defined
by
fos f(s7'B) %f s € (0,1]
fOp  ifs=0,

where p is the projection onto the kernel of B. O

Now we check that the composition [,a, is asymptotically equivalent to
a0 and consequently prove that we get the identity in this case too.

Definition 3.2.25. Define the flip map
l: AQB — BRA,

by
1(a®b) = (_1)deg(a)deg(b)b®a’

foralla € Aand b € B.

Notice that [ is a *-isomorphism. For simplicity in the following statements
let C(V) = Co(V, Cliff(V)).

Lemma 3.2.26. Let K = K(H) for the following diagram. The diagram

SEC(V) —2W_ sgspe(v) 0L sak — 2 e(v)ak
ARide v !
SRSRC(V) ——=SRC(V)&C(V) SRC(V)RC(V) o= KRC(V),

ids®BRide(v) ids®l & ®ide(y)

asymptotically commutes.

Proof. Since S is generated by the elements u(z) = e~ and v(z) = ze ™ it

suffices to check that the diagram asymptotically commutes for » and v in S.
Let

2

fi = U(B®idk ) (ids@ay) (ARide(v))

and
91 = (,®idegyy) (ids®1) (ids®BSidey)) (ABide(y))
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For w and h € C(V),

fi(u®h) = 1(BRidk) ([ds@ay) (u@u®h)
= 1(BRidicm ) (u@u(t ' D) My,)
= l(u(C)@u(t™ D) My,)
:U( 1D)Mht®u(c)v
and
91(uBh) = (;®ide) (1ds®1) (ids@LRide ) (uBuh)

(
(at®1dc V) ) (ids®1) (u@u(C)Bh)
= (@,®idew)) (uDh&u(C))

= u(t™' D) M, &u(C).

Hence we have an asymptotic equivalence in the case when we take u. Now
consider v. We have,

fi(vBh) = 1(BBidic) (ids@ay) (u@v + v&u)Dh)
~asy L(B®idka)) (u@v(t ™ D) My, + v&@u(t ™ D) M,,)
= [(u(C)&v(t™ D) My, +v(C)@u(t™ D) Mp,)
= v(t7' D) My, @u(C) + u(t™' D) M, &v(C),

and
91 (vBR) = (a;®idey)) (1ds 1) (ids@BSidev) ) (uBv 4+ v&u)Bh)
= (®ideqyy) (ids®1) (u@v(C)2h + v@u(C)Dh)
= (®ide)) (uDh@v(C) + vRh@u(C))
~asy WD) My, @0(C) + v(t™E D) My, &u(C)
and again we have the diagram asymptotically commuting. O

A proof of the following can be found in [HKT98], Lemma 18.

Lemma 3.2.27. The flip map on C(V)RC(V) is homotopic by the graded -
homomorphisms to the map hi®hs — h1®ths, where v is the automorphism on
C(V) induced by the map e — —e in V.
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Corollary 3.2.28. There is an isomorphism:
K(R) = K(C(V))
induced by B: S — C(V).

Proof. 1t suffices to check that the f; in the proof of Lemma 3.2.26 induces
an isomorphism in K-theory since by Corollary 3.2.24 we have that a, is left
inverse to 5. It follows from the stability of K-theory that:

K(S®C(V)) &5 K(K(H)) = K(R).
So we need to show:

ABide(v) ,~ ~ ids@ar o o ®
TEUSBSEC(V) M- SBR(H) S e(vV)BK ()

SeC(V)
l
K(H)®C(V)

induces an isomorphism on K-theory. By Lemma 3.2.26, we have an asymptotic
equivalence which gives a homotopy equivalence. Further the composition in
the diagram above is asymptotically equivalent to

g1 = (®idev)) (ids®1) (ids@BRidev)) (ARidev))
which is homotopic by Lemma 3.2.27 to the composition
(r(ids®B)A) B
and hence by Theorem 3.2.23 is homotopic to Y®¢, and so maps
f&h s f(tT'B)Su(h).

and so induces an isomorphism in K-theory by the homotopy defined similarly
to that in the proof of Corollary 3.2.24

f(s*B)&u(h) if s € (0,1]

feh = {f(o)p@(h) if s — 0.
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Then the proof of Theorem 3.2.2 is complete.
Observe that when V' = R then

Co(V, Cliff(V)) = Cy(R, Cliff(R)) = Cy(R)RCIiff(R) = L&R, 5 = YR, .

Then we obtain

Corollary 3.2.29.
K(R) = K(XR®R; ).

Corollary 3.2.30. For any real graded C*-algebra,
K(A) = K(SA®R, ).

Then combining this with Theorem 1.14 in [HG04], we have
Theorem 3.2.31. For any graded C*-algebra over F =R or C,
Kr(A) & Kp(SARF, ),

where Ky denotes real or complex K -theory.

We finally obtain the isomorphism in E-theory.
Theorem 3.2.32. For any graded C*-algebra over F =R or C,
Ex(A, B) & Ep(A,XB&F, ),

and
Er(A, B) = Ep(XARF, o, B),

where By denotes real or complex E-theory.

Proof. The Bott map 8 : § — X, gives an invertible class, that we denote

by [8] € Er(F,XF&F; ). Also we have an invertible class

[8®ida] € Er(FRA, SFRF; ¢®A) = Er(A, LARF ).

Denote this class by [84] and similarly set [3g] for the class [$®idp]. Then

these classes are invertible.
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By the E-theory product we have a group homomorphism
f: Ep(A, B) — Ep(A, SBRF )

defined by
f(x) =z x [Bp]
for all x € Eg(A, B) which is invertible with inverse defined by
FHy) =y = [Bs]™

for all y € Er(A, SBRF ).
Similarly we define

g: Fe(A, B) = Ex(ZARF, o, B)

by
g(x) = [Ba] ™ x a
for all z € Eg(A, B), and this has inverse defined by

97" () = [Ba] x v,

for all y € EF(EA@FLO, B). Then the result follows.
]

Corollary 3.2.33. Let A and B be real graded C*-algebra. Then we have
natural isomorphisms
n ~ n+8
EJ(A, B) = Eg+ (A, B).

Proof.

Ey(A, B) = Ej (A, ¥ (BER, 0®R; 0®R; ¢@R1 0&R; 0®R; ¢8Ry 0@ Ry o))
= L (4, Y¥(B®R,4)) by Proposition 2.1.10,
= E}'(A, X°B) by Proposition 2.2.30,

~ Er+8(A, B)

where the first equality follows from Corollary 2.2.19. O
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Chapter 4

Quasi-topological spaces and
quasi-orthogonal sequences

In this chapter we generalise the notion of orthogonal spectra to quasi-topological
spaces. In order to do this, we have to define the notion of a quasi-continuous
group action and further prove we have a symmetric monoidal structure on the
category of quasi-orthogonal sequences which we also define.

4.1 Quasi-topological spaces

The suspension and loop space of a quasi-topological space X are defined sim-
ilarly to the case of topological spaces by

YiopX = ST A X,
and
QX = {u: S' = X | p is quasi-continuous and basepoint preserving}

and we consider the circle S! with the quasi-topology that comes from the
standard topology on R2. That is, our quasi-continuous maps are the continuous
maps from every compact Hausdorff space to S! in that topology. Now we check
that X, and {2 are adjoints in the category where objects are quasi-topological
spaces and arrows are quasi-continuous maps. In order to do this, we consider
an abstract result and obtain it as a corollary.
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Proposition 4.1.1. Let X,Y and Z be quasi-topological spaces. Then
F(XAY,Z) and F(X,F(Y, Z)),
are quasi-homeomorphic.

Proof. We define a: F(X ANY,Z) — F(X,F(Y,Z)) by

((a(f)(@))(y) = flzAy),

where f € F(XAY,Z), x € X and y € Y. Then « is quasi-continuous since f
is quasi-continuous.
Define g: F(X,F(Y,Z)) - F(X ANY,Z) by

(B(g)(x Ay) = (9(x))(y),

where g € F(X,F(Y,Z)), x € X and y € Y. So § is quasi-continous since ¢ is
quasi-continuous.
Finally o and S are inverses, so we obtain a quasi-homeomorphism. O

Corollary 4.1.2. ¥,,, and 0 are adjoints in the category of quasi-topological
spaces. That s

F(S1,X,Y) and F(X,QY)

are quasi-homeomorphic.

Proof. This follows from Proposition 4.1.1 since

F(ZipX,Y) = F(X ASLY),
and
F(X,QY) = F(X,F(S.Y)).
O

Let A, B be C*-algebras. Further by work of Dardalat-Meyer [DM12] we can
define a quasi topology on Asy(A, B), the set of asymptotic morphisms from A
to B. We define the set of quasi-continuous maps from a compact Hausdorff
space Y to Asy(A, B) to be the Asy(A, C(Y, B)), mentioned in [DM12]. That
is, more precisely we have
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Definition 4.1.3. For a compact Hausdorff space Y, amap h: Y — Asy(4, B)
is quasi-continuous when for each ¢t € [1,00) the map hi(a): Y — B defined by

hi(a)(y) = h(y)i(a),
is continuous.
Now we check that this is a quasi-topology.

Proposition 4.1.4. The set of asymptotic morphisms from A to B, Asy(A, B),
1S a quasi-topological space when equipped with the above quasi-topology.

Proof. We must check the axioms. Let ¢: Y — Asy(A, B) be constant. Then
fory e Y, c¢(y) = fi: A --» B for a fixed f. Then we need to show that ¢ is
quasi-continuous. That is to show for each map ¢, the map ¢;(a): Y — B is
continuous. Then we define this map for a € A,y € Y by

a(a)(y) = cly)i(a) = fi(a),

which is continuous as a function of Y and hence c¢ is continuous.

Now let f:Y; — Y5 be a map of compact Hausdorff spaces and let g: Yo —
Asy(A, B) be quasi-continuous. Then we want to show that gf: Y] — Asy(A, B)
is quasi-continuous. That is, we need to show that ﬁt(a): Y, — B is con-
tinuous. Now f is continuous and since g is quasi-continuous, we have each
gi(a): Yo — B is continuous and

gi(a)(y) = g(y)i(a).

Now,

9f(a)(y) = Gi(a) f(y),

which is continuous in Y so is ;ft(a) is continuous, yielding that ¢f is quasi-
continuous.

Let Y =Y, 1Y, of compact Hausdorff spaces. Then we need to show that
g: Y — Asy(A, B) is quasi-continuous if and only if gy, is quasi-continuous for
i =1,2. Suppose g: Y — Asy(A, B) is quasi-continuous. Then map g;(a): Y —
B defined by

ge(a)(y) = 9(y)i(a),
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is continuous. Now by properties of continuous functions we know that the
restriction of a continuous function is continuous. Suppose that g|y, is quasi-
continuous, then (gly,),(a): Y; — B is continuous. Then by properties of con-
tinuous functions we know that if the restrictions are continuous then the map
of the disjoint uniion will be continuous.

Finally, we need to check for every surjective map f:Y; — Y5 of com-
pact Hausdorff spaces that g: Yo — Asy(A, B) is quasi-continuous if gf: Y; —
Asy(A, B) is quasi-continuous. Then for a particular map f and by the above
argument

9f(@)(y) = Gula)f (y).
is continuous. Let f:Y; — Y5 be the identity, then
gf (@) y) = G(a) fy) = Gula),

and hence g;(a) is continuous and the result follows. So we do indeed have a
quasi-topology on Asy(A, B) defined as above. O]

For a quasi-topological space X, let X, denote the space with a basepoint.

Proposition 4.1.5. The quasi-topological spaces QAsy(A, B) and Asy(A, ¥.B)
are quasi-homeomorphic.

Proof. By the definition of a quasi-topology, we know that
QAsy(A, B): = Q(S", Asy(A, B))..
Then by the definition 4.1.3, we have that
Q(Y, Asy(A, B))+ = Asy(A,C(Y, B)+),
and then that

QAsy(A, B) = Q(S", Asy(A, B))+
= Asy(A,C(S', B),
= Asy(A, XB).

The above results hold in the case of graded asymptotic morphisms.
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4.2 Group actions

The following definition makes sense since a topological group can be viewed as
a quasi-topological group.

Definition 4.2.1. Let G be a topological group acting on a quasi-topological
space X. Then the group action is called quasi-continuous if the map G x X —
X is quasi-continuous. If this is the case we say that the set X is a quasi
G-space.

Definition 4.2.2. A map f: X — Y of quasi G-spaces is a quasi G-map if it
is G-equivariant. That is, for all g € G, we have

flgz) = g(f(2)).
Now we consider basepoint preserving group actions.

Proposition 4.2.3. Let G and H be groups. Let X be a quasi G-space, Y a
quasi H-space where the group actions preserve the basepoints of both X and
Y. Then there are basepoint preserving action of G X H on X XY, X VY and
XAY.

Proof. Assume the actions are left actions, as the proofs work the same for right
actions.

We can define (G x H) x (X xY) = (X xY) by (g,h)(z,y) — (9, hy)
then this is a quasi G x H-action which preserves the basepoint since G and H
are quasi actions and preserve the basepoint.

Now define (G x H) x (XVY) = (X VY) by (g,h)(zVy) — (gx V hy) and
the result follows.

Finally, define (G x H) x (X AY) = (X AY) by (g,h)(x Ay) — (gz A hy),
and once again the result follows. O

We now need the notion of a balanced smash product.

Definition 4.2.4. Let X be a right quasi G-space and Y a left quasi G-space,
then we can from the balanced smash product X Ng Y, which is the quotient
space X AY/ ~g where

(g Ay) ~e (@A gly) & (Ay) ~c (zg A g 'y),

for all g € G.
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Let the equivalence class of x Ay be denoted by  Agy. Now using these we
can construct a left quasi G-space.

Let G be a topological group and H a subgroup. Then let X be a based left
quasi H-space where G acts by preserving the basepoint. Let G, = G II {x},
then we can construct the right quasi G-space denoted Gy Ay X using the above
equivalence classes. Additionally we can actually define a left quasi G-action
on this space by the following map:

(f,g A \gx)— fgAyx,

for all f € G.

To prove this is well-defined action it is a formality of using the fact that H
is a subgroup of G.

Let X and Y be based quasi G-spaces. Then let Q¢ (X,Y’) denote the set
of basepoint preserving quasi G-maps. Then we have the following result:

Proposition 4.2.5. Let H be a subgroup of a group G. Let X be a left quast
H-space and Y a left quasi G-space. There there is a natural bijection

Qu(X,Y) +— Qc(G+ Ay X,Y).

Proof. We define a: Qu(X,Y) = Qa(Gy Ay X,Y). Let f € Qu(X,Y) and
gAgr € Gy Ag X, then we define

a(f)(g Auz) =gf(z),

and we then need to check that « is well-defined and also G-equivariant. Since
(9 Ag x) ~ (gh Ag h™'x), then

a(f)(gh Ag h'z) = ghf(h 'z) = ghh ' f(z)  since f is a quasi H-map
= 9f(x) = a(f)(g Au ).

Then «(f) is G-equivariant since

a(f)dgAux)=4ggf(x) =g (gf(x)) =g a(f)gAu ),

for all ¢’ € G.
Now define 8: Qc(G+ Ap X,Y) = Qu(X,Y). Let k € Qa(G4+ Ay X,Y),
r € X, then
Bk)(x) = k(e Au x),
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where e denotes the identity in G. Then [ is H-equivariant since

B(k)(hx) = k(e Ag hx)
= k(h™'h Ay hx)
= k(h Ag x) by equivalence relations
= hk(e Ag x) as k is a H-map
= hi(k)z.
Then is is clear that « and S are inverse maps, and both are natural in X and
Y, so the result follows. m

4.3 Quasi-Orthogonal sequences

Let & be the category of finite dimensional real Euclidean inner product spaces
and linear isometric isomorphisms where we have objects to be the set

obj(0)={R" | n=0,1,...}
and morphisms are

O(n), fA=B=R"

0, otherwise.

o14.B) - {

It should be noted that this is a small category since the collection of objects
is a set.

Let 7 denote the category of quasi-topological spaces with basepoints and
quasi-continuous maps. So obj(.7) is the collection of quasi-topological spaces
with basepoints and the morphisms .7 (X, Y') are the set of basepoint preserving
quasi-continuous maps from X to Y.

Then we can obtain the product category 7 x 7 where obj(.7 x 7)) are
pairs (X,Y) of quasi-topological spaces with basepoints, and morphisms are

(T x T)NXY)Z,W) ={(f,9) | f e T(X,Z), g T, W)}

Proposition 4.3.1. The smash product \: T x F — T of quasi-topological
spaces is a functor.

]
The following definition of a quasi-orthogonal sequence is going to form part
of the definition of a orthogonal quasi-spectrum.
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Definition 4.3.2. Let & and 7 be the categories defined above. Then we
define the category of quasi orthogonal sequences formed as the functor category
T ¢ with objects

obj(.77) = {functors X: 0 — .7 | X,, .= X(R")},

together with a left quasi-continuous basepoint preserving action of O(n) on
each X, for all n > 0, and morphisms

T7%(X,Y)={p: X =Y | ¢is a natural transformation},

and such that a natural transformation is formed of sets of quasi-continuous
basepoint preserving maps ¢, : X,, — Y,, that are O(n)-equivariant for n > 0,
or equivalently that the map ¢, commutes with the group action of O(n) on
X,, and Y,,.

A useful example of such a functor category will be the unit sequence coming
from the orthogonal sequence defined below. Consider a based topological space
K, then define the orthogonal sequence with n-space:

On)+ NK, ifn=p
{x}, otherwise

(GPK)TL = {

Then the unit sequence is when we just have the topological space S°, given by
the sequence

G()SO = {SO, *, 0k, L. }

We also consider quasi-biorthogonal sequences since they will help us in
defining our smash product structure.

The category of quasi-biorthogonal sequences is defined to be the category
with objects

obj(77*) ={X: 0 x 0 — 7 | X is a functor X,,,, := X(R™ R™")},

together with a quasi-continuous basepoint preserving left-action of O(m) x

O(n), and
T7(X,Y) ={¢: X = Y | ¥ is a natural transformation},

formed of sets of quasi-continuous basepoint preserving maps U, ,: Xmn —
Y, n that are O(m) x O(n)-equivariant for all m,n > 0.

Using this we can define the external smash product of two quasi-orthogonal
sequence X and Y.
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Definition 4.3.3. Define the external smash product XAY to be the quasi-
biorthogonal sequence given by the composition

Ox0>XL 7375 7,

defined by

(XAY ) = (XAY)(R™,R") = X(R™) AY(R") = X,, \ Y,,.
Then by Proposition 4.2.3, the quasi-topological space X, A'Y,, has a quasi-
O(n) x O(m)-action.

For a general quasi-orthogonal sequence X we can define a quasi-biorthogonal
sequence X o & by:

(X 0®)n = (X 0®)(R™R") = X(R™™) = X,pin-

Now we can construct the tensor product of quasi-orthogonal sequences since
the category 7 is complete and cocomplete.

Definition 4.3.4. For quasi orthogonal sequence X and Y we define the tensor
product of X and Y to be the quasi-orthogonal sequence

(X@Y)a= \ O Aogxowm Xp A Yo,

p+q=n
where we define the O(n)-action on (X ®Y),, by acting on each wedge summand.

Then we can combine the external smash product and tensor product of
quasi-orthogonal sequences as a natural bijection:

Proposition 4.3.5. For quasi-orthogonal sequences X,Y and Z, there is a
natural bijection

TOXNY, Zod®) +— TIXQY,Z).

Proof. Let f: XAY — Z o @ be a natural transformation in the category of
quasi-biorthogonal sequences. Then f, ,: X, \Y, = Zo@® is quasi O(p) x O(q)-
equivariant and then by proposition 4.2.5, this corresponds to a quasi O(n)-
equivariant map, with n =p + ¢

fpat ON)+ Nowyxow) Xp N Yy = Zn.

)
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Now fixing n and letting p and ¢ vary, this allows us to obtain a quasi O(n)-
equivariant map

\/ O XO(q)X /\Y — Ln,

pt+gq=n

which is a quasi-continuous basepoint preserving O(n)-equivariant map in .7
from X ®Y to Z.

Now we construct a map the other way. Let g € .77(X ® Y,Z). Then g
is a wedge summand of basepoint preserving quasi-continuous O(n)-equivariant
maps

\/ O /\Op)XO )Xp/\qu—>Zn,

ptg=n

for all n > 0. Also, we can write that g, = \/p+q:n Gp.q, Where
9pat On)+ Nowyxote) Xp N Yy = Zn,

and by proposition 4.2.5, we obtain a basepoint preserving quasi-continuous
O(p) x O(q)-equivariant map as required. ]

Proposition 4.3.6. The tensor product is associative, that is for quasi-orthogonal
sequence X,Y and Z,

XYe2)2(XeY)® Z.
Proof.

(X® (Y ®2))
= \/ O(n)+ Nogyxoq) Xp N (Y ® Z),

ptq=n

-\ om AO(pXo@XA(\/O Ao<rxo>YrAZs>
p+g=n q=r+s

= \/ O /\O (p)xO(r+s) X A (O(r + 5)+ /\O(T‘)XO(S) }/7" A Zs)
pt+r+s=n
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and

(X®Y)® Z)
- \/ O(n ox0(s) (X ®Y), A Zg
qg+s=n
= \/ O(n)+ NO(q)xO(s) < \/ O p)xO(r) X /\Y) N Zg
q+s=n p+r=q
= \/ O(n)+ Nowrxos) (O + 1)+ Nogyxom) Xp AYr) A Zs.
p+r+s=n

Then we want to show that the map
axyz: XY RZ) - (XQY)® Z,

is an isomorphism. To do this we define two maps and prove they are inverses
as follows:

O(n)+ Nowyxow+s) Xp A (O +5)+ Nogyxos) Ye N Zs)

|

O(TL>+ /\O(p+r)><0(s) (O(p + T)+ /\O(p)XO(r) Xp A Y;') A Zs

ANow)x0@r+s) TN (B Aowyxos) Y A 2)

s

L, 0
A(é’ B) /\O(p+r)><0(s) (Ip—i-r /\O(p)XO(r) x A y) A 2

where A € O(n), B€ O(r+s),x € X,,y € Y;, 2z € Z; and I denotes the k x k
identity matrix. Then define

O(n)+ Nog+rxos) (O + 1)+ Nogyxom Xp NYr) A Zg

|

O(n)+ No@yxow+s) Xp A (O +5)+ Nogyxos) Ye N Zs)
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ANowirxo@s) (C Nowxow T NY) Az

Js

C 0
A<O T ) /\O(p)XO(r+s) TN ([rJrs /\O('I‘)XO(S) ) A\ Z)

where A € O(n), C € O(p+7r), v € X,, y € Y,, 2 € Z,. Since the smash
product is a functor both f and ¢ are quasi-continuous. Now we check that
both f and ¢ are well-defined. By the equivalence relations we have

ANo@yxotr+s) TN (B Nowyxos) Y A 2)

I, 0
~ A (op B) o x0G+s) TN (Ires Nowxo(s) Y A 2)

and then

I, 0
f (A 63 B> ANo@)x0@+s) T A (Lrts Nowyxogs) Y N z))

I, 0 I 0

(5’ B) (5’ ]HS) Now+1)x0(s) (Ip+r No)xow) T AY) Az
I, 0

(63 B) NO(p+r)x O(s) ([p+r No@p)xo(r) T N y) Nz

(A Now)xowrts) T A (B Aowyxos) Y A 2))

and you can prove that g is well-defined similarly. Using this, it is clear that f
and g are inverses. For completeness, we show that ¢f is the identity.

9f(ANowyxowr+s) T A (B Nomxows) Y A z)

I, 0
=9 (A <(f B) Norx0(s) (Iptr No@xow) T AY) A Z)

I, 0 I, O
= A(é’ B) ( pg [s) NO@)xO(r+s)T N (Ir+s Nor)xo(s) Y N Z)

0 B
~ A No@p)xO(r+s) T N (B No@yxo(s) Y N 2)

I, 0O
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and so we have the identity in this case.
Now we need to extend our definitions of f and g to the wedge summand.
As f and g hold for all p +r + s = n we define

\/p+7"+5:n O(n)—i— Npx (7+s) Xp A (O(T‘ + 3)+ NoF)x0(s) Y. A Zs)

an jcn

Vitrismn Q)+ Aprnyxs (O + 1)+ Nowyxom Xp AYr) A Z

(where O(p) x O(r + s) is denoted by p x (r+s) and O(p+1) x O(s) is denoted
by (p+7r) xs) by

F, = \/ fn and G, = \/ n,

ptr+s=n p+r+s=n

and then we have that the map ax y, z is an quasi-isomorphism, since our maps
F, and G, are O(n)-equivariant, quasi-continuous, basepoint preserving and
inverses. O

Lemma 4.3.7. Let W, XY and Z be quasi-orthogonal sequences. Then the
following diagram commutes:

WeX)o((Y®Z)

WXl o) (WeX)oY)® Z

idw®ax,y,z aw,x,y®idz

We((XeY)®2)— W (X®Y))®Z

AW, XQY,Z

0 I,
P = ([m O>

be the matrix that when applied to a vector in R™*" swaps the first m-entries
with the last n-entries. Then note that P, , is a matrix in O(m + n) since
ngan,n = PmmPgm = Lin. Also notice that Pg}n =Py

Let
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Additionally define conjugation by P,,,, on a real (n+m) X (n+ m)-matrix
by

conj,, ,(A) = Pm,nAPn;}n = PpnAP, .

Then it is easy to see that conj,, ,(AB) = conj,, ,(A)conj,, ,(B).

Proposition 4.3.8. Let X and Y be quasi-orthogonal sequences. Then we have
a quasi-isomorphism

LX,yZX@)Y—)Y@X,

where Lxy 1s the set of basepoint preserving quasi-homeomorphisms which are
O(n)-equivariant, l, =\, ,—, tpq With

tpg: O(n)+ Nowyxow) Xp N Yy = O(n) 4 Nowyxom) Yq A Xy,

defined by

Lp.a(A Nomxo(g) T NY) = congy, ,(A) Nogyxom) Y N T,

for all A€ O(n), x € X, and y € Y,.

Furthermore Lx y satisfies the following commutative diagram

XY
de& /

Proof. We first need to show that each ¢, , is well-defined and has an inverse.

For A € O(n), B € O(p), C € O(q), v € X, and y € Y, we have

B
ANowyxog TNY ~ A(o C) No(p)xo(q) Bx N Cy,
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and since

B 0
Lp, (A(O C) p)xO0(q) Bz A C’y)
. B 0
= conj,, (A(O C’)) No(g)xow) Cy N\ Bx

) . B 0
= COH‘]I),q(A)COIl‘]p,q ((0 C)) NO(q)xO(p) Cy A Bx

. C 0
= conj,, (A(O B)) No(g)xo@w) Cy N\ Bx

~ Conjp,q(A) /\O(Q)XO(P) ynz
= lpg (A No(p)x0(g) T N y)

lpq is well-defined. Now ¢} = 1, and these are clearly inverses. They are
also quasi-continuous since the smash product is a functor. Now for n = p + ¢
we let [, = \/p +q=n lp.g and then by taking the set of all basepoint preserving
O(n)-equivariant quasi-homeomorphisms [,, we obtain the quasi-isomorphism

LX’yZX(X)Y—)Y@X.

Now the diagram commutes since for all fixed n = p + g and A, x and y as
above:

Laplp.a(A Nomxo(g) T AN Y) = tgp(conj, ,(A) Ao@xow) ¥ A T)
= Conjq,p(conjp,q(A)) /\O(p)XO(q) TN Yy
= A Nop)xo(q) TNy = ldxgy

Proposition 4.3.9. The following diagrams commute for all quasi-orthogonal

91



sequences X, Y and Z.

XoY)®Z 22 70 (X oY)

X®((Y®2) ZoX)®Y
idx®Ly.z Lz x®idy

X®(ZeY) 22 (X9 Z)eY

and

Xo(Y o)X vernex |,
ax,y,z ayly x

(X®Y)®Z Y®(Z®X)
Lx y®idy idy® Ly, x

—1
Ay x,z

YoX)Z—=Y®(X®2)

Now recall that G(S° is the unit quasi-orthogonal sequence where
(GoS%), = (S°, %, %,...).
For a quasi-orthogonal sequence X, we want to define maps
GoS’® X — X and X ® GoS° — X,

such that these are quasi-isomorphisms.
Let n = p+q. Then for A € O(n),z € X, and w € (GS°),,we have an
element A Aog)xo() £ Aw in X @ GoS°, we define 7, 4: (X ® GoS°),, = X,, by

xr ifg=0
r (AN rTANw) =
pa(A Now)x0(g) ) { r, otherwise

where x,, is the basepoint of the quasi-topological space X,,.
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Now we can also define g, ,: (GoS° ® X),, — X,, to be r,, 0 ¢4, Then

Tpg © Lgp(A NO(g)xO(p) W N\ )
= rp,q(conjq’p(A) No@p)x0(q) TN W)

_Jx ifg=0
T, otherwise
Now we can formulate the maps we require. We know that

O(n)4 Non)x0(0) Xn N S0 =~ O(n)4 Nowm) Xn — X,

we obtain a map

Tp,o- (X & G()So)n — Xn,

and similarly a map

lo7qi (G()SO X X)n — Xn;

which are both quasi-homeomorphisms. Then we can vary p and ¢ to obtain
pPx: X@G()SO —>X,

and
VX G()SO x X —>X,

where we see that yx = px o Lg,s0 x.

Proposition 4.3.10. The maps p and ~yv are the right unitor and the left unitor
respectively in the category of quasi-orthogonal sequences wih natural transfor-
mations. That is, p and v are natural isomorphisms for all quasi-orthogonal
sequences X, and also for all quasi-orthogonal sequences the following diagram
commautes

®x,GoS0,Y

X ®(GyS*®Y)

(X ®GpS")®Y

idX@’YGOS()@Y pX®GOSO®idY

X®Y
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Proposition 4.3.11. The left and right unitor maps are compatible, in the
sense that for all quasi-orthogonal sequence X the following diagram commutes

LX,GOSO

X ® GoS°

GoS'® X

]

Proposition 4.3.12. The category of quasi-orthogonal sequences forms a sym-
metric monoidal category (T, ®,GoS%) with associator axy .z, left unitor vx,
right unitor px and braiding Lx y .

The proof of this follows from Proposition 4.3.6, Lemma 4.3.7, Proposi-
tion 4.3.8, Proposition 4.3.9, Proposition 4.3.10 and Proposition 4.3.11.

Let S = (S°,51,5%...) be the orthogonal sequence defined in terms of quasi-
topological spaces.

Proposition 4.3.13. The orthogonal sequence of quasi-topological spaces S =
(89,8152 ...) is a commutative monoid in the symmetric monoidal category

(77,®,GoS°).
Proof. The map s,,: S? A S7— SPT is associative since the diagram

idsp/\sq,r

SPASTNST—= SP A ST
sp,indsr\ |8p,q+r
gpta A Qr _PTeT _ gptatr
commutes. By Proposition 4.3.5, s, ,: SP A S9 — SPT9 is equivalent to a map
p: S®S — S,

and so is associative since s, , is associative.

Now we have a map 7,: (GoS?), — SP defined to be the basepoint preserving
map such that G¢S° — S is the unit quasi-homeomorphism. Then diagram
(2) from Definition 1.7.2 commutes. It follows that we obtain a morphism

GoS? — S
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and the diagram also commutes in this case.
Now we check that S is commutative. That is, the diagram

Ls s

S®S : S®S

Let A Aogyxo(q) © Ay be an element in O(p + q) Aop)xog) ST A S? then by
definitions from the previous chapter yields

11(ls,s(A Nowyxowg) © A y)) = p(conj, ,(A)(y A z))
Az Ny)
#A Nop)xog) & NY)-
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Chapter 5

E-theory orthogonal
quasi-spectra

This chapter brings together ideas from the previous chapter, since we will
define the notion of an orthogonal quasi-spectrum which is a quasi-orthogonal
sequence with added structure. We will show that we have an orthogonal quasi-
spectrum representing the graded E-theory groups and thereafter show we have
a smash product.

5.1 Quasi-Spectra

We begin by defining concepts we have seen before in terms of quasi-topological
spaces.

A quasi-spectrum is a sequence of based quasi-topological spaces Xj, X1, ...
with structure maps e: X,, — QX,,.1 that are quasi-continuous. An Q-quasi-
spectrum is a quasi-spectrum where for all natural numbers m the structure
maps €: X,, — X, are weak equivalences. Then we can define an orthogo-
nal quasi-spectrum:

Definition 5.1.1. An orthogonal quasi-spectrum is
e a sequence of based quasi-topological spaces Xg, X1, ...

e a basepoint preserving quasi-continuous left action of O(m) on each X,,
for all m, and
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e a collection of based structure maps o = 0,,: X,, A S' — X, that are
quasi-continuous,

such that for each m,n > 0, the iterated map
0" Xn AS" = Xt AS™ = = X,
is quasi-continuous and O(m) x O(n)-equivariant.

In the same manner, we have that a morphism of orthogonal quasi-spectrum
f: X — Y isa collection of quasi-O(m)-equivariant maps f,,: X,, — Y, for all
m, which satisfy the following commutative diagram:

FAid
X, AST ISy A St

fm+1
Xm+1 Ym+17

or alternatively that the following diagram commutes:

Im

X, Y,
OXpir I QY

It is easily seen that any orthogonal spectrum is an orthogonal quasi-spectrum.
By Corollary 4.1.2, the structure maps in the definition of quasi-spectrum can
be defined in terms of loop spaces. Notice that an orthogonal quasi-spectrum
is a quasi-orthogonal sequence with more structure.

Proposition 5.1.2. The category of right S-modules, mod-S is naturally equiv-
alent to the category of orthogonal quasi-spectrum.

Proof. Consider the multiplication map v: X ® S — S for a right S-module X.
Then by Proposition 4.3.5 we have a set of O(m) x O(n)-equivariant maps

Uyt Xop AS™ = Xonan,

for m,n > 0 with unit quasi-homeomorphism v,. Now this action is associative
so it follows that the structure maps are then defined by v,,.
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Conversely, consider the set of structure maps
o, Xp ANSP = Xy,

for a spectrum X and p,n > 0, with unit quasi-homeomorphism 02 . Then we
have a multiplicative map v: X ® S — X defining a right S-module. Since
these constructions are inverses, we have a natural equivalence of these two
categories. O

Hence we can obtain a tensor product of orthogonal quasi-spectrum since
we have a tensor product in the category of right S-modules.

Definition 5.1.3. Let X be an orthogonal quasi-spectrum with spaces X,,. For
each integer k € Z we define the k-th stable homotopy group mi(X) to be the
direct limit

Wk(X) = hgﬂ-k—i—any

under the maps €,: T, X,y — Trint1Xny1 induced from the structure maps
€ Qk+an N Qk+n+1Xn+1.

5.2 Graded E-theory Spectra

Let Asy,(A, B) denote the set of graded asymptotic morphisms from A to B
with the quasi-topology as defined in Definition 4.1.3.

Proposition 5.2.1. The map of quasi-topological spaces
[ Asy, (A, B) — Asyg(D@)A, D&B)
defined by
f(.l?t) = idD@.fIft,

is quasi-continuous for all x, € Asy,(A, B).

Proof. Since gradings follow immediately, we consider ungraded asymptotic
morphisms throughout the proof. To prove a map of quasi-topological spaces
is quasi-continuous, wwe need to check that for a quasi-continuous map g :
Y — Asy(A, B) where Y is a compact Hausdorff space, that the composition
fg: Y — Asy(D®A, D®B) is quasi-continuous. Suppose g : Y — Asy(A, B)
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where Y is a compact Hausdorff space is quasi-continuous. Then by defini-
tion 4.1.3 we know that g is quasi-continuous when for each ¢ € [1,00) the map
gi(a): Y — B defined by

gi(a)(y) = g(y)i(a)
is continuous. Then we define fg: Y — Asy(D®A, DRB) by for each t € [1, 00)
Fg(y))(a) = idp@g(y)i(a) = idp®gi(a)(y)

but since ¢ is quasi-continuous and that

Flg))(a) = Fg(a)(y),

it follows from the definition of quasi-topology on the set of asymptotic mor-
phisms that fg is quasi-continuous. O

Definition 5.2.2. Let K = K(H). Define X(A, B) to be the sequence of based
quasi-topological spaces

X, = Asy, (SRARK, BRF,, ,®K)
where m > 0. Define maps ¢,,: X,, = QX,,41:

Asy, (SBABK, BEF,, (2K) — QAsy, (SBABK, BEF,,11,2K)

(a7

Asy, (SBABK, £(BEF 110)EK)

by:
e(xy) = (b®idB®Fm,o®K) © (ids@xt) © <A®idA®K)>

for all x; € Asyg(S@)A@IC, B®F,, ¢®K) and the Bott map b € Hom, (S, XF ).
Alternatively, we also have a map o,,: X,, A S' — X,,,41 defined by

O (1, 8) = €m(@)(s),
with 2, € Asy, (SRARK(H), BRF,,0@K(H)) and s € 5.

Definition 5.2.3. We define a quasi-continuous action of the group O(m) on
the space X,, as follows. First we consider the alternative definition of F,, o as
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Cliff(V) which we saw in chapter 3. Recall that for V' an m-dimensional Eu-
clidean vector space, Cliff(V) = G(V')/ ~ where G(V') is the algebra generated
by V subject to the equivalence relation ~ defined by

vi=lll* 1

for all v € V. We write ab for the product of two elements a,b € CIiff(V').

If V"= R™, then we have a natural group action (H,v) — Hv where H €
O(m),veV.

Then we can define a group action of O(m) on G(V') by

H(vy...vg) = H(vy)...H(v,) and H(1) =1
for all H € O(m). Then this gives a group action of O(m) on ClLiff(V') since

H(v*) = H(v)H(v) = (H(v))?
= [|H@)||*-1 = ||v|| - 1 since H is orthogonal.

So then we get a group action
A O(m) X Fm,O — Fm’o,
by
MNH, (e1,€9,...em)) = H(er)H(ez) ... H(en),

where H € O(m), ey, ea, ... e, are the generators of the algebra F,, o. Then we
define
At O(m) x BRF,, \QK(H) — BRIF,, QK (H)

by
A (H, b@x&p) = bON(H, 2)Qp

with H € O(m), b€ B, x € F,,, o and p € IC(H). Then we finally define a group
action of O(m) on X,,

At O(m) x Asy, (SRARDK(H), BRF,, 0@K(H))

— Asy, (SBABK(H), BEF,,0&K(H)),

by
A (H, o) () = A(H, ay (),

where we have «o; € Asyg(S@)A@/C(H), B&F,, 0®K(H)), © € SRARK(H) and
H € O(m). Then it follows that this action is O(m)-equivariant.
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The following is true by Proposition 5.2.1.

Proposition 5.2.4. The action in the previous definition is a basepoint pre-
serving quasi-continuous action of O(m) on X,,.

]

Proposition 5.2.5. The map €,,: X,, — QX141 1S quasi-continuous and hence
the map op: X A SY — X1 is quasi-continuous.

Proof. Since both

are x-homomorphisms, these two maps are continuous. So it suffices to check
the map (ids®w,) is quasi-continuous since the a composition of continuous and
quasi-continuous maps yields a quasi-continuous map. By proposition 5.2.1,
with D = S it follows that the map (ids®x;) is quasi-continuous. Hence the
map €, is quasi-continuous. Since o, is defined in terms of ¢, it is also quasi-
continuous. [

We define the iterated map o)), : X,, A S™ = X,,,1,, by
op (e, 51,52, ... 8n) = €' (x1)(51)(82) - . (Sn),

where 2, € Asy, (SRARK(H), BEF,,0®K(H)) and s1, s, . .. s, is contained in
SUASTALLUASE

Proposition 5.2.6. The iterated map o) : X, N S™ — X,y defined above
quasi-continuous and O(m) x O(n)-equivariant.

Proof. By other results it suffices to check that the map is O(m) x O(n)-
equivariant.

Firstly it is clear that X, A S™ and X,,;, are quasi O(m) x O(n)-spaces.
Let i: O(m) x O(n) — O(m + n) be the inclusion map.

Now O(m + n) acts on Asyg(SQAbA@)IC(H), B&F 40 0RK(H)) by

J(Qit) = (1dB®J®1dIC(H)) O Tt

for all J € O(m +n) and x,: SRASK(H) — BRF 4, 0RK(H). Here J acts of
Frino as defined earlier.
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Then O(m) x O(n) acts on Asyg(8®A<§>K(’H), B&F,, o@K(H)) A S™ by,
(H, K) (x4, 5) = (([dp®H®idxmy) © 7, K5),

for all H € O(m), K € O(n), z; € Asy,(SRARK(H), BRF,,,®K(H)) and
s € S™. Then we need to show that for o = o) : X,, A S™ = X, 1n, that

o((H, K)(x1,5)) = i(H, K)o (z1, ),

that is,
o((Hzy, Ks) = i(H, K)o(xy, s).

That is to show, by definition of ¢ that,

e(Hzy)(Ks) =i(H, K)e(x)(s).

Let b" = b®...®b be the n-fold graded tensor product of the Bott map,
b: § = XF;y. Then

" =b®...Qb: " — L"®F,,
we have b® ... ®b(\)(s) € F, for A € S” and s € S™. Then for K € O(n),
(b ... @) (V) (Ks) = K(b& ... Rb)(\)(s).
Then by permuting copies of ¥ and extending by linearity we have an action
of the orthogonal group.

Reconsidering
e(Hxy)(Ks) = i(H, K)e(x)(s),

the left hand side yields
e(Hzy)(K's) = (V"®idpgy,, srcm)) © (ds@Hze) o (ARid gz ) (K9)),
and the right hand side yields
i(H, K)e(z,)(s) = i(H, K)(b&®id pap, zicm) © ([ds@i) 0 (AR g5020))-
Then
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(Ha:t)(Ks) - ~

(0" ®idpag, oxen) © ([ds®Hz:) 0 (AR yz0))) (Ks)

H,1)((0"®id gz, oBK(H)) © o (ids®@;) o (ARId yzc(3)) (K 5))

H,1)i(1, K)(b"®id ggp, axp) © (ids@zi) 0 (ARid ygz50))(5)

H, K)(0"®idpgp,, axpn) © ([ds®z) o (ARid yzx))(5)
K)e(z)(s)

Then the result follows.

(
=
—
_—

(H,

= 1

]

The proof of the following result follows from the above propositions, namely
Proposition 5.2.4, Proposition 5.2.5 and Proposition 5.2.6.

Proposition 5.2.7. The spectrum X(A, B) is an orthogonal quasi-spectrum.
m

Proposition 5.2.8. If Gy, G1,Gs, ... is a sequence of groups with isomorphisms
0,.: Gy, = Gpyq forn >0, then

lim G, = Go.

Proof. We first need to construct a commutative diagram.

Gn+1

As 0, is an isomorphism for all n > 0, we have inverses, so §d = (6) ™' ... (0,_1)"*
and ¥ = (6p)7' ... (0,_1)"(0,)"" and hence the diagram commutes. Now we
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check that GGg is unique. Suppose we have a group H such that we have a group
homomorphism f: Gy — H which fits into the following diagram

an\

n GO ....... o H
y
H2

Then define f = ;67! so our diagram commutes. Suppose that we have an-
other group homomorphism ¢g: Gy — H fitting into the diagram. Then by
commutativity we have gd = 1, so g = 10! = f so f is unique. m

Proposition 5.2.9. The direct limit lim (A, Y BRI, o) is E,(A,XFB).

0
Gn—i—l

Proof. This result follows from Proposition 5.2.8 where

G, = E,(A, X" B&F, )
and using Proposition 2.2.18. [
Proposition 5.2.10. For all positive integers k,

m.X(A, B) = E,(A, %" B).
Proof. Since X is an orthogonal quasi-spectrum we have that

ﬂ'kX(A, B) = hgﬂ-k—f—nEn-

Then
ling .., X, = limg T " Asy  (SRARK(H), BRF, 0@K(H))

= lim moAsy, (SRABK (H), 5" BEF, 00K (H))
= I [SBARK(H), S BEF, o &K (H)],
= lim £, (A, S"" B&F,,0)

= E,(A,X*B) by Proposition 5.2.9.
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Proposition 5.2.11. The orthogonal quasi-spectrum X(A, B) is an -quasi-
spectrum.

Proof. We just need to check that the structure map e: E, — QF, ; is a weak
equivalence. That is the map 7y F,, — m2E, 1 is an isomorphism for all k.
Now this gives us the map:

Ey(A,X*(B&Fy0)) — By(A, B (B&F,110)),
which is an isomorphism for all k£ by Corollary 2.2.19. O]

Theorem 5.2.12. Let A, B and C be graded C*-algebras. Then there is a
natural map of orthogonal quasi-spectra

fimn: X(A, B) AX(B,C) — X(A, C),
defined by
(@ A B)i = (Brny®ids,, ) o (ids®az) o (ARid,zx),

where o € Asyg(S@)A@IC,B@IFm’O@lC) and B € Asyg(SQAbB@/C,C@)Fn,o@IC).
In addition the product is associative up to homotopy.

Proof. The product gives a natural O(m) x O(n)-equivariant map:

Asy,(SRABK, BRF,,0®K) A Asy,(SRBEK, CBF,,®K)
— Asyg (8®A®’C, C®Fm+n,0®’6>7

given by permuting the m, n and m + n copies of F ;.
Now compatibility with the structure maps follows from the naturality of
the structure maps and also since we have the following two diagrams:

Xon (A4, B) AXp (B, C) — 2~ X, (A, O)

eNid €

OX,i1(A, B) A X (B, C) 22 OX gt (4, C),
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and

Xon (A4, B) AXp (B, C) — = X, (A, O)

idAe €

XM<A7 B) A QXnJrl(B? C) s QXm+n+1 (A7 C)a

where id denote the obvious identities, and the €’s denote the required structure
maps. These diagrams commute since,

Pms1n(€ NId) (@A B)e = fimy1n(e(a) A B),

(ﬁr(t)®idm‘m+1,o) o (ids®e(v)) o (A®idA®K>
= (/Br(t)®idzﬂrm+170) © (idS@A?

[(b&id s, ) © (dsBar) 0 (ABidaz0)|) o (ABidzc)
= (idsr, ,®B,1)®idr,,,) 0 (WRidszpap,, ax) © (i[dszs®ar)

o (A®idggazxc) © (ARid 4z,) by tensor products,
= (W®idegr, ., ox) © (i[ds®Bp©id,, ) o (idgzs®ay)
o (A®idgzazxc) © (A®id 45,) by Lemma 2.2.5,

= (b®idC®Fm+n,o®K) o (ids®

[(ﬁr(t@idm,o) © (id3<§>at) © (A@df@mﬂ) © (A(/X\)idA@IC)
= ((B(n®idg,, ,) 0 (ids®a;) o (ARId 451))
= €(ttmn) (@ A B)s,
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and

Pomnt1(id Ag €)(a Ag B)e = i1 (e A €(B)):

= (e(B)rpy®idg,,,) o (ids®ay) o (ARid 45)
= [0Bidesr, yax) © (1dsBBry 0 (ABidgzc) | Bidr, )

o (ids®ay) o (A®Id 455
= (b@’idc@wmﬂ,o@n) © (ids@Br(t)(gilem,o) © (A®idB®Fm,o®K)

o (ids®ay) o (ABid 4z )
= (W®idegg, ., ax) © ([ds®B@ids,,,) © (idsgsDar)

o (A®idgzazx) © (A®id 45,) by Lemma 2.2.5,
= (W®ideg,,,, ax) © (ids®
[(Brny®idg,, ;) 0 (ids®ay) o (ARid 451)]) © (ABid 4zx)

= ((Brp®idp,,,) o (ids®ay) o (ABId 4zx))
= €(mn) (A B)t,

for all a A 5 € E,, (A, B) NE, (B, C).

Now we check that our product is associative up to homotopy.

Let a € Asyg(8®A<§lC,B®Fm,o®lC) and f € Asyg(S(@B@)/C,C@IFn,o@IC)
and v € Asyg(S®C®IC, D@Fpp@IC). Then take the homotopy classes of these
elements and we obtain E-theory groups, and we know that the F-theory prod-
uct is associative.

]
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Chapter 6

Connecting graded K and
E-theory spectra

This chapter connects together graded K-theory and E-theory spectra. In par-
ticular we form a smash product in terms of these two spectra and consequently
combine K-theory and K-homology in to a smash product.

6.1 A topology on graded x-homomorphisms

Let Homy(A, B) denote the set of graded *-homomorphisms from A to B. We
equip Hom, (A, B) with the compact open topology as detailed below.

Definition 6.1.1. A basis for a topology on a set A is a collection of subsets
A of A such that A is a union of sets from A and such that if A;, Ay are in A
then their intersection is a union of sets from A.

A subbasis is a collection of subsets B of A where the set A of all finite
intersections of sets in B is a basis.

Definition 6.1.2. Let A and B be graded C*-algebras. The compact open
topology on the set of graded x-homomorphisms from A to B, Hom,(A, B), is
generated by subsets of the following form,

B(K,U) = { € Hom,(A, B) | f(K) C U},

where K is compact in A and U is open in B. Here generated means that the
sets defined form a subbasis for the open sets when we think of a topology. This
then generates a basis for the topology.
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For simplicity of notation let Hom,(A, B) denote the space of graded -
homomorphisms from A to B equipped with the compact open topology. Denote
the loop space of this space by QHom, (A, B). Note that the basepoints for both
of these spaces is just the zero *-homomorphism, which will we denote by 0.

The compact open topology is the choice for our topology since it gives us
the correct path components for our loop space and it also allows us to have
continuity of particular maps as we will see soon.

Now let us consider the generators of the compact open topology on the
spaces 0Hom, (A, B) and Hom,(A, ¥B). Now we have a basis for Hom,(A, B),
so we just extend this for QHom,(A, B), and it is not to hard to see that a
basis for the loop space is the set generated by B(K', V') such that K’ C [0, 1]
compact and V' C Homgy(A, B) open.

Combining these, we obtain the following definition.

Definition 6.1.3. The compact open topology on QHom, (A, B) is generated by
sets of the form B(K', B(K,U)), where K C A compact, K’ C [0, 1] compact
and U C B open. The compact open topology on Hom,(A, ¥ B) is generated by
sets of the form B(K, B(K’,U)) where K C A compact, K’ C [0, 1] compact
and U C B open.

Before we check we have the continuity of maps in the following proof, it
is worth noting that it is sufficient to check that a map is continuous under
a topology by considering a subbasis. That is, to check a map of topological
spaces is continuous we just need to check that continuity holds at the level of
generating sets for a basis of a topology. For details, see [Sut75], Application
3.2.5.

Proposition 6.1.4. The spaces QHomy(A, B) and Homy,(A,¥XB) are homeo-
morphic.

Proof. We consider ungraded x-homomorphisms since the grading property is
immediate. Define f : QHom(A, B) — Hom(A,XB) as follows. Let u €
QHom(A, B) based at 0, then define

for all a € A and s € [0, 1].
Now define g : Hom(A, XB) — QHom(A, B) as follows. Let 7 € Hom(A, XB),
define



Both f and g are well defined since 4 and 7 are *-homomorphisms.

We need to show that f o g = id, and g o f = id where id stands for the
natural identities.

Let ¢ € Hom(A, XB), then for all a € A, s € [0, 1].

fa(e)(a)(s) = g(v)(s)(a) = p(a)(s).
Similarly, let ¢ € QHom(A, B), then for all a € A, s € [0, 1],
gf(W)(s)(a) = f(¥)(a)(s) = ¥(s)(a).

Then fog=1id and go f = id as required.
Now we check that f and g are continuous. By the above discussion, it
suffices to check that:

fB(K', B(K,U))] = B(K, B(K',U))

and
9~ '[B(K,B(K',U))] = B(K', B(K,U)),

for all K C A compact, K’ C [0, 1] compact and U C B open.
Lety € B(K, B(K',U)), then f~!(y) = {z | f(z) =y}. Nowlet z € f~'(y),
then we know
f(@)(s)(a) = z(a)(s) = y(s)(a),

so  must be contained in B(K’, B(K,U)), and similarly we can check the
converse, so f is continuous.
Similarly we can prove that g is continuous. O]

6.2 K-theory spectra

Now we can define the K-theory spectrum.

Definition 6.2.1. Let K = IC(#H). Define K(A) to be the sequence of based
topological spaces

K, = Hom, (SRFRK, ARF, (®K)
where m > 0. Define maps ¢,: K, — QK 1:

Hom, (SRFRL, AR, ¢@K) — QHom, (SRFRK, ARF, 1 ,®K)

[~=3

Hom, (S®ARK, L(ARF,,1,0)RK)
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by:
e(xy) = (b(/g\)idA@IFn,o@IC) © (id8®$t) © (A@idm,c),

for all x; € Asyg(S@\)A@IC, B&T, ¢®K) and the Bott map b € Hom,(S, XF, ).

We now give an alternative definition for the spectrum of graded K-theory
in terms of asymptotic morphisms.

Definition 6.2.2. Let K = IC(H). Define K'(A) to be the orthogonal quasi-
spectrum with the sequence of based quasi-topological spaces

K, = Asy,(SRFRK, ARF, ,®K)
where n > 0. The structure maps e: K], — QK] _;:

Asy, (SRFRK, ABF, ¢@K) —— QAsy, (SRFRK, ARF,,11,RK)

~

Asy ,(SRFRK, L(ABF,,110)®K)
are defined by:
e(xy) = (b®idA®Fn,o®K> © (idg@%) © (A@idF®K),
for all x; € Asyg(S®A®lC, BT, ¢®K) and the Bott map 3 € Hom, (S, XF; o).

We now notice that Definition 6.2.1 and Definition 6.2.2 are orthogonal and
orthogonal quasi-spectra for the same reason that 5.2.2 forms one and conse-
quently the following result comes from the stable homotopy groups coming
from these spectra.

Proposition 6.2.3. The map of spectrum f: K(A) — K'(A), defined by f(p) =
@ for all ¢ € K(A) is a weak equivalence.

Proof. Consider the map f": Homy(S, A) — Asy, (S, A) then this induces the
map f.: [S, A] — [S, A]. Now the map,

HOIIlg (87 A®Fn+1,0) — ASYg (87 A®Fn+l,0)7
induces an isomorphism at the level of 7y, and therefore the map

H0m9<87 A®F1,U) — ASYg(S7 AGBIFLO))
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induces an isomorphism at the level of m,. Therefore we have a weak equiv-
alence. Then we can also consider the map f above and the same applies,
since we obtain this map by tensoring with the suspension and the complex
numbers. O]

Corollary 6.2.4. The map of spectrum f: K(A) — K'(A) has a natural inverse
g: K' — K at the level of stable homotopy groups.

O

Theorem 6.2.5. Let A and B be C*-algebras. Then there is a natural map of
orthogonal quasi-spectra

V. K(A) AE(A, B) - K/(B),

defined by
(@A B)i = (B, ®idg,,,) o (ids®a) o (A®idF®K(H)>a

where a is contained in Homy(SRADK(H), BRF,, &K (H)) and 3 is contained
in Asy,(SRBRK(H), CRF, (@K (H)).

Proof. Since the composition of a *-homomorphism and an asymptotic mor-
phism is an asymptotic morphism it is clear that a A [ is an asymptotic mor-
phism and lies in the required spectra. O

By the above theorem and Corollary 6.2.4, we obtain
Corollary 6.2.6. There is a natural map of spectra
Umn: K(A) NE(A, B) — K(B),
with the above criteria.

[
Now we finalise this section by combining the graded K-theory spectrum
and K-homology spectrum noting that Kyom(A) = E(A,F).

Theorem 6.2.7. There is a canonical map
S: K(ARB) A Kpom(A) — K/(B)

112



of orthogonal quasi-spectra. The map S is natural in the variable B in the
obvious sense and natural in the variable A, in the sense that if we have a
x-homomorphism f: A — A’ then we have the following commutative diagram

K(ABB) A Kpom(A) ——K/(B)
idAf*

K(ARB) I Khom(A') KJB)

K(A'®B) A Kpom(A') —>=K'(B)

where f, and f* are defined by:

F(@)N) = (f@idpgg,, axmn) (@),

and

FH(B)(a) = B f®idsargy) (@),

with o € K(ARB), f € Kiom(A'), a € SRARK and A € SRFRK.

Proof. Writing Kpom(A) = E(A,F), we can extend the definition of S to a
composition of maps, in order to obtain the following diagram:

/

K(ABB) AE(A, F) —“%8 _ K(ABB) AE(ABB, B) — ™"~ K/(B)
i f*] H

K(A®B) AE(A",F) K'(B)
f*/\idl H

K(A®B) AR(A, F) Y82 K(ASB) NE(A' ® B, B)—""~ K/(B)

K(A®B) AE(A®B, B) — K'(B).
Then we have
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Vo (id A®p)(Id A f*) (A By)
= vin,n(id A @p)(aA f*(5))
o (QC A [ (B)®idp)
( (5t)®ld3®F o) © (i[ds®a) o (ABidgg )
= ([Br o (f®idgzipn)®idpap,, ) © ([ds®a) o (ARidgz k)
(Bt®1dB®IF 0) (f@’ids@B@Fm,o@lc(H)) o (ids®a) o (A®idF®K(H))

= (5t®1dB®F 0) (1d8®[(f®id3®wm o@K(H)) oalo (A®idF®K(H))
= (5t®1dB®JFm 0) (1d5®f*(0z)) (A®ld]F®IC )
= U (fu(@) A (B,Bidp))
V(1 A @) (fula) A B)
= v, ,(IdA®p)(fe Aid)(a A By).

Corollary 6.2.8. There is a canonical map
S: K(A® B) ANKpom(A) = K(B)

of orthogonal quasi-spectra. The map S is natural in the variable B in the
obvious sense and natural in the variable A, in the sense that if we have a
x-homomorphism f: A — A’ then we have the following commutative diagram

K(A ® B) A Kpom(A) —>~K(B)

ian f*T H

K(A® B) A Kpom(A') K(B)

f*Mdl H
(B)

K(A' @ B) A Kpom(4') —2~K(B
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Appendix A

Functional Calculus

Much of this appendix is taken from Section 1.5 of [Dix96] and Section 2.2
of [Mit00].

Functional Calculus is a necessity for us to define certain functions we use
throughout the Bott periodicity proof.

In this appendix we give an overview of functional calculus for complex,
bounded, unbounded, real and graded operators.

A.0.1 Complex bounded

Let A be a unital complex C*-algebra and x € A be normal, that is z*x = zx*.
Then we can think of the spectrum of the element x, o(z).

Theorem A.0.9. There exists a unique *-homomorphism
C(o(z)) = A,

written f — f(x) such that

and

if g € Clo(x)) and f € Cla(g(x))).
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A.0.2 TUnbounded

Let H be a complex Hilbert space and V' C H. Then consider the possibly
unbounded operator T: V — H.

Theorem A.0.10. There exists a unique map
C(o(T)) — { Unbounded operators on H},

written f — f(T) such that the map is linear, multiplicative, x-preserving,
satisfies

f(o(T)) = o(f(T)),

and f(g(z)) = (f o g)(z) if g € C(o(z)) and f € Clo(g(x))).
Additionally if f € C(o(T)) is bounded, then f(T) is bounded and

F ()| = sup{[Al | A € o(T)}.

A.0.3 Real

Let C(X) denote the set of continuous complex-valued functions. For the real
case we require a new set of functions defined by

Cr(X) = {f € C(X) | f(T) = f(a)}.
Call f € Cr(X) a Real® function.

Theorem A.0.11. Let A be a real unital C*-algebra and let x € A be normal.
There exists a unique x-homomorphism

Cr(o(x)) — A,
written f +— f(x) such that
f(o(T)) = o(f(T)),
and f(g(x)) = (f o g)(z) if g € Cr(o(x)) and f € Cr(o(g(x))).

'The capitalisation of R here is intentional.
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A.0.4 Graded

Let A be a unital graded complex C*-algebra and x € A be normal, that is
x*x = xa*. Then we have the following theorem.

Theorem A.0.12. There exists a unique x-homomorphism
Clo(x)) = A,
written f — f(x) such that
1. o(f(x)) = flo(x)),
2. flg(@)) = (fog)(x), if g € Clo(x)) and f € Clo(g(x))),
3. if x is odd then the x-homomorphism is graded,
4. if © is even, then for all f € C(o(x)), f(x) is even.
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Appendix B

K-theory

Much of this appendix is taken from [Bla98|, [RLL00] and [WO93]. In this Ap-
pendix we look at the notion of analytic K-theory, which is a sequence of covari-
ant functors, Ky, K1, ... K,, from the category where objects are C*-algebras
and arrows are x-homomorphisms to the category where objects are abelian
groups and arrows are group homomorphisms. We will see via Bott periodic-
ity that we only need to define Ky and K;, which we define in the first few
subsections. We will see how we can use Bott periodicity to get the other K-
theory groups and then see a relation between our two functors via the index
map. Then we also use the relation of E-theory and K-theory to view K-theory
differently.

Definition B.0.13. A semigroup is a set A with a binary operation o such that
ao(boc)=(aob)oc,
for all a, b, c € A. In particular, a semigroup is abelian if ab = ba, for all a,b € A.

We now give a description of the construction of the Grothendieck group.
We will need this later as the K group is defined using this group. Let (A, +) be
an abelian semigroup. Let ~ denote the equivalence relation on A x A defined
by (ay1,b1) ~ (ag,by) if there exists z € A such that a; + by + 2z = as + by + 2.
Then the Grothendieck group G(A) is defined by the quotient A x A/ ~, with
operation:

<CL1, b1> + <a2, bg) = <a1 + b17 as + bg),

where (a,b) denotes the equivalence class containing (a,b) in G(S). Define the
Grothendieck map for y € S by, v5s: S — G(S),z — (z +y, ).
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Definition B.0.14. Let A be a complex C*-algebra. A projection, p € A, is a
self-adjoint idempotent, that is to say p = p* = p?. Two projections are called
orthogonal when pg = 0.

We now talk about the equivalence of projections.
Definition B.0.15. Let p, ¢ be projections in a C*-algebra A. Then

e pis equivalent to q, written p ~ ¢, if p = v*v and ¢ = vv* for some partial
isometry v € A,

e pis unitarily equivalent to g, written p ~, g, if p = u*qu with u € A being
unitary;,

e p is homotopic to g, written p ~j, ¢, if p and ¢ are connected by a norm
continuous path of projections in A.

Definition B.0.16. Define the semigroup Py, (A), by

POO(A) = U Pn(A)a

where

By (A) = P(M,(A)).

Define a relation ~( on P, (A) for projections p € P,(A) and ¢ € F,,(A) by,
p ~o q if there is an element v € M, ,,(A) with p = v*v and ¢ = vv* . The
binary operation @ on Py (A) is defined by,

. p 0
@ = d ) - )
p @ q = diag(p, q) (0 q)

where p € P,(A),q € P,,(A).
Definition B.0.17. Define the semigroup D(A) of a C*-algebra A by,
D(A) = Pu(A)/ ~o -

Then for each p € Py (A) let [p|p € P(A) denote the equivalence class contain-
ing p. Then addition in P(A) is defined by,

[plp + [dlp = [p ® qlp.

120



Note that (P(A),+) is an abelian semigroup.
We firstly have to define the functor Ky for unital C*-algebras and then
extend it to the whole category of C*-algebras.

Definition B.0.18. Let A be a unital C*-algebra, and let (D(A),+) be the
semigroup defined in Definition B.0.17. Define Ky(A) to be the Grothendieck
group of D(A). That is, Ky = G(D(A)). Define [.]o: Ds(A) — Ko(A) by

[p]() = 7([p]D) € KO(A)7p € POO(A>7
where v: D(A) — Ko(A) is the Grothendieck map.
For a proof of the next result see [RLLOO0].

Proposition B.0.19. Let A be a unital C*-algebra. Then

Ko(A) ={[plo — lglo : p.q € Pxc(A)}
= {[plo = lglo : p, ¢ € Pu(A),n € N}.

Moreover,
e [p+qlo = [plo+ [qlo for all projections p,q € Py (A),
o [04]o =0, where 04 is the zero projection in A,
e if p,q € P,(A) for some n and p ~y, q € P,(A), then [plo = [qlo,

e if p,q are mutually orthogonal projections in P,(A), then

[p + qlo = [plo + [dlo,

o for all p,q € Px(A), [plo = [qlo if and only if p ~ q.

O

Before we move on to generalise our definition of Kj to all C*-algebras,

we state a univeral property of Ky. For a proof of the following result see
Proposition 3.1.8 in [RLLO0O].

Proposition B.0.20. Suppose A is a unital C*-algebra, G an abelian group,
and that v: P(A) — G is a map satisfying:

o v(p®q) =v(p)+v(q) for all projections p,q € Py (A),
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[ I/(OA) = 0,
e if p,q € P,(A) for somen and p ~, q € P,(A), then v(p) = v(q).

Then there is a unique group homomorphism «: Ko(A) — G such that the
following diagram commutes:

O
Now we extend our functor K to the whole of the category of C*-algebras
and state the properties that this functor has.

Definition B.0.21. Let A be a C*-algebra, not necessarily unital, and consider
the associated split exact sequence

0—>A—ts A" C—>0,

A

obtained by adjoining a unit to A. Define Ky(A) to be the kernel of the homo-

~

mophism Ky(7): Ko(A) = Ko(C).

Proposition B.0.22. Ky is a functor from the category where objects are C*-
algebras and arrows are x-homomorphisms to the category where objects are
abelian groups and arrows are group homomorphisms.

]

Proposition B.0.23. Let A and B be C*-algebras, and suppose that p,: A —
B are homotopic x-homomorphisms, then Ko(p) = Ko(¢).

m

Now we talk about the standard picture of Ky(A) in terms of the scalar

mapping. The Scalar mapping, s, is defined as the composition map of A and
7 in the following split exact sequence:

0—sA—teAdA™"C—s0,

A

obtained by adjoining a unit to A. Thatis s = onw: A — A.

122



Proposition B.0.24. For a C*-algebra A,

Ko(A) = {[plo — [s()]o : p € Pu(A)}.

Proposition B.0.25. For every short exact sequence of C*-algebras:

0A5BES oo,

induces an exact sequence

Ko(a) Ko(8)

Ko(A) Ko(B) —— Ko(C).

Proposition B.0.26. Fvery split exact sequence of C*-algebras:

0—=A—"+B ¢ —0,

Y

induces a split exact sequence of abelian groups

Ko(a) Ko—(ﬂl

Ko(v)

Proposition B.0.27. For every pair of C*-algebras A and B, we have

Ko(A@® B) = Ko(A) & Ko(B).

Some examples:
[ ] K()(C) - Z

o Ko(B(H)) = {0}, where B(H) is the set of bounded linear operators on
a Hilbert space H.
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The functor K; also goes from the category where objects are C*-algebras
and arrows are x-homomorphisms to the category where objects are abelian
groups and arrows are group homomorphisms just like Ky but instead of being
defined in terms of projections it is instead defined using unitaries.

Definition B.0.28. Let A be a unital C*-algebra, and let U(A) denote its
group of unitary elements. Set

Un(A) = UM, (A)), Uso(A) = | Un(4).
n=1
Define the binary operation @ on Uy (A) by,

u® v = diag(u,v) = (8 2) ,

where u € U,,(A),v € U (A).

Definition B.0.29. For each C*-algebra A define
K1(A) =Us(A)) ~,

where u ~ v for all u € U,,(A) and v € U,,(A), if there exists a natural number
k > maz{m,n} such that u & 1x_,, ~, v H Ly, in Up(A).

Proposition B.0.30. Let A be a C*-algebra. Then

Ki(A) = {[us : u € U (A)).

O
Note that K; has similar properties to Ky but we will not restate them.
The K-theory groups are periodic with period 2.

Theorem B.0.31. The Bott map fa: Ko(A) — Ki1(XA) is an isomorphism
for every C*-algebra A.

O
Then we can define for n > 2,

K1 (A) = K, (SA).
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Corollary B.0.32. For every complex C*-algebra A and every integer n > 0,
Knia(A) = Kn(A),

and for every real C*-algebra B and every integer n > 0,
Knis(B) = Kn(B),

[
Equivalently we can think of the K-theory groups in an alternative way by
using the relation with E-theory formulated by Guentner, Higson and Trout [GHT00].
Recall that [A, B] denotes the set of homotopy classes of (graded) *-homomorphisms
from A to B. Then we obtain the following definition from [HGO04]:

Theorem B.0.33. For a graded C*-algebra A,
K(A) =[S, ABK],
and when A is ungraded we have

K(A) = [9C,2A® K.
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