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Abstract

The subject of this document is the interaction between topological K-theory and Clif-
ford Algebras in the specific context of K-orientations. Both K-theory and Clifford
Algebras are very interesting topics by themselves. The former has been used, for in-
stance, to solve the problem of the maximum number of independent vector fields that
a sphere admits. More recently, topological K-theory has came up in the discussion
of topological order in solid state physics. On the other hand, Clifford Algebras are
deeply rooted in quantum mechanics through Dirac’s equation and the notion of spin.
However, what’s more astonishing about them is not their individual virtues, but the
fact that they are deeply connected. As we shall see, Atiyah-Bott-Shapiro’s construc-
tion establishes a powerful link between them, which we are going to explode to talk
about K-orientations.

This text is divided in three chapters. The first one discusses the basic definitions and
results related to Clifford Algebras. The twisted adjoint representation, the groups
Pin and Spin and their complex analogues are introduced. We carry on a complete
classification of a specific class of Clifford algebras, their irreducible representations
and their graded modules. Finally, we discuss the graded rings A, and A¢.

The second chapter is on vector bundles. We study them from the beginning, giving all
the basic definitions and describing ways to build new vector bundles from old ones.
Also, we give a survey of results which will be used later on.

The last chapter is on K-theory. Again, all the basic definitions and results are given.
Specifically, we show the existence of long exact sequences and Mayer-Vietoris se-
quences. We show how to construct classes in K-theory from exact sequences of vector

bundles and finally apply all of these results into the subject of K-orientations.






Chapter 1

Clifford Algebras and their
Representations

In this chapter, we study Clifford Algebras in detail. We start with the definition and
basic properties of these algebras and then we discuss the twisted adjoint representa-
tion which gives rise to the Pin and Spin subgroups. Next, we study the classification
and periodicity of Clifford algebras and the structure of their representations. We will

be following references [5] and [2].

1.1 Definitions and periodicity

1.1.1 Quadratic forms
Definition 1. A quadratic form q on R" is a function q : R™ — R of the form
q(v) =0T Av

for some symmetric matrix A € Mpx, (R).

Associated to any quadratic form there is a bi-linear one ¢ (-, -) : R" x R® — R given by
q(v,w) = vl Aw

Since A is symmetric, g (v, w) is symmetric too. Also, ¢ (v,v) = ¢ (v). Moreover, g (v, w)

can be described as the polarization of ¢:

q(v,w) =5 (q(v+w)—q ) —q(w))

N |



4 Chapter 1. Clifford Algebras and their Representations

Indeed,

q(v,w) = [(v—l—w)TA(v—l—w) — vl Av — w? Aw
[UTAU + ol Aw + wh Av + wb Aw — T Av — wTAw]

[vTAw + wTAv] = o7 Aw

NI RN RN

Two vectors v, w € R™ are called g-orthogonal if ¢ (v, w) = 0. Now, it is a well known
fact from Linear Algebra that, since A is symmetric, it can be diagonalized. In other
words, there exists a basis 8 = {v;},_; _, for V such that v; and v; are g-orthogonal if
i .

We say ¢ is non-degenerate if there exists a g-orthogonal basis 3 = {v;},_; _, such that

q(v;) #0fori =1,...,n. From now on, we will always assume ¢ is non-degenerate.
v;

by ,
\/q @) " V()
in order to get a basis of g-orthogonal vectors for which ¢ (v;) is either 1 or —1. This

In that case, we can further replace v; whichever makes sense,
discussion shows that for all practical purposes, we can always assume A is diagonal

with entries 1 or —1. We call a basis like 5 a g-orthonormal basis.

1.1.2 Clifford Algebras

Definition 2. Inside the tensor algebra of V.= R", JV, let 1, be the two-sided ideal generated
by elements of the form v@v+1-q (v). The Clifford Algebra associated to V and q is the quotient
algebra

CL(V.q) = TV/I,

In a sense, Definition 2 reminds us of the definition of the exterior algebra. The differ-
ence is that for Clifford Algebras v-v = —¢ (v), whereas for the exterior algebra v-v = 0.
Although this difference changes the multiplicative structure, as the following theorem
shows, the vector space structure remains the same.

Theorem 1. The algebras C1(V,q) and \*V are canonically isomorphic as vector spaces.

Proof. Consider the map T from .7V to CI(V, q) given by

T @)= Z 1) %87 v, (qy e Vo (k) (1.1)
’ o€Sk
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First of all, T factors as .7V A v 5o (V,q) where A is the map from .7V to itself
defined by the equation

A ®@--- @) = Z dega Ug(1) @« @ Vg (k) (1.2)
ocESk

and 7 is just the canonical projection. Now, A% = A. Moreover, when we restrict A to
the k-th tensor power of V, 7%V, the image of A| ;+,, is isomorphic to the k-th exterior
product of V, /\k V. In fact, if ¢ denotes this isomorphism, the diagram

gty DA AFv
A\ Vi
Im(A)

where 74 is just the restriction of the canonical projection from 7V to A* V. So, we
can think of T as factoring through 7V ™% \*V 2% C1(V, q).

Let us show that 7o is injective. Suppose 6 € A* V is in the kernel. Since the projection
T4 is surjective, § = w4 (©) for some © € T%V. Then © is in the kernel of T o i o1y =
m o A. By definition of C1 (V, q) we must have

0)=> a;® (v ®v; +q(vi)) ® Bi (1.3)
icl
for some finite set of indexes I, some tensors «;, 3; € .7V which we can consider pure
and some vectors v; € V. Let J be the subset of I consisting of those indexes j for which
deg aj + deg 3; is maximal. Clearly the forms of higher degree in A (©) are precisely
> jes @ ®v; ®v; @ Bj. Let’s call that degree n. Now, from 1.3 it follows that

A2©) = A (Z a; @ (v; Qv +q (v;)) ® ﬁi)
i€l
= ZA(%®U¢®U@'®5¢)+Zq(v¢)A(ai®ﬁi)
el iel
= Y aw)Aai®p)

icl
since evidently A (o; ® v; ® v; ® B;) = 0. But A% = 4, so
A2(0)=A0)=> a;® (v;®v; +q(v)) @ B;
il

Which can be truth only if ) 0, ; a; ® v; ® v; ® B; = 0. These terms must vanish degree
by degree, so in particular we must have } . ; o ® v; ® v; ® B; = 0. So, A (©) must be
made of form of degree lesser than n.

Our hypothesisis A (©) € I, so that it is in the kernel of 7. But ) _;.; i ®v; ®v; ® 3; = 0
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50 > ;1 q(vi) o ® fB;, which is made of forms of degree lesser than n, must belong to

I,. Then, we must have

D qi)ai®Bi =Y 6 ® (0 @b +q (i) ® B;

el iEi

for some new [ , Oy, BZ and v;. We can now repeat the same argument to conclude that
A (©) is of degree lesser than n — 1. If we keep repeating this process we conclude that
A(©) =60 =0. Thus, 7 o is injective.

Now, let us show that 7 o 7 is surjective. Notice two things. First, 74 restricted to the
copy of V inside .7V is just the identity, so the injectivity of 7 o 7 means that we have a
copy of V inside C1 (V, ¢). Second, this copy actually generates Cl (V, ¢). Indeed, every
element ¢ € .7V can be written as

¢= Z’Um V2@ QVin,
i€l
and 7 is surjective and a homomorphism of algebras so for every element p € Cl(V, q)
there exists a ¢ such that ¢ = 7 (¢). So we must have

¥ = E Vi1 - V2 Vi,

icl
where - denotes multiplication in C1 (V, q).

The discussion on the preceding paragraph shows that any sub-algebra of C1 (V, ¢) that
contains the copy of V inside C1 (V, ¢) must be the entire Cl (V, ¢). But the image under
moiof A"V is one such sub-algebra. We conclude that 7 o i is onto. ]

Usually, when we have a construction like the one in Definition 2, there is an associ-
ated universal property. In the proof of Theorem 1, we mentioned that there is a copy
of V inside C (V, ), so it makes sense to talk about extending maps from V to CI (V, q).

Proposition 1. Let A be a unital algebra over R and let f be a linear map from f : V. — A
such that

f)-fv)=-1-q(v)

Then there exists a unique algebra homomorphism f: ol (V,q) — A such that f v o I
Moreover, C1(V, q) is the unique algebra with that property.

Proof. Since f is a linear map from V' into an algebra, it extends in a unique way to an
homomorphism of algebras f : 7V — A. Clearly, I, is in the kernel of this map, so f
induces a map f:cl (V,q) — A.
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As we mentioned in the proof of Theorem 1, every element ¢ € CI (V, ¢) must be of the

p= E Vi1t V2 Vi,

el

form

where - denotes multiplication in C1 (V, q). Hence, if f is any homomorphism of alge-
bras from C1 (V, q) into A, we must have

f(@) — f (va Vg vm>

i€l
_ Z]E(Uhl Vig - le)
el
= > fwia) fuig) - f (vin)
el
= Zf (vi1) - f (vig) -+~ - f (vzynz)
el

which shows f is completely determined by f and so must be unique.

That C1 (V, q) is the unique algebra with this property follows from the traditional ar-
guments. O

Corollary 1. Let T : V' — V be a linear map such that q (T (v)) = q (v) for all v € V. Then,
T extends uniquely to an algebra homomorphism T : C1(V, q) — C1(V, q).

Proof. Ifi : V — CI(V, q) denotes the inclusion of V into C1 (V, q), then i o T is a linear
map from V into C1 (V, q). Also,

(10T (v) - (10T (1) =v-v=—q(v)

so by Proposition 1, i o T’ extends uniquely to a map 7" : C1(V, q) — CIL(V, q). O

Corollary 2. Let T, S : V. — V be two linear maps that preserve the quadratic form. By
Corollary 1, T o S extends to T 0S:Cl (V,q) — CL(V,q). We have T 09 ="To0S5.

Proof. The map T o S is an algebra homomorphism from C1(V, q) into itself that re-
stricts to 7" o V' on the copy of V in C1(V, q), so by the uniqueness of the extension in
Proposition 1, the result follows. O

Remark 1. We mentioned at the end of the previous section that we can choose a basis § =
{ei}1<i<n for V made of q-orthonormal vectors. For that basis the following identity holds:

€€ + €5 € = —257;jq (61)
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Indeed, it is obvious for i = j and for i # j

0 = q(ei,ej) =q(eit+ej) —qle) —qlej)
= —(ei—i-ej)-(ei+ej)+ei-ei+e]~-ej
= —€ € —€j-€ —€ - € —€j-e+e-e+e-e;

= —ei-ej—ej-ei

Graded Structure Consider the map o : V' — V that consists of multiplying by —1.
Since ¢ (—v) = ¢ (v), it preserves the quadratic form, so by Corollary 1 it extends to an
automorphism & : C1 (V, q) — C1(V,q). Now, o? = Idy. By Corollary 2, &% = Ldcyv,g)-
So, @& is diagonalizable and has eigenvalues 1 and —1, with eigenspaces C1° (V, ¢) and
CI' (V, q) respectively. The map « induces a decomposition of Cl(V,q) as a vector
space:

CL(V,q) = CI°(V,q) ® CI* (V,q)

Additionally, since & is an algebra homomorphism, it easy to check that CI'(V,q) -
Cl (V,q) C CI'* (V,q) where the sum of the indexes is taken mod 2. Note further
that only C1° (V, q) is a sub-algebra. Also, CI° (V, q) can be though of as those elements
in C1(V,q) generated exclusively by sums of forms each of which is a product of an
even number of elements on V, whereas Ci' (V, q) is the same but for an odd number
of vectors. For that reason, C1° (V, q) is called the even part of Cl (V, q), while CI! (V, q)
is referred to as the odd part.

1.2 Representations and modules of Clifford Algebras

1.2.1 The twisted adjoint representation

Some of the most important concepts related to Clifford Algebras, such as the groups
Pin and Spin, have to do with the twisted adjoint representation, so let’s study it now.
Let C1* the group of invertible elements in C1 (V, q).

Definition 3. The twisted adjoint representation of C1* is the map Ad : C1* — End (C1(V, q))
given by the following rule: if o € C1* and § € CL(V,q), ffd¢ (0) = a (p) 0p~ L.

One initial remark is that for v,w € V, ¢ (v) # 0, we can give a more explicit formula

for Ad, (w). Indeed, since « (v) = —v for all v € V, we have
Ad (w) = —v-w- v = (4w W+w) —v-v—w-w—w- ] v
v o @)
2
- _[_QQ(U’w)_wU]L:—Mv_‘_w

—q (v) q(v)
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2

where ¢ (v, w) = (v + w) - (v + w) — v? — w? is the polarization of ¢g. From this formula,

we can say a couple of things. We put the first one as a Remark for future reference:
Remark 2. Ad, (w) is the reflection with respect to a plane g-orthogonal to v, multiplied by a
Minus sign.

Second, it’s clear that Ad, (V) C V. Moreover, the quadratic form is also preserved:

_ _[wQ_w,w(v.ww.m(w,wfvz]

q(v) q(v)
_ .2 (QCI(an))Q 2q (v, w) 2 2| _
IO +< q(v) > U] —aw)

Let us call P (V,q) the subgroup of elements ¢ € CI* (V, q) such that ffdv, (V) cVv.
Then Ad becomes a representation of P (V,q) into Aut (V). The previous calculation
shows vectors v € V such that ¢ (v) # 0 belong to P (V, q).

Later on, the fact stated in the next proposition about the twisted adjoint representa-
tion will turn out to be very important. Before discussing it, it should be mentioned
that R* C P(V,q). Indeed, for any » € R* and any v € V such that ¢ (v) # 0,
r=(rv) - =)

Proposition 2. The kernel of Ad : P (V,q) — Aut (V) is R,

Proof. Suppose ¢ € ker Ad. That means Ad¢ = Idy or in other words that a (¢) vo~! =

v for all v € V. Equivalently a (¢)v = vp. Now, as we discussed in the previous

section, ¢ can be written in a unique way as ¢ = g + ¢1, where p; € Cl* (V, q). Hence

alp) = alpo) +al(e1) =vo—¢1

that means

POV — Y1V = VYo + VY1
Equating the even and odd parts, we conclude pyv = vy and —p1v = vey.

As the closing remarks of the previous section showed, we can choose a basis § =
{€i},<;<, for V made of g-orthonormal vectors. In the proof of Proposition 1, we men-
tioned that every element of C (V, g), in particular ¢q and ¢, can be written as

- 0 .,0 0
Yo = E Vi1 Vig Uip,
iel

_ 1 1 1
Y1 = E Vi1 Vi Vip,
iel



10 Chapter 1. Clifford Algebras and their Representations

for some vf « € V. By further expanding each vector in terms of the basis 3, we can

rewrite

Yo = ap+tear

Y1 = ag+ear

where ag, a1, dp and a; are pure elements of Cl(V,¢) and e; doesn’t appear in any of
them. Notice that ag, ag must be even forms, whereas a1, @; must be odd, so in view
of Remark 1, ¢e; commutes with ag and ag but anti-commutes with a; and a;. Now, we

have pgv = vy, so if we take v = ey:

(ap+erar)er = e1(ap+eiar)
2
aper +eraie; = erap +ejal
2 _ 2
eljapg —ejar = ejqp+ejaq

We deduce a; = 0. That means e; doesn’t appear in ¢. We can repeat the same
process for ey, e3, etc, deducing every time that e; doesn’t appear in ¢y. So, we must
have ¢y € F. Using the same kind of argument, it also follows that ¢; € R. Hence,
¢ € R.Since p € Ad c P (V,q) € CI* (V,q), ¢ # 0,50 ¢ € R*. O

The subgroups Pin, Pin¢, Spin and Spin®.

On the tensor algebra of V, 7V, we can define an operation of transposition given by

b A% N TV
VIQUVIR - RUp — UVp@- - XU RV

This operation preserves .7, so it descends to C1 (V, ¢). Also, it is an anti-automorphism,
since clearly (a8)" = o’ for all a and 8 in C1(V, q).

Forany ¢ € Cl(V,q),let N (¢) = ¢-a (¢"). We have the following pair of results about
N:

Proposition 3. If o € P (V,q), N (¢) € R*.
Proof. Forany v € V a(p)vp~t € V, s0

[a(p)ve™] = a(p)ve™

On the other hand
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since it’s easy to see that o (0)f =« (gpt) and (90_1)t = (cpt) - Comparing both expres-

sions, we get

alp)op™ = (¢) va(e)
ola(p) vy a ((w‘l)t) =
a(a (got) go) vo ta ((np*l)t> = . (1.4)

Finally, if we knew «a (¢') ¢ € P (V,q), we could conclude the proof by noticing that
the left hand side of equation 1.4 is Ada(‘pt)so
is in the kernel of Ad and by Proposition 2, the result would follow. But this is easy to
check. First of all, ¢ € P (V, q). Indeed, forany v € V,

v. So, what 1.4 is telling us is that a (¢') ¢

o) (@) = al@v(e) = [eval@) =~ la(a(eT)ve)]
= - [a (ffdww)r.
But ¢! € P (V,q) because P (V,q) is a subgroup. Since both o and *! preserve the

- t
vector space, — [oz (Adg,-w)} € V. We conclude that ¢' € P (V, q). On the other hand,
forany 6 € P (V,q), a (0) € P (V, q) because

a(a@))va(@) ' =—a(a@)vo™) eV

In conclusion, ¢' € P (V,q) so o (¢') € P (V,q) and hence o (¢') ¢ € P (V, q). O

Proposition 4. N is an homomorphism of groups from P (V,q) to R*. Also, N (a (z)) =
N ().

Proof. Let6,p € P(V,q). Then
N (0p) = Opa ((Hcp)t) = fpa (goth) = Oy (cpt) o (Gt)

Now, by Proposition 3 pa (got) € R¥, so it commutes with every element of CI(V,q),
in particular with a (6"). So

N (6p) = b« (Gt) oo (got) =N(@)N (cpt) .

On the other hand,
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Proposition 5. Forall p € P(V,q)andv € V, ¢ </fd@v) = q (v). In other words, Ad maps
P (V,q)into O (V,q).

Proof. Notice that for every v € V, N (v) = a (v) v' = —vv' = ¢ (v), s0
q (ffdw;) =N (/fdw;) =N (a(yp) ’U(p_l) =N(a(p) N (90_1) N (v).

Since N (a(¢)) = N (¢), q (%fd@v) =N (v) = q(v). O

The group Pin (V,q) is defined as the kernel of N. The group Spin (V,q) is defined
as Pin (V,q) N CI°(V,q). Now, in Proposition 5 we proved that Ad sends P (V,¢) to
O (V,q). We might wonder how Ad looks like when restricted to Pin (V,q). The an-
swer is in the following Proposition.

Proposition 6. The following sequences are exact:

0 — {1,-1} > Pin(V,q) %0 (V,q) =0
0 — {1,—1} — Spin(V,q) 24 SO (V,q) = 0

Proof. First of all, let us show that Ad restricted to Pin (V, q) is surjective onto O (V, q).
Notice that every vector v € V with ¢ (v) = 1 belongs to Pin (V,q), since N (v) = ¢ (v)
forv € V. Asit was proved in Remark 2, for those elements Ad, is just a reflection with
respect to a g-orthogonal plane. A classical theorem due to Dieudonné and Cartan
(See Theorem 7.2.1 in [3]) states that O (V, ¢) is generated by such reflections, so the
result follows. Additionally, SO (V, ¢) must be the subgroup of O (V, ¢) generated by
an even number of such reflections, because each one of them has determinant —1. So

Ad restricted to Spin (V, q) is surjective onto SO (V, ).

The fact that the kernel of Ad is {1, —1} follows from Proposition 2. O

Let us consider now the complexified algebras C! (V, q) ® C. We can extend the defini-

tions of o and x‘:

alp®z) = a(p)®z
(p®2)! = ¢'®Z

Let’s call P (V, q) the subgroup of invertible elements ¢ in C! (V, ¢) ® C such that for ev-
eryv € V, a(p)vp~! € V. Then the entire discussion from Remark 2 up to Proposition
5 follows through changing C by R. We define Pin¢ as the kernel of N : P¢(V, ¢q) — C*
and Spin® C Pin as the pre-image under Ad of SO (V, q). Then the analogous of Propo-

sition 6 is:
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Proposition 7. The following sequences are exact:

0 — U(1) = Pin®(V,q) 8 0(V.q) =0
0 — U(1)— Spin(V,q) 24 SO (V,q) = 0

1.2.2 Clifford Modules
Classification of CI

As we shall see later on, it turns out that most applications of the concepts we’ve been
developing so far have to do with modules over Clifford Algebras, rather than with the
algebras themselves. That is the case for Bott periodicity and also for orientations in
K-theory. This may be partly because, as we will show in the following, we can give

an explicit description of the irreducible representations of these algebras.

Before we get to the main discussion, a couple of comments are in order. First, for

V =R"and r, s € Nsuch that r+s = n, we denote by ¢, ; the quadratic form associated

I?"Xr 0
0 _ISXS

and we refer to Cl (R", g, 5) as Cl, .

to the matrix

A second remark has to do with describing maps from C1 (V, q) to some other algebra.
According with Proposition 1, it suffices to define a linear map 7" from V into the al-
gebra in such a way that T'(v) - T' (v) = —q(v). It follows from Remark 1 that for a
g-orthogonal basis 8 = {e;},_; ,,, a necessary condition would then be

T ()T (ej) +T (e;) T (e;) = —26:5q (es)

since, as we saw in Remark 1, this condition follows from (e; + €;)-(e; + €;) = —q (e; + €;).
But it turns out this is also a sufficient condition. Indeed, for v = ) A;e;:

T ()T (v)

T <Z )\iei> T Z)\jei
i J

= Y NT(e)T(e) +2) T(e)T (ej)+ T (e)T (e:)
i i+

= —ZA?CJ (ei) = —q(v).

Finally, a word about tensor products. For the following discussion we will consider
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the tensor product of two Clifford Algebras Cl, s and Cl,, ,,, as an algebra, with multi-
plication given by
(01 @ B2) - (1 ® p2) = 1 - P1 @ Papa.

Having made this comments, we can get into the study of the algebras CI, s and its
representations, specially the cases Cl, 9. We will start by establishing isomorphims
between these algebras and classical matrix algebras, using an algorithm that is, in a

sense, recursive. The main idea of this algorithm is contained in the following Theorem.

Theorem 2. There exist the following algebra isomorphisms:
1. Clyg20 = Cly, ® Ca
2. Cloyp42 = Clro ® Clo
3. Clr+175+1 = Clr_s X Cll,l
Proof. We will show the first isomorphism only, the other two are completely analo-

gous. Let {e;},_; , be the standard basis for Clo,, {€;},_, , be the corresponding
basis for Cls o and {6;/}1:1,...,r the one for Cl, 2. Consider the map

i R™2 - Clo, ® Clay

. AN
” e;®er-eg 17T

1®e_, t=r+1,r+2
Fori,j < r,we have
P S +T(E) ) = (0 ) (686 d) + (0 ) (o)

= (ei-ej®e’1-e'2-e'1'e’2)+(ej-ei®e’1-e’2-e'1-e'2)

= *(ei'€j+€j'6i)®1:2(5¢j

The other cases are checked similarly. By the universal property, f induces a map
f:Cliyag — Cly, @ Cayp.

Let us show that f is onto. It’s easy to check that the set {ei ® e } _generates Cly, ®
Z?]
Cla . But, for ¢ < r, we have

>
—
>

f(ff;, ) €r+1) =

f(eé’ : €r+2) =

e;’) (er41) = (ei ®el - 6’2) . (1 ® e’l) = —€; Q¢
(e;’) f(6r+2) = (ei & 8,1 : 6/2) : (1 ® eé) = —¢® 6’1

>

which means that {ei ® e } _is in the image of f. Hence f must be onto.
z?]

By dimension count, f must be an isomorphism. O



Chapter 1. Clifford Algebras and their Representations 15

Corollary 3. We have the following algebra isomorphisms:
1. Cl,—H_g’[) = Clm() ® Cl&o

2. ClO,n+8 = Clo,n ® ClO,S
Proof. We have

Clptgo = Clonts @ Clag = Clygao® Clya ® Clag = Clypta @ Clag ® Clya @ Clag
Cln,o ® Clo,g ® Clg,o ® Clo,g ® Clg,o = Cln,o & Clg,o

I

And similar for the second one. O

Theorem 2 and Corollary 3 are almost everything we need to compute any Cl,, o or
Clo,y. First of all, it tells us that it suffices to study the first 8 ones, since the structure is
the same from then on. Moreover, Theorem 2 can be used repeatedly to express any of
these 8 Clifford Algebras as a tensor product of Cly o, Cly,1, Clag and Cly . All that's
left is for us to do is “calculating” these last five algebras and describing some rules to

compute tensor products. We have:

e Thealgebra Cl, o is generated by two elements, 1 and e. Moreover, e-e = —q (¢) =
—1. So 01170 = C.

e The algebra Cl5  has a basis with three elements: 1,7 = e, j = ez and k = ejes.
It's easy to verify that i> = j2 = k? = —1and ij = k, jk = i and ki = j. So,
Clao = H.

e The algebra Clj 2 has generators e; and e, for which the relation
eie; +eje; = 2(5@' (1-5)
holds. Let us define amap 7' : R? — M; (R) given by sending
1 0 0 1
er — €9 — .
(%) (1)

We can check directly that this definition preserves the relation 1.5, so it extends
toamap 7 : R — M, (R). Since

(1) (3 5)(0)(% )
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and the matrices

()

are a basis for Mj (R), T is an isomorphism. So Cly 2 = M> (R).

The case Cly, is slightly more complicated. On R?, we can define a multiplication
according to
(a,b) - (¢,d) = (ac, bd) .

We call R @ R the algebra that has R? as a vector space, endowed with this multipli-
cation. Now, let ' : R — R @ R the map that sends e, a unit element that gener-
ates R, to (1, —1). Since (1,—-1) - (1,—1) = (1,1), the unit of the algebra, T" extends to
T:Clpy — R®R. But (1,1) and (1, 1) are a basis for R @ R, so 7' is an isomorphism.
A completely analogous definition can be made for any other algebra instead of R.

Now that we’ve discussed the “irreducible” cases, we move on to the rules for calcu-
lating tensor products:

Theorem 3. For F = R, C, K, there exist the following real algebra isomorphisms.
1. M, (R) ®r My, (R) = My, (R)
2. M, (R) @ F = M, (F)
3. CaC=CerC
4. Cor H = M, (C)

Proof. We can reinterpret the first isomorphism in the form
hompg (R", R") ®g homg (R™,R™) = homg (R" @ R™,R" @ R™).

Let us prove this last statement. We have a bi-linear map T'P from homg (R", R") X
homp (R™,R"™) into homp (R” ® R™,R" @ R™) that takes a pair (7, .S) into the map T'®
S. Themap T'® S € homg (R” ® R™,R™ @ R™) is defined by the rule (T'® S) (v ® w) =
T (v)®S (w). Hence, TP induces a linear map 7 P from homp, (R™, R")®ghomg (R, R™)
into homp (R” ® R™,R™ @ R™). We can check that this maps preserves the multiplica-
tive structure of homg (R", R") ®g homg (R™,R™): given two pairs (7, S) and (Q, R),

for any v € R" and w € R, we have

(T,9) - (Q,R)](vew) = (TQ,SR)(vew)=TQ (v)® SR (w)
= (T'®9) Q) ® R(w))
= T®S)(Q®R)(vow).
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L » [1]2] 38 [ 4 | 5 [ 6 | 7 | 8 |
| Clop |[C|H |HOH | My(H) [ My(C) | Mg (R) | Mg (R) ® Mg (R) | Mis (R) |

TABLE 1.1: Cl,, o and Cly ,, expressed as matrix algebras.

Thus, TP is actually a map of algebras.

Let us show now that it is onto. If eq,...,e, and uq,...,u,, are basis for R" and R™
respectively, the set {e; ® u;},_, ., ,, isabasisfor R" @ R™. Fori k =1,....n,
j,l=1,...,mthemaps Tf]l :R"®@R™ — R" @ R™ defined by the rule le]l (ei/ ® uj/) =
d;.770; jrer, @ uy are a basis for hompg (R” @ R™, R™ @ R™). Let us call Rf the linear map
from R" into itself defined by Rf (es) = d; ses, and analogously the map Sj- belongs to
hompg (R™,R™). Clearly Tf]l =RF® Sj., SO le }l is in the image of T'P. This is enough to
show T'P is onto. By dimension count, it must be an isomorphism.

Let’s move on to the second isomorphism. We have a bi-linear mar from M, (R) x F

into M,, (F) given by sending the pair ((aij)i i k:) to the matrix (kag;), ;. It induces a

linear map from M,, (R) ®g F into M, (F) which clearly preserves the multiplicative

structure. Now, if 8 = {¢;} is a basis for F as a vector space over R, the matrices Af, =
(6k5¢/,¢5j',j)i jarea basis for M,, (F). But clearly A% ; is the image of <(5i’,i5j’7j)i i ® ek) )

So, the induced map is onto. By dimension count, it is an isomorphism.

The third isomorphism is given by the assignments

(1,0) —» -(1®1+i®9)

0,1) » -(1®1-i®i).

N =N =

For the fourth isomorphism, we can see C?asH. So, for z € C and h € H, we can
define a map from C2 into C2 by the rule v — zvh. This is C-linear, so it establishes a
bi-linear map from C x H to M (C).

For the fifth, we see R* as H and repeat the same process: given h, g € H, we can define
a map R? into itself by the rule v — hvg. This is R-linear, so it establishes a bi-linear
map from H x H to My (R). Basic linear algebra shows that these last three maps are
indeed isomorphisms. O

Example 1. Let us “calculate” Clg :

Clgp = Cl(),4 X Clz,o = Claog®Clpa ®Clyg =H® M, (R) ® H
My (R) @ M2 (R) = Mg (R)

I

Proceeding similarly, we get Table 1.1.
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([ T T 2 ]
[CL [ CoC | M |

TABLE 1.2: Complex Clifford algebras.

The Complexified Clifford Algebras Table 1.1 is essentially everything we wanted
for F = R. Let us now consider the case F = C. That is, let us consider Cl,, o ® C and
Cly,n ® C for some n, with some basis 8 = {ey,...,e,}. The second case corresponds
toq(e;)) = —1foralli =1,...,n. But then we could build a new basis B = {é1,...,én}
with é; = ie;. Since ¢ (é;) = — (¢ (e;)) = 1, we see that Cl,, o ® C and Clp,, ® C must be
isomorphic. We call the common algebra Cl,,.

Most of the arguments follow through:

Corollary 4. Cl,,12 = Cl,, ®r Cly

Proof. According to Theorem 2, Cl,, 120 = Cly,, ®r Clao. Taking tensor products with
C we get

Cloo®rC = Clyy QR C®r Cla o ®r C
Clpie = Cl, ®g Cls.

O

Notice that Corollary 4 plays the role of both Theorem 2 and Corollary 3: at the same
time it tells us how to compute higher dimensional complex Clifford Algebras and it
suggests that it suffices to consider Ci; and Cly. Using Proposition 1.1 and Theorem 3
we get Table 1.2.

Irreducible Modules For purposes that will become clear later on, we're interested
in the irreducible representations of Clifford Algebras. Let us say a couple of words
about representations before we get into the specific subject that interests us.

Definition 4. Let A be a real algebra. A representation of A is a map of algebras R from A into
the set of linear maps of some real vector space E into itself. We say E is an A -module.

Two representations R : A — homy (E, E), S : A — homp (E, E) are said to be equivalent

if there exists a linear isomorphism L between E and E such that for every ¢ € A and every
v EFE,
R[g](v) = L™ o S[g]o L(v).

This definition of equivalence defines an equivalence relation on the set of representations of A.
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[nl1]2] 3 [4[5[6] 7 [8]
| 1, |Z|Z2|2¢Z|Z|Z|Z|Z8Z|Z]

TABLE 1.3: Groups I,

[n[L1] 2 |
W ][Z]ZeZ)]

TABLE 1.4: Groups J,,

A representation R : A — homp (E, E) is said to be irreducible if there isn’t any subspace
Ey C E such that for every ¢ € A, R[p| (Ey) C Ep.

Roughly speaking, we want to know how many equivalence classes of irreducible rep-
resentations does an algebra Cl,, o have. We encode this information in the following

definition:

Definition 5. For every positive integer n, I,, is the free group generated by the equivalence
classes of irreducible representations of Cly, o. J, is the analogue for Cl,,.

The key fact to calculate the groups I,, and J,, is contained in the following theorem:

Theorem 4. Let F = R,C or H. Then M, (F) has a unique equivalence class of irreducible
representations, given by p, the natural representation over F". On the other hand, M, (F) @
M, (F) has two equivalence classes, associated topy (p1 & @2) = p (1) and pa (p1 & @2) =

p (p2).

Proof. See [4].

(I

Tables 1.3 and 1.4 follow directly from Theorem 4 and Tables 1.1 and 1.2.

The Groups A

Although we have achieved a characterization of Clifford Algebras and their represen-
tations, for reasons that will become clear later on, we are interested in a particular

class of representations: graded ones. This will be the subject of this subsection.

Definition 6. Let Vi and V be two real vector spaces with quadratic forms qi, ga. From
their Clifford Algebras C1(V1,q1) and Cl(Va,q2), we can build a third algebra called their
Twisted Tensor Product and denoted Cl(Vi,q1) ®CI (Va,q). The vector space is given by
Cl(Vi,q1) ® Cl(Va,q2). For pure forms ¢1,¢p2 € Cl(Vi,q1) and p1,p2 € Cl(Va, q2), we
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define their product as

(61 ® 91) - (2 ® p2) = (—1)%E? 169 ® P12

where deg ¢o = i if p2 € Cl* (V1, q1).

The importance of twisted tensor products lies in the next Proposition. Before we state
it, let us make a small remark. Keeping the notation of Definition 6, we can define a
quadratic form ¢; g2 on Vi & V5 simply by declaring V; and V5 to be ¢; & g2-orthogonal.
That is, for v; € V1, v5 € V5, we define

(1 @ g2) (01 + v2) = q1 (v1) ® g2 (v2)
Proposition 8. CI (V1 ® Va,q1 @© q2) = CL(V4,q1) @CI (Va, q2)
Proof. Consider the map

T: ieVy — C’l(Vl,q1)®Cl(V2,Q2)
v1 By — U1®1+1®U2.

We have

T (v @) -T(v1 ®v2) = (1®1+41Q0vs) - (v1®1 + 1&ws)
= v 1 + QU — V1RV + 1QVy - vy
= —q(v1) —q(v2) = — (@1 ® q2) (V1 D va).

That means 7" extends to a map T from Cl (Vi ® Va,q1 @ q2) to Cl(V1,q1) ®CI (Va, q2).
Let us show that it’s surjective. It’s easy to see that elements of the form v @v, generate
Cl(V1,q1) ®CI (Va, q2), so it suffices to show that they are in the algebra generated by
the image of T'. But that’s easy:

v1®V = (V1®1 + 1®0) - (10 + 1&vy) =T (v1 B 0) - T (0 B vy) .

O

Proposition 8 tells us that twisted tensor products are the correct way to build Clifford
algebras in higher dimensions using those in lower dimensions. In the following, we
will say a few words about how modules of higher dimensional Clifford Algebras in-
teract with modules of lower dimensional ones.

Definition 7. Let V' a vector space with a quadratic form q. A graded module of Cl1(V,q)
is a Cl(V,q)-module E that admits a vector space decomposition E = E° & E' such that if
peCl'(V,q)andv € EI, o -v € B mod2
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[k [1[2]3] 4 [5]6[7] 8 |
(M, [2 22202 Z]|Z]2][Z2&Z]

TABLE 1.5: Groups M

[ k[ 1 [2]
[N: [Z0Z] 7]

TABLE 1.6: Groups Nj,

We would like to give a classification of graded modules similar to the one developed in
the last section. The key fact in this process is described in the following Propositions:
Proposition 9. There is a one-to-one correspondence between graded modules of C1(V,q) and
ungraded modules of C1° (V, q).

Proof. Let E be an ungraded CI°(V,q)-module. Then E = CI(V,q) X, Eis a
graded C!(V, g)-module with Ey = E and Ey = CI' (V,q) x¢p(vq) E. On the other
hand, if F = Fy @ F} is a graded module, Fj is an ungraded C1° (V, q¢)-module. The
assignments E +— E and F — Fj are inverses. ]

Proposition 10. Cl,, = CI),, |
Proof. Let 8 = {e1,ea,...,er15+1} be the canonical basis of R"*$1. Then
B={e1,€9, - Eri1s - serisi1}
(the hat denotes omission of that vector) is a basis for R"**. Consider the map
FOR SO,
defined on B by the rule f (e;) = e;q1e;fori=1,...,7+s+1,i# r+ 1. Then,

f (61) f (ej) + f (ej) f (61) = €r41€i€r41€; + €r4+1€;€r41€;

= —TEr41€6r41€6i€5 — €r1€6r41€5€; = €€5 + €56

so there is an extension f : Cl,, — C1°,, .. The map f sends basis to basis, so it is an
isomorphism. O

Let M}, denote the free group generated by the irreducible graded modules of C;, o and
Ny, denote the analogous for Cl. Then Tables 1.3 and 1.4, together with Propositions 9
and 9 give us Tables 1.5 and 1.6.
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Finally, we can make the definition that will be of most use for us later on. Con-
sider the inclusion i : R® — R"*! If R” is endowed with the quadratic form gy, o
and R"™! has ¢, 11, this inclusion preserves the quadratic form so it extends to a map
i Clno — Clyt1,0. Hence, its pullback gives a function ¢* : M, 1 — M,. We set
A, = M, [i* (My41). Similarly, we define A = N}, /i* (Ni+1). Now, all the information
we’ve gathered so far about Clifford modules allows us to compute almost at once all
the groups A;, and Aj,. The only problematic cases are Ay, and AS,.

Proposition 11. Ay, = Z, AS, = 7.

Proof. From Table 1.3 we see that My, = Z & Z. In fact, Table 1.1 and Theorem 4
tell us that the two generators come from the two in-equivalent representations of
M, (H) & M, (H) or M,, (R) & M, (R), call them = and y. Now consider the map
M, (H) & M, (H) — M, (H) & M, (H) that exchanges the order of the summands,
ie., sends (1, p2) into (p2,¢1). It follows from Theorem 4 that the pullback of this
map flips the generators of Myy. But My, = Z, so the image under i* of the genera-
tor of Myx11, 2, must be left invariant. Hence, by counting dimensions,we must have

z = x + y and hence A4, = Z. The complex case is completely analogous. O



Chapter 2

Vector Bundles

In this chapter, we will study vector bundles in detail. We will discuss the basic def-
initions and properties, as well as a series of results that will be useful when we start
considering K-theory in the next chapter. We will be mostly interested in complex

vector bundles over compact Hausdorff spaces.

2.1 Basic definitions

Definition 8. A vector bundle is a 4-tuple £ = (E, X, F, ) where E and X are topological
spaces called the total and base space of the bundle respectively, m is a continuous surjective
map called the projection of the bundle and F' is a (real or complex) finite dimensional vector
space referred to as the fiber of the bundle. Two conditions must hold for the triple:

e Foreachxz € X, 71 (x) must have a vector space structure, linearly isomorphic to F.

o Local triviality: For each x € X there exists an open set of X, U, that contains x and a
map
hy:Ux F — 7t (U)

that is an homeomorphism onto its image, for each & € U defines a linear isomorphism
hu |

projoi() P F 71 (z) and makes the diagram
UxF M o)
proji \l \/W
U
commute.

A couple (U, hyy) is called a local trivialization of €, U is called a trivializing open set and hyr a
trivializing map. A vector bundle is called trivial if there exists a local trivialization such that
the trivializing open set is X.

23
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Example 2. Consider the real projective space RP". Let E be the subspace of RP™ x R™ given

by
E={([t],%)|3A € R: & = AT}

and X = RP". Projection onto the first factor gives us a continuous, surjective mapping
m : B — X. From the definition of E it’s clear that the pre-images of m are one-dimensional
subspaces of R™.

For the trivializations, let
Ui:{[ao,al,...,azn]GRPn|ai#0} 2.2071’..‘7”

Each element on U; can be written in a unique way in the form [ao, ..., 1,...a,] where 1 is in
the i-th position. The map

hy, -

7

Ui xR — 1 (U;)
([ag,y-- -, 1,...an],t) — (tao,...t,...tay)

gives us the required homeomorphisms. Thus, § = (E, X, F, ) is a vector bundle.

Now that we know how vector bundles are defined, let us consider how they connect
to each other.

Definition 9. Let ¢ = (E, X, F,m)and n = (E, X.F, fr) be two vector bundles such that
F and F have the same field of scalars. An homomorphism of vector bundles, denoted < fif > :

& — n, is a pair of continuous maps <f, f) where f + E — E, f : X — X, such that the
diagram

s (@) — 771 (f (v)) is a linear map for every x € X.

commutes and f
m!(z)

Given a third vector bundle { = <E, X, F, fr) (where F again has the same field of scalars as F

and F) and a vector bundle homomorphism (g, g) : n — ¢ (where g : X5 Xand§: E — E),
the composition of ( f, f) and (g, §) is the vector bundle homomorphism (g, §) o ( fs f) €= C

given to the pair (g of,go f)

The identity homomorphism of &, Idy, is the vector bundle homomorphism Idg : § — & associ-
ated to the pair (Idx, Idg).

An isomorphism of vector bundles between £ and n is an homeomphism of vector bundles f :
& — n for which there exists another homomorphism of vector bundles g : n — & such that
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fon=1Id,andno& = Idg.

Example 3. In the context of Example 2, consider the trivial bundle n given by taking E =
RP"xR", X = RP", [ = R"and # = proji. As can be directly checked, the pair (Idgpn, 1),
where i : E < E is just the inclusion, induces an homeomorphism of vector bundles i : £ — 1),

If all the other elements in the definition of vector bundle are sufficiently clear from the
context, it is a common abuse of notation to refer to the total space as a vector bundle.
For instance, in Example 3 we may say that n = RP" x R". Consequently, it is also
common to refer to an homomorphism of vector bundles with the same symbol as the
one used for the associated map between the total spaces and to talk about them indis-
tinctively.

Remark 3. Perhaps the hardest part of checking that a pair ( fs f) is indeed a vector bundle
homomorphism is verifying continuity. There is, however, an useful criterion to do this. Fix x €
X. Let (Ug, hy,) and (Vf(x), hvf(l.)> be local trivializations around x and f (x) respectively.
We can assume without loss of generality that the image of f o hy, is contained in the image of
hvf(z) (if it doesn’t we can intersect U, with ( ! (I m (hvf(z>>>) and restrict hyr,). Then
af : h;}}(z) o f o hy,isamap from Uy X F to Vi, X F. If for every x € X we can choose U,
and Vi@ such that a!z is continuous, then f must be continuous, because continuity is a local
property and both hy, and h(/fl(x) are local homeomorphisms.

Last but not least, we have the notion of a section of vector bundles, which is critical in
many applications of these notions:

Definition 10. Let { = (E, X, F, ) be a vector bundle. A section is a map v : X — E such
that ™ ot = Idx. The set of sections of £ is denoted by T (£). Since each fiber 7= (z) is a
vector space, given two sections 1)1 and 1y we can sum them to get a new section according to
(Y1 +2) (x) = 1 (x) + 2 (z). Also, we can define a multiplication by the field of scalars of
F, according to (rv) (x) = ri (z). Hence I' (§) is a vector space over the same field of scalars
as .

2.2 Construction of bundles

This section is devoted to explain some techniques to construct new vector bundles
from preexisting ones. So, throughout this section, let

¢=(BX.Fm) 0= (BXF7)
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be vector bundles over the same topological space space.

The pullback of a vector bundle Let Y be a topological space and f : ¥ — X
a continuous function. We will construct a new vector bundle with Y as base space
using this information, called the pullback of { by f, or f* (). First, define ECYXE
as

E=Y x(tm E={4.0)|f 1) =7 (1)}

the so called fiber product. Projection onto the first factor gives us the required map
to Y, 7. The fibers of this projection are also the fibers of the vector bundle ¢, so they
are endowed with a vector space structure isomorphic to F. Finally, for the trivializa-
tions, fix y € Y. We know that there exists an open set U, C X around z and a local
homeomorphism hy, : U, x F — 7! (U,). Then

L) = U)X E
= f! (Uz) X (f,m) m! (Us)
= [N (Up) X(pmy) U X F
~ YU, xF

Since f~1 (U,) x (f,m) Uz isjust f ~1(U,). Thus we have the required local triviality and
we can conclude that f* (£) is indeed a vector bundle.

Notice that the map projs : F — E makes the diagram

E "% g
T | I o
y L x

commute and it’s obviously a linear homomorphism on each fiber, so the pair ( f, proja)

defines an homomorphism of vector bundles from f* (§) to &.

Duals Recall that 7! (z) is a vector space for every x € X. As such, it has a dual
vector space [77! (z)]". Define

Equa = |_| [7771 (‘T)]*

zeX

Now every v € Egy,q belongs to one and only one 77! (z)]", so there is a natural
assignment Tg,q; : Equa — X although we cannot discuss continuity yet, since we
haven’t defined a topology on Ejyq,.

In order to do just that, recall that we have a local trivialization (U, hyy) around every

x € X. Moreover, for each & € U, h| 1(3) is a linear isomorphism from F” to 71 (%).

p'r'ojl_
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Hence, ( h| . .—1,. " is a linear isomorphism from [7~! (2)]" to F*. Repeating this
projy ! (2) p peating

process over each & € U, we get a function

ho || 7 @)] - U x P
zelU

that is bijective because each (h’pTojl_l(;i))* is a linear isomorphism. Now, consider
V C Egua- Given a local trivialization (U, hyy), V generates a subset of U x F* by
Vi = hi; (Vnry., (U)). We declare V' to be open if and only if each one of these Vs
is open. It’s easy to check that this is indeed a topology on Eg,, and that it makes
Tdual cONtinuous. Moreover the pairs <U ) (h*U)A) are local trivializations of F,4;. This
makes the 4-tuple (Egyq1, X, F™*, Tgual) is a vector bundle. It is known as the dual bundle
to £ and denoted by £*.

Tensor products and the bundle of isomorphisms An important step in the defini-
tion of the dual bundle was to define a topology for E4,,;. We can imitate this process
to form two additional vector bundles, the bundle of homomorphisms Hom (§,7) and
the tensor product of £ and n, £ ® 7.

First, define

Etom(en) = |_| Hom (7T_1 () At (x))
rzeX

Again there is a natural assignment 7 g, ¢ ;) from Ep o, ¢ ) to X. Foreach x € X there
are local trivializations around z, <U§ , thz> and (U:? , hgz), for £ and 7 respectively. For
every T € US N UY and every element o, € Hom (7! (z), 727! (z)), there is a unique
linear map &, that makes the diagram

commute. The assignment %, : Hom (F, F) — Hom (77! (z),#! (z)) that sends a,
to @, is clearly a linear isomorphism. This allows us to define a function

* g oo ¢ <U§ N U;}) x Hom (F F) — Trrom(e) (U§ N U;g)
We can use these functions to define a topology on Efyg, ¢, in @ manner completely
analogous to what we did for the dual vector bundle. Again it’s easy to verify that
all the conditions are given to make the tuple (EHom(g,n), X,Hom (F, F) S Hom(g,n)> a
vector bundle. This is the bundle of homomorphisms, Hom (£, 7).
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Remark 4. A small remark should be made about the sections of the bundle Hom (§,n). It
follows from the preceding discussion that an element s € I' (Hom (£, 1)) is a map that assigns
to every point in x € X an homomorphism L, : 7! (z) — 7~ (2) in a continuous fashion.
But according to Definition 9, this is exactly what a homomorphism of vector bundles should
do. In other words, every homomorphism of vector bundles between & and 1 can be though of as
a section of the bundle Hom (§,n) and viceversa.

The construction of £ ® 7 is completely analogous.

2.3 Basic properties of vector bundles

Bijective homomorphisms are invertible In contrast to what happens in Point Set
Topology, where a continuous function may be both surjective and injective but its "set
theoretical" inverse may not be continuous, bijective homomorphisms of vector bun-

dles are invertible.

Proposition 12. Let ¢ = (E, X, F,7) and n = (E, X, F,fr) be two vector bundles over

the same base space such that F and F have the same field of scalars. Let s be an element
of T (Hom (£,7)) such that s (x) is invertible for every x € X. Then the assignment s~1 :
X — Hom (&,n) given by s=' (x) = (s ()" is continuous. In fact, it is also an element of

I (Hom (&,n)).

Proof. Let

Baen = || GL (=" @),77! (@)
zeX
endowed with the topology inherited as a subspace of E o ¢, Keeping the notation

from last section, the trivializations * » can be restricted to give local homeomor-

UsnU.
phisms

: Ug N Ug x GL (F, F) — EGL(§,77) mﬂ'il

romten (VENV2)

*Unun
Which are in fact group isomorphisms over each fiber. Now, consider the map inv :
Ecren — Earey that sends sends T' to T~!. The same idea as the one used in Re-

mark 3 shows that in order to check continuity of inv it suffices to check the continuity
-1

of each of the maps a,, = <*U§QU§> oinvo (*UﬁmU;’)‘ But a; (z,5) = (z,S71). Since

inversion is a continuous function in the Lie Group GL (F, F) , these «,, are all continu-

ous so inv is indeed continuous. Finally, st

a section, so s~1 € T'(Hom (&,7)). O

= inwos, so it is continuous. It's obviously
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Corollary 5. Let ¢ = (E, X, F,m) and n = (E X, F, 7r) be two vector bundles over the same
base space such that F and F have the same field of scalars. Then if ( fHf ) : & — n is a vector

bundle homomorphism such that f is an homeomorphism of the base spaces and that f

)

is invertible for every x € X, then ( £ f ) is an isomorphism of vector bundles.

Proof. Under the hypothesis, it’s clear that f must be bijective. Moreover, it’s “set the-
oretical” inverse, f ~1 makes the diagram

. 1

E I E

fr\ 1/7r
X

-1
commute and its restriction to the fibers is given by ( f ‘ i )) , which is a linear
T (T

transformation. So, all that remains to be shown is that f~! is indeed continuous. But
this is clear now, since, as stated in Remark 4, ( f, f ) can be thought of as a section of
the bundle Hom (§,n) and by Lemma 12, its inverse is also continuous. O

The co-cycle theorem In the context of Definition 8, let (U, hyy), (V, hy) be two local
trivializations and suppose UNV # ). Then the map gy v = hy' ‘rl(UmV) o hul(wrv)xF
is an homeomorphism from (U NV) x F onto itself that respects the fibers (that is,
foreveryx € UNnV and v € F, (z,v) € F is sent to (z,0) for some other v € F)
and it’s a linear automorphism on each one (that is, the map that sends v to ¢ is au-
tomorphism of F'). The functions gy, 1y are called transition functions. For instance,
in Example 2, consider x € Uy N U;. Then a pair ([1,a1,...,a,],t) is sent by hy, to
([1,a1,...,as], (t, tay, ... ta,)) € RP™ Now (t,tay,..., ta,) = ta ( 1

1,...,% ), s0

6717 dar )’

(1, a1,...,ay], (t,tay, ..., tay,)) is sent by hl}ll to ([1,a1,...,a,],tar). We conclude then
that gy, v, consists of sending pairs ([1, a1, ..., a,],t) into pairs ([1, a1, ..., a,], tar).

The vector bundle provides then an open cover of the base space {U,},., and a col-
lection of maps gy, v, : (Ua NUp) X F' — (Us N Ug) x F. It can be easily verified that a
co-cycle relation holds for this maps:

JUa Uy ‘UmUBmUW - gUﬁvUv‘UongmUV © 9Ua,Us ‘U(mU,gmU7

A very important fact about vector bundles is that you can actually recover the entire
bundle just from the open cover {Uq},c, and the collection of maps gy, v,- Indeed,
let us define a total space E in the following three steps. First by forming the disjoint
union of all local products
E=||UsxF
agl
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Second, we define on E the minimal equivalence relation such that if x € U, N Ug, the
pairs (z,v) € Uy x F and (x,0) € Ug x I are related if gy, v, (,v) = (x,7). Finally,
call £ the quotient of E by this relation. Since the points that are being identified share
the same first coordinate, the projection on the first coordinate is still well defined.
Moreover, if ¢, denotes the inclusion of U, x F in E and 7 is the quotient map 7 : £ —
E, then 7 o 1, are the trivializations of E. All conditions are satisfied then, so we have a
vector bundle. It can be easily verified that this new bundle is isomorphic to the bundle
we started with.

The preceding discussion showed that we can recover the entire bundle just from
the open cover associated to it and the transition functions. Moreover, we can in-
terpret this result as a way to construct new bundles. Indeed, given a base space
X, all we have to do is define an open cover {U,}, of X and transition functions
U + (Ua NUg) X F' — (Uy N Upg) x F that are the identity on the first component
and such that the co-cycle condition holds. The construction of E and F can be carried
out in exactly the same way as before, so as to get a vector bundle. This observation is
called The Co-cycle Theorem.

Example 4. Consider X = S' C R?, and the open cover Ug = S*\ {(0,1)}, Ux = S™\ {(0, -1)}.
Define the transition functions as

queuy (@,y),0) = (z,y),v) x<0
((x,y),—v) x>0

and gy vs = (gus.uy) " The co-cycle condition holds immediately, since there are only two
sets in the open cover. The preceding discussion shows that this information defines a vector
bundle, which is a very famous one: the Mobius band.

Extension of sections defined on a closed subset For the remainder of this section,
we will add an additional hypothesis: we will consider all base spaces to be compact
and Hausdorff.

Lemma 1. Let £ = (E, X, F, ) be a vector bundle, Y a closed subset of X and s : Y — Ea
section defined only on Y. Then there exists an open set U containing Y and a section defined
onU,t:U — E such that t|y, = s.

Proof. Foreachz € Y, there exists a local trivialization (U, hy, ) around x. There, sohy,
is a F-valued function defined in the closed set Y N U,. By Tietze’s Extension Theorem,
we can extend s o hy, to a function ¢, : U, — F. Since Y is also compact, we can
choose a finite sub-collection {Uy, },_, _, that covers Y and a subordinated partition
of unity {p;},_, _,- ThenU =J_, U; and t = } I, pil; are the required open set and
section. O
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Proposition 13. Let ¢ = (E, X, F,m) and n = (E,X,F,fr) be two vector bundles. Let
Y be a closed subset of X and suppose we have an isomorphism of vector bundles over Y,
s:m H(Y) — @ 1(Y). Then s can be extended to an open set containing Y.

Proof. We can think of s as a section of the bundle Hom (§,n) defined over Y. By
Lemma 1, it can be extended to an open set U containing Y. Since det s is a contin-
uous function that doesn’t vanish over Y/, it must take nonzero values over some open
subset of U that contains Y. O

Corollary 6. Let £ = (E, X, F, ) be a vector bundle, Y a topological space and suppose we
have two homotopic functions fo, f1 : Y — X. Then, f§ () = f1 (€).

Proof. Let F' : Y x I — X be an homotopy between fj; and fi, and f; = F o i; where
it : Y = Y x Iis given by i; (y) = F (y,t). We will show that, as a function of t € I,
the isomorphism class of f;" (§) is locally constant. Since I is connected, that would be

enough to show the result.

Fix t € I. Define F; : Y x I — X by the rule F; (y,t) = f: (y). We have two vector
bundles over Y x I, namely F** (§) and F;* (§). Now, these two bundles are isomorphic
over Y x {t}, which is a closed subset of Y x I. By Proposition 13 they must be isomor-
phic over some open set containing Y x {t}. By the Tube Lemma, such open set must
contain a subset of the form Y x ¢ for some sub-interval § around ¢ that has nonzero
length. This means that f}; (§) = f; (§) for all t' € §, as we wanted to show. O

Corollary 7. Every vector bundle over a contractible topological space is trivial.

Proof. This follows from Corollary 6, since for a contractible set the identity is homo-

topic to a constant map and every vector bundle over a one-point set is trivial. O

Theorem 5. Every vector bundle over a paracompact Hausdorff space admits a riemannian

metric.

Proof. Let X be a topological space with such properties and £ a vector bundle over it.
Then, there exists a locally finite open cover {U,},, made of trivializing open sets of
. Over each one of those open sets we can define trivially a riemannian metric for £
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ga- The space also admits a partition of unity {p,}, subordinated to the cover {U,},.
Then the metric g = ), paga is a riemannian metric for &. O

Theorem 6. Every vector bundle & over a compact space X has a direct complement.

Proof. Let {U;},_; _, be a finite open cover of X made of trivializing open sets of {
and {pi};_, ., a subordinated partition of unity. Let h; : 7' (U;) — U; x R" be the
trivializing maps associated to the cover, projs : U; x R" — R" be the projection onto
the second factor and f; = projs o h; the composition of these last two maps. Finally,

consider S : { — B x R" given by

S(v) = (mw(v), p1 (7 (v) fr (V) 5, pr (7 (V) fr (v)) -

Then S is a fiberwise injection of ¢ into the trivial bundle of dimension n over X, €.
Now, we can endow €"" with the usual metric, and at each point 2 € X we can take the
orthogonal complement of the image of £ under S, to form a vector bundle. Clearly, it
would be a direct complement of &. O



Chapter 3
Topological K-Theory

This is the main chapter of this document. The main idea here is to associate to a
topological space a group built from the collection of vector bundles over that space.
We will study how to do this precisely and some properties of this construction. Then
main result here is the calculation of the K-theory of a point thanks to Atiyah-Bott-
Shapiro’s construction and a generalization of that calculation for the Thom complex
of real, even dimensional, complex vector spaces over compact Hausdorff spaces.

3.1 Basic Notions

3.1.1 Definitions

Let X be a compact topological space and let Vectr (X) and Vectc (X) be the set of
isomorphism classes of real and complex vector bundles over X respectively. There
is a natural operation on both sets given by direct sum, which is an associative, com-
mutative operation with a zero element: the zero vector bundle. For a general space,
the cancellation property doesn’t necessarily hold for this operation. Indeed, consider
X = 82, rits tangent bundle, V its normal bundle and €3 its trivial bundle of range
three. As can be easily checked, NV = ¢!, the trivial line bundle. Also, 7 & N 2 €2, so
7@ e! = €3, Naturally, €2 @ ! 2 3. Yet, 7 is not isomorphic to €? as it is well known.
Vectr (X) is what we call an abelian semigroup: a set with an abelian, associative op-
eration with a neutral element. As the next proposition shows, this algebraic structure

can always be adapted to create a group.

Proposition 14. Let A be an abelian semigroup with sum + and neutral element 0. Then there
exists an abelian group K (A) and a map of semigroups i : A — K (A) such that if G is an
abelian group and f is a map of semigroups f : A — G, there exists a unique map of groups
f: K (A) = G such that f = f o i. Moreover, the pair (K (A) i) is the only one with this

property.

33
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Proof. We will construct K (A) and ¢ directly. On A x A define an equivalence relation
according to
(a,b) ~ (c,d) <= Jec A: a+d+e=c+b+e.

Naturally, A x A has an operation defined by coordinate-wise sum, which descends
to the set of equivalence classes K (A) = A x A/ ~. But on K (A), the operation has

inverses, besides the other properties it inherits. Indeed, for any a,b € A,
[(a,b)] + [(b,a)] = [(a + b,a + b)] = [(0,0)] .

So K (A) is actually a group. Leti : A — K (A) be the map defined by i (a) = [(a,0)]. If
G is an abelian group and f : A — G is a map of semigroups, then f extends to a map
f:Ax A— G by sending (a,b) into f (a) — f (b). Clearly if (a,b) ~ (c,d), f ((a,b)) =
f((¢,d)) so f descends toamap f : K (A) — G. It’s also clear that f = foi and since the
images of the pairs [(a, 0)] determine f and hence f completely, the extension is unique.
The fact that the pair (K (A), 7) is unique follows from the traditional arguments. [

We will be working mostly with complex vector bundles. We define K (X) to be
K (Vectc (X)) and if £ is a vector bundle, we denote i (§) by [¢{]. The construction
in the proof of Proposition 14 shows very clearly that if ( and 7 are two vector bundles,
then [¢] = [n] if and only if there exists a third vector bundle { such that { & ¢ = n & (.
In that case, we say & and 7 are stably equivalent Also, it was clear in the proof that
[(a,0)] = —[(0,a)], the elements of K (A) can be written as i (a) — i (b). So, in our case,
generic elements of K (X) are of the form [£] — [n] for some vector bundles £ and 7.

Now, according to Theorem 6, vector bundles over X admit direct complements. So in
the previous paragraph, if {® (¢ = n®( we can add on both sides a vector bundle p such
that ¢ ® p = €” for some n. Then £ @ € = n @ €". In other words, if two vector bundles
are stably equivalent, we may assume that we can add the same trivial bundle to both
of them and get isomorphic vector bundles. Similarly, generic elements of K (X) can
be assumed to be of the form [¢] — " for some n.

If X happens to be a pointed space with distinguished point ¢, the pullback of the
inclusion i : {zg} — X gives us a map from K (X) to K (z(). We call the kernel of that
map K (X). Now, the collapsing map that sends all of X to o makes the sequence

0— K(X) = K(X)5 K (z0) = 0

split, so K (X) = K (X) @ K (). It's easy to see that the elements of K (X) are pairs
(€] — [€"] in K (X) where n is exactly the range of . Finally, for any space X (but
mostly for not pointed spaces) we call X the space made of adding an isolated point
to X, Xt = X U {pt}. It is a pointed space with distinguished point pt and K (X*) =
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K (X). Finally, for a compact pair (X,Y), we define K (X,Y) to be K (X/Y), where
the distinguished point of X/Y isY/Y. If Y =0, K (X,Y) isjust K (X).

In order to define K-theory groups of higher indexes, we need to talk about a previous
concept first. Let X and Y be two pointed spaces with distinguished points = and yo
respectively. Their smash product, X AY, is the space

XANY =X xY/(X x{y}U{zo} xY).

It’s not hard to see that for any non-negative integers, S™ A S™ = S"*™_ For a pointed
space X, the reduced n-th suspension of X is the space 5" X = 5" A X.

Definition 11. Let X be a pointed space with distinguished point xo, Y a subspace of X that
contains xo and Z some other space, not necessarily pointed. Then:

e K" (X)=K(S"X)

e K"(X,Y)=K "(X/Y)=K"(8"(X/Y))

3.1.2 Important facts

Lemma 2. Let X be a compact space and let Y be a closed contractible subset of X. If w denotes
the canonical map from X to X/Y, then the map m* : K (X/Y') — K (X) is an isomorphism.

Proof. We will prove this Lemma by constructing a map 6 : Vect,, (X) — Vect, (X/Y)
that is a two sided inverse for 7* : Vect,, (X/Y) — Vect, (X).

Let £ be a vector bundle over X with total space E and projection map m¢. Since YV’
is contractible, Corollary 7 tells us that |- is trivial. That means that there is an iso-
morphism of vector bundles, «, from ¢|y to the trivial bundle Y x F", where n is the
range of £. Then & = projs o « gives us a map from &|y to F". Let us define now an
equivalence relation on E, the total space pf &, as follows: for any two elements v; and
v on E, vy ~ vy if v1 = v, or if both 7¢ (v1) and 7¢ (v2) belong to Y and & (v1) = & (v2).
In other words, ~ identifies the horizontal stripes of &|, according to «, so to speak.
Let E, = E/ ~.

Now, let us show that we can build a vector bundle over X/Y using E,. Since ~
identifies points over Y, m¢ descends to a map 7, : F, — X/Y. Forany z € X\Y,
7o b () isjust Te ! (x), so it has a vector space structure. The same local trivialization for
E around x works as a local trivialization of E,, although we may have to restrict the
domain so as to exclude Y, which is not a problem, since Y is closed. So the only thing
that is yet to be verified is that we have a local trivialization of E,, around the point Y’
in X/Y. But, by Proposition 13, we can extend the isomorphism « to an isomorphism
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B from §|; to U x F", where U is some open set that contains Y. Taking the quotient
by ~ amounts to turning 3 into an isomorphism S., from 7,1 (U/Y) to (U/Y) x F™.
Since U/Y is open in X/Y, B.is the local trivialization we were looking for. So ¢, =
(Eo, X,F" 7,) is a vector bundle over X/Y and it’s not hard to check that 7* (§,) = &.

Finally, we claim that the structure of {, is actually independent of the particular triv-
ialization chosen. In other words, that all the £,’s are isomorphic to one another. This
follows from Proposition the fact that all possible trivializations o are homotopic to
each other. O

Corollary 8. Let X be a pointed space. Then K (SX) = K (CX/X).

Proof. 1f xy is the distinguished point of X, SX is obtained from C'X/X by collapsing
I x z9, which is a closed contractile subset of C X/ X. Hence, by Lemma 2, the projection
m: CX/X — SX induces an isomorphism 7* : K (SX) — K (CX/X). O

Proposition 15. Let (X,Y') be a pair of pointed compact spaces. If i : Y — X denotes the
inclusion and 7 : X — X /Y denotes the projection, then the sequence

* sk

KX/Y)S K(X)5 K(Y) (3.1)
is exact.

Proof. The map 7 o i is constant, so i* o 7* () = €. for any n in Vect, (X/Y). Then
i*or* ([n] — {EHX/Y:|> = e} ]—[€ey] = 0. In other words, i*or* = 0, or I'm (%) C Ker (i*).
On the other hand, suppose [¢] — [€%]| € Ker (:*). That means

it (&) Dy =i (5 @ elﬁ() = (ltk (3.2)

Doing the same thing as in Lemma 2, Equation 3.2 tells us that we can build a vector
bundle 1 over X/Y such that 7* (1) = ¢ @ €%, which means 7* <[77] — [e}*”“D = [¢] —
[€"]. This shows that Ker (i*) C Im (7*).

Let X be a compact space and Y some closed subspace of X. Then, by taking X = X *
and Y = Y, we get an exact sequence

KX, V)5 K(X)5 K(@Y) (3.3)

On the other hand, we can replace the first term on the left of Equation 3.1 by K (X U CY).
Indeed, we can obtain X/Y from X U CY by collapsing C'Y, which is a closed con-
tractible, so by Lemma 2, the projection 7¢ : X UCY — X/Y induces an isomorphism
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in K. Moreover, if i : X — X U CY denotes the inclusion, the diagram

X 9 xucy

T \1 \lrﬂ-C
X/Y

commutes, so the associated diagram

k(X)) € FKxucy)
AN T 7
K(X/Y)

also commutes. Hence, the sequence

15~

K(XUCY)S K(X)5 K (V) (3.4)
is also exact. Now, we could iterate this process to obtain

K(XUC3(XUCIY)UCXUCLY) - K(XUCXUCY) = K(XUCY) = K (X)
(3.5)
This ideas are useful in establishing the following result:

Theorem 7. Let (X,Y") be a pair of compact pointed spaces. Then there is an exact sequence

S ETNX)Y) DO KT S ETN(Y) -

Proof. First of all, it suffices to show the exactness of

* ok * sk

K'Y X/YV)SETX)SE'WV) S RX/Y)S KX S K@)

since the rest of the sequence can be obtained by replacing X by S"X and Y by S"Y.

Furthermore, the sub-sequence

* sk

K1'X/V)5L K YX)5S K YY)

isjust 3.1 with X = SX and Y = SY/, since S (X/Y) = SX/SY. So, the proof reduces

to show that the sequence

~ = *

E'X)5K'WMSKEX/Y)S K(X)

is exact (of course, in the process we have to define 0).
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Actually, what we intent to show is that this sequence is equivalent to 3.5. The details
arein [1]. O

Corollary 9. If Y isa retract of X, then K™" (X) = K" (X,Y) & K" (Y).

Proof. Let f : X — A be the retraction. Then the fact that i* o f* = Idg(y) implies the
map K (X) 5 K(Y)is surjective. Similarly, if f,, : S"X* — S"Y" are the maps in-
duced by the retraction, the fact that i* o f; = Idgn(yy implies that K™ (X) L K™ (Y)is

also surjective for all n. Then, by the exactness in Theorem 7, all the maps K"~ (Y) Oy

*

K~"(X/Y) must be trivial. This makes every short sequence K™ (X,Y") ™ K" (X) 5
K" (Y') a short exact split sequence

i*

0— K"(X,V) 5 K"(X) 5 K™ (Y) — 0.

The result follows immediately. O

Corollary 10. If X and Y are pointed spaces,

K"XxY)ZK"(XAY)o K" (X))o K" ().

Proof. This Corollary follows from a double application of Corollary 9. First, X is a
retract of X x Y, and the quotientis X x Y/X x {yo}, so

K™MXXxY)2K™XxY/X x{y})®K"X).

Second, Y is a retract of X x Y/X x {yo}, with quotient X A Y/, so
KX XY/X x{y}) K" (XAY)o K" (Y).
The result follows immediately. O

The importance of Corollary 10 lies in the fact that it allows us to define a pairing that
turns K*(X) = Y, K" (X) into a graded ring. Let X and Y be two pointed spaces
and let £ and 7 be vector bundles over X and Y respectively. Then 7% (§) ® 7§ (1)
is a vector bundle over X x Y. Moreover, the assignment (£,7) — 7% (§) ® 7y (n) is
bi-linear, so it induces a map K (X) ® K (Y) — K (X x Y). Actually, the image of this
map is in the kernel of both iy : K (X xY) — K (X x {yg}) and ix : K (X xY) —
K (Y x {z,}), so by Corollary 10 it must be K (X AY). Replacing X by S"X and Y by
S™Y, we get a pairing

K"X)@K™({Y) = K ™"(XAY). (3.6)
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Furthermore, by taking X = X* and Y = Y'*, we get

K"X)@K ™) > K ™" (X xY). (3.7)

The following Theorem is one of the most important mathematical results of the twen-
tieth century and it will be key in developing our understanding of orientations in
K-theory. It is also fundamental to see K-theory as a cohomology theory. Sadly, its
proof is outside the scope of this document. We limit ourselves to state it in the way
we are going to use it further along.

Theorem 8. Let X be a compact space and consider the pairing K (S?) @ K" (Y) —
K~"=2(Y) obtained by setting Y = Y+ on 3.6. Let H be the Hopf bundle on S?> = CP*
and b = [H] — €' the associated class in K (S?). Then, the map

w: KT(Y) — K "(Y)

a — b-a
is an isomorphism.

Proof. See [1]. O

As a conclusion of this section, let us now present a couple of technical results that will
be used in the future.
Lemma 3. Suppose we have the following diagram:

1 (5n71 / n /
= C,, = C Py

2
\L§,
O

s
' w o Chyr — ..

Faoid fold fod fad Frir b

" / ” ’
o= D, 5,—> D, q—n> D J—> D 5—/> D,,, —...

n—1

3

n

where the Cy,’s and D,,’s are abelian groups , the horizontal sequences are exact and the maps
f,, are isomorphisms. Then the sequence

s Y e p, M Dl Ay o,y

-1

(where Ap = ppi1 0 <f7’1+1> o 5;1) is exact.

Proof. This is a long but simple exercise in diagram chasing. O



40 Chapter 3. Topological K-Theory

Theorem 9. Let X be a compact space and let A and B be two closed subspaces of X such that
X = AU B. Then there is a long exact sequence of the form

LK"Y (ANB) S KT (X) (i@f) K"(A)® K"(B) - K"(ANB) — K" (X)...

where the map from K" (A) & K™ (B) to K™ (AN B) sends (o, §) to j (o) — j5 (B), ja and
JB being the inclusions of AN B in A and B respectively.

!

Proof. In Lemma 3, take C, = K" (A), C, = K"(X), C,, = K" (X,A), D, =
K~ (ANB), D, = K" (B)and D, = K~ (B, AN B). Notice that B/AN B and X/A

. / . . .
are homeomorphic, so the maps f,, are indeed isomorphisms. O

3.2 K-Orientations

Definition 12. Let X be a compact space and = : V. — X a real vector bundle over X,
with dimension n and endowed with some riemannian metric. Let B (V') and S (V') be the
associated disc and sphere bundles. The space XV = B (V) /S (V) is called the Thom complex
of V. Moreover, the bundle V' is called K-orientable if there exists a class py € K (XV') such
that K* (XV) is a free K* (X)-module with generator py. The class py is called a Thom class.

The goal of this section is two show that real vector bundles of even dimension are K-
orientable. We will do so by constructing explicitly the class pyy mentioned in Definition
12. But in order to get there, we have to go through a series of steps first.

Step 1: Constructing classes in K* (XV) from exact sequences of vector bundles In
the setting of Definition 12, let £} and Ej be two vector bundles over B (V'), and sup-
pose there exists an isomorphism o : E1[gy = Eo|g()- We want to show that from
this information, we can define a class p € K* (xV).

Let A be the topological space made from two disjoint copies B (V'); and B (V), of the
space B (V), but identifying the subspaces S (V'); and S (V'), into a common subspace
S (V). One one hand, the inclusion ¢ : (B (V),,S(V)) = (A, B(V),) gives an isomor-
phism ¢* between K (A, B (V),) and K (B(V),,S(V)). So, it suffices to construct a
class in this last group. On the other hand, Proposition 15 gives us the exact sequence

K(A,B(V),) - K(A) — K(B(V),).

Now consider the following two vector bundles on A. First, the bundle F' obtained by
setting £y over B (V),, Es over B (V), and using ¢ as a transition function on S (V).
Second, the vector bundle F» = 7* (Es). Clearly, the two bundles coincide over B (V),,
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so the class F' — I, goes to zero on K (B (V'),). Then, by exactness, it comes from from
aclass Gon K (A, B (V),). But then ¢* (G) is a classon K (B (V),,S (V)).

Step 2: Building an exact sequence like the one on Step 1. Let P be a principal
Sping,-bundle over X . From Proposition 11 we know A$, has a unique generator, F,

which is a irreducible graded module on Cly,,.

In particular, F'is a Spin§,-modulesolet E = Ey @ £y = P x sping, I be the associated
bundle over X. Now consider the two bundles 7* (Ep) and 7* (E;) over B (V). Since
the elements on B (V) can be seen as vectors in R?", which is a subspace of Cly, it
makes sense to define over each v € S (V) themap o : 7* (Ey)|, — 7 (E1)|, that sends
w to v - w for every w € ©* (Ey)|,. This establishes an isomorphism of bundles 7* (Ej)
and 7* (E) defined on S (V).

So far, Steps 1 and 2 have allowed us to define a class p in K (X"'). We need to show
now that indeed K (XV) is a free module over K (X) . This is what the following three

steps are for.

Step 3: X" is locally a suspension of X Let C be a closed subset of X such that V' is

trivial over C. Then K (B (V|c) /S (V|c)) = K—2" (C). Indeed, it’s easy to see that
B(V|e)/S(V]e) 2 CT x 52/ (CT x {pthUS*™ x {+}) = S*" AU

Hence, taking K on both sides, we obtain the result.

Notice that we could apply Step 1, 2 and 3 to X = pt. For each n € N, we would get a
class i, in K (S?").
Theorem 10. The classes u, € K (S*") are generators of K (S).

Proof. See [2]. O
Step 4: p is locally Thom. Notice that over each point, the construction in the past

three steps restricts exactly to the construction in Theorem 10. So multiplication by . is

equivalent to multiplication by the generator of K (527) in the setting

K (S*") @ K™ (C) — K™ 7*"(C)
But this is an isomorphism for all n, by Theorem 8. Hence 1 is locally a Thom class.
Step 5: Constructing a global isomorphism. Let X be covered by a finite number of

closed sets Cy, C», ..., Cn that trivialize V. We want to show that multiplication by
1 gives us an isomorphism on C; U Cy U --- U Cy. We show this by induction. For
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n = 1, this is obvious. Suppose we already know it for C; UCo U --- U Cn_1 = Dn_1.
Then multiplication by an appropriate restriction of i gives us a morphism of exact

sequences

K (Dy_1UCN) — K (Dy1)®K ' (Cy) — K (Dy_1NCy)
4 4 {
K™ (E‘DNAUCN) - K™ (E‘DN—l) & K™ (E‘CN) - K (E’DNflmCN)

The result follows now from the induction hypothesis and the 5-lemma.
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