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Abstract

Complex topological K-theory is defined to be the Grothendieck group of stable isomorphism
classes of complex vector bundles. This construction is functorial and it is shown that the
functor can be represented by homotopy classes of maps into a classifying space, for which we
present an explicit model. Morse theory is then introduced and used to prove Bott periodicity.
The consequences of Bott periodicity for K-theory are explored, leading to the conclusion that
complex topological K-theory is a generalised cohomology theory. Finally, the K-theory of the
n-torus and Lens space is computed.
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Chapter 1

Introduction

In this thesis, the basic concepts of topological K-theory are introduced and studied using tools from
Morse theory, homotopy theory and homological algebra. It will be shown that topological K-theory
is a periodic, generalised cohomology theory in which the cocycles have a geometric interpretation
as equivalence classes of vector bundles. The focus is on complex topological K-theory, however
the results can be applied to the real case, with some changes. In particular, the calculations
corresponding to Chapter 4] are significantly more involved in the real case.

The definition of K-theory, which we see in Chapter [2| has several well-known generalisations,
which contribute to the appeal of K-theory as an object of study. One such example is equivariant
K-theory, in which the classes of vector bundles are replaced with classes of vector bundles with a
group action. This machinery is used in the proof of the Atiyah-Singer Index theorem, [I], a famous
result from K-theory, which describes purely analytic data - the index of an elliptic operator - in
terms of purely K-theoretic data. The methods used in this thesis, however, are not applicable to
equivariant K-theory.

The outline of the thesis is as follows:

In Chapter [2| the category of principal bundles over a compact, Hausdorff space is introduced
and the rigidity of this category is exploited to prove a classification theorem, Theorem the
presentation broadly follows [9]. In example the classifying space of unitary principal bundles
is computed and it is observed that the same space classifies GL,, principal bundles. By relating
vector bundles and G L,, principal bundles, this agreement is understood to be a consequence of the
fact that any vector bundle can be endowed with a Hermitian metric, Definition 2.21]

The set of isomorphism classes of vector bundles over a compact, Hausdorff space has a canon-
ical semigroup operation, the direct sum. Groupifying this structure yields the K-group of the
space. Although this procedure is quite simple, the theory obtained has deep connections through-
out mathematics. A more algebraic viewpoint of this procedure can be taken, by observing that
isomorphism classes of vector bundles over a compact base space are in bijective correspondence
with isomorphism classes of finitely generated, projective C'(X )-modules. From this perspective, it
is natural that an interpretation of the procedure can be applied to the study of more general rings,
see e.g. [2]; we do not investigate this aspect any further.

In Section the classification theorem is used to show the functor K is representable.
In particular, we find that the product BU xZ is a representative of the functor, K, where BU =
colim,, Gr,,(C*).

We can probe the properties of the functor, K, by exploring the homotopy type of its representa-
tive. This is done using the tools of Morse theory. This framework allows one to deduce information
about the homotopy of smooth spaces from the critical points of a generic function. By putting a
Riemannian structure on the space, it is possible to apply the theory to the path space of a smooth
manifold, via finite dimensional approximations. The basic results in this direction are presented
in Chapter

These results are then applied to the Lie group U(n) in Chapter 4. Using elementary results on



the geometry of Lie groups (collected in Appendix we are able to relate the homotopy type of
the loop space of this group with Grassmannian spaces. Taking colimits, we will be able to deduce
a homotopy equivalence of the K-representative, BU x Z, with its own second loop space. This is
the phenomena known as Bott periodicity, which is a central result of this thesis. Chapters 3| and
heuristically follow [8]. There are some changes from the presentation therein, firstly to correct an
error in Milnor’s presentation, and secondly to reach our aim more directly.

The consequences of Bott periodicity on the functor K are explored in Chapter f] We can
immediately calculate the value of K on the spheres, but more general spaces require more tools.
The most important tool to understand is the relationship between the K-ring of a closed subspace
with the K-ring of the ambient space. To such a pair can be naturally associated a long exact
sequence of K-rings, . This exact sequence is very useful in calculating examples, but it is
also theoretically important, for it can be interpreted as satisfying one of the Eilenberg-Steenrod
axioms. In fact, this sequence suggests a sequence of functors, K*, generalising K and satisfying
the Eilenberg-Steenrod axioms, with the exception of the dimension axiom. Therefore, K* defines
a generalised cohomology theory. This theory is periodic, with period two, as a consequence of Bott
periodicity. In particular, the ring K is isomorphic to K2, for all i € Z. By calculating some
elementary examples, we see the effect that this periodicity has on computability.

Acknowledgements I would like to thank my supervisor Thomas Kragh, for being full of helpful
advice and encouragement, and always leaving me with more questions than I came in with.



Chapter 2

Vector Bundles and K-Theory

In this chapter a functor from the category of compact spaces to the category of commutative rings
is developed. This is accomplished by investigating certain equivalence classes of vector bundles,
along with natural vector bundle operations, following the presentation in [4]. Viewing K-theory in
this way makes many structural elements more intuitive, but obscures the periodic property that we
wish to obtain. We aim to understand this property by viewing K-groups in a homotopy-theoretic
context and therefore we begin by reviewing the notion of a principal bundle and its associated
vector bundles, following [9]. The rigidity of principal bundles yields a classification theorem, which
is inherited by associated vector bundles. The classification will eventually yield the main result of
the chapter: that the functor is representable (see (2.18)). In later chapters, this will allow the use
of tools from Morse theory to investigate the properties of these functors.

2.1 Principal Bundles

In this section, G will be a topological group with identity e.

A space, X, is called a left G-space if there exists a continuous map G x X — X, written
(g,z) ~ gx, such that ex = z and g(hx) = (gh)z, for all z € X, g,h € G. A right G-space is
defined analogously. If we have two left G-spaces X,Y a map ¢: X — Y is called G-equivariant if
d(gx) =gp(x) for all ge G, z e X.

Definition 2.1. Let X be a topological space with trivial G-action (i.e. xg=x for allx e X, ge G).
A principal G-bundle over X is a surjective G-equivariant map from a right G-space E to X,
7w E —» X, with a local triviality condition. In particular, there exists an open cover {U;} of X and
G-homeomorphisms © Y(U;) — U; x G; the G-action on U; x G is (x,9)h = (x, gh).

Any map p: E - X with a local triviality condition is called a local product and defines a fibre
bundle.

It can be observed that a principal bundle has G-valued transition functionsE] ie. gi; : UinU; - G,
in a more general fibre bundle with fibre F, it is only required that g;;(«) € Homeo(F). It is also
important that the local triviality condition ensures the group action on a principal bundle is
fibrewise-transitive and free. We will sometimes call a principal bundle a G—bundleﬂ

A morphism of G-bundles with base space X is a G-equivariant map between the total spaces,
which commutes with the bundle surjections. An isomorphism is a bundle morphism that is also
a homeomorphism. The collection of isomorphism classes of principal G-bundles over a fixed base
space, X, is a category with the bundle morphisms as maps. Denote this category by Pg(X). The
theory of principal bundles is very rigid, as the next proposition indicates.

f (U;, ¢:) and (U, ¢;) are trivialising neighbourhoods with U; n U; # @, then the transition function is defined
by the composition ¢; o ¢; * = Idu;nu; *gij
2Note that this terminology is sometimes used to mean a G-vector bundle in other contexts



Proposition 2.2 ([9], Proposition 2.1). Let E and F' be principal G-bundles over X, and ¢ : E — F
a bundle morphism. Then ¢ is an isomorphism.

Proof. We begin by assuming the bundles are both trivial £ = F'= G x X. Then ¢ is of the form

qﬁ(x,g):(:(:,f(x,g)):(a:,f(x,e)g), (21)

where f(z,e): X - G is a continuous map. Set f(z) := f(x,e). The map g : X - G defined by
g(x) = (f(x)) ! induces a continuous inverse to ¢.

More generally, let {U;,1;} a cover of X trivialising E, and {U;,&;} a cover of X trivialising F.
There is no loss of generality in assuming the cover of X is the same in both cases, for if this is not
the case, taking a common refinement and restricting the domain of the maps gives trivialisations
with a common cover.

The above argument shows that @[, 1(y,) : 75 Y (U;) - mp1(U;) is an isomorphism for all U;.
We can conclude that ¢ is bijective, and the map obtained by gluing together the local inverses is
a continuous inverse to ¢. Hence, ¢ is an isomorphism. O

Corollary 2.3 ([9], Proposition 2.2). A principal bundle is trivial if and only if it admits of a
section.

Proof. One implication is obvious. For the other, suppose s : X — F is a section of the principal
bundle 7 : E - X. As the group action on E is fibrewise-transitive and free we have that every
element e € E can be written e = s(7w(e))g for unique g € G. Let E — X x G be given by s(z)g —
(z,g9). This is a G-map lifting the identity on X, so it is a bundle morphism. By the above
proposition, it is therefore an isomorphism. O

For a given f: X — Y and principal bundle 7 : E — Y, define the pullback bundle, f*E to be
the pullback, in the categorical sense, of the maps f and =, i.e. f*FE is the limit of the diagram

E
lﬂ (2.2)
Xty

which is (uniquely isomorphic to) the subspace {(z,¢) : f(z) =7(e)} ¢ X x E, with projection
(x,e) » x and G-action (x,¢)g = (x,eg). It is not difficult to check that this is indeed a principal
bundle. The following theorem is a crucial property of pullbacks and will be used many times below:

Theorem 2.4. Let f,g: X — Y such that f is homotopic to g, and P - Y a principal G-bundle
and X,Y are paracompact. Then the pullbacks f*P,g* P are isomorphic.

This proof is taken from [4] Theorem 1.6, mildly modified for principal bundles. It is based on
the following lemmas:

Lemma 2.5. Let I =[a,b], I = [a,c] and I = [¢,b] for a <c<b. A principal bundle P - B x I is
trivial if and only if the restricted bundles Py — B x I1 and P, — B x Iy are trivial.

Proof Of Lemma. We need only show the condition is sufficient.

Let h; : P, > B x I; x G any two trivialisations. If they agree on the overlap E|p, {c} then we are
done, so it must be shown that they can be made to agree. Given h;(e) = (w(e), gi(x,t)) one can
define a new trivialisation on Py, ha(e) = (m(e), g2(z, ) (g2(z,¢)) ™ g1(z, ¢)) which is a trivialisation
of P, that agrees with that of P; on the overlap. O

Lemma 2.6. A principal bundle P - B x I, for a closed interval I, admits a trivialising cover of

the form {U; x I}, where {U;} is a cover of B.



Proof Of Lemma. This is a simple consequence of the last lemma.

Without loss of generality, let T = [0,1]. There exists a partition 0 = tg <t; < ... <ty =1 and
a covering of B, {U;}, such that 7 *(U; x [t;,t;41]) is trivial. By the above lemma, we can extend
that trivialisation over the next interval, U; x [t;,t;42], or U; x[tj_1,t;+1]. Finiteness of the partition
means that in finite steps, one has found a trivialisation of U; x I. Hence {U; x I'} is a trivialising
cover. O

Proof of Theorem[2.4 Let F: X x I - Y a homotopy with Fy = f, F1 = g. Then F*P - X x I
is a principal bundle and F*P|xxo = f*P, F*P|xx1 = g*P. By the above lemmas X has a cover
{U;} such that F*P|y,«s is trivial. The theory of paracompact spaces tells us that there is a
countable, locally finite open cover {V}};>1 such that each Vj is a disjoint union of open sets, each
contained in some Uj;, admitting of a subordinate partition of unity, {£;}. In particular, Vj x I is
a countable cover of X x I, such that F*P is trivial over each V; x I. Set ¥; = Z;;l & and X;
the graph of ¥;, X; = {(x,¥;(z))} ¢ X x I, for i > 1; let ¥y = 0 so that Xg = X x {0}. Denote
the restriction of the bundle to these graphs F*P; := F*P|x,. Thus, Xg = X x0 and F*Py = f*P.
Observe that for all ¢ > 1 we have a natural homeomorphism s; : X; - X;_1, which is the identity
above X \V;. As F*P is trivial over V; x I for all j, the homeomorphism s; can be lifted to a
bundle isomorphism of h; : P; - P;_1, using the trivialisation over V; x I. Form the composition
h=hgohio...: X x{1} = X x {0}. This is well defined because the cover Vj is locally finite, so in
a neighbourhood of any point only finitely many of the & are non-zero, meaning only finitely many
of the h; are not the identity. As X; = lim; . Xj;, it can be concluded that h is the sought after
isomorphism. O

Observe that nowhere in the above did we use anything more specific than local triviality, so it
can be concluded that in fact the statements hold for general fibre bundles.

Proposition 2.7. If F is a bundle E - X x I, with X paracompact, then E|XX{0} 18 isomorphic to
Elxuf1}-

The proof essentially repeats that of Theorem [2.4] It is important to observe that there is
not a canonical isomorphism. Indeed, the isomorphism depends on the trivialisation of the vector
bundle E. However, it can be checked that for a fixed trivialisation of, say E| Xx{0}, the induced
isomorphism is unique up to homotopy.

2.1.1 Associated Vector Bundles

In this section we generalise from principal G-bundles to bundles with arbitrary G-space fibres, and
structure group G. The idea is that a bundle associated to a principal bundle is a locally trivial
map with the same transition functions as the principal bundle, g;; : U; nU; - G, now acting on
the fibre rather than . This is formalised below. Associated bundles are key in constructing the
classifying spaces in the next section, but they will also be important to us in that we regard vector
bundles as associated G L,-bundles.

Definition 2.8. Given a right G-space X and left G-space Y, we can define the balanced product
to be X xqgY = X xY/ ~, where (zg,y) ~ (x,gy). Equivalently, we have (xg,g y) ~ (x,7).

In general, we can consider a left G-space as a right G-space (and vice versa) by defining right
action zg := ¢ ' z. In this way, we can form the balanced product of two right spaces (or left spaces),
where the equivalence relation above can be formulated as being the quotient of the product space
X x Y by the right group action (z,y)g = (zg,y9) = (9,9 ' y). Two very useful examples involve
the balanced product of any space with the one-point space, or with G itself:

Example 2.9. Consider x the one-point space with trivial G-action, then the balanced product with
any right G-space is X xg » = X/G.



Example 2.10. X x¢ G=Gxg X = X.

These can both be checked directly from the definition.

Importantly, the balanced product is associative, up to unique homeomorphism. In particular,
let X have a right G-action, Y have a left G-action and right H-action and Z a left H-action, for
some groups G, H. Then the space X xg Y has a right H-action, and Y x Z a left G-action, so
(X xqY)xgZ and X xg (Y xg Z) are well-defined. One can check they are naturally homeomorphic
using some basic point-set topology.

Now suppose we have a principal G-bundle 7 : P - B, and X some right G-space. Let ¢: X — «
the unique map to the one-point space. This is a G-map, and so it induces amap ¢: PxgX — Pxgx*,
by é([p,x]) = [p,cx] = [p,*]. By the above, P xg » = P/G, and as P is a principal bundle
P/G =2 B. We call P xg X the fibre bundle associated to P, with fibre X and structure group
G. The locally trivial structure on P induces a locally trivially structure on X as follows: for
any cover of B over which P can be trivialised, say {(U;,¢;}, we define ¢; : &"1(U;) - U; x X, by
bi[p,x] = [¢i(p),z] € (Ui x G) xg X = U; x X. This is well-defined, because [p, ] € ¢"1(U;) implies
that p e 7 1(U;).

It follows immediately that the fibre bundle associated to a principal bundle has the same
transition functions as the principal bundle, now acting on the G-space X.

Example 2.11. Of utmost importance for us will be the concept of vector bundles. We will work
exclusively with complex vector bundles, though we could equally work over other fields at this stage.
The space C" is a GL,(C)-space under the defining representation, i.e. A-v = Av, Ae GL,(C),ve
C™ where the right hand side denotes the group action, and left hand side is matrixz multiplication.
A complex vector bundle of rank n is a fibre bundle with fibre C", associated to a principal GLy,(C)-
bundle. We will soon see that in fact complex vector bundle can equally be consider as an associate-
U(n) bundle.

The fibres of an associated bundle P xg C" have a canonical C-linear structure on the fibres,
induced by that on C".

2.2 Classifying Spaces

A classifying space enables us to model the set of principal G-bundles as homotopy classes of maps.
The goal of this section is to identify the classifying space of principal U(n)-bundles, which is
achieved in Example [2.16|

Proposition 2.12. Let P - B a principal G-bundle, X a right G-space; there is a bijection
Homg (P, X) 2T'(P xg X — B), where I' denotes the space of sections of the bundle.

Proof. (This proof is taken from [9], Proposition 6.1) Let ¢ : Homg(P, X) - I'(P x¢ X - B)
¢(f) + sy, where s¢(b) = [p, f(p)], for any p € 7~1(b). This is well defined, because G acts freely
and transitively on fibres, so if 7(p) = w(p’), we know there is a unique g such that p’ = pg. Then
[P, f(®)] = [pg, f(p)g] = [p, f(p)], where we used that f is a G-map. To see that ¢ is a bijection
we use local triviality.

In the case P is trivial, P 2 B x G, we have Homg(B x G, X) = Hom(B, X); similarly I'(B x
GxgX - B)=T(BxX - B)=Hom(B,X); ¢ =1d in this case.

To extend to the general case, let {U;} a cover of B, trivialising P and therefore trivialising
P xqg X; let U .= U;nUj, P;, P;j the relevant restrictions. We have the commutative diagram:

Homg (P,G) —— T1; Homg(P;, X) ——= []1Homg (P, X)

l¢ ln $i ln $ij (2.3)



here the horizontal arrows are just restriction. As all P;, P;; are trivial, we know that the last
two vertical maps are isomorphisms. Further, Homg(P,G) — []; Homg(P;, X) is the equalizeIEL
and similarly for the second row. The universal property for equalizers then shows that there are

unique morphisms Homg(P,G) &—= T'(P xg X) such that the diagram commutes. Uniqueness
¢

implies both that these maps are inverse to each other and hence bijections, so in particular, ¢ is a
bijection. O

Theorem 2.13. Let 7 : P - B a principal G-bundle with contractible total space P. Then for
compact Hausdorff X, there is a bijective correspondence [X, B] - PgX, given by f — f*P; here
[X, B] denotes the set of homotopy classes of maps X - B.

Proof. Surjectivity Let ¢q:@Q — X be an arbitrary principal G-bundle and suppose there is some
f € Homg(Q, P). Quotient out the G-action at both ends to obtain a map on the quotient
spaces f : X — B, such that fq = 7f. By definition of the pullback, there must be a bundle
morphism @ — f*P, which must be an isomorphism by Proposition Consequently, it
suffices to show that Homg (@, P) is non-empty to conclude that @ is in the image of the
map. Proposition then implies that surjectivity can be deduced from the existence of a
section of the fibre bundle @ xg P — X, for arbitrary principal G-bundle, @), which is proved
in the following lemma.

Lemma 2.14. Fibre bundles over compact, Hausdorff base space, with contractible fibre, admit
a section.

Proof Of Lemma. The lemma is clear for a trivial bundle, so we proceed by induction.

Let 7w : E - X the fibre bundle with contractible fibre, F', {U;} a cover of X and trivialisations
¢i Y (U;) » U x F . As X is compact we can assume this cover is finite.

As the basis of induction, observe there is a section for U;. Define V; = ngl U; and let
E;:= E]V].. Assuming there is a section s: Vi, — Ej we will construct a section on Vi1 using
local triviality and contractibility of the fibre.

As a first step, observe that the sets Vj, and U,y form an open cover of V.1, so there is
a partition of unity subordinate to this cover, say &k, &ks1 @ Vir1 — I, with supp(&x) c Vi,
supp(&k+1) € Uky1. The section s induces § : Vi nUgy1 — F in the trivialisation given over
Ui+1, and contractibility of F' implies the existence of a homotopy g : (Vi NUgy1) x I — F such
that go = fo € F' and g1 = 5. Define Sk+1 -+ Vk+1 - Ek;+1 to be

s(x) v e Vi (VinUgs1)
o(z) =1 opii (2, g(2, &1 (2))) 2 e ViU . (2.4)
D1 (2, fo) 2 € Upyr N (Ve N Ugs1)

Observe that the homotopy continuously interpolates over Vi n Ug,1 between the section s
and the constant map fy, hence the overall section is continuous. By induction, there exists
a section. O

Injectivity Suppose we have fjP = f{ P, for maps fo, f1 : X - B. It needs to be shown that fj is
homotopic to fi. Let ¢: Q - X, Q = fy P = f{ P, and consider the bundle @) x I - B x I. Set
R=(Q xI)|xxor- The lifts of fy, f1 provide a morphism R — P, which we want to extend to
a morphism @ x I — P; by doing so, and passing to cosets, we obtain the required homotopy.
Therefore, it suffices to show that the morphism R — P can be extended. By Proposition
this is equivalent to a section extension problem, which is solved in the following lemma.

. f
3The equalizer of two maps f,g: X — Y is the limit of the diagram X :g; Y



Lemma 2.15. If E - X x I is a bundle with contractible fibres, and s : X x 01 - E|xxor 18
any section, then s can be extended to a section of the whole base space X x I - F.

Proof Of Lemma. In Lemma [2.6] we saw that a fibre bundle Q — X x I admits of a trivialising
cover of the form {U; x I'}7", where {U;}!", is an open cover of X. If Q) is trivial, the lemma
asserts that there is a homotopy between sg : B - F and s; : B — F, which is true by
contractibility of F.

The general case follows the same pattern as the previous lemma. In brief: by induction there
exists a section over V; x I. A homotopy can be chosen between the maps og,01 : Ug 1 = F
induced by sg, s1 in the trivialisation of Ugy1. On the overlap, (ViynUy,1) x I we have to worry
that the given section does not agree with the chosen homotopy. However, contractibility
means the homotopies are themselves homotopic, so using the partitions of unity as above,
we continuously pass from the section on Vi to a section on Ug,q, thereby defining a section
on V1. Thus, by induction, there exists an extension on the whole of X x I. O

This completes the proof of injectivity and establishes the theorem.
O

The base space of a contractible principal bundle is the classifying space of G and commonly
denoted BG. The total space of the bundle is often called the universal bundle and denoted EG.

Example 2.16. The classifying space of U(n) bundles will be fundamental in the rest of the chapter;
essentially the same result for O(n) can be obtained by replacing C with R, whenever it appears in
the following. This example is essentially an elaboration of Example 4.53 in [5].
We shall show that the classifying space for U(n) is the Grassmannian space of n-planes in C*,
Grn(C®). Here we define C*° = colim C* as the colimit of the diagram
(Cn N (Cn+1 .

Y

i.e. the set Up2,, CF, with the weak topology.

Let V,, be the space of orthonormal n—baseéﬂ in C* and consider the natural projection map
p:Vy = Grp(C*™), mapping an n-basis to the n-plane spanned by it. More precisely, Gr,(C*>), V,
are the colimits of the respective diagrams

Grn(C") = Grp(C™1) & oo,

where the maps are induced by the inclusions C¥ — CF*.

We topologize Vy,(CF) as a subspace of (S?*71)*" and induce a topology on Gr,(CF) by imposing
that the projection p is a quotient map. In this way, we see that the limit surjection p : V, —
Grp(C™) is continuous. We wish to see that it is in fact a fibre bundle.

Let P € Grp(C®) some arbitrary plane, k € Z big enough that P ¢ C* and np : C¥ - P be
the orthogonal projection with respect to the standard hermitian metric; this induces the orthogonal
projection mp : C* - P. Let U c Gr,,(C™) the set containing all those n-planes, Q, such that pp|g
is a surjection. In each finite case, this set is the quotient map image of (S?*~1\§2k-1=2n a7 (CF)
(where k > n a priori, and S2k=1=2n s the equatorial sphere orthogonal to the plane P) and hence
an open neighbourhood of P in Gr,(C®). By continuously choosing an orthonormal basis of each
plane in U we can obtain a trivialisation, 1p : p™(U) - U x V,(C™), via the coordinate vectors.
We can make such a choice by first selecting an arbitrary orthonormal basis on P, denoted by
E=(&,...,&,). This induces an n-basis on each Q € U:

(TrQ(gl)v s 777@(571))7

4By an n-basis, I here mean a set of n linearly independent vectors. “Orthonormal” is with respect to the standard
hermitian metric

10



so applying the Gram-Schimdt procedure yields an orthonormal basis of Q. This is a continuous
procedure, and hence we can continuously identify Vy,(Q) with V,(C"). Using this, we can concretely
write the trivialisation

Yp(vi,...,vn) = (p(v1, ..., 0n), (1115, .. ,UE)), (2.5)

for vF the coordinate vector of v; € Q, corresponding to the choice of basis GS(mg(&1),-..,mo(&n))-

Next, we observe that V,(C") can be identified with U(n) by identifying an n-basis, v, with
the unique element g € U(n) such that eg = v. Under this identification, it can be seen that the
trivialisation is a U(n)-map, and hence V,, > Gr,(C*) is indeed a principal bundle.

It remains to show that V,, is contractible. The homotopy is constructed in two steps: the first
uses the right-shift operator and the second is, in essence, a straight-line homotopy. To be precise,
the linear operator r : C*° — C*, r(z1,29,...) = (0,21,29,...) is injective, and repeating n-times
gives an injection r’™ : C* — 0" x C*. Next, observe that the map 7 := (1 —t)Id+tr"™ is also
injective for each t € [0,1]. This implies that if we start with some v = (vi,...,v,) € V,, , then
7e(v) = (re(v1),...,me(vp)) is a linearly independent n-tuple for all t and hence the Gram-Schmidt
procedure can be applied to obtain a homotopy GS o7 : V,, = V,,. Observe that the Gram-Schmidt
procedure is stationary on orthonormal bases, so that GSo7y =1d and GSo7 =7". Thus, ¥, induces
a deformation retraction from V, onto the proper subspace of n-bases with first n coordinates zero.

We can now use that {ey,...,en, 7" (v)} is linearly independent and, further, that {(1-t)r"(v;)+
te; ), forms a linearly independent set for all t € [0,1]. Therefore we can define hy(v) = GS((1 -
t)r"(v) + te), describing a homotopy between ™ and the constant map e.

Putting these two homotopies together, we obtain a map

_ Tt (V) te0,5]
g(v.1) :{ B;_l(v) te[l1]

continuously depending on v and t, describing a homotopy from the identity on V, to the constant
point € = (e1,...,en). This completes the proof that V,, is contractible, and we can finally conclude
that Gry,(C*) is the classifying space of U(n)-bundles.

Looking carefully at this proof, it can be observed that if we replace V,, with the space W,
of all (not just orthonormal) n-bases, then the only substantive change in the above would be to
omit the Gram-Schmidt process wherever it appears, implying the fibres of the resulting bundle are
W,(C") 2 GL,(C). Tt follows that BGL,, = BU(n) = Gr,(C*).

2.3 Vector Bundles

We earlier defined a complex vector bundle as a bundle with fibre C", associated to a principal
GL,(C)-bundle, where GL,,(C) acts in the defining representation (substituting "real” for ”com-
plex” everywhere leads to a real vector bundle). E| It is important to remark that with this definition
all fibres have the same dimension. We call the dimension of this fibre the rank of the vector bundle.
Local triviality guarantees that the rank is locally constant.

A vector bundle morphism is a pair of maps (F, f), where f is a map between base spaces, F
lifts f (i.e. poF = fp1) and F is a linear map on fibres. An isomorphism of vector bundles over a
fixed space is a continuous lift of the identity, which is a linear isomorphism on fibres. H For a given
base space, X, we define the category Vect"(X) with objects being isomorphism classes of vector
bundles over X, and morphisms are vector bundle morphisms. Taking Vect(X) = U2, Vect™(X),
with all bundle morphisms, we get a category of constant rank vector bundles over X.

>This is not the common way to define vector bundles, but it can be checked that the category of isomorphism
classes are equivalent, up to the issue of locally constant rank.

5Tn fact, an isomorphism is usually defined to be a fibrewise-linear homoeomorphism, lifting the identity, however
the definition given here is in fact equivalent, see [4], Lemma 1.1.
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In contrast to the category of principal bundles, these categories are not disconnected, i.e. there
can be morphisms between non-isomorphic bundles. Therefore, this category is more complicated,
however there is a bijection between the objects of Vect”(X) and the objects of Pgy, ()X, i.e. if
two vector bundles are isomorphic P xg C" = (Q xg C", then the principal bundles are isomorphic,
P~ Q. This is not difficult to see, so further details are omitted.

It follows that there is a set bijection Vect"(X) = [X,BU(n)], given by|Z|

1= Vo Vo xuy C 2 7 (Vi xpm) C°). (2.6)

It can be recognised that V;, x¢7¢,) C" is isomorphic to the tautological bundle EU (n) — Grn((C‘x’)ﬂ
EU(n) has the subspace topology, EU(n) c Gr,(C*) x C*, and the isomorphism is given by
v Vn XU(n) C"* - EU(n)

U[(v1y.0n), (21,00 20) ] = 2101 + oo + 20 (2.7)

This continuous map lifts the identity Idg,, =) and is a fibrewise-linear bijection, so is indeed a
bundle isomorphism.

We also have the following analogue of for vector bundles, which is a consequence of the
bijection ([2.6)).

Corollary 2.17. Define an n-frame on a vector bundle to be an n-tuple of sections that are fibrewise
linearly independent. A wvector bundle of rank n is trivial if and only if it admits an n-frame.

Proof. 1t is clear that a trivial vector bundle of rank n has an n-frame, so we focus on sufficiency
of the condition. We can mirror aspects of the proof of Corollary to obtain the result.

In particular, let oy,...,0, form an n-frame of the rank n vector bundle 7 : £ - X. By
definition, any element v € w~(x), for any x € X, can be expressed as a unique linear combination
of the basis si(z),...,sp(x), say v =3 ;v;s;(x), with v; € C. We can therefore define a map to the
trivial bundle ® : E - X x C" by ®(v) = (7(v), (v1,...,v,)). P is a continuous lift of the identity,
which is a linear isomorphism on the fibres and is therefore an isomorphism. O

Corollary can also be understood as a direct consequence of Corollary by observing
that an n-frame induces a section of the associated principal bundle. Indeed, let E — X a vector
bundle, and s1,...,s8, : X - E an n-frame. By the above, we know that F = f*EU(n), for some
f:X = Gry,(C*™) so there is an induced n-frame on f*EU(n), denoted by the same names. The
pullback comes equipped with a bundle morphism f : f*EU(n) - EU(n), lifting f and which is
a linear isomorphism on fibres, so there is an induced n-frame f(s;): X - EU(n). Applying the
Gram-Schmidt process to the frame, we obtain a section ¢ : X — V,,, satisfying mo g = f.

Therefore, defining o : X - f*W, = {(z,(v)) e X xV,, : f(z) =7(v)} by o(x) = (z,6(x)) there
is an induced section on the principal bundle f*V,,, which implies that it is trivial. Finally, using
2.6, we can conclude that E = f*V,, xgr, C" 2 X x C", which is the result.

Given a vector bundle 7 : E - X of rank n, a subbundle is a subspace S c F such that:

e S intersects every fibre of F¥ and the intersection is a vector subspace;
e the restriction 7|g:S — X is a vector bundle of rank k < n.

A consequence of Corollary is that a global k-frame exists in a bundle of rank n > k if and
only if there is a trivial rank k subbundle.

"The isomorphism f*V;, xr(ny C" 2= f*(Vi x17(n) C*) is generally true of associated bundles, and can be checked by
observing that the transition functions agree.

8Note that EU(n) denotes the associated fibre bundle, which has elements in a fibre over a plane being vectors
contained in the plane. It is not the universal U(n) bundle
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2.3.1 Operations on Vector Bundles

We can think of a vector bundle as a family of vector spaces continuously parametrised by the
base space, suggesting that vector space operations, such as direct sum and tensor product, can be
carried over to vector bundles. We turn now to these definitions.

Definition 2.18. Given two bundles E,E’ the product space is in fact a vector bundle p x p' :
ExE' - Bx B'. The fibre over a point (b,b") is p~t(b) ® p' *(b'), and a trivialising cover is given
by the products of a trivialising cover of E and E'.

Definition 2.19. Given two bundles E, E' over the same base space, B, we can take the pullback of
the product bundle by the diagonal map A : B - B x B yielding the direct sum bundle E® E' - B.

This definition agrees with what we expect of sum of bundles in that A*(E x E") = {(b,e,¢€’) :
p(e) = p'(e’) = b}, i.e. the fibres are exactly the direct sum 71(b) = p~1(b) @ p’ 1 (b). The direct sum
of vector bundles is, up to isomorphism, commutative E®@E’ 2 E'®F, and associative E®(E'@E")
(FoE")o E".

We define a tensor product of two bundles in a more direct, constructive manner.

Definition 2.20. Given two bundles E, E" over the same base, consider the set EQE' = [1,p™(b)®
p"l(b), which comes equipped with a surjection m: E® E' — B,. Choose trivialisations of E,E" over
a common cover, {(U;,#:)}, {(Ui, i)}, and define maps ¢; ® ¢} : 7 1(U;) — U; x C™ . Declaring
these maps to be homeomorphisms defines a topology on E®E'. With this topology, 7 is continuous,
as can be checked.

One point that was glossed over in the above construction is whether the resulting bundle
depends on the chosen trivialisation. If this were the case, the tensor product would not be well-
defined on isomorphism classes, which would be a problem. However, given two trivialisations
of some vector bundle, which can be assumed to trivialise over the same cover, the composition:
o L(b,v) = (v,g(b)v), is a homeomorphism. It follows that the topology on E® E’ is unaffected
by the choice of trivialisation.

An important observation is that the direct sum and tensor product commutes with pulling
back, i.e.

ff(AeB)z f"Ae ["B;
ff(AeB)z f"A® f*B,

which can be checked directly from the definitions.

Furthermore, the tensor product is commutative, and distributes over the direct sum (up to
isomorphism). These facts will be important in the following, and can be checked by simply writing
out the definitions.

It will be of great importance later in the thesis to know that any bundle over a compact
base space, E, is a subbundle of some trivial bundle. In fact, there exists a bundle E’ such that
E o E' = O", for some trivial bundle of rank n, ©™. This requires a compact base space. A tool
we will use to prove this fact is a bundle metric; this concept also helps clarify the relation between
U(n) bundles and GL,, bundles.

Definition 2.21. A metric bundle is a vector bundle, equipped with a continuously varying, fibrewise
hermitian metric. That is, (-,-) : E® E - C, v@w + (v,w), where (-,-)|fbre is an Hermitian metric.
(-,-) is called a bundle metric.

Given a metric bundle with F' ¢ E a subbundle, the orthogonal complement, F'* c E, is the
subspace of E consisting of the orthogonal complements of the fibres of F'. The restriction of 7 to
F* can be checked to be locally trivial, and so F* is a vector bundle such that FF & F* = E.
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We will show that every bundle £ — B can be endowed with a bundle metric, provided there
exists a locally finite partition of unity subordinate to an open cover of B trivialising F. We will in
fact restrict attention to compact base spaces, but the generalisation is straightforward.

On any trivial bundle, there is a bundle metric induced by the standard metric on C". In the
general case, suppose {(U;, ¢;)} a trivialising cover of the bundle p: F — B, and {¢;} a partition of
unity subordinate to {U;}. Define a metric on each E|y,, say (-,-); and let (-,-) : E® E' - C given by
() == X;(& o p)(,-)i- This is hermitian, non-degenerate and positive-definite, and hence a metric.

Therefore, given any bundle E and subbundle F' c E, there is a metric on E defining a subbundle
F* such that F 2 F @ F*. The next step is to see that the bundle F* is independent of the
choice of metric. Indeed, given two metrics on some bundle E, (-,-)p1 the convex combination
t(-,-)o + (1 =¢t)(-,-)1 is a metric for any ¢ € [0,1], i.e. the space of bundle metrics is convex. This
combination defines a homotopy of metrics ¢ : E ® E — C such that g9 = (-,-)o and g1 = (-,)1.
Consider the bundle E' x I - B x I, with bundle metric (-,-)(¢) = g;(+,+). Then, the subbundle F' x I
yields an orthogonal complement F*, where F'*|y is the complement in E with respect to the (-,-)o
metric, and 1:”|1 is the complement with respect to the other given metric. Proposition then
shows that Ef and Fj are isomorphic.

As a consequence, for any subbundle of a trivial bundle, E ¢ ©" there exists a vector bundle
E' 2 E* such that E® E’ = ©. The next step is to show that any vector bundle on a compact
space is in fact a subbundle of a trivial bundle, of rank say N. The key to this observation is that
a subbundle inclusion E ¢ ©V is equivalent to the existence of a fibrewise-linear and -injective map
g: E - RY ([, Proposition 1.4) . For, if we have an inclusion E < B x R, then such a map is
induced by projecting the inclusion onto RY. On the other hand, a fibrewise-linear and -injective g
defines the required inclusion, via (p,g), where p is the bundle projection.

So, letting p: E' - B a vector bundle over compact B, and {(U;, CZB)Z}:Zl an arbitrary, finite triv-
ialising cover of B, set ¢; the projection of ¢; onto the fibre. Let & a partition of unity subordinate
to Uﬂ and define g : E - R™ by g(e) = (&1(p(e))di(e), ..., E&m(p(e))dm(e)). Observe that ¢;(e)
need only be defined above the support of §;, so this well defined. Direct calculation shows this to
be fibrewise-linear and injective. Therefore, we have proved:

Proposition 2.22. For any vector bundle over compact base space, E — B, there exists some vector
bundle E' - B such that E @ E' is isomorphic to a trivial bundle of some finite rank, N .

2.4 K-Group

We have seen that the set of vector bundles has two natural operations, the direct sum and the tensor
product. A key strategy in algebraic topology has been to assign invariant algebraic structures, such
as a group or ring, to a topological space. This is the key idea behind homotopy and homology
groups. Given this historical background, it seems natural to attempt to use the algebraic structure
on vector bundles to yield invariants of the base space. The existence of the classifying space
BU(n) indicates that this will yield homotopy invariants of the base space. In this section, the
natural operations on vector bundles are used to associate a ring to a compact, topological space
in a functorial manner. From now on, it is not assumed that bundles have constant rank, and let
Vect(X) the category of all vector bundles over X with this definition.

The direct sum is a commutative, associative operation on Vect(X) with identity the (unique)
rank 0-bundle. Therefore, Vect(X) is a commutative monoidm For such objects there exists a
group satisfying a universal property, the groupification see e.g. [15].

Indeed, let (M,+;0) a commutative monoid; there exists an Abelian group Gjs, and map ¢ :
M < G such that:

1. ¢ is a monoid morphism,;

9We assume for notational simplicity that E has constant rank, say n
10Also known as an Abelian semigroup
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2. For any group G and morphism j: M — G, there exists a unique group morphism ¢ : Gy - G
such that j=¢o..

As is usual with objects satisfying a universal property, the group G, is only defined up to
unique isomorphism. It can be shown that such a Gjs exists by explicit construction:

Gy ={(m,n)e M x M}/ ~, (2.8)

where
(m,n) ~(m',n') <= m+n"+a=m"+n+a, (2.9)

for some a € M. It can be checked that ~ is indeed an equivalence relation. Let [m,n] denote the
equivalence class represented by (m,n).

Endow the set Gp; with the operation [m,n]+ [m/,n'] = [m + m/,n +n’], which inherits com-
mutativity and associativity from the monoid operation. The class [m,m] acts as an identity,
because [a,b] + [m,m] = [a + m,b+ m] = [a,b], and the class [n,m] is an inverse to [m,n], as
[m,n]+[n,m] =[m+n,m+n]. Therefore G is indeed a group. The inclusion ¢(m) — [m,0] is a
monoid morphism satisfying the universal property. A more suggestive notion for elements of G s
is [m,n] = m —n, and henceforth this symbolism is used.

Now apply this formalism to the semigroup Vect(X), so that for any compact X, we have the
grouff | K(X) = {E-E' : E,E" ¢ Vect(X)}. By definition, E-E' = F-F'if Ee F'e Az E'e Fe A
for some vector bundle A. In particular, suppose that £ = F in K(X), so that E®@ A~ F @& A for
some vector bundle A; let A’ such that A@ A’ = ©Y, which exists by compactness of X, then adding
A’ to both sides it follows that F @ © =~ F @ ©N. In that case, we say that E and F are stably
isomorphic, and we write F %s F. Thus, we can view K(X) as generated by stable isomorphism
classes of vector bundles and their (formal) inverses. A strength of this viewpoint is that stable
isomorphism classes satisfy the cancellation property: A® B 2, A’ ® B implies A 2; A’. This again
follows from the existence of B’ such that B @ B’ is trivial:

AeBeB eo0"2xAoBoB 0"
— Aee™ Nz A g

so that A 2, A’. Thus, for stable isomorphism classes [E] - [E'] = [F] - [F'] in K(X) implies
[E® F'] 2, [E'® F], which is conceptually simpler than (2.9). Of course, the only difference here
is notational. In future, we denote elements of K(X) simply by E — E’, meaning [E] - [E’] in an
abuse of notation.

Using a similar trick to above, we can observe that if £ — E’ € K(X), and E” is a bundle such
that B'+E" 2OV then E-E'=E—(E'+E")+E" in K(X) and E-(E'+E")+E" 2 E+E" -0V
andso F-E' = E+ E" -0 in K(X). It follows that K(X) = {F-0" : E € Vect(X)}. We call
the elements of K (X) virtual bundles, and the group itself will be called the K-group of X.

Recall that any map between compact topological spaces f : X — Y induces a monoid morphism
f* : Vect(Y) - Vect(X). Composing with the canonical injection ¢ : Vect(X) - K(X), we have
a monoid morphism Vect(Y) — K(X), so by the universal property for the K groups, we get an
induced group morphism K(f): K(Y) - K(X) - we usually denote this map simply by f*. The
fact that (fog)* =g* o f* and Idy = Idg(x) implies that K is a contravariant functor from the
category of compact, Hausdorff spaces to Abelian groups.

In fact, K(X) is a ring, as the tensor product of vector bundles induces a multiplication on
virtual bundles

(E-E'YF-F)=(E®F+E'®F)-(E®F' +E'®F). (2.10)

"“'Warning: in the literature, the letter K is frequently used to denote the full sequence of functors describing the
cohomology theory that we describe in Chapter K, as we describe it here, corresponds only to the degree zero
0
group K.
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To check this is well-defined assume that E— E' = F'— F' € K(X), i.e. there is some n such that
EFoF oO"2FE & F®0O" and suppose D — D' € K(X). The multiplication then gives

(D-D')YE-E)=(D®E+D' ®FE)-(D'®E+D®E)
=(D®(E+F' +0")+D'®(E'+F+0")-(D'®(E+F+0")+ Do (E '+ F'+0"))
=D®(F+E'+0")+D'@(F+E+0")-(D'®(E+F+0")+D® (E' +F +0"))
=D®F+D'®@F -D®F -D'®F
_(D-DY(F-F,

implying it is indeed well-defined. This product inherits associativity and distributes over the
addition operation, so that K(X) is a ring, with unit given by [©!].

It can be remarked that for any = € K (X ), multiplying with the class ©™ is the same as taking
the direct sum nz =x + ...+, for n € N. This is true for n = 0,1 and induction yields the general
case, for if it is true for n = k, then

o A=(eF+0")4
=0FA+ A
=A+...A+A,

[ —
k

S0 it is true for k + 1. Setting ©7" := —O™ allows us to generalise to n € Z.
Finally, one can see that the morphism K (f) induced from some map f: X — Y is in fact a
ring morphism. Indeed, f*(E® E') 2 f*E ® f*E’ implies

FFUE-ENYF-F)=f ((E®F+E'®F)-(E®F +E'®F))
=ffEQf'F+f'Eef'F-(ffEef'F +fE®fF)
=(f"E-f"ENfF-fF).

A particularly important map to consider is an inclusion ¢ : A & X, for A c¢ X, closed. 1
call such an (A, X) a compact pair, following [I0]. The inclusion induces a restriction morphism
i K(X) > K(A)

E-0"(X)~ E[4-0"(A). (2.11)

This will be important in Chapter |5 for now, we restrict our attention to the case A = {x¢}, for
some zp € X. Writing K (x0) := K({zo}), observe that K(zp) ={0" -0™ : n,m e Z} = Z, and the
kernel of the restriction is kert* = {E - O™ : n e N,rank(E|;,) =n}.

Suppose that E - ©" = E' — ©", where both E - ", E' — ©" ¢ ker:*. By definition, this
means that F ® O™ ~ E' @ ©"*™ for some integer m and therefore we can identify ker:* as the
set of equivalence classes of vector bundles under the equivalence relation: F ~¢ E’ if and only if
E® 0" E @©™. In this sense, we can look at this kernel as being vector bundles with all trivial
factors quotiented out, leaving only non-trivial factors. Denote the kernel by ker /* =: K (X) and call
it the reduced K-group. Observe that as a kernel of a ring morphism, K (X) is an ideal in K (X)
and hence a commutative ring, though not usually with unit. The tensor product in K behaves as
one would expect; let E—n, E' —n' € ker(¢*):

[E]®[E] = (E-n)(E'-n)
=EE +nn' - En' —nFE'
= [EE' +nn']
=[E®E']

It is important to note that K depends on the chosen basepoint xg, being the kernel of the
inclusion zp - X. Indeed, a representative £ — ©" € ker(xg = X) need not be in the kernel
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ker(yp = X), if xg and yg are in different connected components. Thus, identifying K (X)) with the
~¢ equivalence classes gives an invariant model of the reduced group, which will be helpful.

Given a basepoint preserving map, f : (X,z9) = (Y,y0), the pullback K(f) maps the kernel
of yo = Y into the kernel of zy = X, so that there is a well-defined map K(f) = K(f)|1~((y).

Functoriality of K thereby induces functoriality of K from the category of pointed compact spaces
with basepoint preserving maps.

2.5 Homotopic formulation of the K-Groups

We earlier used the machinery of principal bundles to classify vector spaces of constant rank, via
Vect™(X) = [X,BU(n)]. This will be used to find a representative for the functors K, K.

It turns out that it is convenient to begin looking at the reduced K-group, initially assuming
X connected. As the objects of K (X) can be identified as ~, equivalence classes of vector bundles,
define functions ¢y, : Vect" (X) - Vect"™™(X), for each n,m € N by ¢, ,, E := E ® ©™. Observe
that ty4m klnm = tnm+k, and so all the maps can be obtained by repeatedly composing iy n+1 = tn,
giving the diagram

D: Vect?(X) —2— Vect!(X) —— Vect?(X) —— ... =5 Vect"(X) —2 ...

This is a directed system in the category of sets, so we can take the direct limit in the standard
way (e.g. [15] p.42) yielding colim®D = [], Vect"(X)/ ~, where E; ~ Ej if there is some k such
that ¢; i E; = tjx-;E;. This is precisely the set K (X), so rewriting the diagram D in terms of
the homotopy description of Vect" (X)) will lead to the representative of K. The first step in this
program is to identify the analogues of the ¢, maps.

Specifically, we look for maps 7, : [X,BU(n)] — [X,BU(n + 1)], such that each of the squares

[X,BU(n)] - [X,BU(n+1)]

“ H (2.12)

Veet™ (X) —2— Vect™ (X))

commute.

An element in BU(n) can be identified as an n-plane in some CF, identified with its image
under all the embeddings C* < CF*! < ... This suggests the map BU(n) - BU(n + 1), P ~
CoP c CoC™ = C*™. To see this is well-defined, observe that it is induced by the inclusions
Grn(CF) = Grp.1(CF1), given by P —» CeP c CoCF. Indeed, we can compose these maps with
the colimit morphisms G741 (CF1) » Grp.1(C*), yielding Gr,,(C*) - BU(n +1). Then, because
the following diagram commutes up to homotopy:

Grn(C") — Grp(C"™) —— ... —— Gr,C""F —s .

~ ~ ~ (2.13)

Grp1(C™1) < Grp o (CV2) e—— .. —— Grp C s

the universal property of the colimit BU(n) induces a map
Xn:BU(n) > BU(n+1). (2.14)

By construction, x,(P) = Ce@P. Define j, := xp, 0 —: [X,BU(n)] - [X,BU(n + 1)]. It remains to
show that with this definition, commutes.

Suppose f: X - BU(n+1) is in the image of J,, then we can write f = K @& f := (K x f) o A,
where K : X - BU(1) is constant and A : X — X x X is the diagonal map. In general, the
composition (f x g) o A = f &g, where f : X - BU(n) and g : X - BU(m), defines a map
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f®g: X - BU(n+m). Comparing with the definition for the direct sum of vector bundles implies
the isomorphism (f@® ¢g)*EU(n+m) = f*EU(n) ® g* EU(m), and so in particular

fFEU(m+1)2 f*EU(n)® K*EU(1) 2 f*EU(n) @ 0", (2.15)

where it was used that the pullback of a constant map is trivial.
It follows that the square (2.12) commutes, yielding a bijective map between the colimit of the
diagram D and the colimit of the diagram

D' 2L [X,BUR)] £ [X,BU(n+1)] 2225 . (2.16)

Observing that colim D’ = [ X, colim,, BU(n)] we have obtained a bijection K (X) = [X, BU], where
BU := colim,, BU(n). It will later be important to know that BU is path-connected; this is inherited
from path-connectedness of BU(n), for all n.

The identification of K(X) with the homotopy classes of maps [X,BU] is a priori a bijection
of sets, however the fact that (f® ¢)*EU(n+m) 2 f*EU(n) ® ¢* EU(m) implies that the group
operation on I?(X) corresponds to the operation on [X,BU], (f,g) = f ®g. It follows that the
bijection K (X) is a group isomorphism.

What about the ring multiplication? For f: X - BU(n) and g : X - BU(m) define f®g: X —
BU(nm) by (f®g)(z) = f(z)®g(x). To show that f*EU(n)®g*EU(m) = (f®g)*EU(nm) we can
use the universal property of pullbacks to find a morphism f*EU(n)®g¢*EU(m) - (f®g)*EU(nm)
and then observing that this morphism is actually an isomorphism on fibres. This is sufficient to
conclude that the induced morphism is a bundle isomorphism. I omit the details.

We can conclude that the ring K (X) is isomorphic to [X,BU] with the described operations.
Next, we aim to express the unreduced ring K (X) in similar fashion, still assuming X is connected.
By definition, K (X) is the kernel of the morphism induced by the point inclusion map, so there is
a short exact sequence

0—>I?(X)—>K(X)—>K(:L'0)—>O; (2.17)

we have seen that K(z() = Z and, because this is a free Z-module, the sequence splits. Indeed, the
map 7: 0" (z9) - O™ (xg) = O"(X) - O™(X) is a ring morphism that is a section of ¢*, so implies
a splitting (see e.g. [3], Proposition X.1.5). This implies K(X) = K(X) & Z, and therefore

K(X)2[X,BU]®Z=[X,BUxZ]. (2.18)

In fact, the above shows that it is generally true that K(X) = K(X) & Z, independent of the
connectedness of X. For disconnected spaces the definition of K implies that K(X) = @; K(X;),
where X = []; X; and the X; are connected. Therefore, in general K(X) = @[X;,BUxZ] =
[X,BU x Z]. Finally, the reduced group for arbitrary compact spaces is the kernel of the restriction
morphism [ X, BU x Z] — [x9, BU x Z], which is precisely the set of homotopy classes of maps sending
xo into BUx{0}. Given that BU is path-connected, this set is precisely the basepoint preserving
maps [(X,z¢), (BUxXZ, (y0,0)], for any yo € BU. We write this set as [ X, BU x Z]j.

We have learnt that K (X) = [X,BUxZ] and K(X) 2 [X, BU x Z]o, so that BU x Z represents
the functor, K. In the next chapter we will review the Morse theoretic tools that will be used to
probe the homotopy type of these spaces. Remembering that we wish to identify a cohomology
theory based on K, we will pay particular attention to loop spaces.
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Chapter 3

Morse Theory of Path Spaces

Morse theory uses real-valued, smooth functions to probe the topology of their domain. The basic
results of Morse theory concerning the relation between critical points of smooth functions and the
topology of smooth finite-dimensional manifolds are stated without proof. Assuming these results,
the main task will be to identify a smooth finite-dimensional manifold that models the path space
of a manifold. The results of finite-dimensional Morse theory can then be applied to this non-finite
case. The sweep of ideas follows that of Milnor, [§], however some alterations are made to avoid
an error in that source. In particular, in [§], p.68 a variation is introduced and assumed to be
continuous, which is not true in general. This construction can be avoided by immediately passing
to the finite-dimensional model, thereby avoiding the calculus of variations altogether.

3.1 Introductory Morse Theory

The idea of Morse theory is to probe the topology of smooth manifolds using smooth, real-valued
functions. Therefore, in the following two chapters we will work in the category of smooth manifolds
with smooth functions; unless specified otherwise, “manifold” will mean “finite-dimensional smooth
manifold” and all maps and functions will be infinitely differentiable. Denote the set of smooth
mappings M — N by C*°(M, N) and real-valued smooth functions C'*(M).

Definition 3.1. Let M, N manifolds and f : M - N a smooth mapping. A point x € M is a critical
point of f if the map f.:ToM — Ty, )N is not surjective. A pointy € N is a critical value of f if
there exists x € f*(y) such that = is a critical point. If y € N is not a critical value, it is said to be
a regular value.

In particular, a point z € M is a critical point of f € C*°(M) if and only if the tangent map
fo Tza]y — T4z R is the zero map; in local coordinates (z',...,2™) this means that % = % =

= =
Regular values are well-behaved in that the preimage of a regular value is a smooth submanifold

([I1], p.21). In fact, topologically speaking, not much happens when passing regular values, however
the critical values contain topological information about the domain manifolds. We begin the study
of Morse theory listing some results which make this precise.

Definition 3.2. For f € C*(M) and x € M a critical point, there is a symmetric bilinear form,
denoted f.r : TpoM x T.M — R and called the Hessian, of f. For X,Y € T,.M, we can extend
to vector fields X,Y, and then define f.r(X,Y) = X(Y(f)) = Y(X(f)). To see that the second
equality actually holds, observe that [X,Y],(f) =0, because x is a critical point. This observation
shows that f.+.(X,Y) is independent of the extensions of X and 'Y, and that it is symmetric.

2
In local coordinates, the Hessian has the matrix form f,. = ( 8:?- afx) Being a symmetric,
) J/ig

bilinear form, the Hessian has real spectrum. The nullity of a critical point is the dimension of the
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nullspace of the Hessian. Similarly, the index of the critical point is the maximal dimension of a
negative-definite subspace of T, M.

A critical point is called non-degenerate if the Hessian at that point is non-degenerate. A
function is called a Morse function if all its critical points are non-degenerate.

One can show that nondegenerate critical points are isolated. The idea is that there exist local
coordinates around a non-degenerate critical point, x¢ in which the function f has the form

f(z)=f(xo)—ad—a5— ... —ah+a5, +...+22 (3.1)

where ) is the index of the critical point. See [8], Lemma 2.2 for proof.

It is an important result that Morse functions are generic, in that any function can be perturbed
an arbitrarily small amount to yield a Morse function. This will not be made precise here, but the
following lemma is an important corollary.

Theorem 3.3. On any manifold M, there eixsts a smooth function f € C®(M) with no degenerate
critical points, and for which the sublevel set M® ={x e M : f(x) <a} is compact.

The proof is in [§], Theorem 6.6 and Corollary 6.7.
The next two theorems serve to indicate the topological structure that can be inferred from a
Morse function.

Theorem 3.4. Let f € C°(M) and suppose the interval [a,b] c R is such that:
1. fa,b] is compact;
2. fa,b] contains no critical points;

Then M® is diffeomorphic to M®, and in fact is a deformation retraction of MP.

Sketch of Proof. We give the idea of the proof; for more details, see [8], Theorem 3.1.
A gradient vector field, Vf, can be defined on M using an auxiliary Riemann metric:

(X, Vf)=X(f).

This vector field is orthogonal to the level sets f1(c) and vanishes precisely at the critical points.
By multiplying with a properly normalised bump function, we can obtain a compactly supported
vector field that is non-vanishing on f'[a,b]. This induces a one-parameter family of diffeomor-
phisms ¢ : M — M, which are the identity outside a neighbourhood of f![a,b]. The effect of the
diffeomorphisms ¢; (when V f is properly normalised) is, in essence, to pull the sublevel set M“ to
the sublevel set M?'; the proper choice of t provides the diffeomorphism in the theorem, and by
varying ¢t we can find the deformation retraction. O

This shows that the topology on M is, in a precise sense, constant away from the critical points
of a Morse function M, so it seems inevitable that something does happen at the critical points.
The next theorem shows that not only is this true, but we can deduce what happens based on the
index of the critical point.

Theorem 3.5. Let f € C*®°(M) and p € M a non-degenerate critical point of index A, f(x) = c.
Suppose there exists € >0 such that f'[c—¢,c+ €] is compact, and contains no critical point other
than . For all such €, the set M has the homotopy type of M ¢ with a \-cell attached.

I here indicate only why this is plausible - [8], Theorem 3.2 gives the detailed proof.

Sketch of Proof. Recalling that there are coordinates (x!,...,z") in which f looks like (3.1} in
neighbourhood of the critical point, the preimage of the interval [c¢ — €, ¢ + €] looks locally like a
generalised saddle, see Figure with A decreasing directions. As indicated in the picture, we can
think of the A-cell as bridging between the (¢ — €)-hyperbolae, and the (¢ + ¢)-hyperbolae retract

onto the complex in the manner indicated by the arrows.
O
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Figure 3.1: The blue hyperbolae represent the preimage f!(c—¢), bounding the sublevel set depicted
by blue-fill; the red hyperbolae represent f'(c+¢) bounding the set f [c+¢, 00) in red-fill; the thick
green line depicts the A-cell attached to f™'(c—e¢). The dotted red arrows illustrate the retraction
of f1(c+e€) to fl(c—e€)llypr D

Theorem will play an important role in what follows. The next theorem takes more of a
background role, but as it is incredibly useful, I state it here.

Theorem 3.6. If f € C*(M) is Morse, and each M* is compact, then M has the homotopy type
of a CW -complex, with a cell of dimension \ for each critical point of index \.

In the light of we have the following corollary.
Corollary 3.7. Every smooth manifold has the homotopy type of a CW -complexz.

The above results rely on the fact that the real-valued function is Morse, in particular that the
critical points are non-degenerate. We can actually relax the condition and still obtain meaningful
results. In particular, the next two lemmas show that if the set of minimal values form a submanifold,
and the index of all other critical points is bounded from below, then we can deduce the low-
dimensional homotopy groups of the full manifold from the critical submanifold.

Lemma 3.8 ([§] Lemma 22.4). Let K c R" compact, and U an open neighbourhood of K. Let
f U = R smooth, such that every critical point of f has index at least X\; then for small enough
€>0, any g:U — R satisfying

|0; f(x) — Oig(x)| < € VeeK,i=1,...,n;
|8183f(x) —8i6jg(a:)\ <€ VeeKi,j=1,...,n;

has the property that every critical point of g has index greater than or equal .

The proof is purely technical, and so omitted. The main application of this theorem is the
following lemma.
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Lemma 3.9 ([§] Lemma 22.5). Let M a smooth manifold, f : M — R a smooth function which
attains its minimum at 0, and such that the sublevel sets f1[0,a] are compact. If f1(0) =2 M° is a

topological manifold, and every critical point of f in M ~ M° has index at least \, then the relative
homotopy groups (M, M®) =0, Vi=1,... A —1.

The idea is that there exists a small perturbation of the function which is Morse in a neighbour-
hood of the minimal submanifold and, away from a smaller neighbourhood of the minimal locus,
only adds critical points of index at least A.

Proof. We start with an arbitrary map h : (I*,0I°) - (M, M"), with 0 <i < A, and want to show
that there is a homotopy within (M, M?) to a map h': (I%,0I") - (M°, M?).

The assumption that M° is a compact manifold implies that it is a Euclidean neighbourhood
retract ([5], Corollary A.9) and hence, there is an open neighbourhood of M®, U c M, such that
MY is a deformation retraction of U in M.

Now, as the hypercube I° is compact, the set f(h(I%)) achieves a maximum, which we denote
by c. Similarly, the sets M* \ U are compact, so that f(M®\ U) achieves a minimum, which (for
a big enough) is equal to the minimum of f(M \ U), call this number 34.

Using Lemma [3.9] and the discussion preceding Theorem we can deduce the existence of a
map, g: M2 - R, such that:

1. The sublevel sets of g are compact;

2. All critical points of g are non-degenerate;

3. For all z € M |f(z) - g(z)| < 6;

4. Bvery critical point of g in the compact set f1[d,c+246] has index at least \.

In particular, g 1[26,c+ 6] c f1[d,c+ 28], and we conclude from Theorem that g1 (~o0,c+ 6]
has the homotopy type of g*(—o0,28] with cells of dimension at least A attached. Given that
h(I') ¢ M€ c g-'(~oc0,c + 6], we can can think of h having codomain h : (I*,0I') —» (g7'(-00,c +
6], M?) and the given cell structure indicates that & is homotopic in (g™t (~oc0,c+ 6], M?) to some
R’ (I1,0I) - (g7 (~00,20], M?), using that i < \g—1. Observe that g ™' (~o0,25] c U, and therefore
composing with the retraction yields the requisite homotopy. In particular, m;(M, M?) = 0, for any
0<i<A. O

In light of the long exact sequence of homotopy groups, we can conclude that the maps induced
by the inclusion, ¢, : 7;(M°) - 7;(M), are isomorphisms for all 1 <4 < A -2, and a surjection for
i=A-1.

3.2 Morse Theory on the Path Space

Next, the application of Morse theory to the study of loop spaces is presented. As these spaces are
not generally endowed with a smooth structure, we begin with an approximation of the loop space
that is amenable to Morse theory and aim to see that the approximation is valid. For a specific choice
of real-valued function, we are able to identify the critical points and find a geometric expression
for the index.

A smooth manifold M is endowed with a choice of Riemannian structureﬂ so that the tools
of Riemannian geometry can be exploited. For z,y € M, define Q(M;p,q) the space of piecewise
smooth paths v : I — M such that v(0) = p and (1) = ¢. When not likely to cause confusion, I
denote this space by QM, or even . A path, v is “piecewise smooth” if v is continuous and there

this is the real analogue of the hermitian structures considered in Chapter 2, applied to the tangent bundle. A
Riemannian structure always exists, following similar reasoning as in the complex case.

22



is a finite partition of the unit interval 0 =#¢ <?; <... <t, =1 such that 7|, ;,,,] is smooth, for all
1=0...,n-1.
A real-valued function can be defined E: Q(M;p,q) - R, with the aid of the metric, g:

B0)= [ 960,50 dt. (32

E is called the energy functional and will be instrumental in the definition of a finite-dimensional
approximation of the path space. We shall also study its critical points and their index.

3.2.1 Path Space Topology

Given that we have a Riemannian manifold, there is an induced distance function on the manifold,
given by

A(p,q) =inf{L(y) : v € Q(M;p,q)}, (3.3)
where L(v) = fol Vg3 (t),4(t) dt is the length of the path. The distance function induces a metric
on Q(M;p,q) by

d(v,7') = max Ay (1), (1)) (3.4)

Following [8] we modify this metric as follows:

i) =) ) [ G- voyar (35)

it is straightforward to check that this is positive-definite, symmetric and satisfies the triangle
inequality, so is a metric. The modification ensures that the energy functional is continuous with
respect to the induced topology, as can be checked using the Minkowski inequality. Endow 2 with
the topology induced by d.

The path space commonly employed by topologists is the space of continuous paths in M between
p and ¢ with the compact-open topology, which we denote by Q*(M;p,q) (or Q*,Q*M, when no
confusion is risked). Obviously, 2 c Q* as sets. Further, we know that for M a metric space, YV
compact, the space of continuous maps Y - M, MY, with the compact-open topology agrees with
the topology induced by the analogue of , (see e.g. [0], Proposition A.13). Due to the inequality
d < d, it can be concluded that the inclusion Q = Q* is continuous. As a matter of fact, the two
spaces are homotopy equivalent:

Proposition 3.10. The inclusion ¢: (2,d) = Q* is a homotopy equivalence.

The proof is technical and not particularly illuminating, so is omitted, see [§], Theorem 17.1.
In particular, we have the following corollary:

Corollary 3.11. For any smooth manifold, M, with p,q € M, the piecewise smooth path space,
Q(M;p,q), has the homotopy type of a CW-complex

Proof. In [7] it is shown that Q* has the homotopy type of a CW-complex, Corollary 2. So,
Proposition implies the result. O

Proposition is encouraging for it indicates that as far as homotopy is concerned, the space
of piecewise smooth curves is a faithful model of the ordinary path space. We now approximate §2
by finite-dimensional subspaces endowed with a natural smooth structure, which are well-behaved
with respect to the energy functional. The procedure is motivated by the tools of Morse theory,
in particular the sublevel sets. In the following, we fix M to be a geodesically complete manifoldE]
and set arbitrary p,q € M, with © to be understood as Q(M;p, q).

2Geodesic completeness means all geodesics can be extended indefinitely
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For c e R, let Q°:= E1[0,¢] and Int Q° := E1[0,¢). We assume c is chosen so that Q¢ # @ and
construct a finite-dimensional approximation to this space.

For any partition of the unit interval 0 =ty <t;...<t, =1, set P = {t1,...,t,-1} and let Q(P)
denote the space of piecewise smooth curves on M, between p and ¢, such that the restriction to
the subintervals [;,¢;+1] are geodesic; that is v € Q(P) implies v(0) = p, v(1) = ¢ and 7|, 1,,,7 is
geodesic for all i =0,...,n—1. Set Q°(P) = Q°nQ(P) and Int Q°(P) = Int Q°n Q(P).

Proposition 3.12 ([§], Lemma 16.1). For M a complete Riemannian manifold, ¢ € R such that
Q¢+ @, and P a sufficiently fine partition of the unit interval, the set Int Q°(P) can be canonically
endowed with a smooth manifold structure.

This statement follows from some technical considerations of complete Riemannian manifolds
and so is only sketched here - more details are found in [8].

Sketch of Proof. We can define a compact set S = {x € M : A(p,x) <\/c}, and observe that for any
o€ o(I)cS. By completeness, there exists € > 0 such that, within S, any two points separated
by less than e are joined by a unique geodesic contained within the e-ball, which is minimal, and
depends smoothly on the endpoints. It can then be shown that for any sufficiently fine partition of
I, depending on € and ¢ so that for any v € Int Q¢ A(y(¢;),7v(ti+1)) < € and hence the component
Yt; 41411 18 determined by its endpoints. In particular, any + € Int Q¢ is determined by the (n - 1)-
tuple (y(t1),...,v(tn-1)) € M*1 . One can check that this identification is a homeomorphism to
an open subset of the product, and can hence induce a smooth structure on Int Q°(P). ]

It will be important to observe that as Int Q°(P) can be identified with an open subset of a
product of M, then the tangent space above any curve, w can be canonically identified with a direct
sum of the tangent space of M, i.e. T,Q(P) = @y,ep Toy1;,)M. On the other hand, we can observe
that for any a < ¢, the subset Q%(P) c Int Q°(P) is compact. For this, it is sufficient to observe that
Q%(P) is diffeomorphic to the (n - 1)-tuples (z1,...,2,-1) € S*(™ D such that Y7 A(ZC#I”E)Q <a.
Recalling that S is compact, it follows that Q*(P) is compact. o

The next theorem will show that for sufficiently fine partitions, the space Int Q°¢(P) is homotopy
equivalent to the space Int €2°, and we can therefore probe the homotopy of Int 2¢ by applying Morse
theory to the smooth manifold Int Q°(P).

Theorem 3.13. There is a deformation retraction of the space Int Q¢ to Int Q°(P), with the property
that the restriction to Q%, for a < c, is a retraction to Q%(P).

Proof. The construction is taken from the proof of Theorem 16.2 in [8]. For convenience, set
L:=IntQ°(P), and L*:= Q*(P) for arbitrary a < c.
We can define rq : Int Q° — L, given by r1(7)|f,.+,,]= the unique geodesic between ~(#;) and
~(ti+1). (One can check that this is indeed well-defined, using the explicit definition of the partition
P, which I have omitted (see [§])); as L c Int Q°, the map r; induces 71 : Int Q¢ - Int Q°. Define a

homotopy r : Int Q¢ x I — Int Q¢ by:

r1(7)(t) te[0,t]
r(v,s)(t) = wu(t) t €[ti,s] whenever s € [t;,tis1]; (3.6)
~(t) tels,1]

here p : [t;,s] > M is the unique minimal geodesic between v(¢;) and v(s). It can be observed that
E(r(v,s)) < E(v) < ¢ and that r(v, s) is piecewise smooth for all s, so the map is well-defined. It
can be checked that r is continuous, and because r(-,0) = Id and r(-,1) = 71, this is a homotopy
between rg = Id and the map 71, such that r|; = Id;. Hence, this describes the required deformation
retraction.

The inequality E(r(v,s)) < E(v) implies that r restricts to a retraction Q¢ — L% for all
a<c. O
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The energy functional on the path space induces a function Int Q¢(P) — R, which by a mild abuse
of notation is also labelled E. Observe that this function is smooth beca%se the distance between
two points smoothly depends on the points. Indeed E(w) = ¥1"; W, for any w € Int Q°(P),
where w; := w(t;) and distance smoothly depends on the endpoints. Tilelz";afore, given any fine enough

partition, P, the differential, critical points and Hessian can be calculated.

Proposition 3.14. Let E : Int Q°(P) — R the energy function. Its differential at the path w is
given by

n

Eo(X)=-2 g(X;, AiV), (3.7)

i=1
where V (t) = w(t) and AV =limy_+ V() - lim,,,- V(t) = V;" = V7, and we use the decomposition
T.QP)z2T, Me&...0T, M towrite X = (X1,...,Xn-1).
Proof. By linearity, it suffices to consider tangent vectors of the form X = (0,...,0,X;,0...,0),
which shall be denoted by Xj.

To compute E.(X;), we need to compute the variation of the energy when we infinitesimally
shift the point w; in the direction of Xj, i.e.

Awi1,wi(s))? . Awi(s),wis1)?
by =i liv1 =t =0

B.(X)) - % ( (3.8)

Let Vi_y € T,,,_, M such that exp,, , (f—fﬁffz_l) =w(t), for all ¢ € [t;-1,t;]. By taking the derivative
at t = t;_1 we can conclude that Vi_; = (t; — t;-1)V;*,. Define X = (exp,,, . *)‘T/l (X;) e Ty, To, M
b i—1 i

and observe that
t—t; 1

by = i1
forms a family of geodesics starting at w;—1 such that vo(t) = w(t) and 9svs(t;)|s=0 = X;. Therefore,
the first term of (3.8)) can be computed:

d (A(wi-1,wi(s))? d (Viig+sX Vig+sX
—N | ={i-ti)g :
ds ti—ti1 520 ti—tion  ti—ticn )

Yo(t) = exp, | ( (Viy + SX)), teltints] (3.9)

ds

= (ti——ti_l)g(vi_l’j()

= mg((eXpwi_l,*)g_lVémX) =29(V;, X).
The last line used that g((exp,)vV, (exp,)vX = g(V,X) (see e.g. [6], Corollary 5.2.3), and the
definition of V;_q.

Performing a similar calculation for the second term of (3.8)) yields

i (A(wi(s), wi+1)2

) =-29(V;", X), (3.10)
ds <0

ti+1 - ti

where the minus sign comes from the fact that the geodesics we introduce get traced in the opposite
direction to w.

Therefore, E.(X;) = -29(X;, V" -V,7) = -29(X,A;V). O
Corollary 3.15. The critical points of the energy functional are the geodesics.
Proof. Suppose w is such that E, = 0. By Proposition this means
> (X, AV) =0 (3.11)
i
for all X. By choosing vectors of the form Xj, as above, we find that g(A;V,-) =0 for all i. Non-

degenaracy of g implies that A;V =0 for all 7, i.e. the tangent vector to w is continuous, so by local
uniqueness of geodesics, we can conclude that w is everywhere a geodesic. O

25



It will be convenient to observe that the tangent space to Int Q°(P) over a geodesic can be
identified with the space of Jacobi fields over the curve. Under this identificiation, the vector
(X1,...,Xn-1) maps to the unique vector field over the curve, J such that J(p) = 0, J(w;) =
X1, ooy J(wno1) = Xno1, J(q) =0 and J([t;,ti41]) is Jacobiﬂ This is natural from the point of view
that the tangent space at a point can be considered as the space of derivatives of curves at that
point. In the smooth manifold Int Q°(P) a curve is specified by a tuple (w1(s), wa(s), ..., wn-1(8)),
corresponding in the path space to a map «(t,s) such that a(t;,s) = w;(s) and a([t;,ti+1],s) is a
geodesic segment. It is known that the derivative dsa(t)s—o is indeed Jacobi (see Proposition .

We now look at the Hessian of the energy functional over a geodesic.

Proposition 3.16. Let v € Q° a geodesic. The Hessian E., : T, Int Q°(P) ® T, Int Q°(P) - R is
given by:
Eo(X,Y)=-2) g(AiDX,Y), (3.12)
ieP
where we identify the vector X with its Jacobi field, and A; Dy X = limy_4+ DX (t) - limy - DX (t)

1s the discontinuity in its derivative.

Proof. By definition F.(X,Y) = X(Y(E))y, where we extend Y to a vector field in a neighbour-
hood of v. We have seen that this is in fact symmetric, and independent of the choice of vector field
extension. Using the same notation as for the calculation of the differential, it suffices to evaluate
E..(X;,Y;), by bilinearity.

The manifold structure of Int Q°(P) means we can identify a neighbourhood of v with a product
of open neighbourhoods of each v;, [T;cp U;. A neighbourhood of y; can be identified with its tangent
space T, M using the exponential, so we can use this to define an extension of Y;:

Yi(Z)=Z+Y;. (3.13)

More precisely, we have Y;(z) = (exp7i7*)(exp;;(x))(}/}) whenever z € U;.

With this extension, the expression for the differential obtained in Proposition [3.14] yields
Xi(Y;(E)) = 22X (Zrg(Yj+ Z,(A2)kV)|z-0), where (Az);V is the discontinuity in the veloc-
ity of the piecewise-geodesic path from 71 to exp,, (Z) and from exp., (Z) to y41. Observe that
for k#j-1,7,7+1, we must have (Az),V =0, and so we can conclude that X;(Y;(£)) = 0 unless
ie{j—1,7,7+1}. We can evaluate:

Xig(Yj+Z,A2V)|z=0 = 9(Dx,(Y; + Z),AoV) + g(Y;, Dx,AzV) 20
= g(YJWDXiVZJr - DX¢VZ_) )
where it was used that AgV = 0. Therefore, the main calculation remaining is Dx,V} - Dx, V.
Case 1: i=j
As i =4, I will drop the subscripts on X;,Y;.

Using similar calculations as in the computation of the differential (here, I have suppressed the
correct normalising factors), we have

DxVy = Dx0rexp,,  (H(V +Z))e,
= DtX(exp%_l (t(V + Z)))t:ti

d -
= Dt% XDy, 4 (t(V + SX))|S:07t:ti
= Dt(exp’yi,l,*)tV(tX)t=ti .

Here, Z = (exp., 17*)‘_/1 (Z) and similar for X. It can be checked that (up to the normalisation factors
I omitted) J = (exp%_lj*)tv(tf() is precisely the Jacobi field over v([t;-1,t;]) such that J(v;-1) =0
and J(v;) = X; (see e.g. [6], Corollary 5.2.2).

3This specifies the field uniquely, because the Jacobi field over any geodesic between non-conjugate points is
uniquely determined by its endpoints, see Proposition
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Repeating the calculation over the interval [¢;,¢;41] yields Dx V" = D, X . Putting these together
yields the result.

Case 2: i=j=+1

I will focus on i@ = j — 1, the j + 1 case is essentially the same. As in case 1, the remaining
calculation is D Xj_lvg -Dx, V. This case is actually simpler, as only DxV, is non-zero. Indeed,

d
Dx;1Vz = Dy expy, (8Vi)ls=0,6-4; = 0.

On the other hand p
DXVZ_ = Dt£ eXp’Yi—l(S) (t‘/l_l(S)) . (314)

We can recognise the curve as varying the starting point of a geodesic, whilst keeping the end point
fixed. To calculate this we view it from the other end, i.e. with fixed start point, and varying
endpoint. From this viewpoint the calculation is essentially a repetition of Dx V) in Case 1, so we
conclude:

Xj19(Y;+Z,A2V)|z=0 = 9(Y}, A; D X)

O]

It should be emphasised that, although the expression g(X,A;D;Y") does not look symmet-
ric in X and Y, it in fact is by symmetry of F,.. Hence, E..(X,Y) = -2%,9(X,A;D;Y) =
2% 9(AiDX,Y).

Corollary 3.17. The nullspace of FE.. at v can be identified with the Jacobi fields over ~.

Proof. The proof is very similar to that of Corollary
Suppose that X € Null(E,.) so that E,.(X,-) =0. By Proposition it can be deduced that

9(AiDX,) =0 (3.15)

and therefore A; D X =0, i.e. D;X is continuous. A Jacobi field is uniquely specified by its inital
value and initial derivative, so continuity of D, X implies that the Jacobi segments of X piece
together to a Jacobi field over 7. O

Before calculating the index of a geodesic, we will want to be sure that it does not depend on
the particular partition chosen. A key ingredient in this will be the following.

Proposition 3.18. E., is positive semi-definite over minimal geodesics.

Proof. The key idea is that for a minimal geodesic L(7)? = E(v), and therefore, for any other
piecewise-geodesic curve w:
E(y) = L(7)* < L(w)” < B(w), (3.16)

which implies that E is minimized on minimal geodesics. From standard calculus, we can conclude
that E,. is positive-semi definite. OJ

Proposition 3.19. Let P, P’ any two partitions of the unit interval, which are sufficiently fine for
Proposition to hold. Then the index of a geodesic with respect to the energy functional is the
same for Int Q°(P) and Int Q°(P").

Proof. Firstly, observe that a geodesic, v, is in Q(P) for any partition P, so the proposition makes
sense. For convenience, let A(P) denote the index of v, with respect to E, in the space Int Q°(P). It
will be shown that adding a point to the partition P conserves the index, implying that A(P) = A\(P)
for all refinements P. This suffices for the general result, since applied to the common refinement
Pu P it yields A\(P) = A(Pu P’") = \(P").
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Let 7 € (0,1) \ P, and set P’ = Pu{7}. For concreteness, let t; < 7 < t;4+;. There is a canonical
splitting T,Q(P’) = T,Q(P) @ T, ()M, where we identify T,Q(P) as piecewise-Jacobi fields that
are smooth away from P, and T, ;)M can be identified with the piecewise Jacobi fields that are
zero away from ~y(t;,t;+1). This splitting is orthogonal with respect to the bilinear form E.,., due
to the explicit formula of the Hessian, . If it can be shown that F.. is positive-definite when
restricted to this subspace, then the result follows. By definition, v([¢;,%;+1]) is minimal, so the
result follows from Proposition O

Corollary 3.20. Let v a geodesic such that E(vy) < c. For any ¢’ € R such that ¢’ > ¢, the index of
~v in Q° is equal to the index of v in Q.

Proof. By Proposition [3.19) the index is independent of the partition, so choose a partition, P which
is sufficiently fine to endow a smooth manifold structure on Int Q¢ (P). As Int Q°(P) c Int Q° (P)
is an open subset, the result follows. O

We can now compute the index of a geodesic.

Theorem 3.21 (Index Theorem). The index of a geodesic, v, with respect to the energy functional
has indezx, A, equal to the number of points ~(to), to € (0,1), such that vy(to) is conjugate to v(0),
counted with multiplicity.

Recall that two points, tg # t1 are called conjugate if there exists a non-zero Jacobi field, J, over
v such that J(tg) = 0= J(¢1). The multiplicity of the conjugate pair is the dimension of the space
of such Jacobi fields.

Proof. 1t is useful in this proof to identify the tangent space at v with the piecewise-Jacobi fields
over 7. Fix ¢ € R such that E(v) < ¢, so we can focus on Q°(P).

Let 7 € [0,1], and define ~y; := 7|fo - As 7 is a geodesic between v(0) and () it is a geodesic
in Q(M;~(0),7(7)) and hence a critical point of the energy functional E™ = [ g(%,%)dt < c. Let
A(7) denote the index of ~,. It is possible to choose the partition, P, so that t; < 7 < t;,1, set
Pr={0,t1,...,t;,7} define TQ,(P;) similarly to T,Q(P).

The first thing to observe is that A is monotone increasing: A(7) < A(7') whenever 7 < 7'.
Indeed, suppose that V; c TQS(P;) is a negative definite subspace such that dim V; = A(7). Let V
be the vector fields on v, such that X € Vs implies X/, € V> and X[, ;1 = 0. Observe that X € V;

means X, =0, so the vector field is continuous. As dim V;» = dim V; and E7. is negative-definite on
Ve, M1) < M(7).

Next, observe that A is continuous from the left, i.e A(7 —J) = A(7) for sufficiently small ¢ > 0.
To see this, suppose ¢ is such that ¢; < 7 < t;,1, and P, as above. Then, we can use the canonical
isomorphism TQS(Pr) = @§'=1 T, t,yM = %;. By construction, E7, continuously depends on 7 so
E.w: (ti,tiv1] x X; x X; — R is continuous. Therefore, if V. is a negative-definite subspace of 3;,
with respect to ET,, then so too is it a negative definite subspace of ¥; for E!_ with ¢ in a small
neighbourhood of 7, N c (¢;,t;4+1]. It follows that A(7") > A(7) for all 7/ € N. But, monotonicity
implies A(7 — &) = A(7) for small enough 9.

Thirdly, suppose that E7, has nullity n. Then for small enough § > 0 it is claimed that A(7+0) =
A7) + n. Indeed, the inequality A(7 +d) < A(7) + n can be seen by similar reasoning to the above.
Indeed, using the same notation, we have dim>; = ¢dim M = ¢m, and so X; has a subspace, say
IT, which is positive-definite with respect to L, and of dimension im — A(7) = n. Again, IIT must be
positive-definite with respect to L./ for 7/ in a small neighbourhood of 7; thus, A(7") < A(7) + n.

It remains only to show the inequality A(7 + ) > A(7) + n. This is the most technical part of
the proof.

Let V c TQ,(Pr) a negative-definite subspace, with basis of vector fields v, j = 1,...,A(7).
These can be extended by zero, to yield a negative-definite subspace V c T Q(Pri5); we call the
extended vector fields by the same name.
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Now, we know that the nullspace of E7, corresponds to a vector space of Jacobi fields over
~r, vanishing at the endpoints, say with a basis Ji,...,J,. It is claimed that the vector fields
D, J;(7) form a linearly independent set. Indeed, if «; is such that ¥, a; D¢ J;(7) = 0, the Jacobi
field J = ¥, a;J; satisfies

J(1) =0, (3.17)
DyJ(1) =0. (3.18)

This specifies a Jacobi field going backwards along ~, i.e. a Jacobi field along the curve v, (t) =
v+ (7 —t), which is equivalent to a Jacobi field along 7. But a Jacobi field is uniquely specified by
its initial points (final, in this case), which implies that J = 0. However, by construction the J; are
linearly independent and so J =Y «;J; =0 only if a; =0, for alli=1,...,n.

Of course, given any linearly independent set in an inner product space, D1, ..., Dy, there exists
a linearly independent X7, ..., X} such that g(D;, X;) = d;, so applying this to {D;J;(7)} gives us
a specific linearly independent set in T', ) M, X1,..., X, such that g(DtJi,Xj) = 6;5. Then we can
choose n piecewise Jacobi fields on v,.s, X1,..., X, € TQ-(Prys), satisfying:

1. Xl(T) = Xl 5
2. Xl(T + (S) = 0;
3. Each Xj; is smooth except possibly at 7.

Extend the Jacobi fields J; by zero to v,.g, implying that A,J; = —D;J;. Directly applying the
formula for the Hessian (3.12)) yields:

E::(S(Jlavj) =0
ET(Ji, X5) = 2035

Therefore, consider the space spanned by v1, ..., vz, Y1 = cth-eXy,..., Y, =c T, - cX,. With
this basis, ET:% has the matrix:

o [ (B (vivg))ig (BT (vi, X)) (3.19)
o\ B (Xi))iy AL+ (BT (X0 X5))ig ) ’

* %

Therefore, choosing ¢ small enough ensures that this matrix is negative-definite, so in particular
AT +9) 2 (1) +n.

Finally, we observe that for 7 sufficiently small, A(7) = 0. Indeed, if 7 € [0,¢1] then ~; is a
minimal geodesic and hence Proposition implies A(7) = 0.

Therefore the index can be deduced by counting, with multiplicity, points conjugate to 0 and
this completes the proof of the index theorem. ]

We now have a convenient geometric expression for the index of the energy functional. Its key
application will be in the following theorem, which is essentially a corollary of Lemma [3.9] and

Proposition [3.10

Theorem 3.22 (Minimal Geodesic Index, [8], Theorem 22.1). Let M a complete Riemannian man-
ifold, p and q distinct points such that the space of minimal geodesics between them is a topological
manifold and every non-minimal geodesic has index greater than or equal to some g, then the rela-
tive homotopy groups m;(Qmin, L) are zero, for all 0 <i < \g. In particular, the inclusion Qi =
induces an isomorphism on the i-th homotopy groups, for all 0 <i < Ag.

Proof of Theorem [3.23. Let /I = A(p,q), so that Q' is the manifold of minimal geodesics. For
arbitrary ¢ € R, we know that Int Q¢ has a smooth manifold Int Q°(P) as a deformation retract, so
that the relative homotopy groups are isomorphic, 7;(Int Q¢, Q') = m;(Int Q¢(P), Q). If we can show
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that the latter group is trivial for arbitrary ¢ > I, then we are done. We have E’ : Int Q°(P) - R
a smooth function almost satisfying the hypotheses of Lemma [3.9, with the problem being that
E(IntQ°(P)) c [l,c), as opposed to [0,00). Being as that these intervals are diffeomorphic this
poses no challenge, and so Lemma [3.9| completes the proof. O
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Chapter 4

Bott Periodicity

In this chapter the Morse theoretic technology developed in Chapter [3]is used to calculate the ho-
motopy type of the stable unitary group U = colim U(n) and its classifying space BU. In particular,
it will be shown that the homotopy groups of U have periodicity two, i.e. m;(U) 2 mi2(U) for all
1 > 0, and similarly, the space BU x Z has periodicity two. The key to the calculation is to realise
that the space of minimal geodesics in U(n), between the identity and its negative, is a smooth
manifold. Therefore we can use Theorems and to calculate the low-dimensional homotopy
groups of QU (n) in terms of the corresponding homotopy groups of the minimal geodesic manifold.
This chapter largely follows the ideas from [§], section 23; where material is from elsewhere, the
source has been indicated.

To begin with, we focus on U(n) for arbitrary n, and look at the piecewise smooth path-
space from the identity to its negative, Q(U(n);I,—I). The first step is to exhibit a left- and
right-invariant Riemannian metric, which will yield several tools to explore the space of minimal
geodesics with respect to this metric. It suffices to give an inner product on the tangent at the
identity, which we can then extend to a metric on the whole space using the parallellization induced
by left-invariant vector fields. This will automatically be left-invariant, so it will only remain to
check right-invariance.

The tangent space at the identity, 77U (n) is the algebra of n x n antihermitian matrices with
the anticommutator as Lie bracket. For arbitrary X,Y e T;U(n) we can deﬁneEI

(X,Y):=Tr(AB") (4.1)

which is bilinear, positive-definite and symmetric so defines an inner product. We need to check the
induced Riemannian metric is right invariant, which is done using the adjoint action of the group
on its Lie algebra.

Any Lie group acts on its Lie algebra via Adg : g - g, AdsX = (LsRs ™). X, for arbitrary S € G,
Lg, Rg are the left (resp. right) action of G on itself and g is the algebra of left invariant vector
fields, which we identify with the tangent space at the identity. As U(n) is a matrix group, we can
use the matrix exponential and deduce

d
AdgX = E(LSRSJ exp(tX))|s=0 = SX S (4.2)
so in particular, AdgX = SXS™! for any X eg, SeG.
We can see that the inner product is invariant under the adjoint action:
(AdsX,AdsY) =Tr(SXS1tSYTs1)=(X,Y). (4.3)

Given that the Riemannian metric is left-invariant, it can be concluded that the hermitian metric
is right-invariant:

(Rg.X,Rg.Y) = (Lg1,Rs:X,Lg-1,R.Y) = (Adg-1 X, AdgY) = (X,Y). (4.4)

'the dagger indicates Hermitian conjugation
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In Theorem it is observed that the geodesics beginning at the identity are precisely the one-
parameter subgroups. For matrix groups such as U(n) the one-parameter subgroups are given by
the matrix exponential applied to the tangent space at the identity, so that the matrix exponential
coincides with the geodesic exponential.

Therefore, the geodesics starting at the identity of U(n), equipped with the metric induced by
([@.1)), are given by v(t) = exp(tX), for any n x n, antihermitian matrix, X, where

) k
exp(iX) = 3 (tfj) . (4.5)
k=0 .

Elementary linear algebra can tell us that antihermitian matrices are diagonalisable by the adjoint
action of some unitary matrix; closure of the algebra under the adjoint action means the diagonal
entries must be purely imaginary.

In particular, for X € T;U(n) such that exp X = —I we can use that, for all T € U(n),

exp(AdrX) =T(exp X)T ™ = -1,

so that we can find all the geodesics between I and —I by conjugating certain diagonal matrices.
In particular, if X € T;U(n) is diagonal,

11
X - i@ (4.6)
1Ty
satisfying
expX =-1. (4.7)
we conclude that exp(ix;) = -1, for all j = 1,...,n meaning z; = p;7, for p; an odd integer.

The length of the geodesic described by X, vx, is given by

1
L(vx) = / <m§—t(t),d7§—t(t)>dt:\/(X,X) (4.8)
0

by definition of the geodesic. It follows that L(vyx) = m/X% p?, and so the minimal geodesics
correspond to matrices with eigenvalues +imw. A matrix X (corresponding to a minimal geodesic, but
not necessarily diagonalised) can be identified with a linear operator C" — C", which is uniquely
specified by its eigenbasis and eigenvalues. Therefore, a minimal geodesic between I and -1 is
specified by the space of eigenvectors with eigenvalue im (or, equally good, with eigenvalue —im)
and this gives an identification between the space of minimal geodesics and the space of k-planes
in C", for all k=0,...,n, Quin = [}y Grr(C"). Note that the topology of {1,,;, as a subspace of
Int Q% (for any a > m\/n) coincides with the topology induced by the tangent space, which follows
from the definition of the topology on Int Q2% and the fact that exp is a local diffeomorphism.

In particular, we can apply the minimal geodesic theorem, Theorem to this situation. In
this case, however, the minimal geodesic manifold has many disconnected components with varying
dimensions, which makes for technical difficulties. We can obviate these challenges by restricting
attention to SU(2n), which singles out a single connected component.

Indeed, taking even dimension guarantees that —I € SU(2n), and the Lie algebra is now the
space of antihermitian, traceless 2n x 2n matrices. All the above arguments go through, except that
the traceless condition implies that X € T7SU(2n) corresponds to a minimal geodesic only if its
eigenvalues are +im and that they sum to zero, in particular dim Eigen(ir) = dim Eigen(—im). As a
result, the space of minimal paths corresponds to Gr,(C>").
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Therefore, the minimal geodesic index theorem, Theorem [3.22] allows us to calculate the lower
dimensional homotopy groups of QU (n) from those of Gr,(C?"), with the meaning of “lower di-
mensional” dictated by the index of non-minimal geodesics. Thus, the next step is to calculate a
lower bound on the index of any non-minimal geodesic from I to —I in SU(2n). For this, we need
some machinery.

Let Ky : T,M — T, M be the linear operator defined by Ky (W) = R(V, W)V, where R(X,Y)Z :=
[Dx,Dy]Z - Dixy1Z and V,W € T,M. Using Theorem we have that Ky W = L[V, W], V],
and Ky is adjoint with respect to the Riemannian structure, due to Theorem

Theorem 4.1 ([§], Theorem 20.5). Lety € Q(G;e,q) a geodesic in a Lie group. The points conjugate
to p along the geodesic v occur at the values t = wk[\/e;, for k>0 integer, e; a positive eigenvalue
of Ky(0y- The multiplicity of the conjugate point is the sum of the multiplicities of the eigenvalues
e; such that t is some multiple of w/\/e;.

In light of the index theorem, Theorem this gives a very explicit method of calculating
the index of non-minimal geodesics. It should be noted that this theorem holds more generally for
“locally symmetric” spaces, but the result as stated here is sufficient for the needs of this thesis.

Proof. Self-adjointness of the operator Ky : T.G — T.G implies that there is an orthonormal
eigenbasis, say Xi... Xk, Ky X; = ¢;X;. Extend to vector fields along v by parallel transport, i.e.
left-translation: X; 4 = Ly, X;. It can be checked that the Riemannian curvature is left-invariant,so
that

(KvX)g = R(Vys X)Vy = Lge R(Ves X Ve (4.9)

and therefore, on the eigenvector fields:
(KvXi)g=eiXig. (4.10)

In particular, the fields {X;} form an orthonormal frame of v, so any vector field over v, say Y, can
be expanded

k
Y= oi(t) Xy, (4.11)
=1

Such a vector field is Jacobi if it satisfies D?Y + R(V,Y)V =0 or, in terms of the coefficients:

Oél + e, = 0, (4.12)
foralli=1,..., k. Imposing the initial condition that the field vanishes at ¢ = 0, implies the solutions
are of the form:

Asin(\/e;t) ife; >0
a;(t) =1 Asinh(\/Jeilt) ife;<0 . (4.13)
At ife; =0

Now, v(t') is a conjugate point to p if and only if ;(¢') = 0, for all 4 = 1,... k. Therefore, the
space of Jacobi fields, vanishing at v(0) and ~(t') is spanned by the vector fields «;X;, where o
as above and «;(t') = 0. Thus conjugate points arise from positive eigenvalues e;, and «;(t') = 0
implies ¢’ = % Imposing that ¢ € (0,1), gives the result. O

Proposition 4.2. The index of a non-minimal geodesic v € Q(SU(2n);1,-1) is at least 2(n+1).

Proof. This is essentially an application of Theorem

Using that SU(2n) is a matrix group, the operator Ky : T;SU(n) — T1SU(n), can be expressed
KxY =1[[X,Y]X], (see Theorem and the eigenvalues of the right-hand side can be computed
directly. It can be assumed that X is diagonal, as the adjoint action, being induced by a group
action, is a Lie algebra isomorphism,

Adg[X,Y] = [AdsX, AdsY].
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It therefore preserves eigenvalues and induces an isomorphism of the eigenbasis of the operator
[X,[X,-]]. Indeed, let X" = AdsX be diagonal and suppose Y’ is an eigenvector of [X',-] with
eigenvalue o implying

Y’ = [X',[X", Y]]
= Ads[X,[X, Adg1Y"]]
- OéAds-lyl = [)(7 [X, Ads-lyl]] .

Thus, assume X is diagonal with entries impy > imps > ... > impay,, and let Y = (y;;) € T1.SU(2n).
Then,

2n 2n
[X,Y 1= impi0jkyn — Y. YjkimPrOk
=1 =1
=im(pj — P1)Yji

and repeating the calculation gives

2
™
(KxY)j=-5[X,[X,Y]] = - @ -m)yji (4.14)
The following constitutes an eigenbasis:

e Lor any j <[ the matrix F; which has a +1 in the ji-th entry, —1 in the /j-th entry and zeros
everywhere else; Ej; has eigenvalue %Q(pj -

e For any j <[ the matrix Eﬂ which has +i in the jl-th and [j-th entry, zeros elsewhere; Eﬂ
has eigenvalue %Q(pj -

e Any diagonal matrix in 775U (2n) is an eigenvector with eigenvalue 0.

Thus, for each pair (j <) such that p; 2 p; we have a positive eigenvalue e;; = 7rTQ(pj - p)? with
multiplicity 2. It follows that for each such pair (j,1) there is a conjugate point of multiplicity 2 at

the values
2 4 2k

t= , ey , (4.15)

b =D pj_pl pj =D
where k is the greatest integer such that - < 1. That is, k = —1 and so it follows that each
p; 2 pi contributes p; — p; — 2 to the mdex Thus, for the geodesm 'yx(t) = exp(tX) we have the

index A =%, ., (pj —pi - 2).
Now assuming the geodesic associated to X is non-minimal, the p; are not all +1. There are the
following two cases to consider:

Case 1: There are exactly n positive p; and n negative p;; by the ordering convention, we have
pj >0 for 1 <j<nand p; <0 for n+1<j<2n, and being non-minimal we have that p; > 3
and po, < —3. Therefore, we can estimate:

2n—-1
A=) (pi-mi- 2)>Z(pz (-3)-2)+ > (3-p;j-2)
P> =1 j=n+1
> (14 d- 2)+2nzl(3 (-1) - 2)
=1 j=n+1

I\/

dn>2(n+1).
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Case 2: There are strictly greater than n of the p; that are positive. In this case, the traceless
condition ensures at least po, < —3. We can make the estimate:

n+1 n+1

A > ;(pi—(—3)—2)22;1:2(n+1).

The same conclusion, for the same reason, follows when we take strictly less than n of the p;
positive.

Therefore, all non-minimal geodesics in SU(2n), from I to —I have index > 2(n + 1). O

Corollary 4.3. There is an isomorphism of homotopy groups
Tis1(SU(2n)) 2 mi(Gro(C*)) VO <i<2n+1, (4.16)
induced by the inclusion of the minimal geodesics Gry,(C*") = QSU(2n).

Proof. First of all, recall that the pathspace Q*(M;p, q) is homotopic to the loop space Q*(M;p,p),
both with compact-open topology. To see this, simply let v any path from p to ¢, and 4 denote
the same path traced backwards, J(t) = v(1—-t). Then the maps F': Q*(M;p,q) - Q*(M;p,p) and
G:Q*(M;p,p) = Q*(M;p,q), given by concatenating paths: F(o) =7 % o, and G(7) =y * T are
homotopy inverses.

Using that 7;(Q2* X)) = m;.1(X) and the fact QM is homotopy equivalent to Q* M (by Proposition
3.10), we know that m;1(SU(2n)) is isomorphic to m;(Q(SU(2n);1,-I)). Further, by Theorem
3.22, the groups m;(Q2(SU(2n);I,-I),Qmin) vanish for i < 2m + 1, so the long exact sequence for
relative homotopies implies the groups m;Q(SU(2n);I,-I) are isomorphic m;Qmin 2 mGr,(C*).

]

The next step is to make some observations about the homotopy groups of SU(n) and U(n).
We can do this because we have the fibre bundle SU(n) — U(n) — S'. That this is in fact a fibre
bundle is a result of the following theorem and discussion.

Theorem 4.4 ([13], p.30). Suppose B a topological group, G ¢ B, H c G closed subgroups. If G
admits of a local section, then the natural map p: B/H - B|G has a bundle structure. The fibre of
the bundle is G/H.

Note that a local section of G in B is a map f:V — B, for V c B/G a neighbourhood of the
coset eG, such that po f =1d.

The proof is omitted; the idea is that a local section gives us a local trivial principal bundle
structure, which we can transport over B/G via the group action. We can use this result with H
trivial to obtain some well-known bundles. In fact, we will use a stronger result, which states that
for any Lie group B with closed subgroup G, the hypotheses of Theorem [4.4] with H trivial hold,
see [13], p. 33.

In particular:

Lemma 4.5. The following are fibre bundles:

U(n) — U(n+1) — 52+ (4.17)
U(n) — U(2n) — V,(C*™) (4.18)
U(n) — Vp(C*) — Gr,(C*") (4.19)
SU(n) — U(n) — S'. (4.20)

Proof. Starting with (4.17)), the above discussion implies that it is sufficient to recognise S2+L ag
the coset space U(n +1)/U(n). This is a result of the fact that U(n + 1) has a transitive group
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action on S?"*! with the stabilizer of a point, p, being the U(n) corresponding to the unitary
transformations of the equatorial sphere orthogonal to p. This implies the identification.

The sequence is similar. The action of U(2n) on V,,(C?") has as its stabilizer the subgroup
of U(2n) which fixes an n-basis, and hence corresponds to U(n), implying V,,(C?") = U(2n)/U(n).

The third case has essentially been dealt with already in Example so only remains.
The identification of S! with the quotient U(n)/SU(n) is a result of the fact that the determinant
map is a group morphism det : U(n) — S! and the kernel is precisely SU(n). Hence the first group
isomorphism theorem immediately gives the result. O

These fibre bundles, along with the long exact sequence of homotopy groups allows us to infer
the following isomorphisms, using m;(S*) = 0 for all i < k, m;(S') = 0 for i # 1:

mU(m) 2mU(m+1) i<2m-1 (4.21)
7iGrm (C*™) 2 i, U(m)  i<2m (4.22)
mSU(m) = mU(m) E (4.23)

It follows from that m_1U(n) 2 m1U(n+1) 2 m_1U(n+2) for all 4 < 2n and so, for
U = colimU(n) we have mi_1U = m;_1U(n) for i < 2n; we call U the stable unitary group, and
its homotopy groups are the stable homotopy groups of the unitary group. We similarly let SU =
colimSU(n). As relates the homotopy groups of the Grassmann spaces and the unitary
group, we can use it in conjunction with to observe that the homotopy groups of BU can be
calculated from those of a finite Grassmann space.

Theorem 4.6 (Bott Periodicity Theorem). The stable unitary group is homotopy equivalent to its
second loop space, U ~ Q2U, and similarly, the space BU xZ is homotopy equivalent to its second
loop space, BUXZ ~ Q?(BU xZ).

The symbol QM here means the based loop space, with compact-open topology, in contrast with
the notation of Chapter [3| In light of 3.10} this should not cause any confusion.

Proof. It will be important to the proof that the direct limits U, BU, SU and V = colim V,, (where
V,, is the universal bundle, defined in Example each have the homotopy type of a CW-
complex, which will allow us to deduce homotopy equivalence from weak homotopy equivalence,
using Whitehead’s Theorem. The demonstration of a C'W-structure is similar in all four cases; for
concreteness, I focus on BU. This space was defined as the colimit of the spaces BU(n), but we could
equally well define it to be the colimit of Gr,,(C*") (more precisely the colimits are homeomorphic).
It is a fact, which I will not prove here, that these manifolds have a C'W-structure with the further
property that the image under the inclusion Gr,(C*") < Grp. ((CQ("”)) is a subcomplex. The
CW-structure of the colimits is then immediate. This statement also holds for the sequences of
U(n), SU(n) and V;,(C**) and hence implies the colimits each have a CW-structure.

We will also use the fact that the loop space of a C'W-complex has the homotopy type of a CW-
complex (see [7]), and therefore QU, QBU and QSU have the homotopy type of C'W-complexes.

To begin with, it will be shown BU x Z is homotopy equivalent to the loop space QU.

The inclusion Gry, (C?") < Grp.1(C*™?) induces a commutative square

Gr,(C*") ———— QSU(2n)

l l . (4.24)

Grne1(C*2) —— QSU(2(n +1))
Commutativity implies there is an induced map BU — QSU that, as a consequence of Corollary

induces isomorphisms on every homotopy group . Therefore BU ~yy QSU, and the above remark
imply this is in fact a strong homotopy equivalence.

36



Composing with the inclusion QSU < QU gives a map 7: BU — QU, such that the induced map
on homotopy groups, . : m;(BU) — m;(QU), is an isomorphism for all i > 1, however mo(BU) = {*},
while 711 (U) 2 Z, using that m(U) = 711(S'). Therefore, define 7: BUxZ — QU by j(z,r) = 3-(x)
and the curve j.(z) is defined by 7.(z)(2) = D"(2)5(x)(2), for z € S* and D"(z) is the diagonal
matrix diag(z",1,1...). We can therefore write j.(x) = D" - 5(x), where - indicates pointwise-
multiplication of loops in QU.

The induced map, j. o, is bijective as j. o(BUx{r}) = [2"] € mo(QU) = 71 (U) = 71(S*), where
the last equality used stability of U, (4.21)). Therefore, to conclude that j is a weak equivalence
it remains to show that the induced morphisms j. ; : m;(BU, (zo,7)) = m(QU, 3y (z0)) are isomor-
phisms for each ¢ > 1 and all r € Z, zg € BU. In fact, since BU is path-connected, it is sufficient to
fix any x¢ € BU, and vary r € Z.

Using that the pointwise multiplication of two paths is homotopic to the concatenation of paths,
it follows that for any [f] € m;(BUxZ, (zq,r))

Jeil F1= D] 0411, (4.25)

where j, is an isomorphism for each ¢ > 1 and multiplication by [D"] has inverse [D™"]. Thus,
we can conclude that j.; : m;(BU, (zg,7)) — mi(QU, 5,(z0)) is an isomorphism for all ¢ > 1 and a
bijection for i = 0, so Whitehead’s theorem implies that BU x Z ~ QU..

This is half of the result we are aiming at. The other half follows from a general result in
homotopy theory, which states that for a fibre bundle over paracompact base spacda E - X with
E contractible, there is a weak homotopy equivalence between the fibre and the loop space of the
base, QX (see e.g. [5], Proposition 4.66). This result is applicable because BU is paracompact,
being a colimit of compact spaces.

In order to use this result, we need to exhibit a bundle over BU with fibre U and a contractible
total space. The naive approach is to take the colimit of the principal bundles V,, along with the
map induced by the bundle surjections V;, - BU(n). I will sketch the reason that this does indeed
yield a bundle. The key fact is that we can choose trivialisations of the bundles V,,, V,+1 which are
compatible under the inclusion V,, = V,,;1, in the sense that the following diagram commutes:

U x U(n) 2 7Y (U") —— U™

l 1 l j (4.26)

Ul xU(n+1) P () —— yntt

for trivialising neighbourhoods, U™ c BU(n).

Therefore, choosing arbitrary [P] € BU, we can define a neighbourhood in BU as the colimit
of these compatible neighbourhoods of representatives, loosely speaking N = U;e; U* ¢ BU, with
the index set I defined by the requirement that there exists a representative P € BU(i) for all
i € I (i.e. I is the natural numbers with a some set {0,1,...,k} removed). Then we can define
U :71(N) - N x U, by choosing a representative in V,, and evaluating using 1". Thanks to the
compatibility condition, the equivalence class of the result does not depend on the representative
chosen and one can check that the resulting map is indeed a trivialisation.

Therefore, colim, V,, =V — BU is a fibre bundle with fibre U. It remains to show that V is
contractible. In fact, contractibility of each V,, implies that m;(V') = 0 for all 4, so the fact that V' is
a C'W-complex implies that V' is contractible.

We can conclude that there is a weak homotopy equivalence U ~y, 2 BU, and as both of these
spaces are CW-complexes, we can conclude that this is in fact a strong homotopy equivalence.

Therefore:

U=QBU=2QBUXZ) ~QQU) = QU (4.27)

2The precise result concerns fibrations, examples of which are fibre bundles with a paracompact base space, see
[12], Chapter 2.7, Corollary 14
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and similarly:
BUxZ =~ QU ~Q*(BUxXZ), (4.28)

which establishes the theorem. O

With this periodicity theorem, we now have the tools necessary to return to the study of K-
theory.
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Chapter 5

K-Theory as a Cohomological Theory

We begin this chapter investigating some consequences of Theorem on the K-rings, including an
explicit calculation on the spheres. Along the way, we will use some point-set topology operations
to define a negatively-supported sequence of functors, generalising K. Using Bott periodicity we
can extend this sequence to the positive integers, and we will show that this defines a generalised
cohomology theory, based on the Eilenberg-Steenrod axioms. Finally, we can utilise the tools
developed in this chapter to calculate the K-groups of some relatively simple topological spaces.

5.1 Bott Periodicity and K-Theory

Recalling the isomorphism K (X) = [ X, Z x BU]y, the homotopy equivalences of the previous chapter
have as a consequence the following;:

Theorem 5.1. There is an isomorphism K(22X) - K(X).

Recall that the suspension of a space SX is the quotient of X xI with X x{0} identified to a point
and X x{1} identified with a second point. If (X, x¢) is a pointed space, then the reduced suspension
Y. X further identifies the line segment {x}x I, which has a canonical choice of basepoint compatible
with the basepoint of X, namely the point corresponding to {z} x I. The reduced suspension will
be seen many times in this chapter, in particular because it is left adjoint to the loopspace functor
in the category of pointed spaces i.e. there is a natural bijection

Homg(EX,Y) = Homg(X,QY). (5.1)

This bijection descends to homotopy classes and makes the above theorem a corollary of Bott
periodicity. In particular

Proof of [5.1:

K(2*X) 2 [2%X,BUxZ]
> [X,0%(BUxZ)]o

~ [X,BUxZ]y = K(X).
0

Bott periodicity also allows for the immediate calculation of the group structure of K (Ss™),
although the multiplicative structure is not a consequence, and requires more work.
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Corollary 5.2 (The K-groups of spheres). We have the following group isomorphisms, for all
neN:

K(8*) =17, (5.2)
K(S*1=0; (5.3)
K(S*™)2ZeZ, (5.4)
K(§*Y 27, (5.5)

Proof. Recall that a homotopy group, 7;(X), for ¢ > 0 denotes pointed homotopy classes of maps
S? - X. Therefore, K (S*) = m,(BU) = 7,1 (U) so we need to compute the two distinct homotopy
groups of the stable unitary group, U.

m(U) =m (U(1)) = m(SY) 2 Z
mo(U) = (U (2)) 2 ma(SU(2)) = ma(S3) = 0.

By Bott periodicity, we have 7o, (U) = 0 and mo,+1(U) % Z, for arbitrary natural numbers, n. In
particular, we have K(S?") & 79,41(U) 2 Z, whereas K (5?"*!) = 0.

The unreduced K groups follow immediately, using the splitting of the short exact sequence
(12.17]). O

The generator of K (S?) can be found using the isomorphism K (S?) = [S2, BU x Z], = [S?,CP*],.
The latter equality follows from . As CP! 2 52 we know that the generator of the group is the
identity [Id] € [S?,52%]p. Therefore, the generator of K (S?) corresponds to the equivalence class
of vector bundles corresponding to the pullback of the inclusion morphism CP! < CP*, which is
simply the tautological line bundle H = {(I,v) € CP' xC? : v € l}. That is, K(S?) is the subgroup
generated by [H] -1 in K (SQ)H Now that we have an explicit representative as a vector bundle,
we can compute the tensor product of this bundle and learn about the product in the rings K (5?)
and K(S?).

In particular, we will show that there is an isomorphism of vector bundles (H® H)®O!' =~ Ho H.
We can prove this by recalling that CP! can be identified as a quotient S3 /S, where we think of
53 ¢ C? and quotient out the S'-action & - (21, 2) = (£21,€22). The quotient map h : S3 - CP!
is the famous Hopf fibration. Using this observation, we can work over S3, where the bundles are
trivial. By constructing an explicit, S'-equivariant isomorphism we will be able to conclude that
there is a well-defined isomorphism induced on the quotient bundles.

As a first step, we can identify h* H = {(Z,v) € S>xC? : v € spang(Z)}, which has a non-vanishing
section, Z ~ (Z,Z) and is therefore trivial. We can use this trivialisation to construct a morphism
U:h"Heh*H— (hWWH®h'H)® 0! by:

V(Z0,w) = (2,08 Z,w/7),

where w/Z is the unique complex number, x, such that w = kZ. Observe that ¥ is a lift of the
identity and a fibrewise linear isomorphism, hence a vector bundle isomorphism; it only remains to
check S'-equivariance. The S'-action induced on the respective bundles by the action on S2 is as
follows:

h*Heh'H : 5 (2,’0,’[1)) = (52751}751”)
(WHeh H)eO': ¢ (Z,vewa)= (62,8 (vew),a)

so we can check:

U(E-(Z,0,w)) = (E24,Ev0E2,6  w)Z) =€ - (Z,v® Z,w/2) =€ - U(Z,v,w). (5.6)

'In this chapter, we will often write n for ™.
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Therefore, ¥ is an S'-equivariant isomorphism and there is an induced isomorphism on S!-equivalence
classes. It can be seen that (h*H ®h*H)/S' ~ H® H, and similarly for (h*H ® h*H) @& 0O, so there
is an induced isomorphism He H = (H® H)®©!. It is actually the case that all vector bundles over
53 are trivial. We can regard this calculation as demonstrating the general fact that the S'-action
on the bundle determines the bundle on the quotient CP!.

In terms of K (5?) this isomorphism translates to [H]?+1 = 2[H], implying that ([H]-1)? = 0.
We can therefore conclude that K (S?) = Z[H]/(H - 1)? as a ring, and K(S?) = (H - 1)K (S?). In
particular, the multiplication in K (5?) is trivial.

One is able to use these generators to express the generators of higher spheres, K (S*"). A key
ingredient in that calculation will be a product defined between K-rings of different spaces.

Definition 5.3 (External Product). For arbitrary compact, Hausdorff X1, Xo, there is a natural
map pu: K(X7)® K(X3) > K(X1 x X2), induced by the projection maps, p; : X1 x X9 > X;:

p(z®y) =prepyy; (5.7)

here, juxtaposition indicates multiplication in K(X1xX3), z,y are virtual bundles in K(X1), K(X3)
respectively and the tensor product between K-rings is the tensor product as Z-modules. This has
the ring structure (x ® y)(2' ® y') = xza’ ® yy'. It is straightforward to check that this map is a
well-defined ring morphism.

We sometimes write p(x,y) = x * y.

There is a similar product on reduced groups. To see how it works we need to review some
topological constructions and will introduce some exact sequences of K-groups. With these tools,
we will be able to decompose the external product into trivial parts and the sought after reduced
external product.

For now, we restrict attention to the reduced K-rings. Let A c¢ X a closed subspace and consider
K(X/A). Observe that as A is closed, the quotient is again compact and Hausdorff, so K (X /A) is
indeed defined.

Proposition 5.4 ([4], Proposition 2.9). The inclusion and quotient maps A - X — X /A induce
an exact sequence of rings:

R(x/A) % R(X)5 R(4). (5.8)

Proof. This proof largely follows [4]. The inclusion Im¢* c ker:* can be seen by observing t*q* =
(qv)* and qu is the composition A - A/A - X /A, where K(AJA) =0.

Thus, we have to show that ker:* ¢ Img*. Suppose, then, that [E] ¢ K(X) is such that
V*[E] =0, ie. [E|a] =0, implying that E|4 ® O"(A) = ©"*™(A). Therefore, in K we may as well
assume that E|4 is trivial, with a trivialisation, say 1 : E|4 > AxC". Let E/v denote the quotient
space E/ ~, where ¢! (z,v) ~ " (y,v) for all z,y € A. There are two things to ascertain, firstly
that E /v is indeed a bundle, and secondly that ¢*(E/v) = E.

The first point amounts to showing that there is an open neighbourhood of A, A c U c X such
that E|y is trivial. Let 0;: A > E,i=1...,n a basis of sections over A. Using that E is a bundle
and X compact, we can choose a finite open cover {U,} such that E|y, is trivial for each a. The
trivialisation induces G;o : AnU, — C™, and we can extend this to a map & : Uy - C", by Tietze’s
theorem, in turn inducing a section o, : U, - E. Let &, a partition of unity subordinate to U,,
and define g; = ¥, £40in. These are n sections over U, Uy, which are linearly independent over
A c Uy Us. These sections must therefore be linearly independent in a neighbourhood of A; we
can see this by observing that the determinant is continuous, so det(o1]...|oy,) # 0 at some pointE|
implies nonzero determinant in a neighbourhood of that point. In particular, F/v is a vector bundle
over X /A.

2It is sufficient to calculate the determinant in a local trivialisation, so this notation means the determinant of the
matrix with columns being the coordinate-vectors of the sections.
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Now, to deduce that ¢*(E/v) = E, we use that the natural map F — E/i¢ is a lift of the
quotient map, ¢, and also an isomorphism on the fibres. This is sufficient to conclude that F is the
pullback. O

It is worth remarking on the interpretation of the inclusion ker :* c Im ¢ in terms of the classify-
ing space picture. The inclusion says that if f is a classifying map of some bundle over X, such that
fla is nullhomotopic, then there is an open neighbourhood U > A such that f|y is nullhomotopic.
Note that all homotopies are basepoint preserving.

Corollary 5.5. If A is contractible, then ¢* : K(X]A) - K(X) is an isomorphism.

Proof. This can be shown by constructing an inverse.

Indeed, if A is contractible, then for any map f: X — BU, the restriction f|4 is nullhomotopic.
By the above, there is an open neighbourhood U such that f|y is also nullhomotopic with, say,
F:Ux1 - BU, Fy = fly and Fj = by, for by the basepoint in BU. Let x : X - [0,1] a continuous
function such that x|4 = 1 and supp(x) c U, which exists because X is normal, so Urysohn’s lemma
holds. We can note that the fact that all maps and homotopies are basepoint preserving is important
for uniqueness

Define Q(f): X/A - BU by

_ F (m)(l') xelU
() { ol ey

which is continuous by the choice of x and F. As Q(f) is constant on A, we can think of it as
defining a map X/A — BU. It needs to be shown that the homotopy type of @ depends only on
the homotopy type of f. So, suppose that g; : X - BU is some homotopy with g9 = f and g1 = g,
for some g. By contractibility there is a neighbourhood of A x I ¢ X x I, say V x I such that gly«s
is nullhomotopic. Letting G any such homotopy, we can now essentially repeat the construction of
Q@ to yield a homotopy between Q(f) and Q(g). Namely, let n: X — [0,1] such that 5|4 = 1 and
supp(n) ¢ V, then

G (,1) eV
- n(z) -
Qor) { f(x) gi(z) ¢V
Therefore, @ : [X,BU]g — [X/A,BU], is well-defined and, by construction, is an inverse to ¢*,
implying ¢ is a bijective homomorphism, and hence an isomorphism. ]

It is in fact true that Vect"(X/A) 2 Vect™(X), for contractible A, which can be useful, though
more than needed here, c.f. [4], Lemma 2.10.

This corollary allows one to naturally extend the short exact sequence into a long exact
sequence. The starting point is to observe that the quotient X /A can be understood as the com-
position X = X uCA - X /A, where C' A denotes the cone, which is contractible, and the second
arrow quotients out the cone. In particular, the quotient is the composition of an inclusion, and
the quotient of a contractible space. At the level of K-rings only the inclusion is meaningful. This
motivates the long sequence:

A— X — XUCA —— (XUuCA)UCX — ((XuCA)uCX)uC(XuCA)...

l | |

X/A SA SX

(5.9)
where the spaces in the first row are obtained by adding the cone of the space two steps back in
the sequence, and the vertical maps contract out the recently added cone; the S here denotes the
suspension of the space. This construction is known as the cofibration sequence, or Puppe sequence
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([B], p. 398) and induces a long exact sequence on the K-rings, by repeated iteration of the short
exact sequence. For our purposes, it is more clearly seen by iterating vertically:

Ay—— Ay ——> AjuCAg—— Ay UuCA] — ...

~. ~
~ \\
~ ~
~ ~
~
>SS \\
~A b

Al/AO SAp < > SAq < > SA; UC(Al/A());)

|

SAl/SAO —_— ...

(5.10)
where the dashed arrows mean they are simply the composition of the known horizontal and vertical
maps. Then, applying the K functor:

K(Ag) +— K(A)) +— K(A1]/Ag) ¢---- K(SAg) +— K(SA;) +— ... (5.11)

By being careful with the above diagram, one can check that the non-dashed arrows are simply the
relevant inclusion or quotient map, while the dashed arrow is the composition of the map induced
by AjuCAg - SAp and the isomorphism K (A1/Ag) 2 K(A;uCAy), and similarly in higher places.
This implies that any sequence of three groups in is exact and so the entire sequence is exact.

More over, this construction is functorial: any map between pairs f : (X, A) — (Y, B) induces
a map of complexes on the long exact sequence. This is straightforward to see, though messy to
explicate, so I omit doing so.

Recalling that the reduced suspension is obtained from the suspension by simply contracting an
interval, we can replace the suspension with the reduced suspension and maintain exactness. It is
convenient to do so, because the reduced suspension has several beneficial properties, for instance
there is a homeomorphism ¥(X/A) 2 ¥ X/¥A and the functor ¥ is adjoint to the loop space
functor, as has already been seen. Another property of the reduced suspension is the existence of
the homeomorphism "X = S™ A X, which will be useful. Here A denotes the smash product of
pointed spaces, which is the quotient of the product space S™x X by the subspace X x{yg}u{xo}xY.
This latter subspace is denoted X v Y, the wedge sum.

Observe that the space obtained by quotienting one of the factors in the wedge sum is canonically
homeomorphic to the other space, i.e. (X VvY)/X 2Y, and (X vY)/Y 2 X. Therefore, the pair
(X vY,Y) yields a short exact sequence:

K(X)>EK(XVvY)->K() (5.12)

in which the first map is a composition of the isomorphism K (X) = K((X vY)/Y) and the map
induced by the quotient. This sequence in fact splits, as the sequence obtained from the pair
(X vY, X) yields a sequence of the same rings, with arrows in the other direction. We can observe
that the maps are inverse to each other. Therefore, K(X vY) = K(X)® K(Y). This implies
K(X(XVvY)) 2 K(2X) e K(XY), because there is a homeomorphism 2(X vY) = XX v XY,
Now we consider the compact pair (X x Y, X vY); by definition (X xY)/(X vY) =X AY, and

so we have an induced long exact sequence:

S KE(XxY) — KE(EX)eK(XY) — K(XAY) — K(X xY) — K(X) o K(Y).
(5.13)
Let p1 : X xY — X the projection, similarly for ps, and consider the morphism I?(X) GBI?(Y) -
K(X xY) given by (z,y) — piz + pyy. Observe that for arbitrary points zg € X, yo € Y we have a
natural isomorphism py |, 1xy £ Z|(zyxY and similarly for p3y|x gy}, implying that the morphism
K(X)o K(Y) - K(X xY) splits in the sequence above. In particular K(X xY) - K(X) @ K(Y)
is surjective. The same argument shows that K(XZ(X xY)) - K(XX) @ K(XY) is surjective.
Therefore, the long exact sequence yields a split short exact sequence

0 — K(XAY) — KE(XxY) — KX)o K(Y) — 0, (5.14)
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implying the isomorphism:
KXxY)zK(X)e K(Y)e K(XAY). (5.15)

We can also observe that the following sequence is exact
0 — K(B(XAY)) — K(B(XxY)) — KX)o K(XY) — 0, (5.16)

where Bott periodicity is used to show injectivity of the homomorphism K(2(X AY)) - K(2(X x
Y)). The above comments show that this sequence also splits.

With this decomposition in hand we can finally define a reduced external product. To do so,
use the splitting K (X) 2 K(X)® K (xo) and recall that K (o) is a ring isomorphic to the integers,
therefore:

K(X)e K(Y) = (K(X)eK(x)) 8 (K(Y) @ K(y))
(KX)o K(Y))e K(X)oK(Y)eoZ,

having used the general fact that M @ R~ R, for any ring R, and R-module M.
Combining the external product and these decompositions, we have

KX)o K(Y) —— (K(X)eK(Y))e K(X)o K(Y)oZ

l l (5.17)

K(XxY) —— S K(XAY)oK(X)oK(Y)oZ.

The key observation here is that summand (I? (X)® K (Y)) maps to K(X AY). For, recalling the
definition of the reduced groups as kernels, = € K(X), y € K(Y), then pizpyy is in the kernel of the
restriction K (X xY) » K(({zo} x Y) U (X x {yo})), so that u(z®y) € K(X AY). In particular,
the righthand arrow can be decomposed as (p, Idf((X),Idf((Y), Idz).

This product, as well as the unreduced version, can be used to explicitly compute the Bott
isomorphism as demonstrated by the following two results. Unfortunately, I have no proof of this
fact from the perspective of Bott periodicity developed here, although such a proof should exist and
I aim to find it in the future.

Lemma 5.6. For any compact X, the composition K(X) - K(X)® K(S?) - K(S?AX), z ~
pw(z, H - 1) is the isomorphism of Theorem[5.1]

Corollary 5.7. The external product K(X) ® K(S?) - K(X x S?) is an isomorphism.

Proof. The diagram [5.17] and the discussion following it, along with Lemma gives the result
immediately. O

Assuming Lemmal5.6] we can explicitly state the generators of the K-rings of the higher spheres.
Indeed, the generator of K (S2") is simply the n-th power external product of the generator K (S2),
i.e. K(S*) = ([H]*™™-1), and has trivial multiplication. Then, using that K (5?") = K(S*") @ Z,
we can conclude that K (S?") = Z[H*"]/(1- H*")2.

5.2 Eilenberg-Steenrod Axioms of a Reduced Cohomology Theory

In this section we use the long exact sequence (5.20]) and Bott periodicity to develop a sequence of
functors describing a cohomology theory.
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We begin by reviewing the axiomatic characterisation of cohomology theories, due to Eilenberg
and Steenrod, [14]. Let C some category of pairs of topological spaces A c X. A cohomology theory
is the data of a sequence of functors into the category of Abelian groups

F¥.C>Ab, keZ
along with natural transformations
§: F*(A) - FF(X, A),
(where F¥(A) := F¥(A, @)) satisfying the following axioms:

Axiom 1: If f =~ g: (X, A) » (Y,B), then f* = g* : F¥(Y,B) - F¥(X,A) for all k € Z, where
f* = FR(f);

Axiom 2: For a pair (X, A), the above maps induce a long exact sequence

oo —— F¥(X,A) —— F¥(X) —— FF(A) — FFY(X,A) —— ... (5.18)

Axiom 3 (Excision): If U c X is an open subset such that the closure U is in the interior of A,
U c A° then FF(X \U,A\U) =2 FF(X, A);

Axiom 4 Fk(*) =0, for all £ # 0, where * is the one-point space.

Naturality of 6, along with Axiom 2, implies that the maps {F*(f)} form a map of chain complexes
between the long exact sequences induced by any two pairs (X, A), (Y, B).

It is known that these four axioms uniquely specify a cohomology theory, however there are
many inequivalent theories satisfying the first three axioms alone. If we need to distinguish, a
cohomology theory without the dimension axiom is extraordinary, or generalised.

We will use the long exact sequences defined above to show that the groups K (X) give rise to a
generalised cohomology theory. The long exact sequence suggests the definition K ™MX) =
K (X"X), for all n > 0. Observe that the Bott periodicity isomorphisms developed in the previous
section imply K2"(X) = K°(X), and K2""'(X) 2 K~'(X). Therefore, we can reasonably extend
the sequence to positive integers by setting K2"(X) = K(X), K**(X) 2 K(XX).

This periodicity can be expressed more concretely by wrapping the long exact sequence in on
itself:

K2(A) - KY(X]A) - KY(X) —— K (4) — K°(X/A) — K°%(X) — K°(A) j

{» K2(A) — K (X/A)...

(5.19)
We can lift these results on the reduced rings to statements about the full K-rings by observing
that K(X) can be identified with the reduced group K(X,) = ker(+ — X,) = K(X), where
X, == X[I{+}. For any closed A c X, we have an induced A, = AJ[{+}, and X/A =2 X, /A,. It
can also be shown that K(XX,) 2 K(XX) using the six-term exact sequence obtained from the
wrapped long exact sequence ([5.19)).

Specifically, the sequence of spaces X — X, - SY induces the exact rectangle:

R(s%) —C 5 R(x,) —“ R(X)

Rex) &2 gex,) &2 R(sh
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where K (S!) = 0 immediately implies (£¢)* is injective. It remains to show surjectivity of this map,
which is equivalent to injectivity of ¢* or, to put it another way, the existence of a left-inverse of
q*. Such a map is guaranteed by the splitting of the diagram (2.17)).

Therefore, the long exact sequence on reduced groups, induced by A, = X, - X/A induces a
long exact sequence:

> K(ZX)->EK(ZA) > K(X/A) » K(X) > K(A). (5.20)

Motivated by this sequence, we define the functors K™ (X, A) := K "(X/A), whenever A # @,
K?1(X) = K?1(X) and K?"(X) = K(X), for all n € Z| This implies that we have an induced
exact sequence

KY%(X,A) —— K°%(X) —— K°A4)

T l : (5.21)

K'(A) ¢+—— KYX) +— KX, A)

Theorem 5.8. The sequence of functors K" (X) defines a generalised cohomology theory on the
category of compact pairs.

Proof. The first axiom, homotopy invariance, follows from the interpretation of K as a space of
homotopy classes of maps.

The second axiom is satisfied, due to the exact sequence , and by construction, the maps
induced by any f:(X,A) - (Y, B) form a morphism of chain complexes.

It remains to check excision. Recalling K~"(X,A) := K "(X/A), and the fact that U c A°
implies (X \U)/(ANU) = X/A, it follows that the morphism induced by the inclusion (X \ U, A\
U) - (X, A) is indeed an isomorphism. O

An important component of K-theory is that K*(X) := @, K"(X) is in fact a ring with
product induced by the external product K(X'X) ® K(3/X) - K (X X), which is related to
the reduced product defined above. Unfortunately, there is no space here to discuss this aspect in
further detail. Instead, the remainder of the thesis will be spent calculating examples using the
machinery developed.

5.3 Examples

We will calculate the reduced groups of several simple topological spaces; the full groups are then
obtained by adding a copy of the integers onto the even groups.

Example 5.9. The first example we consider is the n-torus, T™ = (S1)*"

The claim s that : (2n-1_1)
~; yASCHENS 1 even
Ki(T") = - : 5.22
(™) { 782" i odd (5.22)
which is proved by induction.
Forn =1, it immediately follows from the identification T' = St.
Assume that the claim holds for T" ' and consider T™ = T ! x 81, Comparing with (5.15)), the

sequence ST v T - T x §1 o T A St induces the isomorphism
K(TY) 2 K'(SYe K/(T" ) @ K" (T ). (5.23)

By the inductive hypothesis we therefore have K°(T™) = AICHERE R b 7! (T™) = YAICHERC S
so0 the result holds by the fact that 272 + 272 = 2771,

3It is reasonably natural to define X /@ := X, in which case all these functors can be summarised by the definition
of K"(X,A).
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Example 5.10. We next consider the 3-dimensional lens space. This is slightly more complicated,
and will be achieved by applying a CW -structure to the space; this structure is taken from [3], p.
145, applied to the case of dimension 3.

A lens space L(k,1), for k,l € N relatively prime, is obtained from S c C? by quotienting with a
Zy group action (z1,22) ~ (e%i/lzl,e%ik/lzg). Set C' c 83 the circle defined by z1 =0, and mark the
I-th roots of unity 1,\ = ™' .. N1, Let A c S the circle defined by z5 = 0 and consider the discs
DJQ- formed from the great circles between the marked point, NV € C, and the circle A. Similarly, define
a three-disc D? as the points on the great circles starting at any point in the segment between N and
Mt Observe that the discs D? cover S3, and that D? 18 bounded by DJQ- and DJZH. Furthermore,

DJQ- > D]2.+k (more precisely, (j+k) mod 1) under the group action and D? > D?+k. In particular, by
choosing o such that ak =1 mod [, we can iterate the action o times to obtain a map Dj = Dj1.
Clearly, \* is a generator of the group 7Z;, because ged(a,l) = 1. Therefore, we can obtain L(k,l)
by identifying the bounding discs of D3 under the action \*. This is the key in constructing the
CW -complezx.

Start the construction with a 0-skeleton, {xo}, and attach a 1-cell such that X1 is a circle; the
one-skeleton corresponds to A in the above. The attaching map for a 2-cell, S - S, is given by
the quotient map z ~ Az. Finally, attach a 3-cell, where the attaching map identifies its bottom
hemisphere with the top hemisphere after a twist of A*, which are then identified with Xo.

We now want to calculate I?*(L) using this CW -structure. The key to this calculation is the
observation that X3/ Xy = S3, Xo/ X 2 S2. In fact, in a general CW -complex, X,/ Xn-1 is home-
omorphic to a wedge sum of n-spheres, for n > 1. We are able to capitalise on this because the
CW -structure of the lens space is quite simple, having only one cell in each level.

Indeed, the siz-term exact sequence corresponding to the pair (L, Xs) will allow the computation
of K*(L) in terms of K*(Xs), and the sequence corresponding to (X2,S') will give K*(X2).
Starting with X9, we have the exact sequence:

K9%(S8?) —— K%(Xy) —— K°(SY)

T“ l (5.24)

K'(SY) +— K'(X5) +—— K'(S?).

It follows that K'(X5) = kerd and K°(X5) = cokerd, so that only the coboundary map & needs
to be identified. To do so, recall that the generator of IN(O(SZ) can be identified with the generator
of ma(S?), which is the suspension of the identity map S* — S, cf. the proof of Corollary .
When we quotient Xo/ X1 we have the 2-disk Do with its boundary first identified with X1, and then
shrunk to a point. In our case, the attaching map wraps the boundary of the disk l-times, and thus,
the identity gets mapped to the suspension of 7', implying that § is multiplication by l. It follows
immediately that K'(X2) =0 and K°(X») 2 Z;.

Plugging this result into the exact sequence corresponding to (L, X3) gives:

0 —— K%(L) — 7

T la . (5.25)

0+— K'Y (L) +— 7

Observe that 0 =0, because there is no other group morphism from Z; — 7Z, given that the latter
has no zero divisors. Therefore, K°(L) 2 K°(X3) 2 Z; and K'(L) = Z.

We have defined K-theory using vector bundles and their formal inverses. With this geometric
interpretation we were able to represent the functors as homotopy classes of maps into some explicit
models of classifying space. By focusing on this interpretation we were able to use differential
topology to uncover Bott periodicity, enabling us to encounter the essential features of K-theory
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and calculate some examples. This barely scratches the surface of topological K-theory, which has
a number of generalisations and connects with many different parts of mathematics. Interesting
examples include the Atiyah-Singer index theorem, which associates K-theoretic data to the index
of elliptic operators and thus relates topologic and analytic information, as well as applications in
physics, including string theory and condensed matter physics.
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Appendix A

Some Riemannian (Geometry

This is a compilation of various results in Riemannian geometry that are used in the main text.
The main reference is [6].

A.1 Basic Definitions

Definition A.1. A Riemannian manifold, (M,g) is a smooth manifold M together with a bundle
metric on the tangent bundle.

Just as complex vector bundles can always be endowed with Hermitian bundle metrics, a real
vector bundle can always be endowed with a symmetric bundle metric - the proof is essentially the
same. Thus, a Riemannian structure exists on any given smooth manifold.

A.2 Covariant Derivatives and Geodesics

Let E - M a smooth vector bundle, I'(E) the space of sections and Q(TM) := I'(T* M), where
T M denotes the tangent bundle, and T M its dual.

Definition A.2 (Covariant Derivative). A covariant derivative is a map D : T'(TM)QI'(E) - T'(E),
written D(V ® o) = Dy o and satisfying:

e D is C®°(M) linear in T'(TM);
e D is R linear in T'(E), and satisfies a Leibnitz rule:

Dy (fo) = fDvo +V(f)o. (A1)

Thus, a covariant derivative is essentially a means of differentiating sections. We can also use
them to transport a vector over a curve, viz.

Definition A.3 (Parallel Transport). Let V € E,, and v any smooth curve starting at p; then we
can define a vector field over v, such that D)V, =0, Vi.

In the text, we will often use the notation V; := V, ), and Dy := Dy ().

A geodesic is a curve +y satisfying Dt’y(t) =0; i.e. the tangent vector is parallel transported along
the curve.
Locally, the geodesics are length-minimizing paths.

Definition A.4. The Levi-Civita connection on a Riemannian manifold is a connection on the
tangent bundle, satisfying:

Torsion-Free DxY — Dy X =[X,Y], for all smooth vector fields X,Y ;
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Metric-Preserving X (g(Y,2)) =g(DxY,Z) +g(Y,DxZ) for all smooth vector fields X,Y, Z.
A Levi-Ciwita connection exists and is unique, [6], Theorem 4.3.1.

In this thesis, the connection is always assumed to be the Levi-Civita connection.

A.3 Curvature and Jacobi Fields

Theorem A.5 ([§], Lemma 9.3). For (M,g) a Riemannian manifold, and X,Y,Z, W any vector
fields, the curvature

R(X,Y)Z :=[Dx,DylZ - Dixy1Z

satisfies the following identities:

R(X,Y)Z+R(Y,X)Z =0 (A.2)
R(X,Y)Z+R(Y,Z)X + R(Z,Y)X =0 (A.3)
g(R(X, Y)Z,W)=g(X,R(Z,W)Y). (A.5)

Let v a geodesic, V its velocity vector field and X a smooth vector field over v. We say X is a
Jacobi field over ~ if it satisfies the identity:

D?X -R(V,X)V =0 (A.6)

Proposition A.6 ([6], Lemma 5.2.3). For any given X,Y € T, )M there exists a unique Jacobi
field over v, W, such that W(0) = X and DWW (0) =Y

Proposition A.7 ([6], Theorem 5.2.1). Let v a geodesic, and « a variation of a: I x (—€,€) > M
through geodesics. Then, Osa(t,0) is a Jacobi vector field. Conversely, any Jacobi field over vy gives
rise to a variation through geodesics.

Definition A.8. Let v:1 - M a geodesic. Two points, tg + t1 are called conjugate if there exists
a non-zero Jacobi field, J, over vy such that J(to) =0=J(t1).

Proposition A.9. Ifv(0),7(1) are not conjugate along v, then for any Xo € Ty M, X1 € Ty M
there is a unique Jacobi field X such that X(0) = Xy and X (1) = X;.

A.4 Lie Groups

Theorem A.10. The geodesics through the identity of a Lie group equipped with a left- and right-
tnvariant metric are precisely the one-parameter subgroups.

As a result, the covariant derivative Dx X of any left invariant vector field vanishes. This is key
in the following:

Theorem A.11 ([8], Theorem 21.3). For G a Lie group equipped with left- right-invariant Rieman-
nian metric and X,Y, Z, W left-invariant vector fields, the following hold:

DxY =-DyX (A.7)
<[X’Y]vZ) :<X7 [YvZD (A.8)
R(X,Y)Z =1[[X.Y],Z] (A.9)

(R(X,Y)Z,W)=1{[X,Y],[Z,W]). (A.10)
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