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1 Vector Bundle Basics

Definition Let X be a topological space. A family of real vector spaces over X consists of

e a continuous map E — X from another topological space to X, and

e for each z € X a structure of finite dimensional real vector space on the fibre E, := 7~ '{z}.

It is required that the topology of F, as a subspace of E coincides with its standard topology as a
real vector space.

The space X is called the base, E the total space, and w the projection of the family. The family is
often referred to just by £ when X and 7 are implied by the context.

A section of the family E is a map' s: X — E such that 7o s = idx.

Definition Let £ =5 X and F -5 X be families over X. A homomorphism from E to F is a map
h: E — F such that

e the diagram
p—" p
X

e for each z € X the restricted map h,: E, — F, is linear.

is commutative, and

Of course, h is an isomorphism if there exists a homomorphism k: FF — E with ko h = idg and
h o k = idp. This clearly happens if and only if & is bijective and ™! is continuous. The families E
and F' are called isomorphic if there exists an isomorphism between them.

Examples (1) Any (finite dimensional real) vector space V gives rise to the product family X xV == X.
A family E 5 X is called trivial if it is isomorphic to such a product family.

(2) We let E = X xV as in the previous example but giving the factor X the discrete topology (while
X as the base space retains the original one). The result is a family in the sense of the definition, but
it is quite far away from the intuitive notion of a continuously parametrised family of vector spaces.

(3) Put E = {(m,y) € R? ‘ Ty = O} and let m: E — R project (z,y) to . Then E " X is a family of
vector spaces which certainly is not trivial since the dimension of the fibre Ey is one while all other
fibres are zero vector spaces.

Definition Let E %5 Z be a family of vector spaces over the base Z. A subspace Y C Z gives rise to the
commutative diagram

EY - E

q lw

YC— s 7

1 As usual in topology we use map as shorthand for a continuous map between topological spaces.
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with E|Y := ¢~1Y and +’ obtained from v by restriction; it involves the new family E|Y Sy
called the restriction of E over Y. More generally, let Y be any space and ¢g: Y — Z a map. We then
have a commutative diagram

g°E E
| |
y —2 7

with
g E:={(y,v) e YXE|g(y) =¢(v)} and =(y,v)=y, §(y,v)=0,

and g*F X VYisa family of vector spaces over Y said to be induced by g, or the pull-back of E
under g.

This construction is functorial in two independent ways. Firstly fix g and let E ", F be a homomor-
phism into another family F' — Z over Z. Then a unique homorphism of families g*h: g*F — g*F
is induced that lets the diagram

gE————— [

\ o

g*h
Yy —mMmMmM
commute, and we clearly have
g idg =idg+r aswellas g*(koh)=g"kog"h

for composable homomorphisms h and k. — On the other hand if we now fix the family F and vary
g we have though not equalities but canonical isomorphisms

e id, E~F and
o (gof)'E~f*g*E if f:X — Y is another map.

In the special case where g: Y — Z is the inclusion map of a subspace we recover the restricted family
E|Y ~ g*FE up to canonical isomorphism.

Definition A family F of vector spaces over X is said to be locally trivial if every x € X has a neighbour-
hood U C X such that E|U is trivial: any isomorphism between E|U and a product family over U
will be called a trivialisation of E over U. In this case the family will be called a vector bundle over
X. Every family induced from a vector bundle turns out to be locally trivial too, so that we have
the notion of induced vector bundle.

The function rankg: X — N assigns to each point £ € X the vector space dimension of the fibre
dim E, ; while rankg makes sense for every family E over X, in the case of a vector bundle it is a
locally constant — or, equivalently, continuous — function. It is called the rank function, and if it
happens to be constant its value it is simply called the rank of the family or vector bundle. We see
that the family (3) of our example is not a vector bundle while the product family (1) is one, of
course. — A vector bundle of constant rank one is often called a line bundle.

Example (4) One way to construct interesting vector bundle is via eigenspaces of families of linear endo-
morphisms. Consider for each ¢t € R the matrix

cost sint
a(t) == [ sint  — cost ] € Mat(2x2,R).
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Notes

It is orthogonal of determinant —1, so we know it describes a reflection in a uniquely determined
line, its 1-eigenspace E(t) C R2. Thus the projection E — S* = {z € (C‘ |z| = 1} with

E:={(e"v) € S"xR*|a(t) - v=0v} and w(e" v)=¢€"

is a family of real vector spaces of rank one. It is in fact a line bundle. For the fibre E.i« = E(t) is

the kernel of )
—cost —sint
L—a(t) = [ —sint 1—|—cost] ’

and as long as ¢ is not a multiple of 27 this line is spanned by the vector (sint, 1—cost). Therefore
the assignements

i i sint
(€, 2) — (@A [1—cost])
it 1 . it [U]
(e "1—cost v) G v )

define mutually inverse isomorphisms of families (S*\{1}) x R — E|(S*\{1}). Using (1+cost, sint)
rather than (sin¢, 1 —cost) as a spanning vector we similarly obtain an isomorphism between the
restrictions over S1\{—1}. We thus have shown that E is a locally trivial family over S!.

(1) Let E be a vector bundle over X. In view of local triviality every section s: X — E can be
locally? expressed as a function from X to a fixed vector space. The set of all (global) sections of E,
denoted I'E, becomes itself a vector space under addition and scalar multiplication of their values.
The image of a section s is an embedded copy of X in E which in term determines s, and therefore
the term of section is sometimes applied to s(X) rather than s. In particular there is the zero section
s0: X — E which assigns to each « € X the zero vector in E,. It provides a canonical way to identify
X with the subspace so(X) C E.

(2) Let XxV and X xW be two product bundles over X. There is a bijective correspondence between
bundle homomorphisms h: X xV — X xW and (continuous) mappings h: X — Hom(V, W) into the
space of linear maps, namely (mildly abusing the notation)

h — (x — hz)

((m,v) . (x,h(m)(v))) — h.

(3) Keeping this set-up we let Hom™(V, W) C Hom(V, W) denote the open subset of all isomorphisms
from V to W. Consider a bijective bundle homomorphism Ai: X xV — X xW: then for every z € X
the restriction h,: V' — W is an isomorphism and h maps into Hom™*(V, W). Since the inversion map
Hom™*(V,W) 3 g +— g~ € Hom*(W, V) is continuous, so is its composition with h, which is the map
X > x+ h;! € Hom(W, V). The corresponding bundle map is nothing but h=1: X x W — X xV,
and we conclude that continuity of h~! is automatic once the bundle homomorphism A is known to
be bijective. This being a local assertion it remains true if X xV and X xW are replaced by arbitrary
bundles over X.

(4) Similarly it follows from the openness of Hom™(V, W) C Hom(V, W) that for an arbitrary bundle
homomorphism h: E — F' the points = such that h, is an isomorphism, form an open subset of X.

2 In the context of bundles locality always refers to the base, never to the total space.
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2 Projective Spaces

Definition Let n € N. The n-dimensional real projective space RP™ is the quotient space of R"*1\ {0} by
the equivalence relation
x~y <= Ax =y for some A € R*.

Alternatively RP™ is obtained from the sphere S™ = {a: € Rl ‘ |x| = 1} identifying pairs of opposite
points: —z ~ x. In either case we write the point of RP" represented by = = (zg,1,...,z,) € R**!
as

[] =[zo:x1: -+ 1 xy) € RPT

to emphasize the fact that not the values but the ratios between the n+1 numbers z; make up
the point [x]. Intuitively it is best to think of RP™ as the space of lines (one-dimensional vector
subspaces) in R"*1,

While the first definition carries over literally to a definition of the complex projective space CP"
the alternative one becomes more involved; it presents CP™ as the quotient space of the sphere
52+l = {z € C"*! | |z| = 1} with respect to the equivalence relation

we~z <= Aw=z for some A\ e S' cC.

Notes (1) All projective spaces are compact Hausdorff spaces. To make explicit calculations in them one
uses the fact that the sets

X = {[z] e RP" |2, #0} fork=0,....n

form a finite open cover of RP", and that for each k the mapping hy: X, — R™ acting by'

1 —
[o: - tmp i iay] o — - (To . Thy e, Tn)
Tk
[o: -t leeetmy] (o o Tl e vy Tp)
is a homeomorphism. Of course the complex case is analogous.

(2) Since RPY and CP° are one-point spaces the first possibly interesting case is that of n = 1. In
the real case the mapping S' > z +— 22 € S!, which takes equal values on antipodal points, induces
a homeomorphism RP! ~ S'. A similar homeomorphism

h:CP' =~ §% = {(w,t) € CxR||w|* +* =1}

identifying CP! with the Riemann sphere involves stereographic projection and acts by the assign-

ments 1 -
Z0R1
202 _ ——— [ 2 2 ]
20 : 2] g (AT

[w: (1-t)] = [(1+1) : w] <+ [‘t"] :

Definition We consider the map T — RP™ with

T :={([z],v) e RP"xR""' |v € Rz} and =([z],v) = [a].

1 We use the convention that terms covered by a hat are to be omitted.

© 2011/2012 Klaus Wirthmiiller



K. Wirthmiiller: Vector Bundles and K-Theory 2011/2012 5

Since the fibre Tj,; = 7 {[2]} is just {[z]} xRa we have defined a family of vector spaces over RP™,
and in fact a line bundle, which is called the tautological bundle on RP". Indeed the formula

XoxR> ([1::51: :xn],)\)r—>([1:m1 :zn},)\(l,xl...,xn)) eT

trivialises the family over the open subset Xg C RP™, and permuting the Oth with the other coor-
dinates we cover RP™ by such local trivialisations. The name of this bundle expresses the fact that
the fibre over a point of RP™ is the point itself, read as a line in RP"*1.

Theorem Further representations of RP™ as a quotient space include the following.

o Let T — RP" ! be the tautological bundle and let
D:={([zl,v) e T || <1} and S:={([z],v) €T |[v]=1}

denote the unit disk and sphere “bundles” in it. The space D™ Uy D obtained by gluing the unit disk
D" = {x e R” | |z < 1} to D via the homeomorphism

D" > 8" syl (W,v)eSC D

is homeomorphic to RP™.

e Consider the map
Sn1 s Ly [ e PR

The quotient space of D™ + RP"! with respect to the equivalence relation generated by

D" >z~ p(z) € RP"?

is said to be built from RP"~! by attaching an n-cell via ¢, and usually written D" Uy RP" ! It is
likewise homeomorphic to RP™.

e Indeed in the previous construction D™ clearly maps onto the quotient, and we thus may as
well write the latter as a quotient space of just D", identifying opposite points on the boundary
Sn=1 c D™,
Further Notes (3) The quotient mapping
5" 3 2+ [2] € RP™
is a two-fold covering projection. For n > 0 it must be non-trivial since S™ is connected. From a

different point of view we see a presentation of RP™ as the space of orbits of S™ with respect to the

natural action
{£1} x 8" — 5"

of the group {£1} on the n-sphere.
(4) In the complex case the quotient mapping
st 5 24 2] e CPT

is called the Hopf mapping or Hopf fibration. Each of its fibres is a homeomorphic copy of the circle
S1, and indeed it presents CP™ as the orbit space of $2"*1 C C"*! by the scalar action

Sl % S2n+1 527l+1

of the circle group S' c C*.
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3 Linear Algebra of Vector Bundles

Construction We let 7 be a covariant functor from the category of finite dimensional real vector spaces
into itself and assume that 7 is continuous in the sense that for any two objects V' and W the
mapping

T:Hom(V,W) — Hom(TV,TW)

is continuous. An example is the functor 7 which assigns to V' the vector space TV = Hom(A, V)
where A is a fixed real vector space of finite dimension.

We wish to extend T to a functor of vector bundles: given a vector bundle E — X we shall construct
a new vector bundle TE — X over X such that for each z € X one has

while to each homomorphism of bundles E Iy P owe will assign a homomorphism Th Th TF such
that
(Th), =T (ha).

Since these requirements already determine 7 E as a set (the disjoint union of the TE,), and Th as
a fibre-wise linear mapping of sets we only need to specify the correct topology on 7 FE. We do this
in three steps.

In case E = X xV — X is a product bundle we give TE = X x TV the product topology. If
F = X xW is another product bundle and h: E — F a homomorphism then the corresponding map
h: X — Hom(V, W) is continuous, and so is the composition

X — Hom(V, W) = Hom(TV, TW),

by continuity of 7. Since this composition corresponds to the set mapping 7 F T TF we have
proven that the latter is continuous too. This completes the treatment of product bundles.

More generally we now assume that F is any trivial bundle. We choose a trivialisation h: X XV ~ E
and use the bijection Th: T(X xV) — TE to transfer the topology to TE. If k: X xW ~ E is a
second trivialisation then k' oh: XxV — X xW is a bundle isomorphism, and from the first step we
know that then (Tk:)_l oTh = T(k~!oh) is a bundle isomorphism, in particular a homeomorphism.
This proves that the topology on T E is well-defined. The continuity of the mapping Th: TE — TF
induced by a bundle homomorphism h: ' — F' is obvious. We finally observe that the topologies we
have put on X x TV and T FE are clearly compatible with restriction to a subspace S C X, so that
the notation T E|S is unambiguous. This completes the discussion of trivial bundles.

Let now E — X be an arbitrary bundle. For the open sets of TE we take all sets V' C T F such that
the intersection V N TE|U is open in TE|U whenever U C X is open and F is trivial over U. It is
easily seen that in order to test V for openness the condition need only be checked for a collection
of such U that cover X. Again a bundle homomorphism h: E — F' induces a continuous mapping
Th:TE — TF, and the topology on T E is compatible with restriction to arbitrary subspaces S C X.
This completes the construction.

Rather than with mere restrictions, the new-defined functor 7 is also compatible with pull-backs:
there is a natural isomorphism

ffTE~TfE

for every mapping f from another topological space into X.

© 2011/2012 Klaus Wirthmiiller
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Suitable Functors for this construction include, similarly, contravariant ones as well as functors of several
finite vector space variables, such as
e the contravariant functor assigning to V' its dual space V7,

e the functor assigning to a pair (V, W) of vector spaces its direct sum V & W — we might as well
write the direct product V x W, but the sum is preferred by tradition, and the resulting bundles
called Whitney sums of vector bundles;

e the bivariant functor that assigns to V and W the space of linear mappings Hom(V, W),

e the covariant functor that sends V' and W to the tensor product V @ W — for which Hom(V™, W)
is a valid substitute in case you are not familiar with the tensor product,

e the functor assigning to V its d-th symmetric power Sym? V|

e the functor assigning to V its d-th alternating or exterior power A%V,

and many others.

Notes (1) The canonical isomorphy Hom(V, W) ~ V" ® W allows to replace all bundles of homorphisms
by tensor products if desired — or vice versa:

Hom(E,F)~ E" ® F ~Hom(F",E").

If L is a line bundle then
L® L ~Hom(L,L) =EndL

is the trivial line bundle since endomorphisms of a one-dimensional vector space are just scalars:
thus the isomorphism classes of line bundles over a fixed base X form a commutative group Vect; X
under the tensor product. This group acts on the additive semi-group Vect X of isomorphism classes
of all vector bundles on X by

L] [B] = [L & E),

an action which clearly preserves the rank function.

(2) The correspondence between bundle homomophisms X xV — X x W and mappings X —
Hom(V, W) now globalises to a canonical linear correspondence between homomorphisms E — F' of
bundles over X, and sections of the bundle Hom(E, F) — X.

Definition A subbundle of a vector bundle F —— X is a subspace S C F which makes S ﬁ X a
vector bundle in its own right — notably this includes the condition that for each x € X the fibre
S, =SNF, CF, is a vector subspace.

Lemma Let h: E — F be an injective homomorphism of vector bundles. Then h(F) C F is a subbundle.
Every subbundle S C F over X is locally near x € X isomorphic to the inclusion X xS, C X x F},
induced by that of the vector spaces S, C F.

Corollary If S C E is a subbundle then the fibre-wise quotient E/S := J,cx Ez/Sz, equipped with the
quotient topology, also is a vector bundle over X ; it is called the quotient bundle.

Proposition Let h: E — F be a homomorphism of vector bundles such that the function rank,: X — N
defined by z + rank h, is locally constant. Then the fibre-wise defined sets

kernelh C E and imageh C F
are subbundles, and a fortiori coker h = F/imageh is a quotient bundle of F.

Examples (1) Let W C R™ be an open subset, f: W — RP a differentiable function, and b € R? a regular
value of f: thus at every point x of

X = f Yo} ={z e W] f(z)=0b}

© 2011/2012 Klaus Wirthmiiller
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the differential T, f: R™ — RP is surjective, and X C W is a differentiable submanifold. The set
TX := U {a} xkernel T, f = {(2,v) € X xR? | T, f(v) =0} — X
zeX

is a subbundle of the product bundle X xR"™ — X, and called the tangent bundle of X : indeed the
differential of f defines the bundle homomorphism

X xR" 3 (z,v) — (2, T f(v)) € X x R?,

which by assumption is surjective and has T'X as its kernel by definition. The quotient bundle
(XxR™)/TX is called the normal bundle of X in W, and in this situation is always trivial since the
bundle homomorphism that defines T'X induces an isomorphism (X xR™)/TX ~ X xRP.

One of the simplest particular cases is that of the function R™ 3 x RN |x|2 € R with b = 1. Here
X = S~ ! is the unit sphere, and its tangent space at 2 — the fibre over z of the tangent bundle —
is

T,5" ' = (TS5 ), ={(z,v) € S" 'xR" |z Lv}.

(2) Taking the quotient of T.S"~! by the involutive action (z,v) + (—z,—v) results in a vector
bundle on RP™"™! which in the theory of differentiable manifolds is identified with the tangent
bundle T(RP™1) of this projective space.

Definition If F — X is a complex vector bundle we let Herm E — X denote the (real!) vector bundle
whose fibre over z is the space of Hermitian forms F, x E, — C (conjugate-linear in the first
variable). A metric of E is a section of Herm F which is positive definite at each point of X ; its value
on (v,w) € E, x E, is often written (v, w), or just (v, w).

Proposition Assume that £ — X admits a metric. Then for every subbundle S C FE there exists a
complementary subbundle @ C E, so that in particular E/S ~ Q.

Examples (1) The product bundle X xR"™ certainly carries the standard euclidean metric, and by the real
version of the last proposition the tangent bundle TX C X xR"™ of a submanifold X C W as above
admits a complement N C X xR"™, so that

TX ®N = XxR"™

On the other hand N ~ (X xR"™)/TX ~ X xRP must be trivial, and we record as a remarkable fact
that the Whitney sum of TX (usually non-trivial as we will see) and a trivial bundle (of sufficiently
large rank) is itself trivial. In the case of the sphere the complement N is the line bundle

N = {(z,v) € S" 'xR" |v € Rz},
trivialised by S""1xR > (x,\) — (2,2 - \) € N. Putting things together we obtain the isomorphism

TS" '@ (S"'xR) ~ S"'xR"
(z, v® ) = (z,v+x- )

of bundles over S™~1.

(2) The analogue for bundles over RP™~! requires the tautological bundle as a tensor factor on the
left hand side; it is the isomorphism

T® (T(RP" ') & (RP"'xR)) ~ RP"'xR"

given over the representative z € S"~1 of [z] € RP"~! by the assignment

(:c,u@(v@/\))r—><x,§~(v+)\az)):(:p,%o’u+u.)\).

© 2011/2012 Klaus Wirthmiiller
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4 Compact Base Spaces

From now on we only consider vector bundles over compact! base spaces. The bundles themselves will be
complex vector bundles unless stated otherwise.

Proposition Every vector bundle £ — X admits a metric.

Proposition Let £ — X be a vector bundle and S C X a closed subspace. Then every section s € T'(E|S)
extends to a section t € I'E.

Lemma Let F — X and FF — X be vector bundles and S C X a closed subspace. If E|S N F|S
is an isomorphism of bundles then there exist an open set U C X with S C U and an extension
E|U - F|U of f which is an isomorphism.

Theorem Let E — Y be a vector bundle, X a compact space, and f:IxX — Y be a homotopy? from
for X =Y to f1: X - Y. Then
fiE ~ fiE.

Notation We let Vect X denote the set of isomorphism classes of vector bundles over X : this is a semi-ring®
under the operations of Whitney sum and tensor product. It always contains the disjoint union

Vect X = U Vecty X
d=0

where Vecty X comprises the classes of vector bundles of rank d, but is stricly larger if X is discon-
nected. Since every map f: X — Y induces maps f*, more precisely

Vecty f: Vecty Y — Vecty X and  Vect f: Vect Y — Vect X,

assigning to a class of bundles that of the pull-back bundle, we are dealing with contravariant functors
from the category of compact spaces to that of sets, in the last case even to that of semi-rings. The
result of the theorem allows to read these functors as defined on the homotopy category where
continuous maps are replaced by their homotopy classes.

Corollary (1) Every bundle E — I x X is isomorphic to the pull-back of the restriction pr*(E | {0} x X).

2 X Tvisa homotopy equivalence — that is, an isomorphism in the homotopy category —
then the induced semi-ring homomorphism f*: Vect Y ~ Vect X is an isomorphism. In particular, if
X is contractible then the rank function sets up an identification Vect X = Vect{+} = N.

1 Compactness shall include the Hausdorff property. All such spaces X are normal, and thus obey
Urysohn’s and Tietze’s theorems. Furthermore every finite open cover of X admits a subordinate parti-
tion of unity.

2 As usual in homotopy theory, I = [0, 1] is shorthand for the unit interval.

3 This notion, which seems to be rarely used in mathematics, refers to an algebraic structure that satisfies
the standard ring axioms with the exception that addition is required to make it a semi-group rather than
a group.

© 2011/2012 Klaus Wirthmiiller
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Note Let X be compact, S C X a closed subspace, and X —%» X /S the quotient mapping that collapses S
to the point S/S € X/S. If F — X/S is any vector bundle over X/S the induced bundle ¢*F — X
not only is trivial over the subspace S but we even obtain a particular trivialisation

SX(Cd ~ SXFs/S = q*F|S
once we have chosen a base of the single vector space Fg/g.

Collapsing Construction We reverse this process: Let X and S be as before, E — X be a vector
bundle, and h: S x C¢ ~ E|S a trivialisation of E over S. We form the quotient space of E with
respect to the equivalence relation

v~w = {v,w} C E|S and proh'(v) = proh ! (w)

where pr: SxC? — C? is projection to the fibre. The result is a family of vector spaces E/h — X/S,
and in fact a vector bundle over X/S. For by the lemma above, h extends to a local trivialisation
h:U x C% ~ E|U over some neighbourhood U C X of S, and this extension in turn drops* to a
trivialisation U/S x C ~ (E/h)|(U/S) over the neighbourhood U/S of S/S. On the other hand local
triviality of E/h over X \S is clear since no identifications are made over this open subspace.

Let now hg and h; be homotopic trivialisations of E over S: this means that there exists a triviali-
sation ,
IxSxC? 25 Ix(E|S)

of the bundle I x (E|S) — I xS which over {0} x.S and {1} xS reduces to hy and hy respectively.
Using h as a gluing isomorphism we may form the bundle (I x E)/h — (IxX)/(IxS), and pulling
back by the quotient mapping I x (X/S) - (Ix X)/(I xS) obtain a vector bundle

p*(IXE)/h) — Ix(X/S)

which over {0} x X/S restricts to E/hg, and over {1} x X/S to E/hi. By the theorem we conclude
that E/ho ~ E/]’Ll

Summarising, our construction establishes a bijection between isomorphims classes of vector bundles
over X/S, and isomorphism classes of pairs (F, [h]) comprising a bundle E over X and a homotopy
class of trivialisations h of F|S.

Proposition Let S C X be a contractible closed subspace. Then the quotient mapping ¢: X — X/S
induces an isomorphism of semi-rings

q*: Vect X/ S ~ Vect X.

Gluing Construction Assume the following data are given: a decomposition
X=X1UX;, XiNXe=S5
of the space X, vector bundles £ — X; and Fy; — X5, and an isomorphism of bundles
h
E1 |S — EQ‘S
Note that X may be identified with the quotient space of X; + X5 obtained by making x € S C X3
equal to x € S C X,. Similarly the quotient space of F4 + F5 with respect to the equivalence relation

generated by
Ey D E1|S3>v~h(v) € EyS C Esy

4 Here and elsewhere we tacitly apply results on the compatibility of product and quotient topologies.
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may be formed, it is written E7 Uy Fo and is a family of vector spaces over X. Again this family
turns out to be a vector bundle:

Given a point z € S we choose a closed neighbourhood V; C X7 over which we find a trivialisation
hi: Vi x C? ~ E1|Vy.
Composing the restrictions of hy and h over V3 NS we obtain a trivialisation
he:(ViNS) x C¥ ~ Ey|(Vi N S)

of Ey over V7 NS, which we extend at once over some neighbourhood Vo C X5. Then V :=V; UV,
is a neighbourhood of = in X, and we glue h; and hy to obtain the required trivialisation

h1 Un|v ho: V x C? ~ (E1 Up E2)|V

of Fy Uy, Ey over V. — Local triviality of Eq Uy, Ey at all points of the open set X\ S follows at once
from the local triviality of Fy and Fs.

Let us record a few obvious properties of the gluing construction:

e If F; — X; and Es — X5 are the restrictions of an existing bundle £ — X then the construction
with h = idg|s simply recovers the latter up to canonical isomorphism.

e If two sets of gluing data (Ey — X1, h, B2 — X5) and (Ef — X31,h/, E; — X)) are related by
isomorphisms g¢1: Fy ~ E{ and ga: E5 ~ E} such that

B|S — " ——~ Bj|S

hl i’“

Bo|S — 2~ E}|S

commutes then g; and g induce an isomorphism E; U, Ey ~ E| Uy, Eb.

e The construction is compatible with algebraic operations on bundles:

(Ey Up ) @ (E} U Ey) = (E1 @ EY) Upgi (B2 ® Ey)
(E1 Up E2) ® (B} Up Ey) = (E1 ® EY) Ungi (B2 @ Es)

An important fact is that gluing by homotopic isomorphisms F1|S ~ Es|S gives isomorphic results,
as follows. A homotopy of the type in question is an isomorphism

H: (pr* E1)|(IxS) =~ (pr* Eq)|(IxS)
of bundles over I xS, where pr: I x X — X is the cartesian projection. For each ¢t € I we let
Xsah (t,r) € IxX and Ei|S 5 vs H(t,w) € Es|S
denote the embedding and the gluing isomorphism at time ¢, so that
Eq1Up, Es = j; (pr* Ey Uy pr* Eg).
The claim now follows from the homotopy invariance of the induced bundle.

We finally note that the gluing isomorphism F4|S BN E5|S may, of course, be equivalently described
by the corresponding section h:.S — Hom*(E1|S, Es|S), which we will call a gluing function. From
this point of view homotopy of gluing isomorphisms corresponds to homotopy of gluing functions in
the standard sense.
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Definition The suspension of a (not necessarily compact) topological space X is the quotient XX of IxX
obtained by collapsing the subspaces {0} x X and {1} x X to a single point each.

Theorem Let X be compact. For each d € N the set of rank d complex vector bundles over XX is in
canonical bijection with the set of homotopy classes® of mappings X — GL(d,C):

Vecty XX ~ [X,GL(d,C)].
Examples (1) The set [S°,GL(d,C)] has a single element since GL(d,C) is path-connected. Since the
suspension ©.S° ~ S! is a circle we conclude that every complex vector bundle over S* is trivial.

(2) The choice X = S makes £ X = £S! a 2-sphere, say via the obvious homeomorphism

283 (t,2) = (V11— (2t—1)" - 2, 2t—1) € 52,
and for d = 1 the homotopy set
[X,GL(d,C)] = [S*,C*] = mi(S") ~ Z

comes down to the fundamental group of C*, which is infinite cyclic. If we identify S? with CP! as
in Section 2 Note (2) then the homotopy class of S! 3 z + 27! € C* corresponds to the tautological
bundle T — CP!.

Indeed in terms of this identification the cones
C_X={[t,zg]esX|t<i} and C,X={[t,z]eTX|t>1}
become
CP! ={[w:2] € CP'||w| < 2]} and CPl={[w:z]€CP"|lw|> |z}
respectively, and the construction glues the trivial bundles CP! x C and (CP}_ x C via
CPLxC3([1:2],N) =~ ([1:2], 27" \) € CPLXC if 2] = 1.

Thus the assignment

CPIxC>3 (w:1],)) ([w:l],/\-[ eT

eT

1)
CPLxC3([1:2],)) — ([1:2],)\. [i])

yields a well-defined isomorphism of bundles over CP!.

(3) The bijection between Vect; XX and [X,C*] is at once seen to be a group isomorphism, so that
more generally the gluing function z — z~* produces the k-th tensor power 7% =T ®--- ® T of the
tautological bundle on S2. Note that while from the previous example we learnt that T is non-trivial
we now see that it is not isomorphic to its dual T~ = T

(4) For n > 2 the set [S"~1, C*] consists of just one homotopy class, so that S? is the only sphere
that carries non-trivial complex line bundles.

(5) In the theory of Lie groups it is well-known that the inclusion

GL(n,C)3grs g1 = [9 ] € GL(n+1,C)

1

5 Throughout we use square brackets to indicate sets of homotopy classes.
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induces an isomorphism of fundamental groups for each n > 1. Together with the previous example
this implies that every complex vector bundle on S? is isomorphic to the Whitney sum of a unique
power of the tautological bundle 7', and an arbitrary trivial bundle.

Lemma Let F — X be a vector bundle. Then I'E contains a subspace V' of finite dimension such that the
evaluation map
XXV >3 (z,v)—v(z) e E

is surjective.
Note Given z € X and e € E, we know that the section over {z} with value e may be extended to a

global section of E': thus the full evaluation amp X xI'E — I'E certainly is surjective — but as the
same argument shows ['E is, with the few obvious exceptions, of infinite dimension.

Theorem For every vector bundle E — X there exists a vector bundle F' over X such that £ @ F is a
trivial bundle.
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5 Projective and Flag Bundles

Definition Let £ — X be a vector bundle, and let E' = E\ X be the complement of the zero section.
The quotient space of E’ with respect to the equivalence relation

ve~w <= w(v) =7(w) and Av = w for some A € C*

is written P(E), and together with the projection P(E) 3 [v] v 7(v) € X, is called the projective
bundle of E.

Notes (1) It is clear how to translate the defining properties of vector bundles to such projective bundles:
Firstly for each x € X the fibre P(E), of the projective bundle over z has a well-defined structure

of an abstract projective space. Furthermore the projection is locally trivial: X may be covered by
open sets U with homeomorphisms h that make the diagram

U x CpP¢1 P(E)U
X plU
U

commutative, and over each x € U restrict to a projectivity CP? ~ P(E),.

(2) While the notion of isomorphism between projective bundles is the obvious one it does not
generalise to one of arbitrary homomorphism as only injective homomorphisms of vector spaces may
be projectivised.

(3) If a line bundle L acts on F by the tensor product the vector bundle L ® E has no reason to
be isomorphic to E. Nevertheless a canonical isomorphism P(E) ~ P(L ® E) is induced from the
assignment that sends v € E, to u®v € L, ® E, for an arbitrary non-zero choice of u € L. Indeed
the class of © ® v is well-defined, and continuity follows from the fact that locally u may be realised
as the value of a continuous section of L.

(4) The pairs ([z],v) with v € Cx form a one-dimensional subbundle of the vector bundle p*E, which
of course is called the tautological bundle T — P(E).

Definition The dual bundle H := T~ — P(FE) is called the hyperplane bundle.

Notes (5) While of course T and H mutually determine each other we will often prefer H over T' in order
to stay compatible with algebraic geometry, where there are strong reasons to consider H rather
than T as the basic object. A good way to memorise the difference is this observation in the simplest
case E = {#} xV — {*} = X: every linear function f:V — C yields a section of H assigning to
[z] € P(V) the linear form T}, = Cx > v — f(v) € C. This section is not just continuous but even
holomorphic — by contrast 7" has no non-trivial holomorphic section.

The somewhat misleading term of hyperplane bundle for what after all is a line bundle also comes
form algebraic geometry, it is due to the fact that the zero sets of the holomorphic sections are just
the hyperplanes in P(V'). Algebraic geometers’ preferred notation for H is O(1).

(6) Let us repeat our construction with the quotient bundle p*E/T — P(FE), which everywhere has
rank one less than p*E. A point of P(p*E/T) — P(E) — X over x € X specifies first a line L in E,
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and then another line in E, /L or, equivalently, a plane in E, that contains L: this is the beginning
of a flag in E,.

Definition Let Let F — X be a vector bundle of constant rank d. We inductively define vector bundles

Note

E; LR X; and projective bundles X; RN X1

Ey, Eq1 Er Ey
\Lﬂd lﬂ'dl lﬂl im}
Xdi>Xd_1p4d’l> pZ—>X1L>XO

starting with £ — X as Ey — X, and putting
Xj = P(Ej_l) ﬁ) Xj—l and Ej = (p;E]_l)/T] fOI‘j Z 1

where T} BER X is the tautological bundle of F;_;. Note that the rank of F; is d—j, so that in

particular Xy = P(FE4_1) L X, isa homeomorphism and F,; the zero bundle — we nevertheless
retain these objects in order to have a systematic notation.

The composition p; o -+ o pg: Xg — X is called the flag bundle F(E) 24 X of E since points of
its fibre over x € X correspond to flags

{0}=VoCViC -+ CVygo1 CVyg=E, with dimV; =

of vector subspaces of F,. In case E = {x}xV — {x} is a bundle over a point F(F) is written F (V)
and called the flag space of the vector space V', and more precisely flag manifold or flag variety when
additional structures are taken into account that have no relevance here.

(7) Pulling back all the tautological bundles T; C E; to F(E) we obtain line bundles
L;=(pjt10---0pa) T; — F(E) forj=1,...,d.

Using now that the base X is compact we may realise each E;, which by definition is a quotient
bundle of pE;_1, by a subbundle complementary to 7. This makes T}, a subbundle of the pull-
back of E/ to X;11, and a fortiori L; a subbundle of p*E. It is clear form the construction that we
thus obtain a direct sum decomposition

1® - ®Lyg=p'E.

Example Let L — X be a line bundle, and let 1 — X denote the product line bundle X xC — X. The

fibre over € X of the projective bundle P(1 ® L) -+ X is the projective line P(C @ L,); in
geometric terms this is L, — a copy of the complex plane — compactified by a point at infinity:

PC®Ly)={[w:2]|0#weCand 2z € L} U{[0:1]} = L, U{oo} ~ 5>

Globally the special points 0 € L, and oo correspond to distinguished sections of the projective
bundle s9: X — P(1® L) and seo: X — P(1 @ L) defined by

2% [1:0] and 2% [0:v] with any non-zero v € L, ;

they are continuous by local triviality. We find it convenient to call them the zero section and the
section at infinity. Note that the restrictions of the tautological bundle 7' — P(1@ L) to these sections
are

soT’ =1 and s T =L.
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6 K-Theory

Construction Let S be an abelian semi-group. A pair consisting of an abelian group K and a homo-
morphism of semi-groups j: S — K is called a Grothendieck group of S if, given any semi-group
homomorphism f: S — B into another abelian group B there exists a unique homomorphism g that
lets the diagram

commute. The standard reasoning yields the uniqueness of (K j), and the Grothendieck group of S
is usually written K(5).

A simple construction of K () is by taking the cartesian product Sx.S, which likewise is a semi-group,
and forming cosets with respect to the diagonal AS C SxS: thus two pairs (z,y) and (z/,y’) are
identified if

(x+z, y+2z) = (2'+2', ¥’ +2') holds for some z,2" € S.

The quotient set K (S) inherits a semi-group structure, and indeed is a group since [z,y] has the
additive inverse [y, z]. The assignment x — [z, 0] defines j, so that in particular [z,y] = j(x) — j(y).

If S happens to be a semi-ring then the multiplication extends to K(S) via
[.9] - [, y'] = [z2+yy', 2y’ +ya']

and makes it a true ring.

In any case K is a covariant functor: every homomorphism of semi-groups or -rings S — T induces
a homomorphism of groups or rings K(S) — K(T).

Examples (1) For the semi-group N this reproduces the well-known construction of the ring of integers from
the semi-ring of natural numbers. In this case j: N — Z is injective, since the additive cancellation law
holds in N: the assumption z+z = y+z implies = y. The defining property of Z = K (N) thus simply
requires that every semi-group homomorphism form N into a group extends as a homomorphism to
Z. This more suggestive language is also used in other cases even when j fails to be injective.

(2) The construction applies to our favourite semi-ring Vect X of isomorphism classes of complex
vector bundles over X, and leads to the ring

KX = K(Vect X)

which for lack of a more imaginative name is referred to as K of the topological space X. If £ — X
is a vector bundle we use [E] to denote not only the isomorphism class of E but also its image
J([E]) € KX. The class of the rank d product bundle d — X is simply written d € K X.

By definition every element of KX is a difference [E]—[F] of classes of vector bundles F and F on
X : such a difference is often referred to as a virtual bundle. Using compactness of X we know that
there exists a bundle G such that F' & G is trivial, say F & G ~ d. Thus the equation
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shows that in fact every virtual bundle can be written as the difference of the class of a vector bundle
and a trivial class.

The homomorphism j: Vect X — K X need not be injective: it may happen that two non-isomorphic
vector bundles E and F' produce isomorphic Whitney sums F @ G ~ F @ G for some bundle G, so
that [E] = [F] € KX. Such bundles are called stably isomorphic. As we know from Section 4 we can
always find yet another vector bundle H such that G @ H is trivial, and the isomorphy above then
impliess E@G® H~F &G ® H. Thus E and F are stably isomorphic if and only if

E®dd~F&d for some, and thus every sufficiently large d € N.

Note finally that K is a contravariant functor from compact topological spaces to rings: a map
f:+X — Y induces a ring homomorphism K f: KY — KX, a notation often simplified to f* —
and even y — y|X in the particular case of an inclusion mapping f: X — Y. Like every ring
homomorphism f* defines a scalar multiplication

KYXxKX >3 (y,z) — ffy-2 € KX

that makes KX a module over K'Y and, together with the latter’s ring structure, even a K'Y -algebra.

Periodicity Theorem Let L — X be a line bundle X over the compact space X, and let P(1@ L) -2 X

Note

be the projective bundle. Then writing | = [L] € KX we have the identity of algebras over KX
K(P(L® 1)) = KX [ /((h-1)0 1)

in the sense that the algebra on the right is the quotient of the polynomial algebra in one determinate

H by the ideal generated by the polynomial (H—1)(IH—1)=1— H — [ H + 1 H?, and that the left

hand side is obtained by substituting h for H.

Being represented by a line bundle, [ € KX always is a unit, so that the ideal is likewise generated
by the unitary polynomial (H—1)(H—1"!) = H?> — (1+17%)-H + 17! € KX[H]. Thus

K(P1oL)=KX&KX-h

is the direct sum of two copies of KX as an additive group, with the multiplication determined by
the rule h? = —[=1 4+ (1+171)-h.

Example The choice X = {x} yields KS? = Z[h]/(h—1)>. In particular the identity h2+1 = 2h shows

that the bundles H® H &1 and H @ H on CP' = S? are stably isomorphic.

The proof of the Periodicity Theorem requires careful preparation. We fix X and L as required, and abbreviate
the projective bundle writing

P:=PlalL) - X

as well as Xo C P and X, C P for the sections of p at zero and infinity. As a technical tool we now choose
a metric on L, and use it to define

PO::{[w:z]|\w|2|z|}ﬂ>X and P ::{[w:z]||w|§|z|}g;’°>X;

the indicated projections to X make them what one would call two-disk bundles over X while their inter-

section

SI:P()ﬂPOOL>X

rather qualifies for the name of circle bundle. We thus have a decomposition

P=PyUP, with PyNPy =35

and record two facts, both to be read up to bundle isomorphism:
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e Since 0 is a homotopy equivalence every vector bundle on P has the form ojF for a unique
bundle £ — X, and similarly for bundles over P,.

e Therefore every bundle F on P is of the form
E =0 FEsx Uy 0iEy,

and if we normalise by the requirements Fy = F|Xy and E|X then the homotopy class of the
gluing function
f:S = Hom" (6" Ex, 0" Ep)

is uniquely determined by E. Indeed automorphisms of the bundle o Ey — P, correspond to sections
g € To} Hom(Ey, Ey), and if such a section g, say

g11:2) = (IL: 2 g/([1: )
restricts to the identity over Xy then it is itself homotopic to the identity via the homotopy

IxPy> (t,[1:2])—> ([L:2],d'([1:tz])) € o5 Hom(Ey, Eo).

If conversely bundles Fy — X and F, — X, and a gluing function f are given, we will write the resulting
vector bundle 0% E Uy 0§ Ep simply as V(Eoo, f, Eo).

Examples (1) If L = 1 is the product bundle we have P = CP'x X, and given bundles Eq and E,, over X

any choice of a section a: X — Hom™ (F,, Fy) — which of course forces E+, and Ej to be isomorphic
— gives a gluing function

S—S'xX > (2, ) NEIN a(z) € Hom*(a*Em,J*EO)(zw)

that does not depend on the coordinate z = [1: z] € S € CP'. The assignments

0% Foe 3 ([w:1],z,v) — ([w:1], z, a(z) - v) € p*Ep
ooFo 3 ([1:z),z,v) — ([1:2], 2z, v )eEp'E

then define an isomorphism V(Ew, f, Eg) ~ p*FEoo.

(2) Let us modify the gluing function of the previous example to

S=8"%X 3 (z,2) L a(z) € Hom™ (0" Ecs, 0" Ep) , )

where z € St simply acts by scalar multiplication. Recalling Example (2) of Section 4 we see that
this introduces a tensor factor T'— P; indeed the formulae

05 Foo 3 ([w:1],z,v) — ([w 1], x, [lf] ®a(x)v) eT®p Ey
osEo 2 ([1:2],2,0) —> ([1:,2],96, [i] ® w )eT@p*Eo

now combine and give an isomorphism V(Eo, f, Fo) ~ T ® p*Fu.
While the first example at once carries over to the case of a general line bundle L — X, in the second the
fact that the coordinate z is not a well-defined function on S seems to pose a problem — but only at first,

for z is perfectly well-defined as a section

So[l:2]— ([L:2],2) €0L
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of the pull-back bundle o*L — S. As we do want the gluing function f to remain a section of the bundle
Hom™(0*E, 0*Ey) we are now forced to take for a a section X — Hom"(Fo, L ® Fy) so that the formula

S3[1:2] Lyt a(o([1:2])) € Hom*(0*Ex, 0" L™ ® 0*(L ® Ey)) = Hom" (0" Exo, 0" Ey)
makes sense.

Example (3) We let L — X be an arbitrary line bundle but choose Ey = 1 trivial and E., = L, which
makes
2 el(¢*L ") = Hom(1,0* L") = Hom(c*L,1) = Hom(c* Eo, 0 Ep)

a suitable gluing function. The calculation of Example (2) shows that the resulting line bundle
V(L,z71,1) is the tautological bundle over P, and since the multiplication of gluing functions cor-
responds to the tensor product of bundles we may record this fact as

V(L™ 2,1) ~ H.

More generally, gluing functions may involve arbitrary powers of z: given an exponent k € Z and any section
ar € ' Hom(L* ® E., Ey) the formula

So[l:2] s 2k ay (o([1: 2])) € Hom(o*(L* ® Ex),0*LF ® 0% Ey) = Hom(0* B, 0 Ey)
defines a section which we write ay, 2% € I'Hom(o*Ew, 0% Ey). If a;, was a gluing function then so is ay 2k
and the resulting vector bundles on P are related by

V(Ew, 2%ay, Ey) ~ H* @ V(L* ® Eo, ax, Eo)

Reviewing the statement of the Periodicity Theorem in the light of this construction one challenge emerges:
Given an arbitrary vector bundle on P, and thereby an arbitrary gluing function f:S — Hom™(c*E, 0* Ey)
we must somehow reduce f to gluing functions which are as simple as those of the two examples. As a first
step to this we would like to represent f by a Laurent series » _, ., ax 2% — a wish that finds ready fulfilment
in classical Fourier analysis.
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7 Fourier Series

Let C°(S!) denote the space of complex-valued continuous functions on the circle. This is a unitary space
under the hermitian form
(£.9) 2#2% Q)

and it is seen at a glimpse that the functions z* for k € Z form an orthonormal system in C°(S?!):

Pk L —jede 1 k—j—1 7~ _ J1 if 5=k, and
<zﬂ,z>f2m.]{<f< szm.ﬁ g =]

else.

oo
Definition An infinite series E ay ¥ with coefficients aj, € C is called a Fourier series.

k=—o00

Note If you associate Fourier series rather with sines and cosines you may want to substitute z = e* with
a periodic real variable t, and even split 2¥ = e’** = cos kt + isin kt into real and imaginary parts.

But be advised to do so only in direst emergency unless you are fond of tiresome calculations.

Can every f € C°(S') be written as a convergent Fourier series? A good candidate of such a series is obtained
by computing the projections of f with respect to the orthonormal system of the z*, known as the Fourier

coefficients of f
. 1 d
fe = (", 1) :%%kaf(o

o0
While the corresponding Fourier series Z fk 2" is, by definition, the best approximation to f in the sense
k=—oc0
of the hermitian norm, in general it fails to converge even point-wise to f. But it does not fail too badly:

Fejér’s Theorem For every f € C°(S') the sequence (c,,) -, of Cesaro means defined as

oS (5)

j=—k
converges uniformly to f.

Proof We will describe the operator that takes the function f to the n-th term of the Fejér sequence in

terms of the Fejér kernel
7
- — >y
k=0 j=—k

which itself is a function in C°(S'). We state and prove three properties:

1 d
* 3 F,.(Q) ?C =1 for all n € N. Indeed we calculate that
i

n

a1 _ :
?{Fn( :n+1f§Z Zgﬂ 7”7“;@:0 omi = 2mi.
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. 1 sin 241t
o Fu(e"")=————2—) forallte R;in particular F,, > 0. This but requires to evaluate the
n+1 sin 5t
geometric series:
1 n k
- J
Re=LY Y
k=0 j=—
n Z2k+1 -1
B n+1 4 z—1
_ 1 1 ¢ k+1 —k
on+lz—1 Z (z N )
k=0
1 1 n+1 1
- )
n+1l z—-1 z—1
1 PRI R
= Zﬁn
n+1 ( z—1 )
2
B 1 \/gn—i-l . \/E—(n—i-l)
St e vE
. dC . . . . it
e For every 6 > 0 one has lim | F,,({) == = 0 where integration is restricted to all { = e** such
n—oo
that t € [d,2mr—¢]. There indeed we have the estimate
~ 1 1 1 1
Fo(e") < —; < —
n+1 sin5t = n+1 sin 50

implying that Fj, converges to zero uniformly on the domain of integration.

Turning to the proof proper of Fejér’s Theorem, consider a given f € C°(S!). We compute

; 27”,_274Cf dC;
- Z $rey
2m Z ]477 ! 2/17

and substituting the definition of the Fejér kernel obtain

i_ dn
_MZZ fiz —% Faln) £ (/)57

k=0j=—k

Using the stated properties we estimate

en(2) — £(2) = o f Falo 56/ 2 = S f ) 192
< 5 § Bl £l —1)| 5

Given any € > 0 we now choose § > 0 so that

|f(e"®)—f(e")]| <e forall s,t € [0,27] with [s—t| < §;
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this is possible since f is uniformly continuous. We correspondingly split the last integral; again
using properties of the Fejér kernels we conclude

2m

5
/ )| f(z/e)— ]dt</ F(eMedt <e F,(eM)dt =¢
-5

0

and

te[0,27

27 —4 2w —§
/ Fu(e) [F(a/e) = (2)| de < mave (/)= ()] / Fo(e)dt < e
5 5
for all sufficiently large n € N. This completes the proof of Fejér’s Theorem.

We must generalise Fejér’s Theorem to a setting sufficiently general in order to accommodate gluing functions
f:S = Hom™(0*E,0*Ep). The nature of the bundle Hom(F«,, Ey) being quite irrelevant here we replace
it by a general vector bundle F' — X, for which we choose a metric.

Fejér’s Theorem for Bundles Let X be a compact space, L — X a line bundle with metric, giving
rise to the sphere bundle S -7+ X. Let further F' — X be a vector bundle with metric. Then every
f € I'(¢*F) has well-defined Fourier coefficients

fi=EE e e F),

and the sequence in I'(6*F)) of Cesaro means (¢,),—,, defined as before by

oS (509)

j=—k
converges uniformly to f.

Adaptions of the Proof The Fourier coefficients are well-defined since the measure of integration d¢/¢ does
not change under multiplication by a constant. Note that the metric on F' gives a meaning to uniform
convergence of sections, a meaning which in fact does not depend on the particular choice of that
metric.

The main difficulty that remains is that the topology of X need not be induced by a metric and that
therefore there is no notion of uniform continuity of f. On the other hand compactness of X makes
the statement local in X. We may thus assume that the bundles L = XxC — X and F = XxC% — X
are product bundles and that the metric of F' is the standard one.

The statement is thereby reduced to one for a scalar function f:S'xX — C and thus to the classical
case but for the presence of the parameter space X. By inspection we see that the proof given above
works fine if we interpret uniform continuity as a version involving a parameter, as in the conclusion
of the

Proposition Let X be compact and f € C°(S!x X) be given. Then for every € > 0 there exists a § > 0
such that

|f(w,2)—f(z,2)] <& holds for all w, z € S* with [w—z2| < § and all z € X.
Proof Given ¢ > 0 we choose for each (c,a) € S' x X a real number §., > 0 and an open neighbourhood
Vea € X such that
|f(z,2)—f(c,a)| <& forall z € S' with |z—c| < 2., and all x € V.

Using compactness we pick a finite set A C S x X such that the sets Us,_, (¢, a) x Ve, with (c,a) € A
cover S'x X. We put § = min{d., | (c,a) € A}.
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Consider now any points w,z € S! with |[w—z| < § and any x € X. We choose (c,a) € A such that
(z,2) € Us,, (¢,a) x Veq; since |lw—2z| < 6 and |z—¢| < d., we have |w—c| < 2d., and therefore both

|f(w7x)7f(cva’)| <e and |f(Z,£C)*f(C,a)| <Eé.
We conclude |f(w,z)— f(z,2)| < 2¢, and thus complete the proof.

Lemma 1 (in the proof of the Periodicity Theorem) Let E and F be vector bundles over X, and let
f:S = Hom™(6*E,0*F) be a gluing function. For every n € N we consider the n-th Cesaro mean of
the Fourier series of f

cn(z) = Z ay 2¥: S — Hom*(¢*E, 0" F).
k=—n

Then the sequence of Laurent polynomials (cn)zozo has the property that for all sufficently large
n € N the linear homotopies

t— (1—=t)-cp +t-cnrr and tr— (1—t)c, +t-f
are homotopies of gluing functions.

Proof Choose a metric on the bundle Hom(E, F). The function d: .S — [0, 00) which assigns to s € S the
distance from f(s) € Hom(c*E,c*F'), to the closed subset

Hom(¢*E,0c*F) \Hom"(¢"E,0c*F), C Hom(c*"E, 0" F),

is everywhere positive and continuous; we let € > 0 be its smallest value.

By Fejér’s Theorem for all sufficiently large n € N we have |c,(s)— f(s)| < e for all s € S. This
implies not only that ¢, maps into Hom*(c*F,c*F) but also that the stated homotopies do so at
any time t € I.

Corollary Every vector bundle on P is isomorphic to a bundle V(E, p, F') with a gluing function

c(z) = Z ay 2*: S — Hom* (0*E,c* F)

k=—n

which is a Laurent polynomial.
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8 Polynomial and Linear Gluing Functions

The main result of the previous section suggests to study Laurent rather than general gluing functions. At
the end of Section 6 we have already noted the isomorphy

V(E, 2 f,F) ~ H* @ V(L*®E, f, F)

for gluing functions f:S — Hom™ (O'*(Lk®E), J*F) : we thus know the effect of multiplication by a power of
z and may restrict our attention even further to gluing functions that are polynomial in z.

Notation Let E and F' be vector bundles over X and let for some n € N

p(z) = Zak 2F: S — Hom*(0*E, 0" F)
k=0

be a polynomial gluing function of degree at most n. We introduce the auxiliary bundle
n
E,=Pr*eE
k=1

and define the section lin,p € I' Hom((c*(E ® E,),c*(F ® E,)) by the matrix
ap aiy a9 o Qp

1

—z 1

as the notation suggests this is a linearisation of p in the sense that it has degree at most one in z.
It is compatible with forming direct sums, as well as tensor products with a further bundle D — X:

lin, (p ® p') = lin,p ® lin,p" and lin, (idy«p ®p) = idy+p @ ling,p.

Lemma 2 The linearisation lin,p is a gluing function, and there is an isomorphism

V(E,p,F)® p*E, ~V(E® E,,lin,p, F® E,).

Proof We define polynomials qq, ..., q, € FHom(U* (F®E,),c"(F& En)) inductively by
@o=p and z-qp(z) =qp-1(2) — qu-1(0) for k=1,...,n
so that explicitly gx(z) = Z;:Ok ap+;27. Since all values of p are isomorphisms the matrix identity
apg ay ag ... Gy I ¢1 ¢ - an D
—z 1 1 —z 1
lin,p(z) = -z 1 = 1 —z 1

—z 1 1 —z 1
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shows that the same is true of lin,p. Furthermore, applying a time factor ¢ to all off-diagonal terms
on the right hand side we define a homotopy of gluing functions that joins lin,p to p @ 1g, . This
yields the stated isomorphy.

Lemma 3 Let E and F be vector bundles, and p: S — Hom™(¢*E,c*F) a polynomial gluing function of
degree not exceeding n. Then there are homotopies

ling,1p ~lin,p ® lpnt1gg

of gluing functions S — Hom™ (¢*(E ® E,) ® 0*(L" "' QE),c*(F ® E,) ® 0*(L"T' ®FE)), and
ling, 41 2-p(z) ~ z @ lin, p(z)

of gluing functions S — Hom*((c*(L™'®FE) ® c*(E @ E,),0*"E & ¢*(F & E,,)).

Proof By definition we have

lin,+1 p(z) =
0o ... 0 —=z ‘ 1

and obtain the first homotopy by just applying a time factor to the last entry —z. In the same way
we make disappear the 1 from the first line of

—z 1
0 a a1 an
lin, 1 2:p(z) = -z 1

while a rotation by 180° turns the remaining term —z into 4z within the homotopy class.
Corollary Under the assumptions of Lemma 3 there are bundle isomorphisms

V(E @ Ey,q1,ling1p, F® Epyq) 2 V(E @ E,,lingp, F® E,) ®p*(L"T'QF)
V(L' @ (E® Ept1),ling412p(2), F & L7'® Epyq) ~ HRp*E & V(E @ By, lin,p, F & E,).

Examples (1) The simplest choice, that of a “constant” gluing polynomial p: X — Hom™(FE, F') and of
n = 0, reduces the last isomorphism to
V(L'®E @ E,liny pz, F® E) ~ Hop*E @ V(E, lingp, F)
or, using Lemma 2 and substituing F' via the isomorphism F 25 F,
V(LT'®FE,z,E) ® p*E ~ HRp*E @ p*E,
which tells us no more than we already know.

(2) By contrast choose z: L=! — 1 for the polynomial p and put n = 1. The second isomorphy of the
corollary reads

VIL 2@ L '@1,lin22, 10 L' @1)~Hop* L o V(L ' @1,lin;2,1® 1),
and via Lemma 2 we obtain

VL2 2 ) ep L el~Hop L' @ V(LY 2, 1) &1
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and thus in terms of the structure of K P as a K X-module, the important identity h2+1"! ="' h+h
or

(lh—1)(h—1)=0€ KP.

We now analyse linear gluing functions i(z) = az+b: S — Hom"(¢*E,c*F). We will make use of the fact
that the formula defining [ extends to make it a section [ € I'(o§ E, o5 F') over the disk bundle Py — X, while
similarly 11(z) is a section in I'(0% F, 0% F). Note that over X, C Px the latter restricts to a. The values
of these sections off S no longer need to be isomorphisms.

Proposition Let V be a finite-dimensional complex vector space, and assume that the endomorphism
f:V = V has no eigenvalue on the unit circle. Then the endomorphism

1 d
q5 = ieEndV

27 s C—f

is the projector onto the sum of those generalised eigenspaces of f which belong to eigenvalues inside
the unit circle.

Proof For each ¢ € S! the operator (— f is invertible, its inverse commutes with f, and so does ¢y. Therefore
the generalised eigenspaces of f are stable under g¢, and it suffices to prove the proposition under
the additional hypothesis that f has just one eigenvalue .

In the case of |A] > 1 the operator (C—f)f1 is a holomorphic function of ¢ € D? C C, and the
integral must vanish. On the other hand for || < 1 it is holomorphic outside D? but for a pole at
infinity, and the substitution ¢ = ! yields

1 d¢ 1 1 dy 1 1 dy
i - B —_1 EndV.
2 | C— f 2m'7{ /G 2mi [ 1—nf n € b

a5 =

Let E and F be vector bundles, and I: S — Hom"(¢*E,c*F') a linear gluing function. We define endomor-
phisms ¢;: E — E and r;: F' — F by the integrals

a = 2; fz = o 7(1 ¢)d¢ and rl:%y{dll*:%?{l’(ol(g)_ld(

taken over each fibre of the sphere bundle S - X. We have put ¢ as an argument of I’ in order to indicate
the variable of differentiation though of course here I’(¢) = a does not depend on ¢. This will no longer true
once we transform to a different variable of integration as we will do in a minute.

Lemma 4 For every linear gluing function [ the endomorphisms ¢; and r; are projection operators, and
they satisfy
logg=r0l

There results a decomposition of [

E=E, 0B 2 p aor =F

with F; = image q; and F_ = kernel ¢; complementary subbundles of £ — X, while F;, = imager;
and F_ = kernelr; are complementary subbundles of ¥ — X. Furthermore [ is an isomorphism
over P, and [_ an isomorphism over F,.

Proof Assuming first that X is a one-point space we thoroughly normalise the situation: L = C, and as [ is
an isomorphism over S we may pick a real number ¢ > 1 such that I(t): E — F is an isomorphism
too: we now use it to identify the vector spaces E and F'. The Moebius transformation

1—t¢
C—t

C—rm:=
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preserves the unit disc, sends ¢t to co, and oo to —t, so that in terms of the new coordinate 7 the
gluing function — again written [ by a classical abuse of language — becomes the rational function

I(n) = % for some endomorphism f: E — E.

Evaluating the integrals we obtain

Qg =5= ¢l ldl=-= n=5— . =—
dn n+t 2mi J n—f  2mi J n+t  2mi ) n—f

2mri 2w

n+t

—1
1 dl 1 (n—f) dn—f dn — 1 dn 1 dn 1 dn

since t is outside the unit circle, and the same result for r;. Thus both ¢; and 7; conincide with the
projector gy of the proposition, and all assertions can now be read off from the latter.

For general base spaces X we apply the special case to each fibre and need but add the observation
that the ranks of the projectors ¢; and r; must be locally constant functions on X.

Corollary If under the assumptions of Lemma 4 we write out Iy = a4 2+by and [_ = a_ z+ b_ then the
function

IxS>(tz)— (aprz+tby)® (ta z+b_) € Hom(c"E;,0"Fy) @ Hom(c*E_,0"F_)

defines a homotopy of linear gluing functions between ! and a4z @ b_. We have an isomorphism of
bundles on P
V(E.1,F) = Hep (LOE:) ® p'B- .

Proof By Lemma 4 we know that for every ¢ € I and every z € S* all values
ayz+tby € Hom(o*EL1,0"Fy) and ta_z+b_ € Hom(c*E_,0"F_)

are invertible, so that we have written down a homotopy of gluing functions indeed; we conclude
that
V(E,l,F) ~ V(E+,CL+Z,F+) (&) V(E_,b_,F_) .

In particular ay: LQFE, — F, and b_: E_ — F_ are isomorphisms of bundles over X, and we thus

may substitute
V(E-‘ma'-‘r Z7F+) = V(E-i-a Z7L®E+)
VE_,b_,F_)~V(E_,1,E_).

Notation Given vector bundles E and F over X, and a polynomial gluing function p: S — Hom*(¢*E, c*F)
of degree at most n we let
Vn (Ea b, F) — X

denote the subbundle (E @ E,,) e E & E,, — X associated to the linearisation lin,p by Lemma 4.

Note that V,,(E,p, F') is compatible with direct sums and with taking tensor products with a fixed

bundle D — X:
ViESE pop , FOF)~V,(E,p,F)®V,(Ep,F)

Va(D® E,id@p,D ® F) = D ® V,(E,p, F).

Lemma 5 Let F and F be vector bundles over X, and a polynomial gluing function p of degree at most
n. Then, written in terms of the module structure K P over K X, the identity

V(E,p, F)] = [E] + [Vo(E,p, F)] - (1h=1)

holds, which expresses the class of V(E,p, F) in KP in terms of [V, (E,p, F)] € KX.
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Proof The corollary to Lemma 4 tells us
V(E @ Ep,lin,p, F & E,) ~ HOp* (LOV,(E, p, F)) & p* (E®E,) /Va(E,p, F)).
On the other hand we have the obvious isomorphism of bundles over X
E®E, ~V,(E,p,F)® (E®E,)/V.(E,p,F),
and taking the difference of classes in K P we obtain the identity
V(E ® By, lingp, F @ E,)| — [p"(E® E,)| = [HRp"(L&V,(E,p, F))] — [p*Va(E,p, F)] .
By Lemma 2 the left hand side is [V(E,p, F')] — [p* E], and we conclude

[V(E7P7F)] = [E] + [Vn(Eava)] : (lh_l)

Lemma 6 Assume that pg and p; are homotopic as polynomial gluing functions of degree at most n. Then
they define isomorphic bundles
Vn(Evp(hF) = Vn(EvplvF)

For every polynomial gluing function p of degree at most n we have isomorphisms

vn+l(Eap,F) = vﬂ(Eava)
Vust(LT1 @B, 2-p(2), F) ~ LT'\QE @ V,(E,p, F).

Proof Applying Lemma 4 over I x X in place of X yields a vector bundle that restricts to V,(E, pg, F') over
{0} x X, and to V,,(E,p1, F) over {1} x X : this proves the first statement.

On the other hand the isomorphism V,,+1(E,p, F) ~ V,,(E,p, F') follows from the first homotopy of
Lemma 3 since the term involving the constant gluing polynomial 1;~+145r makes no contribution
to (L"" @ E) 4~ Similarly the second homotopy of Lemma 3 implies

Vit (LTI QE, 2p(2), F) = (LT @B, 2,E), © Vo(E,p, F) = LT'QE @ V,(E,p,F).

We are now ready to assemble everything and prove the Periodicity Theorem. For this final part we let H
denote an indeterminate over the ring K X. As we have seen in Example (2), substitution of h € KP for H
defines a ring homomorphism

KX[H]/((H-1)(H-1)) = KP.

We proceed to construct an additive homomorphism K P KX [H]/((H-1)(IH—1)) which will turn out
to be the inverse of .

Let G — P be a given vector bundle and choose a gluing function f for it, so that F ~ V(E, f, F)). We
choose n € N as large as required by Lemma 1, and put p, = 2"¢,(z): this is a polynomial gluing function
of degree at most 2n and yields the bundle

V(ILT"QE,p,, F)~H"QV(FE,cp, F).

We note that in view of the relation H+1H —IH? = 1 the congruence class of H in KX [H] /((H-1)(I1H-1))
is a unit, and define ¢(f,n) € KX [H] /((H—1)(IH—-1)) by

H" - 4p(f,n) =1""[E] + [Von (L "®E,p, F)|(IH-1).

If we increase n by one, we know from Lemma 1 that p,+1 and z p,, are homotopic gluing functions of degree
at most 2n+2, so that Lemma 6 gives an isomorphism

Vant2(LT" ' QE, pps1, F) = Vonyo (LT 'QF, 2p,, F)
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as well as
V2n+1(L7n®E7pn7F) =~ V2n(L7n®E7pn7F)

Vansa(L" ' QE, 2pp, F) ~ L™ 'QE & Vont1 (L "®FE, py, F) .
We conclude that

HH ~w(f,n+1) THEN+ Voo (LT QE, pay, ) (IH 1)
“HE] + [Vans2(L *@E,zpn,F)} (IH-1)
— 1 E] +(—" LB+ Vani1 (L@ E, o, F)] ) (H-1)
=1 HE + I E] (lH—1)+ Von (L™ "®E, p,, F)] (1H-1)

=H-I" n[ ]_|_H[VQn(L7”®E,p7L,F)](ZH—I)
=H-H"-9¢(f,n),

using the congruence H = 1 mod (IH—1). Therefore ¢(f,n) does not depend on the choice of n, and we may
write it as ¥(f).

Let now ¢ be another gluing function for the bundle G. Then f and g are homotopic, and choosing a
homotopy I xS — Hom™(¢0*F,c*F) and applying Lemma 1 with the base space I x X we obtain a new
n € N and a homotopy between the two polynomials p,, associated to f and g. Then Lemma 6 assures that
U(f) = ¥(g), so that this value in fact only depends on the isomorphism class of G, and may be written
¥ ([G]). We thus have constructed a well-defined mapping

: Vect P — KX [H] /((H—l)(lH—l)).
Since 1 clearly is a homomorphism of semi-groups it extends to a unique group homomorphism
Vv:KP — KX [H]/((H-1)(IH-1)).

We know from the construction that v even is a homomorphism of K X-modules, as of course is .

It remains to verify that 1 is inverse to ¢ as claimed. As the K X-module KX [H] /((H-1)(IH-1)) is spanned
by 1 and H~! the composition v o ¢ need only be evaluated on these two elements. While ¢ o (1) = 1 is
obvious we calculate according to the definitions

(/‘p o @)(H_l) = w<h_1> = ’(/}(V(L’ z_la 1))

and thus
H® Wop)(H ) =1""L+ W(L'®L, 227", 1)] =1+ [W(1,id,1)] = 1.

The other composition need but be applied to a vector bundle V(E, f, F') — P, where we may assume that f
is a Laurent polynomial. Then for n > 0 the Cesaro mean c¢,, coincides with f, and we have a valid identity

H" - (V(E, [, F)]) = 17" [E] + [Van(LT"@E, 2" f, F) | (1H —1)
in KX [H] /((H-1)(IH—-1)). Using the fact that ¢ is a ring homomorphism Lemma 5 now implies
W (o) (V(E, f,F)]) = [LT"QE]+ [Van(LT"®E, 2" f, F)|(Ih-1) = [V(LT"QE, 2" f, F)] = h"-[V(E, f, F)] .

This completes the proof of the Periodicity Theorem.
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9 Cohomological Properties

So far we have worked, on the topological side, with the category Cp of compact spaces and continuous maps.
In the context of homotopy and cohomology it is often convenient to have various related categories at hand.
They include the category Cp° of pointed spaces, that is pairs (X, a) comprising a compact space X and a
point a € X called its base point — and often implied by the context and then dropped from the notation.
A wider framework is the category Cp(2) of compact pairs, whose objects are pairs' (X, A) consisting of a
compact space X and a closed subspace A C X. Morphisms (X,a) — (Y¥,b) and (X, A) — (Y, B) in these
categories are maps that send a to b and A into B. Apart from the obvious inclusion and forgetful functors
Cp° — Cp(2) — Cp there are more interesting functors

Cp — Cp(2) — Cp°

which send a space X to the pair (X,0), and a general pair (X, A) to the quotient (X/A, A/A): their
composition would “collapse” the empty subspace to a base point and thus send X to the pointed space
Xt ={x}+X.

Definition The one-point union or wedge of two pointed spaces (X, a) and (Y, b) is the quotient space
XVY =X+Y)/(a~D),
and their smash product? is the space
XANY =(XxY)/(XVY)
obtained by collapsing the subspace X VY = X x{b} U {a} xY to the new base point.

Examples (1) We denote the boundary {0,1} C [0,1] = I by 91, and more generally by I the boundary
of the d-dimensional unit cube I¢, comprising all points with at least one component in dI. We
identify the quotient I¢/0I¢ with S™ passing from I to the one-point compactification of R? with
t— tanm(t — %) applied to each component, and then to S? via the stereographic projection. The
charm of this description of S? is that S¢ A S¢ = S9+¢ holds by the very definitions.

(2) Let (X,a) be a pointed space. The smash product S' A X may be read as the quotient obtained
from the suspension ¥X by collapsing the contractible subspace I x {a}: it is therefore called the
reduced suspension of the pointed space (X,a). We will from now on write XX for the reduced
version.

(3) The smash product is easily seen to be associative®, and for the iterated suspension we therefore
have a canonical homeomorphism 2¢X ~ SIAX.

Definition The reduced cone of a pointed space X is the smash product

CX :=(I,{0}) A X;

I In topology space pairs are usually understood in this restricted sense: the second component is required
to be a subspace of the first.

2 The name refers to the way it is constructed — the smash product is not the abstract product in the
category of pointed spaces.

3 This would not be true for general non-compact spaces.
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from now on C'X will have this meaning. If f: X — Y is a map of pointed spaces the mapping cone
of f is the quotient
Cf=(CX+Y)/~

with respect to the identification
CX > [l,z] ~ f(z) € Y.

Notes (1) The canonical mapping f1:Y — CX+Y — Cf always is a topological embedding, and it is
convenient to identify Y with its image f1(Y) C Cf.

(2) If f is an embedding then so is the canonical map CX — CX+Y — Cf. Thus the mapping
cone C'f contains the reduced cone over f(X) C Y, which of course is a contractible subspace. The
mapping cone may therefore be thought of as a homotopy analogue of Y/ f(X) — which avoids the
brutality of simply collapsing f(X) to a point. Collapsing the subspace CX C C'f eventually does
result in a quotient C'f/C'X homeomorphic to Y/ f(X).

(3) Starting with any pointed map f = f: X — Y the construction of the mapping cone C'f can be
re-applied to the embedding f!: Y — Cf, and thus iterated writing f = f° and defining f**! as the
embedding Cf*~1 c Cf*:

1 2 k k+1
xSy Soop S ot

Crk

Proposition For every pointed map f: X — Y there is a canonical homeomorphism C'f!/CY ~ XX which
applied to f, f', f2 ... fits into the diagram

f f! 12 f? 1 f°

X Y cf Crt Cf? oF & cft
cftjey crr/es cfrjeft cftjcr?
Sx o' f Sy s ft SCf sz) NOfl— -

which is commutative up to base-point preserving homotopy. All quotient mappings are marked g,
and the reflected suspension X'h of any map h sends the class [t,y] to [1—¢, h(y)]. Let us use the
homeomorphisms in this diagram to identify spaces; the diagram may then be repeatedly extended
to yield an infinite sequence

f It 12

X y of cf
lq
sy o vy Zosoy $C 1
lq
EQX E/Zf EQY E/zfl

where each ¢ is an identification mapping that collapses an embedded reduced cone to the base point.

Proof The mapping cone C'f! is a quotient of C X +CY", and the promised homeomorphism C'f!/CY ~ X
simply sends [s,z] € CX to [s,z] € X.
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As to the diagram

3

cf Cf?
crtjcy cr/Cf
wx — wy

the mapping I xC'f' — LY given by

IXCX 3 (7,[s,2]) —> [1 — 75, f(z)] € XY
IxCY > (1, [ty]) — [(1-7)t,y] €XY

is a pointed homotopy from the upper right to the lower left hand composition. This implies the
commutativity of the large diagram as stated, and thereby completes the proof.

Definiton The reduced K-theory of a pointed space (X, a) is the kernel K (X, a) of the ring homomorphism
KX — K{a} =7
induced by the inclusion {a} — X. The K-theory of a pair (X, A) is defined as
K(X,A) = K(X/A).
Both notions clearly are functorial for pointed maps respectively pairs of maps.

Proposition Assume that the pointed map f: X — Y is a topological embedding. Then the induced
sequences in K-theory

~ _ v N 1y¢
Ex L ky 2 kKo and kx <L gy Y2 Koy
are ezact: kernel f* = image (f!)".
Proof From the commutative diagram

~ £ ~ (fH"

KX KY KCf
kx <1 gy Y goy
K{+} K{+}

with exact columns we read off that both the relevant image and kernel are contained in the reduced
part, and that therefore exactness of either sequence is equivalent to that of the other. We will prove
exactness of the unreduced version.

Identify X with the subspace f(X) C Y, and let ¢:Y — Y/X denote the quotient map. As noted
before the canonical mapping
Cf—Cf/CX~=Y/X

is an identification map, and since C'X is contractible we know from Section 4 that an isomorphism
KCf ~ K(Y/X) is induced. Substituting KCf we rewrite the unreduced sequence as

KX <Ky < R(y/X).
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As to exactness, note first that the composition g o f is constant, so that the induced composition*
f*q* in K-theory factors through K{+} = {0},

KX < Ry < Ry/x).

and thus must be the zero homomorphism. This proves the inclusion image ¢* C kernel 5*.

Conversely let y € KY be such that f*(y) = 0. We may represent y = [E]—d as the difference
between the class of a vector bundle E — Y and a trivial class. The property f*(y) = 0 means that
the restriction E|X — X is a stably trivial bundle and that E has constant rank d on X ; at the cost
of increasing d we may even assume that E|X is truly trivial. We choose any trivialisation and apply
the collapsing construction from Section 4: the result is a vector bundle ' — Y/X with ¢*F ~ FE.
This implies

¢ ([F]=d) = [E]-d =y,

and since ranky(X) = rankp |X = d we have [F]—d € K(Y/X) and therefore y € image ¢*. This
proves kernel j* C image g*.

Corollary There is a functorial sequence

Proof

- * - 1 )KN 24 * - 2/ * ~ Z/ 1y * ~

Ex <" ky <D ko Y gex <E gyy EX pvop <
E 2/2 2/2 1*~
G e x D ey E N e

which is exact at every position from KCf to the right, and also at KY if f is an embedding.

The vertically drawn identification mappings of the previous long step diagram collapse contractible
subspaces and therefore induce isomorphisms in K-theory. It remains to note that the constructions
of suspension and mapping cone commute up to canonical homeomorphism: XCh = CXh for every
pointed map h.

Definition Given a pair (X, A), a map r: X — A with r|A = id4 is called a retraction, and A called a

retract of X if such a retraction exists.

Proposition Every retraction r: X — A defines canonical splittings of additive groups

Proof

KX=KA®K(X,A) and KX =KA®K(X,A),
the latter if r is a retraction of pointed spaces.

The case of empty A being trivial it suffices to consider the reduced version. We let j: A — X denote
the inclusion and note that Xr: £ X — X A likewise is a retraction. Using KCj = K(X/A) = K(X, A)
we read from the exact sequence of the corollary the piece

* (Z/ )*
RA=25 KX ~—— K(X,A) < KSA=—2 KYX:
r* (E r)”

the homomorphisms induced by r split it as indicated. The identity j*r* = id forces j* and (¥'j)"
to be surjective, so that we may extract the short exact sequence

*

0<~—KA=—sKX~<~—K(X,A) =0

*
r

which is still split.

4 Tt is harmless, and often makes for easier reading to suppress the composition symbol.
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Corollary There is a functorial additive isomorphism K(XxY)~ KX @ K(X A\Y) @ KY.

Proof Clearly X = X x{«} is a retract of X XY, and Y = {*} xY one of (X xY)/(X x{«}). Applying the
last proposition twice we obtain

K(XxY)~KX @ K(XxY)/(Xx{#})) KX ®K(XANY)®KY.

Applications (1) Let (X,a) be a pointed space. Applied to the retract {a} C X the proposition yields
the canonical decomposition

KX =K{a)eK(X,{a}))=K{al® KX =Z& KX

of KX. Explicitly, it comes down to writing a virtual bundle on X as the sum of a trivial virtual
bundle and one with rank zero at the point a.

(2) Let h € K(S?x X) denote the class of the hyperplane bundle as usual. Multiplication by h—1
induces an additive isomorphism KX ~ K¥2X.

Proof of (2) The Periodicity Theorem provides an additive isomorphism
KX @ KX — K(5*xX)
that sends (w, z) to w-1+ (h—1) z. The claim is that the inverse image of
K¥?X = {0} ®K¥*X 0 {0} C KS? @ K¥?X @ KX = K(S?x X) € K(S*xX)

is exactly {0} & K X.

Consider an arbitrary y = w-1+ (h—1) 2z € K(S?xX). The statement that y € K¥2X can be broken
down into three successive conditions, as follows. The first is that y € K(S?x X), or equivalently
wl € K(S*xX), for (h—1) z is a virtual bundle of degree zero. Now the projection of y to K X makes
sense and is just w, so that the second condition is w = 0. The third and final condition requires
that the projection of y to KS? is zero: this projection being rank, (x) (h—1) € KS? the condition
is equivalent to rank, (%) = 0 and thus to 2z € KX .

Theorem For every pointed map f: X — Y there is a functorial periodic sequence of K-theory

~ * ~ 1y* ~
Ex <L ky < key

o I

KX(Cf —= KXY —> K%X
=" =f

which is exact throughout; the arrows marked § are called coboundary operators.

Proof This is the previous exact sequence where all double suspensions have been substituted. Note that
for any pointed map h the double reflected suspension ¥’ h is homotopic to ¥?h by a rotation of
52 therefore the induced homomorphisms in K-theory coincide. Exactness at the suspension free
positions is insured since they may be replaced by double suspensions.

Examples (1) Based on the observation that KS° = K{*} = Z the isomorphisms KX ~ K¥?X now
imply that ~
KS™~7 forall evenn € N.

Since from the examples of Section 4 we know Vect S = N we conclude that by contrast

KS™ ={0} forall odd n € N.
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(2) Every real invertible matrix ¢ € GL(n,R) naturally acts on the sphere S™ — the one-point

compactification of R™ — and thus also on the n-fold suspension ¥"X = S™ A X of any given
space X. The induced isomorphism on K¥"X is +id according to whether g preserves or reverses
orientation.

Definiton A cell complez® is a topological space with a filtration by subspaces
X1'cX’c - cxilcXic - cX"lcX"=X

such that X! = (), and for each j > 0 the space X7 is obtained form X7/~! by attaching a finite
number of j-cells. The subspace X7 C X is the j-skeleton of X, and in case X" ' # X™ we call n
the dimension of X.

Application Let X be a cell complex and assume that all cells of X have even dimension. Then

KX:@ZC

ceC
is isomorphic to the free abelian group on the set C of cells while KXX = {0} is trivial.

Proof 1If X is empty the conclusion is obvious, and so is the value of KX if dim X = 0, that is, if X is
discrete. For such X we also know from Section 4 that Vectq £X ~ [X, GL(d, C)] comprises just the
trivial bundle for each d € N, and conclude that KX X = {0} as claimed.

Proceeding by induction we may assume that the conclusion holds for a cell complex X and must
prove it for the new cell complex D™ U, X, where n > 0 is even and ¢: S7=1 — X an attaching map.

By definition Y := D™ U, X is the unreduced version of the mapping cone of ¢: Sn—t 5 X, and
if we choose any base point * € S"~! then passing to the reduced cone C¢ means collapsing the
embedded interval I - {*} C D™ U, X — a modification that does not affect K-theory. We thus may
work with Cy rather than D™ U, X. Here the exact sequence of the theorem runs

K§n1 KX KCy
KXCyp KYX Kxsn—t
or ~ ~
0 KX KCy
6\L Té
KXCyp 0 KS™.

We conclude that KXCyp = {0}, and observe that the short exact sequence

0 KS™ KCy KX 0

must split since KX is a free Z-module: this proves the assertion.

Example (3) We have seen in Section 2 that RP™ can be obtained from RP"~! by attaching an n-cell.
This also works for CP™: the attaching map

SEl s = (21,00, 2p) o [21: -+ :2,] eCP™!

5 This would be called a finite complex in standard terminology — the finiteness restriction makes it
compact as a topological space.
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defines a compact space D?" Uy CP" !, and the assignments
D* 3 (z1,...,20) — [V1—|2[2 1211 -+ 1 2, €CP"
CP" 'S [zy: -tz [0:21: -+ :2,] €CP"
combine to give a homeomorphism D?" U, CP"~! ~ CP".
The construction gives CP"™ the structure of a cell complex with exactly one j-cell for j =0,2,...,2n,

and we conclude that as an additive group KCP" ~ Z"! while KXCP™ = {0}.
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10 Graded K-Theory and Products

Notation We define new functors on the categories Cp° and Cp(2) respectively by
K'X :=KYX and KYX,A):=K%(X/A).

When we want to stress the analogy with the standard functors of K-theory we now mark these by
a zero superscript:

KX =KX, K'°X=KX, and K°X,A)=K(X,A).

Recall the identity K°(X,0) = K°(XT) = K°X, which holds by the very definitions. The analogue for K
is true though not obvious:

Lemma There is a functorial isomorphism K!(X,0) ~ KX for pointed spaces X.

Proof Let a € X be the base point of X, and denote by X the unreduced suspension of X, that is the
quotient of I x XT in which {0} x X and {1} x X are collapsed to one point each. The subspace
Ix{*} UIx{a} is a retract of X and homeomorphic to S*, and we know from the previous section
that then
KX =KS'® K(X/S").
Now collapsing the interval Ix {*} in X gives ¥(X ), so that KX = K¥(XT) = K'(X,0). On the
other hand KS' = {0} and X/S' = ¥£X, which implies K(X/S') = KXX = K'X.

In view of the lemma we identify K'(X,0) with K'X even for X with no distinguished base point, and
complete the definition by putting K'() = {0}.

Definition The graded K-theory functors on the categories Cp, Cp°, and Cp(2) are defined by
K'X=K'XoK'X, K*X=K'X®K'X, and K*(X,A)=K’X,A) @ K X,A);
they take values, so far, in the category of abelian groups which are graded by Z/2.

Note There are many ways to restate and specialise the main result of the previous section. An obvious
one is the exact sequence

K'X <—— K%Y < KOCYf
% T‘S
K'Cf —= K'Y ——=K'X

for pointed maps f: X — Y. If (X, A) is a space pair with inclusion j: A — X then the choice
f=7T: AT C X7 yields the exact sequence of the pair

K'A<~—— KX <—— KX, A)

i ls

KY(X,A) —>= K'X K'A
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as well as its reduced version

KOA~— ROX < KO(X, A)

5l T&
K'(X,A) —=K'X —= K'A;

these are the most widely known and used instances of the exact sequence. Often convenient is the
more concise graded version which reduces to an exact triangle

K*A K*X
X /
K*(X, 4)

involving one homomorphism § of degree one while the unmarked ones are geometric and have degree
Z€ro.

Lemma There is a functorial isomorphism K*X ~ K(S!x X) of (non-graded) abelian groups.

Proof This is obvious if X = 0. For non-empty X we choose an arbitrary base point and consider the
decomposition K (S'xX) ~ KSY® K(S'AX)® K X. The first term vanishes and the second is K*X.
Adding the trivial bundles on both sides we obtain the result.

We return to the study of the K-theory product KX x KX — KX. It admits an equivalent ezternal version
KX xKY 3 (z,y)— axy:=priz-prry € K(XxY);
indeed the internal one is recovered using the diagonal d: X — X x X as z-y = d*(z xy).

Proposition Let X and Y be pointed spaces. Then the external product KX x KY — K (X XY') restricts
to a product } 3 R
KX xKY — K(XAY)

in reduced K-theory.

Proof 1f two virtual bundles on X and Y restrict to zero over the base points then their product is zero
over X x{*} U {*}xY. Thus the cartesian projections of K(XxY) = KX ®K(XAY)® KY to KX
and KY send the product to zero.

Corollary There is a natural external product for space pairs
K(X,A) x K(Y,B) == K((X,A)x (Y, B))
where the product of two pairs is defined as
(X,A) x (Y,B) = (XxY, XxBUAXY).
Together with the diagonal mapping d: (X, X; UX5) — (X, X1)x(X, X5) it yields an internal version
K(X,X1)x K(X,X5) — K(X,X; UX>)

which applies to spaces X with two distinguished subspaces X; and Xs. It generalises, and is com-
patible with the original product KX x KX — KX in the commutative diagram

K(X,Xl) X K(X,XQ) 4>K(X7X1 UXQ)

| |

KX x KX KX
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of products and restrictions.
Definition For every space pair (X, A) consider the bilinear mappings
K(X/A) x K(X/A) — K(X/A)
K(X/A) x KS(X/A) — K((X/A) AS(X/A)) -5 KR(X/A)
KX(X/A) x KS(X/A) — K(S(X/A) AS(X/A)) 5 KX2(X/A) <= K(X/A)

built with the partial diagonals d: X(X/A) — (X/A)AS(X/A) and e: X2 (X/A) — Z(X/A)AL(X/A)
and the suspension isomorphism. These mappings combine to give

K*(X,A) = K°(X,A) ® K}(X,A) = K(X/A) ® KX(X/A)
the structure of a graded commutative ring:

z-y=(—1)"8"8Y y .2 for homogeneous elements z,y € K*(X, A).
Similarly, K*A and K*(X, A) are graded modules over K*X, and the homomorphisms of the exact
triangle

K*A K*X

N

K*(X,A)
turn out to be K* X-linear.

Proposition Let X be a compact base space, and let Lq,..., Ly be line bundles over X. As usual let
he KP(Ly ®---® Lg) denote the class of the hyperplane bundle. Then

d
KP(Ly® -+ @ Lg) = KX [b] / [](ILi] h - 1)

i=1

as a K X-algebra in the sense that h behaves like an indeterminate which is subject to the stated
relation.

Proof Without loss of generality we may assume that L; = 1, since multiplying each bundle L; by Lfl
replaces h by [L1]h and leaves the projective bundle unchanged:

P(Li®Ly® - ©®Lg)=P1 @ LT'®Ly @ --- @ LT'®Ly).

We will argue by induction on d, the case of d = 0 being trivial. For d > 0 we suppose that L; =1
and abbreviate
P=PLi® - ®Ly) and P ' =P(La® --- & Lg);

note that the restriction of the hyperplane bundle H of P over P’ C P is the same as the hyperplane
bundle H' of P’. The projective bundles P = P(1 ® Lo ® --- ®Lyg) - X and P(1® H'") — P’
contain a copy of their base spaces as the sections

X ~P(1®0)C P respectivly P'~P(1®0)C P(1aH").

We will treat them as embedded subspaces X C P and P’ C P(1@® H'"); note that both are retracts.
Let ¢: P(1® H'") — P be the map

PA@®H)> [v1:: Vajwy: - rwa] s [vg i iug) €P
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and note that in the point on the left hand side (vs,...,v4) must be a (possibly zero) multiple of

(wa, ..., wq) # 0. Together with the projection P/ — X the map ¢ makes a commutative diagram
P’ X
PloH ) —1 5 p

inducing a homeomorphism P(1 @ H'")/P’ = P/X. Furthermore the definition of ¢ shows that
G := ¢*H is the hyperplane bundle on P(1 @ H'").

From the Periodicity Theorem we know that
KP(1&H")=KP'g] /((9-1)(g—1))

where g = [G] € KP(1@ H'") and ' = [H'] € KP'. Since G|P’ is the trivial line bundle, the second
term in the decomposition

KP(1®H)=KP o K(P1®H'"),P)
is the K P’-submodule freely generated by the element g—1: note the valid identity
gxr=~h-x forallz e K(P(l @H'v)vpl)

on this submodule. Translating to the pair (P, X) we obtain that K (P, X) is a free K P’-module with
generator h—1, and
h-x=h-x forallze K(P,X).

We now use the inductive assumption that the proposition holds for d—1 in place of d and thus may

assume the isomorphism
d

KP' =KX ] /T[(Li]n —1).

=2

In terms of an indeterminate U we have the commutative diagram of K X-module isomorphisms

KX U] /T, (LU - 1) Uk’ KP'

-<U—1)l «(h=1)

(U-DEX [U] /U~ [T, (L] U - 1) 220

K(P,X).

In view of the fact that X is a retract of P, and the resulting decomposition KP ~ KX & K (P, X),
complementing the bottom row by the term KX on both sides gives the K X-algebra isomorphism
KX[U]/ Hle ([L;]U — 1) ~ K P. This completes the induction step.

Corollary K*CP"™ = Z[h]/(h — 1)"*" is the truncated polynomial algebra.

Addendum The conclusion of the proposition holds likewise for graded K-theory:

d
K*P(Ly® -+ & Lg) = K*X [0] / [] (L] h = 1)
i=1

Proof 1In terms of the projection S*xX % X we have S! x P(L1® -+ ®Lg) =P(pr*L1 @ -+ @pr* Ly)
and therefore
K*'P(L1® -+ ®Lg) ~KP(pr* L1 ® --- @pr* Ly);
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it thus suffices to apply the proposition to S x X in place of X.

Theorem Let P -+ X be a map, and let p1, ..., ps € K*P be homogeneous elements. Assume that every
x € X admits a neighbourhood Y such that for all compact subsets A C Y the homomorphism of
K A-modules

d
(K*A) =K*'A® - @K*A> (x1,...,24) LZ@M cK*p A
i=1

is bijective. Then the map
(K*X)4 X 5 K*P

is an isomorphism of K X-modules. Note that ¢x is homogeneous of weight zero if we shift the
degrees of the i-th term of the direct sum by degp; € {0,1}.

Proof For the purposes of the proof let us call an open subset Y C X good if ¢4 is bijective for all compact
A C Y. By assumption is covered by good subsets, and we choose a finite subcover. We will show
that if Y and Z are good subsets of X then so is their union Y U Z: this clearly will prove the
theorem.

Assuming Y C X good we first note that by the Five Lemma for any compact pair (A, B) with
A CY not only p4 and pp but also the relative version ¢ 4p is an isomorphism:

d

(K* A)! — (K*B)l ——= K*(A, B)! — (K" A)d — (K" B)¢

l‘PA \L@B i‘PAB lWA lsﬂB
5
Kp'A— > K'p 'B— > K'p Y (A,B) — > K*p 'A— = K*p'B

Let Z be another good subset of X and let A C Y U Z be compact. We may write A = BU C with
compact subsets B C Y and C' C Z — using that X is normal we find a compact neighbourhood
Vof AAZinY and put B= ANV and C' = A\V°. Since Y is good ¢ pnc is an isomorphism,
and in view of the homeomorphism B/(BNC) = (BUC(C)/C = A/C this means that ¢4¢ is an
isomorphism. On the other hand ¢¢ is an isomorphism since Z is good, and by another ajpplication
of the Five Lemma we conclude that ¢4 is an isomorphism too.

Proposition Let £ — X be a vector bundle of rank d, and let h € K°P(E) denote the class of the
hyperplane bundle. Then the homomorphism of K*X-modules

d—1
(K*X)"=K*X® -+ ®K*X 3 (x1,...,34-1) — »_x:h' € K*P(E)
=0

is bijective.
Proof Over some neighbourhood of any x € X the bundle E is locally trivial and a fortiori a Whitney

sum of line bundles. Therefore the previous proposition assures that the hypothesis of the theorem
is satisfied, and from the theorem we directly obtain the result.

Splitting Principle Let E — X be a vector bundle of rank d. Then the flag bundle F := F(FE) Lo x
has the properties that

e the homomorphism p*: K*X — K*F is injective, and
e the pull-back p*F is isomorphic to Whitney sum of d line bundles.

Proof The first property follows from the last proposition since F' is an iterated projective bundle, and the
second is a known fact from the construction of flag bundles in Section 5.
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Theorem For every vector bundle E — X of degree d put A_1[E](h) = Z?:o (=1)'[A‘E] hi € KOX [h).
Then

K*P(E) = KX [1] / (A1 [E](1))

with h, the hyperplane class on the left hand side, playing the usual role of an indeterminate subject
to the relation A_;[E] on the right.

Proof Let t be an indeterminate over K*X. By the last proposition the K*X-algebra homomorphism
K*X [t] — K*P(FE)

that substitutes h for t is surjective, and its kernel is the principal ideal generated by a monic
polynomial of degree d. It therefore suffices to prove that the identity A_i[E](h) = 0 holds in
K*P(E).

We wish to apply the Splitting Principle. Denoting the bundle projections by P(E) — X and

F(E) %5 X we identify the canonically homeomorphic spaces F(n*E) and P(p*E) and obtain the
commutative diagram
P(p*E) ———— P(E)

| i’f

F(E) X

whose horizontal arrows induce injections in K-theory. We therefore may without loss of generality
assume that £ = L1 & --- @ Ly is a sum of line bundles, and in view of our former results it just

remains to verify the identity
d

A[E)(h) = [T(1 = [Li )
i=1
in this case:
Lemma For any d line bundles L1, ..., Ly over a common base space X the polynomial identity
d ‘ d
D=1 [A (L e - @ L]t =]](1 - [Lilt)
=0 i=1

holds in KX [t].

Proof This is certainly true for d = 0, and proved in general by induction on d: for d > 0 the canonical
isomorphisms

ANLi® - L) ~A(Ly® - PLg_1) ® AN L1® - ®Lg1)® Ly

from linear algebra, and the induction hypothesis immediately yield

d d—1
Z ALy @ o @ L)) =T (1 - [Lilt) - (1—[La]t).

Theorem For every vector bundle E — X of degree d let I, . ..,l; € KF(F) be the classes of the canonical
line bundles L; on the flag bundle F(E) — X. Then

K'FE)=K*'X[l1,...,14 /%
where the ideal of relations

5 = (o1(1)—[E), o2(1)—[A2E), ..., oa(l)—[AYE))
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is generated by expressions involving the elementary symmetric polynomials

O’Z(Z) :Ui(ll,...Jd) S Z[ll,...Jd] .

Proof Repeatedly applying the previous theorem we arrive at the representation
K*F(E)=K*X[l1,...,l4 /%
with an ideal ¥ C K*X [I1,...,l4] that must contain X since the identities

oi(li,...,la) = [A(L1® -+ ®&Lg)] =[AE] fori=1,....d

hold in K*F(E). In order to prove the opposite inclusion ¥ C ¥ we need a more explicit description
of ¥. For d = 0 we have ¥ = {0} and there is nothing to show, while for d > 0 we interpret F'(F) as
the flag bundle of E/L; — P(FE) and, by induction, obtain the formula

K*F(E) = K*P(E)[l» .. .,ld]/<01(l’)—[E/L1], oI —[A2E/L1), ..., ad,l(z')—[AdflE/Ll])

with I’ = (lg, ..., 1) and
K*P(E) = K*X[ll]/ (AL[ENITY)

recalling that Ly — F(FE) is pulled back form the tautological bundle of P(F). Calculating modulo
> we see that

A-i[E](I)

d d
(D' ANE] =Y (<1)'0i(1) 17 mod X2,
=0 -0

(2

(2

but the last expression is

I

-

(—D'o) i =17 [[(—1) =o0.

I
=
-
Il
-

(2

We further obtain successively for ¢ = 1,...,d—1 that
oi(I) = [NE/Ly] = 0;(1) = [ANE] — Iy - 05_1(I') + [L1 @ A" 'E/L1] = 0 mod &
as well. This proves the inclusion ¥ C ¥ and thereby concludes the proof.

Further results on the computation of the K-functor include the following, not mentioned in class.

Theorem Let X be a space such that K* X is torsion free as an abelian group, and let Y be a cell complex.
Then the K-theory product induces an isomorphism

K*X @ K*Y ~ K*(XxY).

Remarks The point of excluding torsion from K* X is that then taking the tensor product over Z with K* X
preserves exact sequences, in particular the K-theory sequence of any pair (Y,Y). By induction of the
number of cells of Y this reduces the theorem to the case where Y is a sphere — compare Problem
36.

Theorem The K-theory of the real projective spaces is
K°RP?* ~ KORP? 1 ~ 7,/9"
K'RP?" = {0} and K'RP*"*! ~ 7
for all n € N.
Remarks Not surprisingly the K-theory of complex vector bundles is less suitable for a direct approach
to the real projective spaces. But it is remarkable that K-theory generalises quite easily to a so-
called equivariant theory which applies to spaces with an action of a finite group rather than a mere

topological space. The calculation of the groups shown above in Atiyah’s book is fairly simple and
based on Z/2-equivariant K-thery.
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11 Operations |

Definition An operation in K-theory is a natural self-transformation of the functor K, considered as

Note

defined on Cp with values in the category of sets. Explicitly an operation n assigns to each compact
space X a mapping nx: KX — KX such that for every map f: X — Y the diagram

KX —2 S KX

’MT T i
ny

KY ——— KY
commutes. We do not require nx to respect the ring operations of K X.

Every operation is determined by its action on vector bundles of constant rank. Indeed, if £ — X is
a general vector bundle then the function rankg: X — N defines a decomposition X = Y77/ X4 of
X as a (but formally infinite) topological sum, and the diagram

nx

KX KX

| i

Kx, e 1 K X4
d=0 d=0

induced by the restriction homomorphisms commutes.

Examples (1) Sending z € KX to 42° + 6 € KX is an operation but not an interesting one since it can

be — in fact is — expressed completely in terms of the ring structure. If we know K X as a ring no
additional information on X can be gathered from this operation.

(2) A host of operations is obtained from the linear algebra of vector bundles. For instance passing
form a vector bundle F to its dual E~ defines a semi-group homomorphism Vect X — Vect X and
thus an operation

KX>z+—72ec KX

in K-theory. It sends the generator h—1 € KS? to h™'—1 = (2—h) —1 = 1—h. Since the n-fold exterior
product (h—1)x--- x (h—1) generates the group K S>" ~ Z we see that the dualising operation acts
on K5?" as multiplication by (—1)". In particular it helps to distinguish between the spaces S? and
S4 which cannot be homeomorphic, even though the rings KS? and KS* are both isomorphic to

K[t]/(#2).
(3) We consider the power series

M[E] := i [A*E]t* ¢ KX [[t]]
k=0

in an indeterminate ¢ over KX, with coefficients depending on the vector bundle £ — X ; for
any given bundle E whose rank is bounded by d the series reduces to a polynomial of degree at
most d. Note that the special value A_1[E] = 3" (=1)" [A*E] has been considered before and that
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M[E] € 14 (t)- KX [[t]] belongs to the multiplicative group of power series with constant term 1. If
F is another bundle on X then the canonical isomorphism

MEoF) ~ @ NE®NF
i+j=k

shows that M[E @ F| = M[E]-M[E]. By the defining property of the K-group the homomorphism
Vect X 35 [E] — 1+ (t)- KX [[t]] extends to a group homomorphism

AKX — 1+ (t)-KX [[t])

given explicitly by
At ([E]=[F]) = N[E] - A[F] 7T

Thus for each k € N we have, taking the coefficient of t*, the operation
MWKX — KX

in K-theory. To the class of a vector bundle in Vect X it simply applies the k-th exterior power
functor.

Definition If F — X is a vector bundle we let rank £ € Vect X be the bundle that on each connected
component of X restricts to the trivial bundle of the same rank as F|X. This notion at once extends
to virtual bundles x € KX, and we define an operation ¥ putting

Y9(z) = rankz.

We proceed to define an infinite series of operations ¥*: in view of \; € 1+ (t)- KX [[t]] for each
x € KX there is a well-defined power series

%log)\_t(x): Ly ) =S (1-a@) D),

and we put

> d
Yi(x) = ];)w’“(:r) th = (z) —t T log A—¢(x) € KX [[t]] .

Thus for each k € N we obtain an operation
PP KX — KX
in K-theory called the k-th Adams operation.

Proposition The Adams operations have the following properties for all z,y € K X.
o YF(z+y) =k (z) +¢F(y) for all k € N.
e If x is the class of a line bundle then ¥*(z) = 2*.
o YF(zy) =yF(x)-*(y) for all k € N.
o U (Y(z)) = (x) for all k,l € N.
e If p € Nis prime then ¥ () = zP mod p.
o If z € KS*" then ¢*(x) = k" - x for all k € N.

Remarks We will see in the proof that already the first two properties determine the operations ¥* uniquely,
a fact that offers a certain compensation for the apparent lack of motivation in the definition. — The

forth rule implies of course that the Adams operations commute among themselves. — Comparing
properties we see that 1)~! would have been a consistent notation for the operation z — T considered
above.
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Proof Let E and F be two vector bundles on X. We know that A_;[F & F| = A_;[E]-A_|E] and therefore
log A\_+[E @ F] = log A_4[E] + log A_;|E], so that the additivity of ¥* for k > 0 follows from that of
differentiation. For k£ = 0 it is obvious.

If L — X is a line bundle then A_;([L]) = 1 — [L] ¢, and we obtain
L)t

’;w[mk =1t log(1-[L]t) =1+ I T kZ:O[L]kt’“.

This shows that ¢*(z) = 2* for the class of any line bundle z € KX. If 5 is an arbitrary additive
operation in K-theory with this property then 1 and ¥ coincide on sums of line bundles, and thus
on the class of every vector bundle on X, in view of the splitting principle and the note above. They
must therefore altogether coincide.

The identity " (zy) = ¥ (x)-1*(y) is now obvious if z is the class of a line bundle. If 71, ..., 74 € KX
and y1,...,Y. € KX are such classes then using additivity we also have

k k k
S S0) - H(Sam) - (Son) - (S) (S0) - () ()
i j ij ij i j i j

Since the identity holds for sums of line bundles it holds in general, again by the splitting principle.
The same argument works to prove t* (1/)1(1:)) = k! (z), calculating

wk (1/)1 (Z xl)) = Zz:wk (T/)l(l‘z)) _ zi:wkl(x) _ wkl (Z ﬂUz) .

% %

Let p € N be prime. If zq,...,24 € KX represent line bundles then

W)(Zl“i) = Zl:xf = (sz')p modp,

% i

and by the splitting principle this implies the congruence ¥?(x) = xP mod p for general z € K X.
Finally we know that for n > 0 the additive group K52 is spanned by the n-fold external product

(h=1) x -+ x (h—1) € K(§% x --- x §%)
where h € KS? denotes the hyperplane class as usual. Applying ¥* sends each factor h—1 to

k—1

YF(h—1) = h*—1 = (th) (h=1) =k (h—1)

=0

where the latter identity results from the congruence h = 1 mod (h—1). We conclude that " (z) = k™ x
holds for all 2 € KS?" and n > 0. For n = 0 we are dealing with bundles over the one-point space,
and 1F acts identically for all k.

Example (4) The last stated property of the Adams operations clearly shows that two spheres of different
even dimensions are not homotopy equivalent, in particular not homeomorphic. This result is imme-
diately extended to include spheres of arbitrary dimensions using K!S™ = K98+ Tt also implies
that R™ and R™ cannot be homeomorphic unless m # n.
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12

Division Algebras

Definition Let K be a field. In this section an algebra over K is a vector space A over K together with a

Note

multiplication Ax A — A which is required to be K-bilinear:
Az +py)-z=ANz-2)+py-2) and x-(uy+vz)=p@-y) +v(z-z2)

as well as
(Az) y=Az-y) =z (\y)

must hold for all A\, u,v € K and all z,y,z € A. Thus neither associativity nor commutativity, nor
the existence of a unit is required.

If, on the other hand, A is not the zero algebra, and for any choice of a,b € A with a # 0 the
equations a - x = b and y - @ = b have unique solutions x,y € A then A is called a division algebra.

Given an element a of an algebra A we denote by
lg:A— A and rg:A— A
the K-linear mappings « — l,(z) = ax and = — r,(x) = za: the condition for A to be a division

algebra is that these maps are bijective for all non-zero a € A. In case A has finite dimension over
K it suffices to establish either injectivity or surjectivity of [, and r,.

Examples of Real Division Algebras (1) The field R itself is the trivial example.

(2) The field C is well-known to be the only finite-dimensional real division algebra which is associative
and commutative.

(3) The skew field H of quaternions, discovered by Hamilton in 1843, admits various realisations,
including one as a subring of Mat(2x2,C):

H = {\ + ih € Mat(2x2,C) | A € R and h hermitian} .

The scalar matrix A is sometimes called the scalar part, and ih the vectorial part of the quaternion.
More explicitly, in terms of the Pauli matrices

(0 1 (0 —i d o — (10
=11 0) T i o) 9= o -1

the matrices 1, —io,, —io,, and —ic, form a basis of H as a real vector space. The latter three
quaternions are traditionally denoted by i, j, and k respectively, and the formulae

P ==k =ijk=-1

completely describe the multiplication in H.

Associated with any quaternion w = A4 ih = A 4 p,i+ pyj + p-k there is the conjugate quaternion

W' =X—ih=X— pgi— p,j— p:k.
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*

Conjugation is an anti-involution: (vw)* = w* - v*. It leads in turns to the norm

] = Viorw = /N2 4 g2 + a2+ a2

As in the case of complex numbers the norm is multiplicative, and the inverse of a non-zero quaternion
w turns out to be .

1 w

ol

The impression that quaternions might be after all be not unlike complex numbers — apart from
commutativity — is correct in some formal respects but quite erroneous in others. It is true that
much of elementary linear algebra works well over H and other skew fields if the necessary care is
taken. For instance in order to preserve matrix calculus one should work with right rather than left
vector spaces, so that the compatibility of skew field and scalar multiplications reads v(Au) = (vA)p
for vectors v and scalars A and p. There also is a good theory of H-linear group representations,
and there are projective spaces over H. On the other hand a striking feature is that every purely
vectorial quaternion w of unit norm satisfies w? = —1 and together with the real number 1 spans an
embedded copy of the complex field, with w playing the role of the imaginary unit: thus the skew
field extension H/R of finite degree 4 contains an infinite variety of intermediate fields which are all
conjugate to each other.

(4) The algebra O of octonians was discovered by Graves shortly after Hamilton’s description of
the quaternions, and independently in 1845 by Cayley. Not being an associative algebra, @ cannot
be embedded in a matrix algebra, and the simplest description seems to be in terms of pairs of
quaternions: @ = H? with the multiplication

(u,v) - (w, 2) = (vw — V2", uz + Vw").

Again we have a conjugation (u,v) — (u*, —v) which is an anti-involution and provides the norm,
which in turn allows to write down the inverse of any non-zero octonian with respect to the unit
(1,0) € O.

Needless to say, due to the lack of associativity calculations in O require extreme care.

(5) Division algebras of infinite dimension abound. They include the fields R((¢)) of Laurent series
Zaktk with d € Z and a; € R
k=d

and R(t) of rational functions

a(t

(t)

~—

with polynomials a(t) € R[¢] and 0 # b(t) € R]¢].

=

After the discoveries of Hamilton, Graves, and Cayley various questions of existence and classification of
division algebras with prescribed properties have been studied. We will concentrate on the particular question
of whether given a number n € N there exists at least one real division algebra A with dimg A = n.
Surprisingly this problems turns out to have a purely topological answer.

As a first step towards topology we rewrite the algebra multiplication as a map between spheres. Throughout
we assume that A = R™ as a vector space, and we consider the sphere ™! C A with respect to the standard
euclidean norm. Correcting for the fact that the multiplication of A has no reason to respect this norm —
or any other for that matter — we define the map p4: 5"~ ! x "~ 1 — §n~1 by

palu,v) = WU'U;
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it is well-defined since A has no zero divisors. This topological version of the algebra multiplication still
has the property that for every a € S"~! the mapping S"~! > v + pa(a,v) € S*! is a homeomorphism.

Indeed, it is inverted sending w € S™1 to |I7(w)| " =1 (w). Of course the same is true of u — .4 (u,b) for
fixed b € ™1,

Proposition Let A be a finite-dimensional real division algebra. Then either A is isomorphic to R itself,
or dimp A is even.

Proof 1If dimg A = 1 then choosing any non-zero a € A we find an element e € A such that a-e = a. Writing
a = Xe with A\ € R* we conclude Ae? = Xe: thus e is idempotent, and the linear map sending 1 € R
to e € A an isomorphism of algebras.

We now make the assumption that dimg A is odd, say dim A = 2n+1 with n € N, and will show that
this leads to a contradiction. We consider the homomorphism in K-theory p%: KS?" — K(S%"xS?")
that is induced by the map j4. In terms of the known description of K S2" it is a ring homomorphism

ZIA/(z*) — Zlz]/(2*) @z Zly)/(y*) = Zlz,y)/ (2%, y?)

where , y, and z are three copies of the canonical generator (h—1)x --- x (h—1) € K§?". Fixing
any a € S?" the restriction homomorphism K (52" xS?") — K ({a} XSQ”) simply annihilates y, and
the fact that S?" > v+ u(a,v) € S?" is a homeomorphism implies that the composition

Z[2)/(2%) 5 Zlw,y)/ (2%, y") — Zlz,9)/ (2, y) = L[]/ (2?)

is an isomorphism. In terms of the generator z this means that p*%(z) = £y mod (x), and by way of
symmetry we also have p% (2) = £z mod (y). We conclude that the image of z has the form

ph(2) = £z £y + kay € Zlz,y)/(22,y*) for some k € Z.

Since none of these elements has vanishing square this contradicts the fact that ;% is a homomorphism
of rings.

Thus odd dimensional division algebras are essentially ruled out. The case of a real division algebra A of
even dimension 2n is decidedly much subtler. We first pass from the map @4 to another mapping

QDAZS4n71 N S2n

which imitates the Hopf fibration S% 3 z + [2] € CP! = S? from Note (4) of Section 2. It is convenient to
use homeomorphisms similar to those at the beginning of Section 9 to identify the domain S*"~! of p 4 with

the subspace
(SxD)U (DxS) C R*™xR* = R*"

where we have abbreviated D := D?>" and S := $?"~!. On the target side of the mapping ¢4 we identify

S$2" with the one-point compactification of A = R?" and write Dy := D?" C $?" and Do, := §*"\ (Dy)°.
The map p4: 54—t — §27 then is defined by the assignments

1
SxD 3> (u,v) — |v -,uA(u,ﬂv) € Dy
v

1 1
DxS >3 (u,v) — —~,uA(—u,v> € Do .
|ul |ul

Note that for fixed a,b € S restricting ¢4 yields homeomorphisms
D={a}xD =Dy and D= Dx{b} =5 Dy

which are inverted sending z € Dy to |z|-v and z € Dy to ﬁu if u,v € S are the unique points with

wala,v) = ‘%‘z respectively pa(u,b) = ‘%L‘z
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Definition Let n € N be a positive integer and f:S54"~! — S?" a map. The reduced K-theory exact
sequence of f then runs

KS" 1 «— K8 «— KCf «— K'S" 1 «— K'5%"
or R
04— (1)/(W*) «— KCf +— (2)/(z*) «— 0

where z € Z[z] = KX§*"~! and y € Z[y] = K5 are the canonical generators of reduced K-theory.
The short exact sequence shows that KC'f is the free abelian group generated by x and a lift § of y,
and since y? = 0 € KS™ the square of § must be an integral multiple

P =H(f)
of x. The product z-y likewise is a multiple of x, say x-y = Ax with A € Z, but calculating
0=z H(fjr=c 7= () §=rj=>\

we see that A\ must vanish and that z-g = 0. This implies that the integer H(f) does not depend on
the choice of the lift § and thus is uniquely defined by f alone — in fact even by the homotopy class
of f. It is called the Hopf invariant of f.

Proposition Let A be a real division algebra of even vector space dimension 2n € N. Then the corre-
sponding map ¢ = p4: 84"t — §2" has Hopf invariant H(yp) = +1.

Proof Recalling the abbreviations D := D?" and S := S?"~! we note that there is a well-defined mapping
®: Dx D — Co that sends (u,v) to the class

[m, %(u,v)] €Cp=(Ix(DxD)+5*)/~

with m = max {|ul,|v|} the “box” norm of (u,v). As the latter takes the value 1 on the boundary
(§xD) U (DxS) the restriction ®|((Sx D) U (DxS)) is the composition of ¢ with the canonical
embedding S** — C.

We choose and fix arbitrary points a,b € S. As observed above ¢ restricts to homeomorphisms
D ={a}xD =5 Dy and D = Dx{b} = Do, so that the curved arrows in

/ l l \
(D,S xD x (D, S) \
Ny "

(Cp, Dy) (Cp, D)

embed the space pair (D, S) as (Do, DoN Dy, respectively (Do, DoN D) in S2" C Cp. The induced
diagrams in K-theory enter in the upper left hand part of the large commutative diagram

(id,b) (a,id)

9

K((D,S)xD) ® K(Dx(D,S)) ——— K((D,S)x(D,S))
K(Cp,Dy) @ K(Cp, Do) K(Cgp, 52m)
KCp® KCp KOy
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with horizontals which are K-theory product maps: at the top we have an exterior product while
the others are interior ones. The arrows marked as such really are isomorphisms since cartesian pro-
jection gives homotopy inverses to the embeddings (a,id) and (id, b), and collapsing the contractible
subspaces Dy and D, has no effect on K-theory. On the right hand side ®* is an isomorphism
because collapsing S?" C C to a point results in the suspension 35471,

The element y € K C¢ whose square defines the Hopf invariant, by definition restricts to a generator
of K$?", which in turn corresponds to generators of

K(S*,Dg) = K(Ds,S) and K(5%",D.) = K(Dy,5).

Thus the tensor square y ® yéf( Co® K C'p corresponds to a tensor product 2z’ ® 2" of generators of
the cyclic group K (D, S). It follows that 22" € K((D,S)x(D, S)) also generates and so maps to a
generator of K (Cp, S%"). This means that §% = £z € KCy, and finally that H(yp) = £1.

Theorem Let n € N be positive and f: S4"~! — 27 a mapping. If H(f) is odd then n € {1,2,4}.

Proof Recalling the short exact sequence

0 (1)/(y?) «— KCf «— (2)/(2") «—0

from the definition of the Hopf invariant let § € KCf be a lift of y. By the properties of the Adams
operations we have 1% (y) = k™ - y and therefore

V) =X +2" g and Y(G) =p-ax+3"g
with integers A and p. Applying the Adams operations once more we obtain the competing repre-

sentations
VO = (@) =P (A a+2"-5) = (3"A+2"u) -z 46" -
W) =* (P (@) = ¢*(n-a 43" ) = (2" u+3"X) -2+ 6" -
We conclude that 32"\ + 27y = 227, + 3"\, or

< &

2" (2" =1 =3"(3"—1)\
By another property of the Adams operations
H(f) -z =7*=1*@) mod2,
and since the Hopf invariant is odd and n > 0 the coefficient A must be odd too. Therefore 2™ must
be a divisor of 3" —1.
The rest is elementary number theory. We first show that n must be a power of 2. To this end we

write n = 2! m with m odd. Thus 22'™ = (Zm)Ql is a divisor of

m—1
3Fmo1=(3"-1) Y 3%,
§=0
l
Since the sum is odd this implies (2)? | (32l —1), in particular 2™ < 3 and therefore m = 1, that is
n = 2L
Next we show by induction that for [ > 0 the highest power of 2 that divides 32 1 is 21+2. Indeed

for I = 1 this is true since 21+2 = 8 = 32" —1. Assuming the statement for fixed | we write

gl+1

327 1 = (3% —1)(3% +1).
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Since [ > 1 the second factor satisfies 32 +1 = 92 ' +1 = 2 mod 4, and we conclude that 2¥*1 divides
(32l+1 —1) if and only if 2* divides (32l —1). By the inductive hypotheses this implies that 2! is the
highest power of 2 contained in (32l+1 —1): this completes the induction.

Summarising, as we know that n = 2! and 2% | (321 —1) we have either [ =0, or [ > 0 and 2! < [+2,
which means [ € {1,2}. Thus finally n = 2! € {1,2,4}.

Corollary A finite-dimensional real division algebra of dimension n exists if and only if n € {1,2,4, 8}.

Proof By our first proposition such an algebra A is either isomorphic to R, or n is even. In that case by the
second proposition the map 4 has Hopf invariant 1, and by the theorem this implies n € {2,4, 8}.
Conversely the examples show that all four dimensions are realised.

One will naturally wonder whether the use of the Adams operations in the proof of the theorem may fit into
a systematic context. Indeed it does, though here we cannot go beyond the definition of an interesting new
invariant.

Definition Let m and n be positive integers, and let f:S§?m+27=1 5 627 he a map. As before consider
the exact sequence of the mapping cone

0+ (y)/(y*) «— KCf +— ()/(a?) +—0

with generators z € KS?™*2" and y € K5?", and let j € KCf be a lift of y. For every k € N we
have an equation

VR =N+ k" g€ KOf
for some A\, € Z. If | € N is a second choice for k then using 1! o Y% = ¥ = ¥ 0 ! we see that

G G) = (R (@) = 0 Nk -z 4+ KT g) = (TN RPN - KR
G G) = PR (1@)) = P (M- 1 g) = (RN 4 1) a4 kR

< &

and thus k™ (k™ —1)\; = ™ ({"™ — 1) A\g. Therefore the rational number

Ak
e(f)izw,s_l)

does not depend on the choice of k& > 0. On the other hand it does depend on that of the lift y:
substituting - x + ¢ as an alternative choice for § we obtain

O (pa+g) = M-z + K"+ kG = N w A (KPR o+ R (petg) -
Thus the integer p is added to e(f) € Q, and we see that the congruence class

e(f) e Q/Z

is a well-defined invariant of f alone. It is called the e-invariant of f — in fact of the homotopy class
[!ﬂ c [52m+2n71, SQn]

© 2011/2012 Klaus Wirthmiiller



K. Wirthmiiller: Vector Bundles and K-Theory 2011/2012 53

13 Operations |l

One might think of a very simple structure on the set KX that would specify exactly which classes can be
represented by true vector bundles on X, or, better, for a given z € KX the smallest number n € N that
makes x+d the class of a vector bundle. This idea seems far away from any algebraic notion but in fact is
not, but rather related to an observation we might have made on the (few) examples of rings KX that we
know like KCP™ = Z[h]/(h—1)""": they suggest that virtual bundles of rank zero — here h—1 — should
be given a more prominent role. We do this in a systematic way.

Notation We let

K1 X = kernelrank C KX
denote the kernel of the rank homomorphism rank: KX — K X. Thus K1 X is an ideal of K X.

Definition The geometric series

Notes

1—t <

LS ez

of vanishing constant term may be substituted in A;(z) € K X[[t]] and yields the new series
D @)t = () = A 1 (@) € KX[[1]
k=0

and thereby the K-theory operations

v KX — KX forall keN.

(1) Assigning to x € KX the difference x —rankz we obtain an additive endomorphism of KX
that projects KX onto its subgroup KX, which therefore is a direct factor of KX. For connected
non-empty spaces X it coincides with K X.

(2) The series 7; clearly inherits from A;(x) the property

Yi(z+y) =y (x) -y (y) forall z,y € KX.

(3) Each 7" is an integral linear combination of the A with j < k, and since the relation s = 1% is
S

inverted by ¢ =
of the +7 with j < k.

we have \g = Vi s SO that conversely each A* is an integral linear combination

(4) For the trivial bundle we have

t 1
’yt(l)—/\L(l)—lﬁ-T_t—T_t

so that for an arbitary line bundle L — X we obtain

Y([L]-1) = (1+ (L] %_t) : (%)_1 =1+ ([L]-1)¢.

Proposition Consider any =z € K1 X.
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e Then 7*(x) € K1 X for all k > 0, and 7(z) = z.

e Let d € N be the smallest number such that x+d € KX is represented by a vector bundle. Then
~¢(x) is a polynomial of rank at most d.

Proof We have just seen that the first statement holds for arguments of the form = = [L]—1. If more
generally x = Zle x; is such that x;+1 is the class of a line bundle for each ¢, then the formula
Y (y+2) = v (y) - 7(2) shows that v¥(z) € K in this case too, and also that y!(x) = x since the
coefficient v!(x) is additive in z.
Let now x € K1 X be general, and assume that © = [E]—d for some vector bundle E — X. By the

splitting principle we may assume that F ~ @?:0 L; is isomorphic to a Whitney sum af line bundles,
so that = ), ([L;]—1). Thus the first assertion of the proposition is true for z, and the second

follows from
d d

vi(z) = H(1+UC¢ t)y=1+ Zai(acl, coxg)th.

i=1 =0

Definition We formally assign to each operation v* the weight k € N, and therefore to each product

ARinke ok

(repeated factors allowed) the weight ki+ko+ - - - +k,. Given a space X we put Ko X = KX, and for
s e Nlet K, X C KX be the additive subgroup generated by all products

YR (@) AR () - AR (@) with z € K3 X

of weight at least s: the definition is consistent since v'(x) = x for all * € K;X. The decreasing
sequence
KX=Ki\ XO>OKi XD -+ DK, XDKsp1 XD ---

is called the ~-filtration of KX.

Theorem Assume that z € K;X. There exists a number m € N such that v*(z)y*2(x) --- v¥(z) = 0
for all products y¥1~4*2 ... ¥ of weight greater than m.

Proof We first assume that = [L]—1 with a line bundle L — X, and write —x = [E]—d for some vector

bundle £ — X. By the splitting principle we may assume that £ = @g'l:l L; is a sum of line bundles,
so that —z = ), y; with y; = [L;]—1.

We then have v:(z) = 1+ =t and v (y;) = 1 4+ y; t, and therefore

d
L=y(2) y(-2)=1+at) [JQ+wyit) =1 +at)- (1+Zozy1,.--,ydt)
=1
Equating coefficients we successively obtain that z?! = (—l)iai(yl, ..., yq) for all 4 > 0, in particular

x9t1 = (0. This was the claim for x of this special type.

Let now x € K1 X be arbitrary. Again by the splitting principle we may assume that = = 2?21 x;
with z; = [L;]—1; then

d d
Y (z) = H(l +xit) =14 Zai(ml, o xg)tt
i=1 i=1
and thus v (z) = o4(1,...,24) for all i > 0. Using the special case already treated, we now choose

m; € Nsuch that 2" = 0 for all i. The expression v*1 (2) v*2(z) - -- ¥ (x) € KX is a homogeneous

polynomial of degree ki+ko+ - - +k, in the x;: if this degree exceeds m := mj+ - - - +m, then one
factor must vanish, and the whole expression is zero.
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Remark The proposition does not lie as deep as the splitting principle: the proof may be based on a formal
algebraic rather than a true splitting of the bundles involved.

Corollary Let X be a space and « € K7 X. Then z is nilpotent.
Proof Choose k1 = --+ =k, = 1 and recall that y!(z) = .

Theorem Let X be a space such that K X is finitely generated as an abelian group. Then there exists an
m € N such that K,,+1X = {0}.

Proof Being a direct summand K; X also is finitely generated, say by z1,...,2,. We put x,4; = —x; for
j =1,...,r and apply the previous proposition to z; for each j = 1,...,2r, obtaining the number
m; € N; we then put m = my+ - - - +ma,. Any product of weight greater than m in the 7' (x;) must,
for some particular j, contain a product of weight greater than m; in the v*(z;), and therefore must
vanish.

Since every element of KX is the sum of a collection of x; the result now follows from the formula
Ye(z+y) = () -7 ().

Theorem Let s € N and x € K;X. Then
Y (x) = k* -2 mod Ky 1 X

for every k € N. Thus every ¥ preserves the v-filtration and acts on K,X/K, 1 X as multiplication
by k°.

Proof In case s =0 it suffices to write out
Y*(2) — k2 = ¥ (x— rank ) — (z—rank x)

and to note that 1* preserves the rank function.

We now fix some x € K; and prove that ¢* o y*(z) — k" - v*(x) € K, 1 X for every s > 0. By the
splitting principle we may assume x = x1+ --- + x4 with x; such that 14+2z; € Kx is a line bundle
for each i. Then v*(z) = o4(x1, . .., 2q) and ¥¥(2;) = (1+2;)" — 1 and thus

PP ovy¥(z) = ’L/Jk((f (z1,... 7ﬂcd))

(
kxy,....kxq) +y(z1,...,24)

:kS'O'S(l’l, R xd)+y(x17"'7xd)

for some symmetric polynomial y whose monomials all have degrees greater than s. Therefore the
difference

V¥ ot (x) — k* -y (x) = y(a, ..., wa)

is a polynomial in elementary symmetric functions o;(z1,...,z4) and thus in 47 (x) with j > s. This
means that the difference belongs to K41 X.

Let now *14*2 ... vk any product of weight s. Since

PP o i (z) = kM - 4% (x) mod Ky, 41X for each j
and ¥* is a ring endomorphism we conclude that
P (@) (@) - A (@) = kA" (@) () - M (2) mod Koo X

This proves the theorem.

© 2011/2012 Klaus Wirthmiiller



K. Wirthmiiller: Vector Bundles and K-Theory 2011/2012 56

Corollary Let m € N and assume that K,,;1X = {0}. Then for any choice of non-negative integers
ko, k1, ..., k, the composition product vanishes:

(¢"~‘m _ (km)m) 0---0 (d)kl — (k1)1) ° (¢k0 - (kO)U) =0.

Proof Apply the theorem repeatedly.

Example Recall that the ring KCP" = Z[h]/ (h—1)""! is generated by the class h of the hyperplane
bundle. The ideal K1CP™ = KCP™ is spanned by h—1, so that

(h—1)*/(h—1)""" fors<n

K,CP" =
’ { {0} for s >n

is the -filtration. The k-th Adams operation acts on (h—1)° by

= ((1+(r-1))* 1)’
k
= (k- (-1 + X (1 () (h-1)')
=k*-(h—1)° + terms containing higher powers of (h—1).

Taking the tensor product with the rational field we may form a weaker version Q ®7; KX of K-theory,
a functor with values in the category of commutative Q-algebras, on which the Adams operations act as
endomorphisms. Assuming K,,11X = {0} and putting ky = k; = --+ = k,,, = k in the corollary we obtain
the identity

m

[[®" - *) =0 € Endg(Q @z KX)

Jj=0

in the space of linear endomorphisms. Thus for k& > 0 the endomorphism ¢* has a minimal polynomial
with but simple factors, and the eigenvalues of ¢)* are powers of k not exceeding k™, which in fact is still
true for k = 0 since ¥° = rank is a projector onto K;X. In particular ¥* can be diagonalised, and we let
E(k,j) C Q®z KX be the eigenspace correspondung to k7. If we fix j and substitute a different choice [ € N
for k then the corollary with k; =1 and k; = k for all ¢ # j yields

(@' =) J[ (" = &) =0.
i#]
For k > 0 this implies that (! — I7)|E(k,j) = 0 and thus E(k, j) C E(l,j). This result gives sense to the

Definition Let X be a space and assume that there exists an m € N with K,,1X = {0}. Then the vector

spaces _
H%(X;Q) := E(k,j) C Q®z KX for any choice of k > 0

form the rational cohomology of even degree of X. Making the analogous assumption on the -
filtration of the suspension ¥ X we complement the definition by the part of odd degree

H¥4Y(X;Q) »= HY (32X T;Q).

Note Under the assumptions of the definition we clearly have Q®z K, X = @;nz . H¥(X;Q), and therefore

HY(X;Q) ~Q &z (K. X/K1X)
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expresses the cohomology directly in terms of the ~-filtration.
Recall that the suspension isomorphism K X ~ K¥2X is given by external left multiplication with the
generator h—1 € KS?. Since 9* acts on KS? as multiplication by k the suspension isomorphism sends
H?(X;Q) = E(k,j) onto H¥2(XX*;Q) = E(k, j+1), and by definition of the odd graded cohomology we
obtain suspension isomorphisms

HY(X;Q) — H™Y(XXT;Q) forallgeN.

The exact triangle of rational K-theory thus unwinds to the long exact cohomology sequence known to those
who are familiar with algebraic topology:

Proposition For every compact space pair (X, A) such that KX and KA are finitely generated abelian
groups there is a functorial exact sequence

< H9(X, 4;Q) <2 HI(A;Q) < HI(X;Q) ~— H(X, A;Q) ~— ---

of rational cohomology.
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14 Equivariant Vector Bundles

Definition Let G be a finite group. An action of G on a topological space X is a continuous mapping
GxX>3(g,z)—greX

with the properties that 1-z = x and (gh)-x = ¢- (h-x) holds for all g,h € G and all z € X. These
axioms imply at once that the assignment g — (z — g¢-z) defines a homomorphism from G to the
group of self-homeomorphisms of X — this is, in fact, an alternative description of the notion of a
group action.

A pair consisting of a space X and an action of G on it is called a G-space. For fixed G the G-
spaces form a category whose morphisms are the equivariant maps f: X — Y, namely those with
flgx)=g-f(z) forallg e G and z € X.

Of course the subobjects in G-equivariant categories are the G-stable subsets S C X, that is, those for which
x € S implies g-xz € S for all g € G. If S C X is any subset then

G~S::{g-x’g€Gand$€S}

clearly is the smallest G-stable subset of X containing S. The minimal subobjects of a given G-spaces arise
as the so-called orbits G- := G-{x} of points € X. The orbits in X define a partition of X and thus an
equivalence relation on X, and the corresponding quotient space is denoted by! X/G and called the space
of orbits, or just the orbit space of the G-space X.

Examples (1) The action of Z/2 as +1 on the sphere S™ has RP" as its orbit space by the very definition.

(2) For fixed positive m € N let ¢ = e2™/™ denote the primitive m-th root of unity. Then for any
choice of further constants ag, ..., a, the group Z/m acts on CP" by

glzo: 21t oo i zn)i=[%920 1 M2y 1L eIz,

An element g € Z/m acts trivially on CP™ if and only if (a;—a;)g = 0 € Z/m for all i # j, which in
terms of a representing integer means that m divides (a;—a;)-g, or that g is a multiple of the number

m
ng (ma a; 7aj)

where the greatest common divisor is taken over m and all a; —a; with ¢ # j. A similar condition
determines whether a particular point [zo: 21 : ... : 2,] € CP™ is held fixed by g € Z/m: now only
the differences a; —a; with 2z; # 0 # z; are taken into account.
The examples suggest further notions: The subgroup
Gy = {gEG‘gm:x} cG

is called the isotropy group of the point x. It gives rise to the map

G/Gy > gGy— g-x € Gx

1 The fact that G acts on the left of X suggests G\ X as a more consequent but awkward notation, which
indeed is used when left and right actions are around simultaneously.
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from the space of cosets to the orbit of z, which is bijective and thus a homeomorphism (of discrete spaces)
provided that X is a Hausdorff space. A point z € X with G, = G is a fized point of the G-action; the fixed
points form the subspace X¢ C X on which G acts trivially. In Example (2) many different subgroups G,
can be realised choosing the weights ay, ..., a, as suitable divisors of m, and points z € CP™ with various
vanishing and non-vanishing components. In any case the n+1 points of CP™ with just one non-zero entry
are fixed points. — At the other extreme lies the case that the isotropy group G, = {1} is trivial for all
x € X : such actions, like that of Example (1), are called free.

Note If X is a Hausdorff or normal space then so is X/G. Indeed assume the former and let Gz and Gy
be two different orbits in X. For any two elements g,h € G we find disjoint open neighbourhoods
Ugn C X of gz and V), C X of gy. Then

U= ﬂ g 'Uyp and V= m RV n
g,heG g,heqG

are open neighbourhoods of z and y with G-U N G-V = 0; they therefore project to open sets that
separate the points Gz and Gy in X/G. The proof of normality is similar.

Definition Let G be a finite group and X a G-space. A G-vector bundle over X is a vector bundle £ 5 X
with an action of G on F such that

e 7 is equivariant and

o for every g € G and every x € X the map E; > v — g-v € E,, is linear.

A homomorphism between G-bundles is, of course, a homomorphism of bundles which is G-equi-
variant.

In the same way as ordinary vector bundles over a one-point space reduce to finite-dimensional vector spaces,
G-bundles over the one-point space are known in algebra as representations of the group G, also referred
to as G-modules: they are just homomorphisms G — GL(V) for some (finite-dimensional complex) vector
space V. Many of their properties remind of those of (ordinary) vector bundles, and we briefly recall some
of their most basic ones.

It is clear that the direct sum and the tensor product of G-modules again are G-modules, with g € G
acting as g-(z @ y) = gz @ gy and g-(z ® y) = gz @ gy.

If (,) is any Hermitian metric on a G-module V' then we may average over the group G to obtain a new
metric

1
<<U’w>> = @ Z<gvvgw>

geG

which is G-invariant: ({(gv, gw)) = ({(v,w)) for all g € G and v,w € V. Thus G acts on V by automorphisms
which are unitary with respect to this metric. One important application concerns subrepresentations U C V':
the orthogonal complement of U then is G-invariant and thus a representation of G in its own right, making
V = U @ U+ the direct sum of two representations. From this fact it easily follows that every G-module
at all is isomorphic to a direct sum of so-called irreducible G-modules V': these are G-modules that have
exactly two submodules — necessarily the zero submodule and V' itself.

Example A Z/2-module consists of a vector space V which carries an involution ¢g: V' — V. The eigen-
values 1 determine the decomposition V = V_ & V,, and every subspace of Vi clearly is a Z/2-
submodule: up to isomorphism there exist therefore exactly two irreducible representations of Z: the
one-dimensional space C with ¢ acting as —1 +1.

Taking averages has another important application. If V' is a G-module then the linear mapping

1
VBUH@ZQU

geG
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is a projection — the orthogonal projection with respect to a G-invariant metric — to the fixed space
VG:{UEV|gU=vf0raHg€G}.

If W is another G-module then the space of linear mappings Hom(V, W) inherits a G-module structure where
g € G acts as
Hom(V,W) > f+——go fog € Hom(V,W),

so that Hom(V, W)G consists just of the G-equivariant linear maps.

Lemma Let V and W be irreducible G-modules. Then

C VW,
Hom(V, W)“ = {{0} else.

Proof If V and W are isomorphic G-modules we may assume V' = W. Thus let f: V — V be an equivariant
endomorphisms. For any A € C the kernel of A—f is a G-submodules, and by irreducibility it is either
zero or all V. The latter occurs for exactly one A, and this proves that f = X is scalar.

We now show that V must be isomorphic if there exists a non-zero equivariant homomorphism
f:V — W. Indeed the kernel of f is a proper submodule of V', and as V is irreducible the kernel is
zero, and f injective. Likewise the image of f is a non-trivial submodule of W, hence all W since W
also is irreducible. Therefore f:V ~ W is an isomorphism.

Note The group G is abelian if and only if all irreducible representations of G have dimension one.

Proof Let p: G — GL(V') be a representation of an abelian group G. Since there exists a G-invariant metric
on V all elements of the image p(G) C GL(V) are diagonalisable; since they commute among each
other they can be diagonalised even simultaneously. Thus there exists a common base of eigenvectors,
and the line spanned by each base vector is a G-stable submodule.

Conversely, given a finite group G we assume that all irreducible representations of G are one-
dimensional. There certainly exists an injective representation p:G — GL(V): for instance put
V =@)c Cand let g € G cyclically permute the canonical base vectors of V'

g- (xh)heG = (xgh)hec'
In view of the assumption V' decomposes into G-stable lines, so that p factors as

p

G GL(V)

N7

[IGL(1,C)

where the product is indexed by those lines. Since GL(1,C) = C* is abelian we have thus embedded
G into an abelian group.

Theorem Given the finite group G there are, up to isomorphism, but finitely many irreducible represen-
tations of G (as many as there are conjugacy classes in G).

Remark For abelian groups the theorem directly follows from the note preceding it.

Corollary Let I1,...,I; a complete set of pairwise non-isomorphic irreducible G-modules. Then for any
G-module W the evaluation map

k
@Hom(Ij,W)G@)Ij — W, feouv= f(v)
j=1

© 2011/2012 Klaus Wirthmiiller



K. Wirthmiiller: Vector Bundles and K-Theory 2011/2012 61

is an isomorphism.

Proof Three observations suffice:

e If W is irreducible then the statement follows at once from the lemma.
e W is a direct sum of irreducible representations.

e The expressions on either side of the evaluation map are additive with respect to direct sums.

Note The corollary goes beyond the statement that every representation admits a decomposition into
irreducible ones: unlike the latter the decomposition of W into the images of the Hom(I}, W)G ® I;
is unique. These images are called the isotypical summands of W as each of them may be (non-
uniquely) written as a sum of copies of one and the same irreducible representation.

All this carries over to equivariant vector bundles E — X over a space X without G-action, considered as a
G-space whose action is trivial: X = X¢. The averaging homomorphism now defines a bundle endomorphism
E — FE which still is a projection, so that its image is a subbundle of End E. In particular the equivariant
bundle homomorphisms from E to another G-bundle F' — X form the subbundle

Hom(E, F)° ¢ Hom(E, F).

Proposition Let X be a trivial G-space, let I, ..., I} be a complete set of pairwise non-isomorphic irre-
ducible G-modules, and let F' — X be an arbitrary G-bundle over X. Then the evaluation homo-
morphism

k
P Hom(XxI;,F) ® (XxI;) — F
j=1

is an isomorphism of G-bundles.

Note The point is that the first factor of each tensor product may be a non-trivial bundle on which G acts
trivially, while the second is trivial as a bundle but with non-trivial G-action.

Example Up to equivariant isomorphism the Z/2-bundles on a trivial Z/2-space X are the Whitney sums
of any bundle with trivial action, and any other on which the non-trivial group element acts as the
scalar —1.

We now consider vector bundles over a free G-space.

Lemma If X is a Hausdorff space with free G-action then the quotient mapping X NS¢ /G is a covering
projection.

Proof Let x € X be a point. Using the Hausdorff property we choose pairwise disjoint neighbourhoods
Uy C X of gz for all g € G. Then

U:=()9"'U,

geG

is a neighbourhood of x with gU C U, for each g € G. Therefore the sets gU are pairwise disjoint,
and the group action restricts to a homeomorphism GxU a GU. The resulting commutative diagram

GxU —= GUC— = X

{*}Xidyl \Lq ll]

(G/G)xU == (GU)/G—= X/G

shows that g restricts to a trivial projection over the neighbourhood (GU)/G of Gz € X/G.
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Proposition Let X be a free G-space, X —% X/G the quotient map. Then the pull-back operation

Vect(X/G) -2 Vectg X

defines a bijection between isomorphism classes of vector bundles on X and equivariant isomorphism
classes of G-vector bundles on X/G.

Proof If F — X/G is a bundle then ¢*F = {(x, v) € XxF | vE FGz} is a G-bundle under the action

g-(x,v) = (92, v).

Let now E — X be a G-vector bundle. Since 7 is equivariant we can form its quotient £/G T X /G.
It is a family of vector bundles as for any point x € X the element g € G sends the fibre F, linearly
and bijectively to Fg;. From the commutative diagram

E——>E/G

n

x L x/G

we at once obtain an isomorphism ¢*(E/G) ~ E of families over X. On the other hand X - X/G
is a covering projection, in particular a local homeomorphism: this proves that the family 7 is locally
trivial.

The assignment of E/G X /G to E " X gives the desired inverse of the pull-back operation.

Let us briefly discuss a few aspects of bundles over a general (but always compact) G-space X, which
generalise results from Section 4. While we can no longer average endomorphisms of a bundle £ — X we can
still average sections: g € G acts on the space of sections I'E by (gs)(x) = g(s(¢~'-x)), and the averaging

operator projects I'F onto the subspace (I‘E)G of invariant sections.

Proposition Let X be a G-space, S C X a closed G-stable subspace, and £ — X a G-vector bundle.
Then every invariant section of F|S admits an extension to an invariant section of E over X.

Proof From Section 4 we know that there exists an extension at all, to which we just apply the averaging
operator.

The equivariant analogues of the basic results from Section 4 now are but formal consequences: bundles
that are equivariantly isomorphic over S are still so over some neighbourhood of S in X, and G-homotopic
mappings induce isomorphic G-bundles from a given bundle. Likewise every G-bundle can be embedded as
a Whitney summand in a trivial bundle (whose G-action need not be trivial of course).

As in the non-equivariant case the set Vectg X of isomorphism classes of equivariant vector bundles over
the G-space X is a commutative semi-group under the direct sum and tensor product operations. Applying
the K-functor we obtain the equivariant K-theory KX and thus a ring-valued functor on the category of
compact G-spaces.

On the one-point space X = {x} this functor reduces to a classical object of representation theory, the

(complex) representation ring
R(G) = Ka{+}

of the group G': thus K¢ X is a common generalisation of KX and R(G). By the result quoted before every
representation of GG is isomorphic to a unique sum of irreducible representations: this means that the semi-
group formed by the isomorphism classes of representations is always isomorphic to a direct product of copies
of the semi-group N. It is thus embedded in R(G), which is a free abelian group of finite rank (equal to the

© 2011/2012 Klaus Wirthmiiller



K. Wirthmiiller: Vector Bundles and K-Theory 2011/2012 63

number of conjugacy classes in G). By contrast the multiplicative structure of the ring R(G) contains much
more detailed information about the group G.

Examples (1) Up to isomorphim the irreducible representations of Z/2 are the trivial representation 1 and
the non-trivial one y of dimension 1. Since clearly x? = 1 the representation ring is Z[x]/(x*>—1).

(2) The symmetric group Syms has three non-isomorphic irreducible representations: the trivial one,
another one-dimensional one given by the sign character x:Syms; — {£1} C GL(1,C), and the
representation p on {(x, y,z) € C3 | rT+y+z = O} that permutes the coordinates. The representation
ring turns out to be

R(Symg) = Z[x, p]/ ((x*—1, (x—1)p, p*—p—x—1)..

(3) If X is given the trivial G-action then what we have learnt above gives us a canonical isomorphism
KX KX ®z R(G)

(4) In particular the map S* — {*} induces an isomorphism

R(G) = Kg{*} ~ KgS!
where the circle carries the trivial action: Kg{*} ~ K{*} ® R(G) ~ KS' ® R(G) ~ KgS*.
(5) For a free G-space X the pull-back operation induces an isomorphism K (X/G) AN KgX.

Let X be a G-space and E — X a G-vector bundle. There are obvious induced actions of G on the projective
bundle P(E) — X and on the tautological line bundle ' — P(F), making the latter and its dual H — P(E)
again G-bundles. Note that in the particular case of ¥ = 1 @ L with a G-line bundle L. — X the canonical
sections Xy and X, of P(1® L) — X are G-stable. On inspection it turns out that everything in the proof
of the Periodicity Theorem respects, or can easily be made to respect the G-actions. This results in the

Equivariant Periodicity Theorem Let L — X be a G-line bundle on the G-space X. Then
K(P1®L))=KXI[h]/((h—1)(lh—1))

as K¢ X-modules, where as usual h stands for the class of the hyperplane bundle H — P(1 @& L) on
the left, and for an indeterminate on the right hand side.

The Periodicity Theorem gives K¢ the cohomological properties discussed in the non-equivariant case, in
particular use of the suspension isomorphism KgX ~ Kg(EQX ) gives the exact sequence for space pairs
and suggests the definition of K;ZX = K2X & KX to turn it into the exact triangle of graded K-theory.
Nevertheless the picture is not quite Complete unless G is abelian: in a true equivariant cohomology theory
every representation space V' of G should give rise to a suspension isomorphism KX ~ K, a(VeAX) involv-
ing the G-sphere V¢, the one-point compactification V. While this does hold for equivariant K-theory it is
not a conseqeunce of the Periodicity Theorem unless V' is a sum of one-dimensional representations.

Theorem Assume that the G-vector bundle ' — X is equivariantly isomorphic to a Whitney sum €, L;
of d line bundles. Then

d

KoP(B) = KoX [0/ TT(1=[L:] ) = KX [h] /(A1 [E)(R)

i=1

where the last version involves the well-known expression

d
=> (- Elhi € KaX [h)
=0

that does not depend on a particular decomposition of £ as a Whitney sum.

© 2011/2012 Klaus Wirthmiiller



K. Wirthmiiller: Vector Bundles and K-Theory 2011/2012 64

Note As in the non-equivariant set-up this theorem remains true even without the decomposability condi-
tion, but it then would require a new proof. The problem is that the local triviality of F cannot be
immediately exploited since it no longer makes good sense to restrict E to arbitrary small open sets:
a useful open set must be G-stable and thus contain at least one full G-orbit in X.

The Thom space of a G-vector bundle E — X is the quotient space
O(E)=P(1®E)/P(E)

which compactifies the fibres of E by a single point at infinity common to them all — in view of the fact that
the base X is compact it might alternatively be defined as the one-point compactification of F. Assuming
that E' decomposes into line bundles the theorem computes the absolute terms in the K-theory exact sequence
of the pair (P(1® E), P(E))

K&(PA@ E),P(E)) «— KEP(E) «— KEP(L® E) «— K&(P(1® E), P(E)) «+— K&P(E)
as

s o= KEX[h]/(MIE)(R)) «— KE&X[h]/((1=h)-M[E|(h)) «— K&(P(1® E), P(E)) «— -,
with h € K;P(1 @ E) mapping to h € K5 P(FE) since the hyperplane bundle on P(1 @ E) restricts to the
hyperplane bundle on P(FE). In particular the corresponding arrow is surjective, and we may put zeros in

the dotted positions and still have an exact sequence. We see that the element A_;[E](h) — the so-called
Thom class —lives on the Thom space:

0p == A_1[E](h) € K¢(P(1® E),P(E)) = KcO(E),
and we further read off the

Thom Isomorphism Theorem Under the assumptions of the previous theorem multiplication by 0
yields an isomorphism
KiX = K5O(E)

of KgX-modules.

Note Again this is still true even if E does not decompose, but it requires an essentially different proof.

An equivalent, apparently less canonical description of the Thom space requires the choice of an invariant
metric on the G-bundle ¥ — X. Then the equivariant disk and sphere bundles

DE)={veFE|p <1} X and S(E)={veE|l=1}—>X
are defined and — see Problem 33 — we may identify ©(E) = D(E)/S(E).

Proposition Let X be a G-space with K}, X = {0} and let E — X be a decomposable vector bundle with
an invariant metric. There is a natural exact sequence

0+— K2QS(E) +— KX +— K2X +— KLS(E) «— 0
where the middle arrow is multiplication by A_;[E] = 37, (1)’ N[E].
Proof This is what remains of the exact sequence of the pair (D(E), S(E))
K&(D(E),S(E)) +— K&S(E) +— K&D(E) +— K& (D(E),S(E)) +— K&S(E) +— K&D(E),
taking into account that the projection D(E) — X is an equivariant homotopy equivalence and

substituting the relative term K¢, (D(E),S(E)) = K5O(E) by the Thom isomorphism: note that
the restriction of H to the zero section of £ — X is a trivial line bundle.
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Corollary Let G be abelian, and V' a G-module. Then, denoting by S C V the unit sphere with respect
to an invariant metric, there is a natural exact sequence

0+— K&S +— R(G) +— R(G) «— K4S +— 0
where the middle arrow is multiplication by the virtual representation A_;[V] =", (—1)[ATV].
Proof Put X = {x}.
Corollary Assume furthermore that the action of G on V\{0} is free — this quite restrictive assumption

forces G to be a cyclic group. Then the exact sequence becomes
0+— K°S/G) +— R(G) +— R(G) +— K*(S/G) +— 0.

Examples (1) For an integer n > 0 we choose V' = C" and let the non-trivial element of G = Z/2 act
as —1 on V: thus the class of V in the representation ring is the sum of n copies the non-trivial
irreducible representation xy € R(Z/2) = Z[x]/(x?>—1), and the middle arrow of the exact sequence

0 +— K(RP?"™ 1) +— R(Z/2) +— R(Z/2) +— K'(RP?*"" 1) +—0
is multiplication by (A_1[nV])" = (1-A}(x))" = (1-x)". Putting = = 1—, from the relation
(1—2)% = x2 = 1 we obtain 2 = 2z and more generally
I =27 forallj >0,
so that in terms of the base (1,x) for the free Z-module R(Z/2) the middle arrow has the matrix

(s o)
271—1 on .
We thus obtain
KORP> 1) = K} @ KORP>" ) ~ Z @ Z/2" " for all n > 0,

where consideration of the rank homomorphism makes it clear that the direct sum decompositions
correspond as shown. On the other side we read off the kernel

K'Y RP*™ 1) =(2—2)=(1+x)~Zforalln >0.

(2) Our computation may be extended to real projective spaces of even dimension 2n. To this end
we assemble the commutative diagram

R(Z)2) <—RZ/2 ~ KYRP?1) <—0

N

z™

R(Z)2) <-*— R(Z/2) <— K'(RP?>"~1) <0

from the exact sequences for RP?"*! Multiplication by ™! has the same kernel as multiplication
by x; therefore the downward arrow on the right, that is, the restriction homomorphism is zero. Since
the quotient RP™/RP™~1! is an m-sphere the exact sequences

K°(RP* ! RP?™) «+— K'(RP?") +— K'RP*!) «+— K'(RP?"' RP?")
K°(RP* RP>" 1) «— K'RP?*" ') «+— K'(RP?") +— K'(RP?*",RP?" 1)

show that the homomorphism K!(RP?"+1) — K'(RP?"~!) is the product of the surjective factor
KYRP? ) — KYRP™) with KY(RP?) — K'(RP?"~!) which is injective: thus

K*(RP?) = {0} for alln € N.

Note finally that both K1(RP?"*+1) and K'(RP?"*! RP?") are infinity cyclic groups. Thus we have
an exact sequence

0+ Z +— Z +— K°(RP?>™) +— K°(RP*"*!) «— KO(RP*" ! RP?)
and conclude that the inclusion induces an isomorphism K°(RP?"*1) — K9(RP?"), so that

K°(RP?) = K°{x} ® K°(RP*™) ~Z ® Z/2" foralln € N.

© 2011/2012 Klaus Wirthmiiller



