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Abstract

In this thesis we will discuss the problem of finding the maximal number of continuous pointwise
linear independent vector fields on spheres in Euclidean space and give a more or less self sustaining
determination of this number. We will discuss and prove both the results on the lower limit by
Hurwitz and Radon and the results on the upper limit by Adams aswell as the prerequisits to set
up the machinery to prove them.
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1 Introduction

In mathematics, when one introduces a certain object, one often asks the question how much there
are. How many finite fields are there (up to isomorphisms one for every power of a prime), how
many topological spaces are there (a lot), how many compact surfaces are there (two sequences
of countably many ones), et cetera. Sometimes these questions get answered pretty easily (the
number of prime numbers), some get answered but are more difficult to do so (classification of
normal subgroups), and some are not solved up until now (classification of topological manifolds,
anyone?). In this thesis we will look at vector fields on the n-dimensional sphere S™. These vector
fields live on the tangent bundle of S™, and hence exhibit some kind of linear structure.

Using this linear structure, we can check if a number of vector fields on S™ are linearly inde-
pendent at a certain point, or linearly independent at every point. We can embed the n-sphere
into R™*! and we get the interesting observation that the tangent space at x of S™ really is the n-
dimensional subspace of R"! consisting of all vectors perpindicular to z. In particular every vector
field on S™ can be represented by a continuous function v : S — R"*! such that (x,v(x)) = 0. In
this way the linear structure of vector fields becom even more apparent. Now the question ’how
much’ arises, namely the following: what is the maximum number of pointwise linear independent
vector fields on S™?

Having established an educated guess for the answer, the problem really has two parts: first we
prove that there are in fact that much pointwise linear independent vector fields, and second we
prove that there cannot be more. The educated guess turns out to be that there are p(n) — 1 linear
independent vector fields on S™~!. Here, writing m = (2a + 1)2°74¢ with a, b and c integers such
that 0 < b < 4, p(m) is defined as p(m) = 8c + 2°. Using this educated guess, the first part of
the question is relatively easy and it simply uses more or less linear algebra and has been proven
by Hurwitz and Radon in the 1930’s. When you remember that topology as a well-defined field of
mathematics is born at the beginning of the 20th century, this is fairly early. The answer to the
second part of the problem took some more time and was fully proven by J.F. Adams in 1961. We
will give a more or less self-sustaining solution to the whole problem, discussing some background
and underlying definitions of topology and geometry, though sometimes we will have to concede
that some arguments we just have to assume.

We will also exhibit several corollaries of this problem, for instance we can also determine all the
spheres which are parallelizable, and on which R" there exist a division algebra. The last question
heuristically means whether there are more algebraic structures like the real numbers, complex
numbers, quaternions and octonians (spoiler: there aren’t).

The reader is assumed to have some knowledge of basic (differential) topology. Insights in the
more involved parts of differential topology and group theory, and in the basics of algebraic topol-
ogy can be found in the appendices.



2 Rough overview of the thesis

The thesis will be split in two parts: determining a lower limit, and determining an upper limit.
Since the first part does not need any specific definitions, we’ll get right to it in chapter 3. There
we will start by looking at some small cases (S*, S%) and, using these small cases, we will make
connections to other problems. Naturally we will also prove there that there are at least p(n) — 1
independent vector fields on S~ 1.

The proof uses the definition of vector fields where we explicitely embed them into R", i.e. we
identify a vector field with a continuous function v : S"~! — R™ such that (x,v(x)) = 0 for all z.
With this identification we will construct a specific family of matrices which will induce the desired
vector fields. The structure of this familiy of matrices will come from a set of properties that will
make sure that the vector fields that they induce will be pointwise linear independent. The fact
that we can make a family of p(n) — 1 matrices will be a corollary of a result from algebra, the
Hurwitz-Radon Theorem.

The second part (and largest) part of this thesis is devoted to proving there are no p(n) vec-
tor fields on S™~1. This proof will be split in two: first we show that having p(n) vector fields on
S™~1is equivalent to a more technical property of cohomology and then afterwards we prove that
this property is not true. The technical result here reads as follows:

Theorem 8.1. For any m > 1 the space RP™ (™) /RP™~! is not co-reducible.

What co-reducible (and reducible) is will be defined later on, but in this specific case we will have
to prove that a certain map cannot have degree 1. We will prove Theorem 8.1 in Chapter 8, while
Chapter 4 will be used to prove that it implies that there a not p(n) vector fields on S™ 1.

The argument that links vector fields on spheres and Theorem 8.1 has 4 bullet points:

i) Establishing a fiber bundle X over S”~! which has a cross section if and only if there are
p(n) independent vector fields on S™~!

ii) Proving that a certain space Y is reducible if X has a cross section

iii) Defining a certain a duality such that spaces X; and X which are duals of each other satisfy
that X7 is reducible if and only if X5 is coreducible

iv) Proving that Y and RPm+p(m)/ RP™~! are duals with respect to that duality for some m

The manifold from point i) will turn out to be the Stiefel-manifold V()11 (R"):

Definition 4.1. The Stiefel manifold is defined by Vi (R") = {4 € R™* . A'A = 1}, the set of
the frames of k£ orthonormal vectors in R”.

This manifold codes the correct information, since one can see it as a fiber bundle over S™~! that
has a cross-section if and only if there are p(n) pointwise linear independent vector fields on S™~!.
Now with a result in homotopy theory (Proposition 4.22) we will prove the following theorem,
which takes care of ii):

Proposition 4.23. If 2p(n) + 2 < n and the projection q : V)41 (R") — S"~1 has a cross
section, then there is a map S"~! — RP"~! /RP"_”(”)_2 which composed with the quotient map



RP" 1 /RP"P(M~2 , RP"~! /RP"~2 = §"~ ! is a map of degree 1, in particular RP"~! /RP"~(")~2
is reducible.

The duality which we will use will be called S-duality. Unfortunately a lot of constructions in
Chapter 4 will only work for high enough dimensions, so we will extensively take the suspension of
our space (and maybe take the suspension of that, maybe even more than two times) to increase
the dimension. We now take care of point iii) by

Theorem 4.12. Let X and X’ be finite CW-complexes that are S-dual to each other. Then X is
S-reducible if and only if X’ is S-coreducable.

The S here is an unfortunate result of the fact that this dual only works if the dimension of the
space is high enough. It follows that for we can get rid of the S if the space is nice enough, as
stated in theorem 4.8. Finally point iv) gets taken care of by:

Theorem 4.21. Let r denote the order of J(&,_1) in J(RP*1). And let p such that rp > n+1
then RP"/RP"* is an S-dual of RP"P~"+k=2 /Rprp—n=2,

The J that pops up here deals with some kind of stable trivial properties of vector bundles, and
it turns out (in chapter 5) that this J group will be finite. The theorem implies that for every n
we can find a m with p(n) = p(m) such that RP™+°0™) /RP™1 is S-dual to RP"~! /RP"—r(")—2
(more or less). Now tracing back the bullet points, combined with Theorem 8.1 will result in the
conclusion that there cannot be p(n) pointwise linear independent vector fields on S?~1.

What rests is proving theorem 8.1. We're going to do this with K-Theory, in which we will pick
the information of vector bundles over a space X and turn it into rings Kx(X). We’'ll define this
in chapter 5 and also show that maps f : X — Y act nicely on these rings. In particular since
co-reducibility of RP™*,(™) JRP™~! has something to do with maps between spheres, the K-Theory
of spheres and the K-Theory of RP™*,(m) JRP™1 this will come as a great help to prove theorem
8.1.

To enhence the tools we have with K-Theory we will use linear properties of vector bundles to
construct ring homomorphisms on K-Theory. These ring homomorphisms will come from group
representations and will also act nicely with respect to maps f : X — Y. All these properties we
will derive in chapter 7. In that chapter we will also construct a specific ring homomorphism ©
which will be used throughout the thesis.

The general idea is that in chapter 8 we will calculate the complex K-Theory of CP"/ CP* and
from that first the complex K-Theory of RP"/RP* and from that the real K-Theory of RP" /RP*.
We'll also calculate what © will do on all this K-Theories and use this to do prove theorem 8.1. To
ease the calculation of © we will also discuss characteristic classes of vector bundles, in particular
Stiefel-Whitney classes and Chern classes, this discussion will take place in chapter 6.

3 On determining a lower limit

In this section we’ll start with looking at some small cases (S and S3). With making a short stop
at whether we can find nowhere vanishing vector fields at all on S™ for n odd respectively even, we
finish this section by proving that we can find at least p(n) — 1 vector fields on S™~!.



3.1 Vector field on the circle and S®

Since the tangent space of an n-dimensional smooth manifold is n-dimensional at every point, we
see that there are at most n independent vector fields on an n-manifold. In particular we see that
there can be at most one linear independent vector field on S! and at most 3 on S2. On the circle
one can easily write one down as:

vy : ST =R (z,y) = (—y,2)
When sketching this vector field we see that this is the vector field which traces the circle counter-

clockwise at constant speed.

On S® one can also exhaust the whole tangent space with pointwise linear independent vector
fields since we have the following three vector fields:

(% 53 — R4 : ($1,$2,IE3,IE4) — (*anxla 733471’3)
va: S 5 RY: (1,20, 73, 14) > (3,24, 21, —T2)
v3: S = RY: (21,1923, 14) > (—24, —T3, 22, T1)

These vector fields on S and S2 share an interesting property of these spheres which they only
share with S7 (and only even in part with S7), namely that they stem from the algebraic structure
of these spheres. When identifying (x,y) € S! with 2 + iy € C (and hence S* with the unit circle
in C) and (z1, 72,3, 24) € S? with 2y + ixo + jo3 + kzy € H (and hence identifying S? with the
Hamilton quaternions of unit length) we see that in both cases v; represents multiplying with ¢ and
ve and wvs represent multiplying with j and k respectively.

Seeing that we can find the maximal number of independent vector fields on S' and S2, we can
ask ourselves for which n we can find precisely n independent vector fields on S™. For this we have
some definitions:

Definition 3.1. A smooth manifold M is called parallelizable iff the tangent bundle T'M is trivial,
i.e. TM is isomorphic to M x R™.

Definition 3.2. A Lie-group is a smooth manifold G together with a group operation m : GxG —
G such that both m and the map i: G — G : g — ¢! are smooth.

Intertwining these defintions with vector fields we get the following results:

Proposition 3.3. A smooth manifold M of dimension n is parallelizable if and only if there exist
n pointwise linear independent vector fields.

Proposition 3.4. Any Lie-group is parallelizable.

Proof of Proposition 3.3. Suppose M is parallelizable, then TM ~ M x R™. In that case we can
define v; : M — M x R™: z + (z,¢;). It is clear that these maps are linear independent at each
point m € M, and induce independent vector fields on M, by composing with the isomorphism
M xR"—TM.

Next suppose that there are n independent vector fields {v1, ..., v, } on M, in that case we construct
an isomorphism from TM to M x R™ by setting v;(m) ~ (m,e;) for every m € M and i €
{1,...,n}. O



Proof of Proposition 3.4. We denote the Lie-group by G. We define for any g € G: Ly : G —
G : h — gh. By the group structure this map is bijective, and by the smooth structure it is a
diffeomorphism, since it is smooth by assumption and has smooth inverse L,-1.
Now we want to make an isomorphism between G x TeG and T'G. From L, we immediately get a
isomorphism between T.G and T,G, namely the differential of L, at e. We use all these maps to
patch it together:

¢:GxT.G—=TG: (g9,v) — d(Lg)ev

This ® establishes an isomorphism between G x T.G and T'G, so we see that GG is parallelizable. [

Now looking at the definition of p(n) we can see that the only values of n for which p(n) = n (and
which are interesting in this setting) are n = 2, n = 4 and n = 8. These represent S', 3 and S”
respectively, which in turn represent the elements of unit length of the complex numbers, Hamilton
quaternions and octonians respectively. Now since octonians do not form a group (they are are not
associative), the following result is an important correlary from the result by Adams:

Theorem 3.5. The only values of n for which S™ is parallelizable are n = 1, n = 3 and n = 7.
Furthermore the only S™ which are Lie groups are S' and S3.

Having constructed some vector fields on small examples we can try to use these to make vector
fields on higher dimensional spheres. The following nice construction helps in doing this:

Proposition 3.6. If S"~! has k orthonormal vector fields then S9! has k orthonormal vector
fields for every integer g > 1.

Proof. Let {v1,...,vx} be k maps from S"~! to R” such that (v;(z),z) = 0 and {v;(z),vj(x)) = &;
for all 4, j. Now we can group the coordinates of a vector y € S9! in groups of n numbers, that is
we have y = (a121, ..., agz,) such that z; € S" ! and 3, a? = 1. Now define functions S~ — R?"
by the following recipe:

vl 2 ST S RIT (g, .. agg) > (a10i(21)), -, aqui(24))

Now we get that (y, vi(y)) = 33; aj{z;, vi(z;)) = 0 and also (vj(y), v} (y)) = 32, a5 (vi(@m), vj(2m)) =
>, @205 = 84, so we see that {v],...,v}} are k orthonormal vector fields on S9~1. O

This for instance results in the existence of at least three vector fields on S*~! for any integer k.
For S™ we already had 7 by the octoninans, but for S we use this as a nice example.

Since the vector fields vi, vy and vs are linear maps associated with matrices Ay, As and As,
from the defintion we see that v}, vh, v} are just the linear maps associated with A; & A; & Aj,
Ay @ Ay ® Ay and A3 @ Az @ As respectively. We get the following three vector fields on St which
indeed follow to be orthogonal:

/

Uyt ($1,$2,$3,$’4,$5,$6,.%'7,.%'8,339,.1‘10,5611,3?12) = (—$2,$1,—.’B475U3,—£U6,.'B5,—$8,$7,—$10,$9,—$12,$11)

!/

Uy : ($17$27x37x47x5ax67x77x87x97$10733117x12) — (—J}3,3§'4,$1,—$2,_$7,$8,l’5,—$6,—$11,$12,x9,—3§'10)
—

/.
Vg @ (1'1,1'2,1»'3,1»'4,335,$6,$7,$8,$9,$10,$11,!L‘12) (—1'4,—1'3,1'2,1'1,—1'8,—ZL'7,ZL'6,£U5,—LU12,—ZL'11,CL’10,LL'9)

We'll look at these maps again when in a few sections we exhibit another way to make three
orthogonal vector fields on S*!.



3.2 Existence of nowhere vanishing vector fields

An important first step to tackle the ultimate problem of finding the maximal number of indepen-
dent vector fields is to ask whether there exists at least one pointwise linear independent vector
field, i.e. a nowhere vanishing vector field on S™. If n is odd, writing n = 2k — 1, the sphere S™
lives in 2k-Euclidean space and hence we can easily write down one nowhere vanishing vector field:

Ca2k—1 % .
v: S — R™ ¢ (21,29, ..., Top—1, Tok) > (—22, 71, ..., —Tok, Top—1)

So we see that for all odd-dimensional spheres we have a nowhere vanishing vector field, so we see
that there are atleast 1 pointwise linear independent vector fields.

Now if n = 2k and hence even there is a result which is possibly best known by it’s name, namely
the “Hairy Ball Theorem”, which states that every vector field on S?* has a point where it vanishes:

Proposition 3.7. If n is even then there exist no nowhere vanishing vector fields on S™.

This theorem has many proofs, all using different approaches (combinatorics, differential forms,
homotopy theory), but in my opinion the most intuitive argument (by Milnor [2]) is by using basic
analysis.

First of all we note that by the Stone-Weierstrass Theorem we can approximate a non-vanishing
continuous vector field by a non-vanishing continuously differentiable vector field, so proving that
the latter doesn’t exist implies that the first does not as well.

Proposition 3.7.1. If n is even then there exists no nowhere vanishing continuously differentiable
vector field on S™.

Proof of Proposition 3.7.1. Suppose we have a nowhere vanishing continuously differentiable vector
field v : S™ — R"l without loss of generality we can set ||v(x)|| = 1 for all z (otherwise we
normalize, which is a smooth operation since ||v(z)|| is never 0). If we set

A={yeR™M 1 —e<|pll<1+¢}

for some 0 < € < 1 (hence A is compact), we can expand v onto A by continuing linear over the
rays (i.e. setting v(z) = ||z||v(x/||z||)). Now we use v to define a pertubation of the inclusion of A
into R+

fi(z) =z + tu(x)
Now since (x,v(z)) = 0 for all x € A, we get that || f¢(x)|| = ||z||v'1 + 2. Now we have the following
claims:

Claim 1. For ¢t > 0 small enough f; is one-to-one and the volume of f;(A) is polynomial in ¢.
Claim 2. For ¢ > 0 small enough the unit sphere gets mapped into the sphere with radius v'1 + ¢2.

Assuming both claims are true we get a contradiction. By the second claim we get that A gets
mapped into {V1+t2(1 —¢€) < ||z|| < V1 + ¢?(1+ ¢€)}, which has volume V1 + t2n+1vol(A). Since

1 : . . . .
V1 + 12 s not a polynomial when n is even, we get a contradiction with claim 1, hence v has a
Zero.



Proof of Claim 1. Since A is compact and v is continuously differentiable, we get that there
is a ¢ > 0 such that [[v(z) — v(y)|| < ¢||z — y|| (since all the partial derivates are continuous,
they attain a maximum on A, and taking the maximum of these maxima we get c¢). Now let
0 <t < 1 and suppose that fi(z) = fi(y). We get that z —y = t(v(y) — v(z)) and hence
llz —y|| = [t||Jv(y) — v(x)|] < |t|c]|z — y|| since 0 < |tje < 1 we get that x = y, so f; is injective.

Now we can use the change of variables theorem to get:

vol(fi(4)) = [

Je(A

1y = JRECCHENE

Now since Dfi(x) = 1 4+ tDv(x) and the fact that the determinant of a finite dimensional matrix
is a polynomial in its entries we get that det(Df;(x)) = 1 +toy(z) + ... + tFop(x). Here all the oy’s
are polynomials of all the partial derivatives of v and hence continuous in x. Now choosing ¢ small
enough we have that det(Dfi(x)) > 0 for all z € A and we get:

k

vol(fi(A)) = /A | det(D fi(z))|dz = /A det(D f,(x))dw = /A zi%tiai(x)dx:Ztk [ /A Ui(ac)dx]

1=0

Proof of Claim 2. When t is small enough, such that the determinant of D f;(z) always stricly
positive and hence D f;(z) is always non-singular (see the proof of Claim 1), we get with the
Inverse Function Theorem that f; maps opens to opens. That means that when we restrict f; as a
map from S” to B’:/% that we have that f;(S™) is open in the larger sphere. On the other hand
S™ is compact so we get that the image is also compact and hence closed in the larger sphere. Since
the codomain is connected, we see that since the image is both open and closed in the codomain,
is has to be the whole codomain, so f;(S™) = B%. O
Having proven that Hairy Ball Theorem we can now conclude that there exists a nowhere vanishing
vector field on S™ if and only if n is odd.

Strickly speaking we suffice with this proof since we only talk abou spheres, however there is
another, more deep, result from which we can conclude the same and can also be used for more
general spaces. This result will be the subject of the next section.

3.3 Existence of nowhere vanishing vector fields II: the Poincare-Hopf Theorem

The Poincare-Hopf Theorem gives a strict requirement for when there is a nowhere vanishing vector
field on a manifold, namely via the Euler characteristic. It follows that a compact manifold has
a nowhere vanishing vector field if and only its Euler characteristic is zero. We will show this by
using a triangulation of a given space, but any compact manifold is triangulizable, so this method
checks out. We start by defining the Euler-characteristic for a CW-complex M:

Definition 3.8. The Euler characteristic if defined by x(M) = >_,(—1)'#i-cells.

Remark: Strictly speaking the y is defined using the homology groups of M, but it turns out that
the result is the same, in particular (M) is independent of the specific CW-decomposition of M.

Example 3.9. Since the sphere S™ has a O-cell and a n-cell we have x(S?"*1) = 0 and x(S?") = 2.
The oriented close surface of genus ¢ has a 0-cell, a 2-cell and 2g 1-cells, so x(X4) =2 — 2g.



The projective space RP™ as a cell in every dimension up to and including n, so x(RP") = 0 if n
is odd and x(RP™) =1 if n is even.

Now the Poincare-Hopf Theorem states the following:

Theorem 3.10. Let M be a compact orientable manifold, then there exists a nowhere vanishing
vector field on M if and only if x(M) = 0.

It is immediately clear that this implies the Hairy Ball Theorem.

In this section we will give a rough proof of this theorem. A more precise proof can be found
in several books on smooth manifolds (i.e. Guillaume & Pollack), or in [3]. First we define the
mapping degree of a map between orientable manifolds. For this we take a map f: M — N with
M and N compact orientable manifolds of the same dimension and y € N a regular value for f. In
that case we know that f~!(y) is a discrete set of points on a compact manifold and hence finite
and we then define:

deg(fy)= > sign(df)a

z€f~1(y)

Here sign(df), must be understood as sign(det(df,)) with respect to the positively oriented basis.
The following lemma will be frequently used to show that degrees are invariant under extensions:

Lemma 3.11 (Extension Lemma). Let M be a n + 1-dimensional manifold with boundary and N
be a n-dimensional manifold, furthermore let f : OM — N be a map and y € N a regular value of
f. If f has an extension F': M — N then deg(f,y) = 0.

Using this lemma we can for instance prove that the degree of two homotopic maps gy and ¢;
with common regular value agree. Here we use that the map from M x {0,1} — N defined as
g(+,0) = go and g(-,1) = g1 has an extension to M x [0,1] in the homotopy map between g
and g; and hence deg(g,y) = 0. But since (M x [0,1]) = M x {1} — M x {0} we see that
deg(g,y) = deg(g1,y) — deg(go,y) = 0.

Now this notion allows us to define the mapping degree even if y is not a regular value of f: we
find a g homotopic to f which has a regular value at y and compute the degree there. All in all
we get a function deg(f,:) : N — Z. Now when looking at neighbourhoods around regular values
(which lay dense in V) one can prove that this function is locally constant, and hence constant if
M and N are connected and in that case we set deg(f) = deg(f,y).

Next we define the index of a zero of a vector field, which we will first do in R™. Suppose we
have a vector field V' : R” — R”™ for which V(0) = 0 and we have a closed disk D around 0 such
that the only zero of V on D is 0. Then we have a function 9D — S" 1 : x — V(z)/|V(z)|. We
define index of the zero then as the degree of this map. It follows from the Extension Lemma that
the degree does not depend on the chosen disk.

If we now have a vector field with discrete zeroes, then we choose charts around those zeroes and
use the same construction (the answer is independent of the choice of charts). We will denote the
index of a zero x of a vector field V' by Ind, (V).

Next suppose that we have a disk D containing some zeroes x1, ...,z of V. Punching open disks D;
such that D; N{z1,..,x;} = {x;} from D, we see that we can extend V' (x)/|V (z)| from 9(D — U, D;)
to the whole of D—U; D;, and hence from the extension lemma we see that the degree of V(x)/|V (z)]
on JD is equal to the sum of the indices of the zeroes. We'll use this to prove one of the important



constructions on vector fields, namely:

Lemma 3.12. Let x be a zero of a vector field V and U a neighbourhood of z in M containing no
other zero than x. Let D be a closed disk in U whose interior contains x. There exists a vector field
V1 that equals V outside of D with only finitely many zeroes in D, all of which are non-degenerate.
Any such Vi satisfies 3 oy 19y Inde (V) = Zzevl—l(o) Ind,(V1).

Proof. From partitions of unity we get that there is a bump function p : M — R such that
plp—p =0 and p is 1 in a neighbourhood around z. Without loss of generality we can assume U
to be a chart domain. Let a € R™ and in coordinate representation we define Vi (2) = V(z) + p(2)a
on U and Vi(z) = V(z) outside U. If a is small enough then Vj(z) can only be zero when p = 1,
and if we now choose a such that —a is a regular value of V' in coordinate representation, then we
have that the zeroes of V; will be non-degenerate and still of finite number. Now since p has to be
0 on 0D we have that V and V; agree on the boundary and we have:

> Ind,V =deg((V/|[V])op) = deg((Vi/IVil)ap) = >  Ind,V
zeV-1(0)nD zeV-1(0)nD

Since V' and Vj are the same outside of U, the indeces of the zeroes outside U are also the same
and hence the sum of all the indeces is also the same. O

Doing this trick around all the degenerate zeroes we have the following corollary:

Corollary 3.13. If V is a vector field with only finitely many zeroes then there is a vector field
W with only finitely many zeroes which are all non-degenerate such that Zzevfl(o) Ind,V =

> wew-1(0) IndzW.

Another finding in local coordinates is that if we have a non-degenerate zero x that Ind,V =
sign((dV)z), so in the last corollary we have }_ 1oy Inde W = 3 cyp-1(g) sign((dV)a).

Now since we saw that degrees do only depend on homotopy classes we see that if we group
zeroes of two vector fields V' and W in a smart away together in disks D that the degree of V/|V|
and W/|W| will be the same on 0D (using the linear structure of TM we see that two V and
W are homotopic via the homotopy tV + (1 — ¢)WW), so we see that under weak assumptions that
ervfl(o) Ind,;V does not depend on the vector field V, as long as it has a finite number of zeroes.
Next up we’ll construct a vector field such that the sum equals the Euler characteristic of M, and
then this fact shows that if we have a vector field with no zeroes then x (M) = 0.

Given a trianugulation 7' (which is finite since M is compact) we construct the vector field Vr
in the following way. Given a simplex A™ in M we set that Vr has a zero in the center of A™ and
the flow lines flow from the center of A” to the centers of the A” !-simplices that make up the
boundary of A™ and we extend the vector field in between, see the picture below.



Figure 1: The vector field Vp

Now from the picture it’s clear that the zero in the center of a simplex A’ is a saddle which sends
flow lines out in a i-dimensional hyperplane and recieves it from the other higher dimensional
simplices. Hence a intuitive argument from analysis shows that the index of the zero is (—1)". Now

we get:
> Ind,Vp=) > (—1)" =) (~1)#i-cells = x(M)

atEVT_l(O) i x center of i-simplex i

Hence for any vector field with a finite number of zeroes we have Z£B€V71(0) Ind,V = x(M).

As promised, from this fact it follows that if M admits a nowhere vanishing vector field than
X (M) = 0 since, of course, for that vector field the sum over zeroes is the empty sum so it is equal
to zero.

On the other hand if x(M) = 0 we know that Vp has the same number of zeroes with index +1 as
zeroes with index —1. Now we can homotope V such that the zeroes are paired together such that
that every zero of index +1 is in a chart domain together with 1 zero of index —1 and no other
zeroes and vice versa. Now we can do the opposite of the splitting lemma and merge the zeroes,
effectively cancelling each other and we’re left with no zeroes at all. More stricly we see that if we
take a disk around a pair of such zeroes, we have a degree 0 map on the boundary of that disk and
we can extend that map onto the whole disk, leaving no zeroes behind.

So we see that it is necessary and sufficient to have x(M) = 0 for a compact manifold M to
have a nowhere vanishing vector field.

Since x(S™) = 14 (—1)", we see that this also proves that there is a nowhere vanishing vector field
on S" if and only if n is odd.

Now we continue with trying to up this lower limit if n is odd.

3.4 Lower limit of number of independent vector fields on S" and the Hurwitz-
Radon Theorem

Having proven that there is always at least one nowhere vanishing vector field on S™ when n is odd,
we can now ask ourselves how many independent ones we can find. To end up at the best positive
result for this, we make a small detour to algebra. It follows that the number of linear independent
vector fields on S™~! is closely related to bilinear maps R™ x R¥ — R™.

First we choose orthonormal bases {e1,...,e,} C R and {ey, ..., e} C R¥. These give rise to inner
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products (-, -) on R” and R¥, which in turn give rise to norm maps N both R” — R and R¥ — R set
by N(x) = +/{x,z). Now suppose that we have a bilinear map x : R x R¥ — R which satisfies

N(zxy) = N(z)N(y)

and
THel =x.

Using the properties we set on our maps (in particular the result that N(e; + e;) = 2 if i # j)
and the properties of inner-product spaces (namely (x,y) = N(x+%)? — N(z)? — N(y)?) we obtain
that for i # j:

(xxe,xxe;) = N(zxe;+axej)? — N(wxe)? — N(z*ej)?
— V(e + )N (@)? — N(@)2N(e:)? — N(2)*N(e;)?
= (2-1-1)N(z)*=0

In particular for i = 1 we get that (z,zxe;) = 0. Now defining v; : S"~! — S"~1 by v;(z) =z % ¢;
for i = 2,..., k we see that we get k — 1 pointwise independent smooth vector fields on S™ 1.

On the other hand if we have k£ — 1 independent vector fields, we can make them orthonormal and
hence construct from it in much the same manner a bilinear form R” x R¥ — R"™ upholding the
same rules as before. So we see that there is a very natural correspondence between bilinear forms
of this sort and vector fields on spheres.

An other equivalent question from algebra is for which triples (i, 7, k) we can find formulas of
the form

@i+ e Wi+ ) =+ .+ 27)

where z1, ..., z; are bilinear in & and §. An example of this is the formula

(23 + 23) (v} + 12)? = (v1y1 — 2212)* + (w2t + 2130)?

which comes from the multiplication of complex numbers. Since these sorts of equations boil down
to N(2)2N(y)? = N(z)? with z bilinear in  and y we can make from such an equation a bilinear
form R x RY — R¥. It is clear that such a bilinear function satisfying N(z)N(y) = N(z * ) gives
rise to such a multipication of squares, so we again get a correspondence. Now the last represen-
tation of the problem is called the Hurwitz-Radon Theorem which deals with finding such tuples
(i, j, k) and states that (n, p(n),n) is such a triple, hence there are p(n)—1 independent vector fields
on S™ 1. Since all these deal with linear vector fields and hence matrices, we prove this by using
the fourth way to represent the problem: families of matrices. The goal here is to find matrices
such that multiplication with these matrices induce pointwise linear independent vector fields on

St

The first property that we want to set on our matrices is that (x, Az) = 0 for all x, since then
the map = +— Az is a vector field on S”~!. The following lemma identifies these matrices as the
skew-symmetric matrices:

Lemma 3.14. For every matrix A we have (z, Az) = 0 for all z if and only if A+ A* = 0.

Proof. Suppose that (z, Az) = 0 for all x. Now for arbitrary z,y we have:

(z, (A+ A)y) = (z, Ay) + (Az,y) = (z, Az) + (z, Ay) + (y, Az) + (y, Ay) = ((z +y), A(z +y)) =0
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Since this is for all , y it follows that A+ A" = 0. On the other hand if A+ A* = 0 we get for all z:

2z, Az) = (x, Ax) + (Az,z) = (x, (A + AD)x) =0 O

We want to use these skew-symmetric matrices to make p(n)—1 pointwise linear independent vector
fields on S™~!. That means that first of all that we also require them to be nowhere vanishing.
This can be made sure of if we set that the matrices we look at are also orthogonal. The inde-
pendent part can be made sure of by wanting all vectors to form an orthonormal system at every
point, that is, if {A1, ..., A} is our family of matrices to make the vector fields, that {A;z, ..., Apz}
form an orthonormal system for every € S"~!. In particular this means that for i # j that
(Ajz, Ajx) = (z, A{Ajz) = 0 for every z so by the virtue of Lemma 3.14 we have A}A; + A%A; = 0,
which by skew-symmetry of A; and A; is equivalent to saying A;A; = —A;A;. Now putting all
these together we can put a precise definition of the families of matrices we want:

Definition 3.15. A Hurwitz-Radon family of matrices (H-R family) is a set of n x nm-matrices
{4, ..., A} such that:

i) A; = —A! for all i (skew-symmetry)
ii) AfA; = —A? =1 for all i (orthogonality)
iii) A;A; = —A;A,; for all i # j (mutual orthogonality)
Now having made the definition we can formuate the final theorem which will give the biggest
prositive result to the problem:
Theorem 3.16. For every n > 2 there exists a H-R family of p(n) — 1 n x n-matrices.
By the previous discussion this theorem has the corollary that there are at least p(n) — 1 pointwise

linear independent smooth vector fields on S™ !

Corollary 3.17. For every n > 2 there exist p(n) — 1 continuous vector fields on S"~1 which are
pointwise linear independent.

Proof of Corollary 3.17. For fixed n we take the H-R family {A1,..., A,)—1} we get by virtue
of theorem 3.16. Now set v; : S"~! — R” to be v;(x) = A;xz. This family of vector fields are
smooth and hence continuous and pointwise linear independent since {vi(z), ..., vy(m)—1(z)} form
an orthonormal system for all z by the definition of the A;’s. O
The following construction for the proof of Theorem 3.16 is by Geramita and Pullman [4]
Proof of Theorem 3.16. First we define the following 2 x 2-matrices:
0 1 0 1 1 0

(o) p=(a) el 5

Now we have the following base cases:

Claim 1.
i) {R} is a H-R family of p(2) — 1 2 x 2-matrices
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i) {R® 1y, P® R,Q ® R} is H-R family of p(4) — 1 4 x 4-matrices

iii) {Io@R® 1, 1@ PROR, QRQXR, PRQRXR, RIPRQ, ROIPRP, RRQ 1} is a
H-R family of p(8) — 1 8 x 8-matrices

From these base cases we can inductively grow our families using these steps:

Claim 2. Suppose {A1,.., As} is a H-R family of n X n-matrices, then:
i) {Re1,}U{Q® A;li =1,...,s} is a H-R family of s + 1 2n X 2n-matrices

ii) If {By, ..., Br} is the H-R family of 8 x 8-matrices of Claim 1.iii) then {R ® 1, }U
{PolIg@Ali=1,...,s}U{Q® B; ® 1,5 = 1,...,7} is a H-R family of 16n x 16n-matrices
of order s + 8.

i) {A; ®@ Lpi =1,...,s} is a H-R family of nb x nb-matrices of order s

Both claims follow repeatedly using the properties of R, P and @ together with (A® B)(C ® D) =
(AB) ® (CD) and (A® B)! = A' ® B'.

That we can now build a H-R family of p(n) — 1 n x n-matrices follows from the following ar-
guments. First we note that Claim 1 takes responsibility for n = 2,4, 8 and then combining Claims
1.iii) and 2.i) we get n = 16 (p(16) = p(8) + 1). Now we have p(16k) = p(k) + 8 so repeatedly
using Claim 2.ii) gives us families of p(n) — 1 n x n-matrices for all n = 2°. Now for b odd we have
p(kb) = p(k) so at last we can use claim 2.iii) to finish the deal. O

This construction is somewhat mysterious, but it follows from puzzeling with R, () and P. For
instance when looking at property i) for a H-R family we see that R is antisymmetric and @, P
and 1y are symmetric, so R acts as ‘odd’ and @) and P act as ‘even’. Since we want something
‘odd” we must have an odd number of R’s (or add an even number of R’s in the follow-up claim).
The same thing works for property ii) since —R? = Q? = P? = ]1% = 1,.

The most important part however is checking part 7ii). Here we use RQ = —QR, RP = —PR
and PQ) = —QP whereas all the other pairs (e.g. RR or Q1) are commutative. Again we want
to effectively pick up one minus-sign. So making this construction boils down to trying a lot of
combinations of tensor products and finding the right one (or let somebody else find it).

The most interesting cases are the cases which we cannot solve by guessing (n = 2,4,8, which
are the multiplication tables for complex numbers, quaternions and octonians respectively), but
these are either quite empty (when n is odd), not very interesting (n = 6 which is just R ® 13,
equivalently for just taking an odd multiple of n = 2,4,8), or for very big n (since the most inter-
esting part of the construction is in going to n = 16 and multiplying with 16). The downside of very
big n is that the matrices will become big, but also that since p(n) goes about logarithmically, the
matrices will become very empty with mostly 0’s, since the number of entries grows quadratically.
We can however compare the cases we’ve guessed from the algebraic structure with those from the
construction of the theorem. For n = 2 we see that they argree, but this ain’t that hard since the
tangent space of S! is one dimensional. For n = 4 we recall the results of the quaternionic strucutre
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and get the following result:

0 10 0 0 0 -1 0 00 0 -1

o |00 o) o |0 0 0 o |00 10

0 00 —1 1 0 0 0 01 0 0

0 01 0 0 -1 0 0 10 0 o0
0 10 0 0 0 1.0 0 0 0 1
100 0 0 0 01 0 0 —1 0
QUE=10 ¢ 1| B®L=1_4 o oo P28=0 1 o o
0 01 0 0 -1 0 0 10 0 0

(NB: Here we identify the functions v; with the matrix that they come from)
So we see that they do not exactly coincide, but they are the same up to some minus signs. So we
see that they induced two different though very similar multiplication rules on R*.

What we also can do is compare the results of this process for S with the three vector fields
we found earlier, recall them to be:

/
(A (.’L’l, X2,T3,T4,T5,L6,L7,T8, L9, 10, L11, xl?) (—.Z'Q, X1, —T4,X3, —T6, L5, — T8, L7, —L10, L9, —T12, mll)

—
/
Uy © (3?1,3:'2,1'3,3]'4,.7]5,xﬁ,x7,x8,$9,$10,x11,$12) — (—3]'3,.7]4,.7]1,—xQ,—$7,$8,x5,—1’6,—Qfll,l'lg,xg,—xlo)

/
vy (71,72, 73, T4, T, T6, T7, T8, T9, 10, T11, T12) +> (=T, —T3, T2, 1, —Ts, —T7,T6, T5, —T12, —T11, T10, T9)
If we calculate the vector fields that we get with this tensor product, it follows that we get:

(O (1'1,1'2,1»'3,1»'4,335,$6,$7,$8,.’L‘9,$10,$11,.’L‘12) — (IE’?,.’L‘g,ZEg,l’lO,l’ll,lL‘lQ,—1'1,—.'L'Q,—IE3,—1’4,_$5,—.’L‘6)
(% ($1,$2,l’3,l’4,$5,$6,IE7,$8,$9,$10,IE11,$12) — ($10,$11,$12,—!E7,—‘Tg,—$9,$4,$5,IE6,—$1,—CE2,—.ZE3)

v3 : (21, T2, X3, T4, Ts, T, T7, T, L9, T10, L11, L12) > (T4, %5, Te, —T1, —T2, —T3, —T10, —L11, —L12, L7, T8, T9)

The differences are interesting, since v; and vo really scramble up the coordinates while v}, v and
vy are more grouped. This is really the difference between taking direct sums and tensor product
of matrices: recall that v} is the linear map from A; & A; ® A; (with A; the result from S3) while
v; is the map A; ® 13. The natural question that arises now since we have two sets of vector
fields is whether they are independent of each other, i.e. if we can make more that three pointwise
independent vector fields from combining the two sets. It turns out that we cannot do this. For
instance if we plug in e; we get:

vs(er) = —eq = —vj(eq)
So we see that adding vz to the set {v], v}, v4} adds an independence in a point. Similarly we get:
va(es) = es = v3(es)

vi(eg) = —e5 = vé(eg)

So we see that adding v, va or vs to the set {v},v), v4} results in an independence in a point,
which is the desired result since p(12) — 1 = 3, so finding a fourth pointwise independent vector
field would be a problem.

Just on a sidenote we see that we make these H-R families of a lot of tensor products of R, P
and (). Now these matrices also pop-up in quantum mechanics in the discussion of spin systems.
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Now since an m-coupled spin system has normalized states made up out of tensor products of |1);
or |]), for all indices i = 1, ...,m, it effectively lives on S (2"=1) Now since multiplying with an odd
number does not change much, in all the effective cases (S"~! with n a power of two) the vector
fields constructed in this manner coincide with coupled spin-operators, which are one of the most
elementary examples of quantum mechanical systems.

4 Proving an upper limit for the number of vector fields

In this section we’ll talk about how to prove that there cannot be p(n) independent vector fields
on S"~1. We'll see that this is equivalent to another problem (Theorem 8.1), and the rest of the
thesis will be devoted to proving this equivalent problem. First we’ll start with some defintions.

4.1 Stiefel manifold

The Stiefel manifold will be of particular interest since it turns out to be a fiber bundle that has
a cross-section exactly when there are a certain number of vector fields on a sphere (see Theorem
4.2). This gives the link between multiple maps (a number of vector fields) and only one map
between manifolds.

Since we work with continuous vector fields which can be formed into continuous orthonormal
frames by Gram-Schmidt, it is natural for us to look at the manifold of orthonormal frames, that
is:

Definition 4.1. The Stiefel manifold is defined by Vi,(R") = {A € R™* . A'A = 1}, the set of
the frames of k£ orthonormal vectors in R"”.

One can realise Vi (R"™) as the quotient O(n)/O(n — k), more or less by deleting the last n — k rows
from elements of O(n). More specific we know that any two orthonormal k-frames in R™ can be
deformed in each other via an orthonormal transformation, so we see that O(n) acts on Vi (R™).
Seeing O(n — k) as the subgroup of O(n) that acts on the n — k vectors perpindicular to a given
k-frame, we see that O(n — k) acts trivially on Vi (R™) and hence Vi (R"™) ~ O(n)/O(n — k). Since
Vi(R™) is the set of vectors in R™ of length 1, it follows V;(R") = S"~!. Denoting A € Vi (R")
by A = (v1,...,v) we can define p : Vix(R™) — Vi(R™) by (v1,...,v%) — (v1,...,v;) (for I < k), in
particular if [ = 1 we see that Vj(R") is a fiber bundle over S"~!. Some specific cases of this are
Va(R™) which consists of tuples of two orthonormal vectors, hence Va(R") = TS"~! and V,,(R")
which is by definition equal to O(n).

The Stiefel manifold is connected to vector fields in the following natural way:

Theorem 4.2. There are k orthogonal vector fields on S™~! if and only if V1 (R") has a cross-
section.

Proof. If we have orthogonal vector fields vy, ..., vy, then for every z € S"~! we have that {z, v1(2), ..., ve(x)}
is a orthonormal set. Now defining s : S"~1 — Vj41(R") by s(z) = (z,v1(x), ..., vi(2)) we see that

this is a well-defined function for which ps = idgn-1, so Vj41(R™) has a cross-section.

On the other hand if we have a cross-section s : S?"~! — V4, 1(R"), we set functions wv1, ..., v
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from S"~! to R™ such that s(x) = (z,v1(%),...,vx(x)) (just project the i'th coloumn of s to a
vector of R™, the first coloumn is fixed by the fact that s is a cross-section). Now that means
that (v;,v;) = d;; and (z,v;) = 0 for all i so we get that all the v;’s are vector fields on S™"~1 and
furthermore {vy, ..., v} is an orthonormal set of vector fields. O

4.2 Reducible and co-reducible spaces

In this section we’ll discuss the defintion of reducible and co-reducible spaces. This will give us the
possibility to formulate a theorem that is equivalent to proving that there are no p(n) vector fields
on S"! (Theorem 8.1).

Definition 4.3. A space X is reducible if thereisan € Nand f : S — X such that f, : H;(S™) —
H;(X) is an isomorphism for all i > n.

Definition 4.4. A space X is co-reducible if there is a n € N and g : X — S" such that g* :
H!(S") — H*(X) is an isomorphism for all i < n.

In short it means that (co)-reducible spaces act like a sphere for all intents and purposes in either
low or high dimensions. For certain CW-complexes we can refine this defintion to make it more
intuitive:

Lemma 4.5. Let X be a n-dimensional CW-complex with only 1 n-cell and let v be the quotient
map X — X/X" ! = 8" Then X is reducible if and only if there is a map f : S™ — X such that
vf ~ 1gn (i.e. has degree 1).

Proof. Suppose X is reducible, since H,,(X) = Z (since there is only 1 n-cell), and Hy(X) = 0 for
k > n we know that the map f that induces an isomorphism f, must be a map f: 5" — X. Now
we have the following diagram / exact sequence:

H, (5™

f*l% w

0= Hp(Xp_1) — Hp(X) —2 Hp(S™) —— Hpy_1(Xp_1)

At once we see that v, is injective and hence it is not the zero-map (since H,(X) # 0). Now
Hp1(Xp-1) is a free group (in fact it is ZF with k the number of n — 1-cells), which means that
the kernel of the map Z = H,,(S™) — H,—1(X,—1) and hence the image of v, can only be 0 or Z.
Since v, is not the zero-map this means that the image is non-trivial and hence has to be Z, so we
see that v, is an isomorphism, and we see that (vf)s is an isomorphism and hence v f is homotopic
to the identity.

On the other hand if such a f exists we can chase the same diagram and see that f, is an isomorphism
of the H,,’s, and since X is n-dimensional we immediately have Hy(X) = 0 for k > n, so f, certainly
is an isomorphim of the Hy’s for k > n. O

Lemma 4.6. Let X be a CW-complex such that X™ = S™ (i.e. X can be decomposed as having
among others 1 0-cell, no cells of dimension 1,...,n — 1 and 1 n-cell) and let v : S™ — X be the
inclusion. Then X is co-reducible if and only if there is a map g : X — S™ such that gu ~ I gn (i.e.
has degree 1).

16



Proof. The proof uses the same arguments as in the previous lemma, only now with induced maps
on cohomology. O

The equivalent problem to the non-existence of p(n) vector fields on S"~! now becomes:

Theorem 8.1. For any m > 1 the space RP™ (™) /RP™~1 is not co-reducible.

Seeing that RP™HP(M) /]RPm_1 satisfies the requirements for Lemma 4.6, we see that we want to
prove that there is no map f : RP™*(m) JRP™1 5 §™ such that the composition:

s — RP™/RP™L L Rprte(m) rpmt Ly gm
is homotopic to the identity.

The rest of this chapter is devoted to showing that this is indeed an equivalent problem.

4.3 S-maps and S-duality

Since we’re going to talk about reducible and co-reducible spaces, we want to establish some kind
of duality between spaces such that one is “sort of” reducible if and only if its dual is “sort of”
coreducible (the “sort of” being the point of talking in this section). This is done by developing
the notion of S-maps, and it will follow that under not too strong assumptions if X and X’ are
S-duals to each other then X is S-reducible if and only if S-coreducible. Furthermore we will see
that S-(co)reducibility and (co)reducibility will coincide if enough homotopy groups of the space
under consideration are trivial.

We denote by [X,Y] the set of homotopy classes of maps between two spaces X and Y. Since
we can suspend a map f : X — Y toamap Sf : SX — SY, and since this operation behaves
nicely with respect to homotopy classes we find maps [X,Y] — [SX, SY]. Now if [SX, SY] would
be equal to [X,Y] for any X, Y we would spare ourselves some work, but unfortunately it isn’t.
However we can look at the sequence

[X,Y] — [SX,SY] — [S*X, S?Y] — ...

From the fact that [S¥X,S*Y] ~ [X,QFS*Y] and that maps to loopspaces exhibit a canonical
group structure (juxtaposition of paths), which is abelian for & > 2, we have that the maps
[SFX, S*Y] — [Sk1X, S¥T1Y] become homomorphisms between abelian groups when k > 2, now
we get:

Definition 4.7 ([11, Def 2.1, p.215]). We denote by {X,Y} the direct limit of the sequence of
abelian group [S?X, S?Y] — [S3X, S3Y] — ..., an element of {X, Y} is called an S-map from X to
Y.

Since starting at either [X,Y] or [SX,SY] does not matter here, we see that indeed {X,Y} =
{SX,S5Y}, so we found our invariant under supsending. It follows that one can actually make sure
that [X,Y] = {X,Y} under suitable assumptions:

Theorem 4.8 ([11, Thm 2.2, p.206]). If X is a CW-complex of dimension n and Y is an r-connected
space, such that n —1 < 2r — 1 then the natural function [X,Y] — {X,Y} is a bijection.
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Recall that here r-connected means that m;(X) =0 for all 0 < i <.
In short this means that if we blow up our spaces big enough (i.e. making sure that all the interest-

ing stuff happens in the higher dimension parts), eventually we’ll get to a bijection between [X, Y]
and {X,Y}.

Now we define the duality what we’re looking for. Note that if we have a function u : X A X’ — S™
and a map f: Z — X' we get a map uz(f) : X A Z — 8™ defined by uz(f)(z,2) = u(z, f(2))
(which is well-defined under suitable choices of base-points). On the other hand we can do the
same construction with a map ¢ : Z — X, which we will call u#(g). Since these operations be-
have nicely with respect to homotopy-classes (and hence S-classes), we get two homomorphisms
uy {Z, X'} - {X ANZ,5"} and v? : {Z,X} — {Z A X', S™}. The usual case discussed is when
Z = S*, in which case we will call uz and u?, u;, and u”* respectively. Now X and X’ share nice
properties if these homomorphisms are isomorphisms, so we have the following definition:

Definition 4.9. An n-duality is a map u : X A X’ — S™ such that uj, and u* are isomorphisms
for all k. If such an u exists, we call X the n-dual of X’. Furthermore we call X an S-dual of X’
is some suspension of X is n-dual to some suspension of X’ for some n.

Since taking arbitrary suspensions will come back more times, we make a small linguistic definition:
Definition 4.10. Two spaces X and Y are of the same S-type if S™X and S™Y are homotopy
equivalent for some m,n € N.

The main motivation for the defintion of n-duality is the following example, which was the first
example of n-dual spaces:

Theorem 4.11. [12] Let X be a finite subcompex of S™ and let X’ be a subset of S™ — X such
that X’ is homotopy equivalent to S™ — X. Then X and X’ are n-duals.

Now from playing with diagrams one can now come to the following conclusion:

Theorem 4.12. Let X and X’ be finite CW-complexes that are S-dual to each other. Then X is
S-reducible if and only if X’ is S-coreducable.

Proof. This is a result of diagram chasing the result of a very involved statement in cohomology
theory. See [11, Thm 8.4, p.216] O

This framework allows us to make statements about the coreducibility of spaces given that some

other space is reducible. The only thing that we want is a tool to compute S-duals. For this we
need a new type of space, which we will introduce in the next section.

4.4 Thom spaces
In this section we will describe a certain kind of spaces made out of vector bundles, which turn out
to be nice since they give a link between properties of vector bundles and the S-duality of certain

spaces. We'll use these spaces afterwards to calculate S-duals of spaces RP™/ RPF.

For this section X is a differentiable manifold and £ is a vector bundle over X. Now since ev-
ery fiber of £ is a vector space, we intuitively can take the sphere or disk of every fiber. One
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can make this precise by making a smooth function from E(£), the total space of £, to R which
restricts to a (non-trivial) metric on every fiber. This metric can be constructed from taking every
trivialization (or an atlas of trivialization), taking the (canonical) metric on the trivialization, and
sum all of those via a partition of unity. The exact construction is beyond the scope of this thesis
but we can assure ourselves that choosing different atlases will yield homeomorhic results, so we
define:

Definition 4.13. Let £ be a vector bundle of rank n over X. Then the disk bundle D(§) is the fiber
bundle over X that satisfies that every fiber is homeomorphic to D™ and that D(&) is a subbundle
of £ (seeing ¢ as a fiber bundle). The sphere bundle is defined by S(§) = 0D(&) and the Thom
space T'(§) is defined by T'(&) = D(§)/S(€).

Remark: If we have a bundle metric on £, the sphere and disk bundle are just all element in &
with length equal to 1 and less or equal then 1 respectively. In this sense one could also define S(§)
just like D(€) but then setting all fibers homeormophic to S"~1. At last it follows that while the
exact form of D(¢) is dependent on choices, the homeomorphism class is not.

Example 4.14 (Trivial bundle over X). If ¢ = X xR", then D(¢) = X x D" and S(¢) = X x S"~ 1.

From standard analysis we know that the open ball in n dimensions is homeomorphic to R", or
more suggestive: D" — S"1 ~ R™. Now in the same way we have that if X is compact that
D(&) — S(§) ~ E(§) and hence the one-point compactifications of both spaces are homeomorphic.
Now since the one-point compactification of D(§) — S(&) is just D(£)/S(§). We get the following
proposition:

Proposition 4.15. If X is compact and £ is a real vector bundle over X then T'(§) is homeomorphic
to the one-point compactification of E(¢).

This also shows why isomorphic vector bundles ¢ and £ have the same Thom space, since in
particular the isomorphism is a homeomorphism between E(§) and E(£), so the one-point com-
pactifications are also homeomorphic.

Recalling that (X x V)T = XT AY™ we use the previous proposition to get the following lemma:

Lemma 4.16. For £ and 7n two real vector bundles over compact spaces we have T({ x ) =

T(&) NT(n)-

Now denoting §" as the trivial n-dimensional bundle over a space X, we have that & @ 0™ over X
is isomorphic to & x R™ over X X {p}, so we get the following important proposition in the context
of S-types:

Proposition 4.17. The Thom space T'(§ & 6™) is homeomorphic to S™(T'(€)).

Proof. From the fact that £ ® 6™ is isomorphic to £ x R”™ we have that T'(§ ©60™) is homeomorphic to
T(€ x R™) which is equal to T'(§) A T(R™) by the previous lemma. Now T'(R") is just (R")" = S
so we have T'(§ @ 0™) 2 T(£) A S™ which is homeomorphic to S™(T(§)). O

In particular we see that throwing a trivial bundle to our vector bundle does not change the S-type
of the Thom space. Furthermore we have that if X and T'(¢) are S-duals if and only if X and
T (&£ @ 6™) are S-duals for some n € N.
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Now the point of establishing Thom spaces is that they come in quite handy in determining S-
duals, which follows from the following theorem:

Theorem 4.18 ([11, Thm 3.7, p.208]). If £ and 7 are two vector bundles over a closed differentiable
manifold such that £ & n @ 7(X) is trivial over X (where 7(X) is the tangent bundle of X), then
T(&) and T'(n) are S-duals.

Proof. This theorem will follow from the following claim:

Claim. Let v be a normal bundle of a compact manifold X. Then the Thom space T'(v) is
an S-dual of X/0X.

Proof of the Claim. We will not prove this, the interested reader can look at [11, Thm 3.6,p.208]

Now let X, € and 7 as in the assumptions of the theorem. We can now look at D(§) which on it’s
own is a compact differentiable manifold, such that 9D(§) = S(€) and hence D(£)/0D(§) = T(€).
Since paths on D(§) are paths that run through X and the linear spaces attached at the same
time we see that the tangent bundle to D(§) is 7*(£ @ 7(X)). Since £ ® n @ 7(X) is trivial, we
intuitively see that 7 is normal to £ ® 7(X) and hence 7*(n) is a normal bundle of D(§). Now since
m: D(§) — X is a homotopy equivalence (in very much the same way that a disk and a point are
homotopy equivalent) we see that T'(7*(n)) and T'(n) are homotopy equivalent and then from the
claim it follows that T'(n) and T'(§) are S-duals. O

Since we now have a tool to calculate S-duals we will use this in next section to determine S-duals
of spaces of the kind RP"/RP¥,

4.5 Calculations on projective spaces

Using the link between Thom spaces and S-duals we will show that spaces of the form RP"/ RP*
are actually Thom spaces and then use the results of the preceding section to calculate S-duals of
these spaces.

We see RP* as the quotient of S* under z ~ —z. We denote by &, the line bundle over RP¥
defined by the quotient of S* x R by (z,y) ~ (—z, —y). This bundle is also called the tautological
line bundle, which can be seen by the other definition of &;,. Since RP* is the set of lines in RF*!
through the origin, one can look at the set:

{(l,v);v €1} c RPF x RF 1,

This has an obvious projection to RP* and this makes it into a line bundle over RP¥. It turns out
that this is exactly the same bundle as &, so intuitively speaking &, sticks to every line [ € RP*
the line [ itself as linear space.

Now we can set m&, = &, @ - - @ & (m times) and get that F(mé&;,) is homeomorphic to S¥ x R™
under the quotient (x,y) ~ (—x,—y). In the same manner we have D(m&;) = S¥ x D™ and
S(mé&y) = S¥ x §™~! modulo the same relation. In particular we see that [z,y] € D(mé&;) (the
equivalence class of (x,y) € S¥ x D™) then [z,y] € S(m&) if and only if ||y|| = 1. Now we have

20



the following oberservation:

Proposition 4.19. The Thom space T(mé) and the truncated projetive space RP™tE /Rmel
are homeomorphic.

Proof. We will define a map from S*¥ x D™ — §*+™ that factors through both quotients into a
map D(méy,) — RP*™ such that D(mé&) — S(mé,) — RP¥™ — RP™! is a homeomorphism.
We define f : S* x D™ — Sk+m by f(z,y) = (y, (1 — ||y||*)z) (here we see S¥+™ as a subset of
R™ x RF1 such that (z,y) € S¥*™ if and only if ||z[|?>+]|y||> = 1). Now we see that f(S*x ™ 1) =
Sm=land f~1(S™m1) = 8k x S~ Also we see that f(—z, —y) = —f(z,v), so taking the quotient
with the anti-podal equivalence relation on both sides we get an induced map g : D(m&x) — RPF+™,
Working back through the quotients we see that g(S(mé)) = RP™ ! and ¢~ (RP™~1) = S(mé&y).
Now we see that since f is a smooth and invertible function for ||y|| # 1 we get that f : S¥ x D™ —
Gktm _ gm=1 is a homeomorphism. Since the quotients on both sides factor very nicely through f
on this subdomain (i.e. the quotient on the domain links things if and only if the image get linked
by the quotient on the codomain), we see that g : D(méy) — S(mé&;) — RP¥™ — RP™ ! is also a
homeomorphism.

So we see that D(méy,) — S(mé&;) = RPF™ — RP™~! 50 in particular we get that their one-point
compactifications must also be homeomorphic, so we get that T'(mé;,) = RP*™ /RP™~1, O]

Now since we can establish spaces of the form RP"t* / RP* as operations on vector bundles over
RP*~! in the light of Lemma 4.18 we want to determine 7(RP*~1). We have the following result,
which is a paraphrase of [11, 4.8, p.17]:

Proposition 4.20. The vector bundles 7(RP*~1) @ 0, and k&;,_; are isomorphic.

Using this we will work towards proving a result on S-dualities between projective spaces. This
result will mention a certain group, namely the group J(RP*~1). This group will be thorougly
discussed in chapter 5, but the relevant results are:

Theorem 5.7. For every finite CW-complex X, J(X) is a finite group.

Theorem 5.8. Let £ and 7 be two vector bundles over X. If S(§) and S(n) have the same homotopy
type, T'(¢) and T'(n) are homotopy equivalent. In particular if J(§) = J(n) then T'(§) and T'(n)
have the same S-type.

The result on S-duality of projective spaces now reads:

Theorem 4.21. Let r denote the order of J(£;_1) in J(RPk_l). And let p such that rp > n +1
then RP"/RP"* is an S-dual of RP™P~" k=2 /RpP—n—2,

Proof. Since J(rp€k—1) = J(0) we know that for the trivial bundle 87 and r&;_; induces the
same Thom-space up to S-type and hence we know that since we want to establish an S-duality
between spaces we can treat rpp_i like it’s trivial. Now we can fill in Theorem 4.18 with £ =
(n—k+1)_1®0; and n=(rp—n—1)_1. We get:

§on&T(RP'Y) = (n—k+1)§—1 @ (rp —n — D& & 1 & T(RP') = rpgy,

hence &€ ®n @ 7(RP*1) is trivial for all intents and purposes and T'(¢) and T'(n) are S-duals of each
other. So plugging in n and & we have T'(§) = T (n—k+1)&t—1®061) and T'(n) = T'((rp—n—1)&k—1)-
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By the remark made before about taking the direct sum with trivial bundles, we have that from
the fact that T(¢) and T'(n) are S-duals we see that T((n — k + 1)éx—1) and T((rp — n — 1)&k_1)
are S-duals.

If we now plug in the results into proposition 4.19 we get that T((n — k 4 1)&,_1) = RP"/RP"*
and T((rp — n — 1)&,_,) = RP™P~" k=2 /JRP™P="=2 hence we get the desired result. O

4.6 The final argument

In this section we will piece together all the steps into a proof that having no p(n) vector fields
on S" 1 is equivalent to Theorem 8.1. First we recall the nice construction that results in a free
increase of the dimension from the previous chapter:

Proposition 3.6. If S~ ! has k orthonormal vector fields then S9"~! has k orthonormal vector
fields for every integer q > 1.

Next we’re going to work towards a statement on reducibility of a shunted projective space (spaces
of the form RP™/RP*). First we construct a map 6 from RP" ! to O(n), namely the map that sends
[z] (x € R™ — {0}) into the matrix that represents reflexion through the hyperplane perpindicular
to x (note that this yields the same for [z]| as for [Az] and hence is well-defined). Explicitely we
get: 0([z])y = y — 22z, This map is compatible with the inclusions of RP"™*~! in RP"~! and
O(n —k) in O(n):

RP" 1% L, Om—k

|

RP—f% L 0(n)

| |

RP" ! /RP" 1 ——— 0O(n)/O(n — k) = Vix(R")
so we get a map 6 from RP"~1/RP"*~1 to O(n)/O(n — k) = Vi(R").

Now it follows that this map 6 induces isomorphisms between the lower dimensional homotopy
groups of the Stiefel manifold and the truncated projective space:

Proposition 4.22. [11, Prop 9.2, p.217] For i < 2n — 2k — 1 the induced homomorphism 6,
7;(RP" L /RP"*~1) — m;(Vi(R") is an isomorphism.

Now from this it follows that we have that m,_;(RP"~'/RP"*(")~2) and Tn—1(Vpmy41(R™)) are
isomorphic via 6, when n is such that n — 1 < 2n — 2(p(n) + 1) — 1 i.e. if 2p(n) + 2 < n (which

only fails for n =1,2,3,4,6,8,16). Using this we get the following proposition:

Proposition 4.23. If 2p(n) +2 < n and the projection ¢ : V,,)41(R™) — S™~! has a cross section

s, then there is a map f:8m 1 RP”fl/RPnfp( =2 which composed with the quotient map p :
RP"1/RP"P(M=2 s RP"1 /RP"2 = §7~ 1 is a map of degree 1, in particular RP™~ ! /RP"(")~2
is reducible.
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gn—1 s Vp(n)Jrl(Rn) q gn—1

~ T

RPTL*I /RPnfp('rL) -2

Proof. Suppose we have a cross-section s : S"~1 — Vom)+15 1.6 g5 = Lgn—1. Then by the previous
remark we have a function f : S"~1 — RP"!/RP"P(M~2 such that 6,[f] = [ o f] = [s], i.e.
fof~sSoqgofof~qos=1Ilgn1 and hence deg(qofo f) = 1. Now if go# is in fact the quotient
map, then we know that f is the desired map such that the composition has degree 1.

RPn—l 1 RPn—l/RPn—p(n)—Q p Sn—l

I [

O(n) L) Vp(n)+1(Rn)
Claim. The function g o # and the quotient map p : ]RP”_I/RP”_”(")_2 — S~ coincide.

Proof of the claim: Since 0 : RP“_I/RP"—”(")_2 = Vom)+1(R") is defined as the induced map
from the map 0 : RP"~! — O(n) under the quotients on both sides, we can go over step up in the
diagram and prove equality there. So if we denote 7 as the quotient RP"~! — RP"~! / RP"—P(M)—2
and 7 as the quotient O(n) — V,,)41(R"), we want to prove that om0 6 = pom. Now
p o is just the quotient from RP"~! to RP" ! /RP" 2 = §"~!  which is defined by (p o m1)[z] =
(1 — 222, —2x129, ..., —2712,,) (where [z] is represented by x € S"!). Now on the other hand
(qomy00)[z] is the vector refl e;, where refl, is reflection through the hyperplane perpindicular to
x, which is given by e; — Hi%x which is e; — 212 if we denote [x] by some 2 € S"~!, and hence
we see that gomy 06 = pomp, and hence ¢ o # = p and the claim is proven. ]

We’ll use this proposition in the following theorem to obtain the final result:

Theorem 4.24. If there are p(n) orthonormal vector fields on S”~! then there is an integer m > 1
with p(m) = p(n) such that RP™+7(™) /RP™~1 i coreducible.

Proof. If there are p(n) orthonormal vector fields on S”~! then by proposition 3.6 there are p(n)
vector fields on S9!, so then by theorem 4.2 we have a cross-section of Vp(n)H(Rq"). If we now
let ¢ such that gn > 2p(gn)+2 we have by proposition 4.23 that RP*~1/ RP9P(4)=2 ig reducible.
If we choose ¢ to be odd we have p(qn) = p(n) so we get that RP?~! /RP?*(")=2 ig reducible.
Now let r be the order of J(r,(,)) in J(RPP(M~1) Then we fill in theorem 4.21 with 'n’ = gn — 1
and 'k’ = p(n) + 1, so we want p such that rp > gn, so m = rp —qn > 1. If we let p be divisible by
2n, then we have that m is an odd multiple of n (since ¢ is odd) and hence p(n) = p(m). Now theo-
rem 4.21 gives us that RP™ (") /RP™~1 = RP™ (™) /RP™! is an S-dual of RP#~! /RP?"—~(") =2
and hence we get that RP" (™) /RP™~1 is S-coreducible.

Now in the light of theorem 4.8 we get that RPm+”(m)/RPm_1 is m — 1-connected, so if we make m
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large enough (though still such that m is an odd multiple of n), we get that RP™+P(M) JRP™L g
S-coreducible if and only if it is coreducible, since then maps from arbitrary suspensions and maps
from the space itself are interchangible. So we see that RP™7(™) J/RP™~! is coreducible for some
m such that p(m) = p(n). O

Now since using Gram-Schmidt, we can make a family of pointwise indepent vector fields into a
family of orthonormal vector fields, and hence we have now reduced the problem of the upper limit
to proving theorem 8.1. The rest of the thesis will discuss various elements which will be needed
to set up the machinery to prove it, and of course we will prove it.

5 K-Theory

We're going to prove Theorem 8.1 with K-Theory, a way to turn spaces X into rings Kk (X) by
looking at the number of different K-vector bundles over X. In this section we will discuss the
basics of K-theory.

5.1 Definition of K-Theory

In this section we’ll cover the basic definition of K-theory and also set it up as a cohomology theory
(a short description of cohomology theories can be found in the appendix).
First we recall the following construction for semi-groups:

Definition 5.1. For an abelian semigroup A we define K(A) to be the abelian group A x A/A
where A is the subsemigroup consisting of all elements of the form (a,a).

Remark: Since A and A x A are only semigroups, a priori we only know that K(A) is merely a
semigroup but we have ((a,b) +A)+ ((b,a)+A) = (a+b,a+b)+A =0+ A, so we have an inverse
so K(A) is a group. Also we note that K(A) is the smallest group such that we can inject A in
it via a semigroup homomorphism. In particular we have that whenever it is defined, the group
operation of A conincides with the group operation of K(A).

Since effectively we only add inverses for elements that don’t already have them we also know
that for every semigroup homomorphism A — G (where G is a group) there is a unique group
homomorphism K(A4) = G.

Let X be some manifold. On the set of vector bundles over X we have the direct sum opera-
tion @. Since E®F ~ E'® F if E ~ F, @ also induces an operation on Vectg(X). Here Vectg (X)
is the set of isomorphism classes of K-vector bundles over X (for K some field, most times either
R or C). In fact & induces a semigroup structure on Vectg(X).

Definition 5.2. For X a manifold we define K (X) to be K (Vectc (X)) and KO(X) to be K (Vectr(X)).

Remark: When we make general statements on K-Theory, independent of which field we use, we
will also use the notation Kk (X) for K(Vectg(X)).

Now a map f : X — Y gives us a map f* : Vectg(Y) — Vectg(X) by taking a vector bundle
E € Vectg(Y) and setting the fiber f*(E). to be equal to the fiber ). Since f* is a semigroup
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homomorphism, it extends to a group homomorphism f* : K(Y) — K(X) in the complex case and
f*: KO(Y) — KO(X) in the real case.

Next we define the most used formulation of K-theory namely reduced K-theory. Having estab-
lished the induced map between K (X) and K(Y') we define:

Definition 5.3. For a pointed space (X,zg) we set I?K(X) to be the kernel of the map * :
Kg(X) = Kx({zo}) where i : {zp} — X is the inclusion.

Remark: Since vector bundles over a point are identified by just their rank (since all are of the
form K*), we see that K({zo}) = Z and Kx(X) = Kx(X) ® Z.

Since we see that the functors K and KO induce maps that go the other way around (i.e. the
induced maps of a map X — Y go from Kx(Y) to Kg(X), in terms of category theory: K and
KO are contravariant functors), we strive to make both into generalized cohomology theories. The
first step is to define for positive n: K~"(X) = K(5"X) and KO™"(X) = KO(S"X). This may
seem arbitrary, but it follows that in this way we can actually make the exact sequence of the pair
work, and also define K", but more of that in a minute. The next parts will be devoted to give
an overview of how one makes K-Theory into a generalized cohomology theory.

5.2 Bott periodicity

To make the functors K and KO into a cohomology theory, we also want to define K" for positive
n’s. A priori we don’t know how to do this since the minus first suspension is not really something.
The solution comes in the form of Bott periodicity. Heuristically it says that the isomorphisms
classes of the lower order K-groups are actually isomorphic to those that come before them, in a
stringent periodic pattern. Reversing this pattern we can construct higher order K-groups, i.e. K"
for n > 0. The results are the following:

Theorem 5.4. [5, Thm 2.4.9.,p77] For any space X the rings K(X) and K(S2X) are isomorphic.
In particular up to isomorphism class we have K" = K 12,

Theorem 5.5. For any space X the rings KO(X) and KO(S%X) are isomorphic. In particular
up to isomorphism class we have KO™" = KO~ "*8,

These theorems follow from the results that K (S? x X) ~ K(X) @ K(S?) and KO(S® x X) ~
KO(X)& KO(S%) (c.f. [5, Cor 2.2.3, p.46]). Also it follows that K(X xY) ~ K(XAY)& K (X) &
K(Y) (here X A'Y is the smash product of X and Y, cf. the appendix), and combining both
oberservations one gets the desired results.

5.3 K-Theory as a cohomology theory

From Bott periodicitiy it follows that K "2 = K~". Reversing this periodicity, we can define K"
for n > 0. Also we define relative K-Theory by setting K™(X,Y) = K™(X/Y). Having established
the higher (and lower) order groups of the K-Theory of a space and the relative groups we can
look at the other elements of the axioms for a cohomology theory. Excision and additivity (see the
appendix on cohomology theories) are more or less clear, excision since for open sets U we have
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X/A ~ (X —U)/(A—U) and additivity since vector bundles on seperate components of a space
really do not communicate with each other. The exact sequence of the pair is more involved, but
follows from [5, Prop 2.4.4.,p.71]. The fact that complex K-Theory has period 2 means that the
exact sequence of the pair really comes down to the following cyclic exact sequence:

KYX) — KYA) — KYX/A)
) {
KOX/A) + K°%A) « K'X)

Using all these we see that complex K-Theory is actually a generalized cohomology theory. It is
uniquely determined on CW-complexes by the axioms and by the following values on spheres:

nmon‘O‘l
K(S™) |z ]o

All these steps also work for real K-Theory, only that there we have a periodicity of 8. In that case,
the values on spheres are a bit messier and they are given by:

nmod8 | 0| 1|2 [3[4]5]|6]7

KO(S™) | Z |2y [ Zs |0 |Z]0]0]0

5.4 Another twist on K-Theory: the J-group

In this section we will discuss another functor that has to do with vector bundles: the J-group.
It is closely related to K-Theory, but will have some nice features that will come in very handy in
the last part of this thesis. The J-group really goes around structures induced by a vector bundle
&: the sphere bundle S(£), the disk bundle D(§) and the Thom space T'(§) as discussed in section
4.4. The nice feature of the J-group is that when two vector bundles have the same value in the J-
group, their Thom spaces have the same S-types. The definition of the J-group now goes as follows:

Just like in K-Theory we first define a equivalence relation on vector bundles: two (real) vec-
tor bundles £ and 7 over X are stable equivalent if and only if £ & 6™ and n & 0™ are isomorphic
for some m,n € N. Now from [11, Thm 3.8,p.105] it follows that we can identify the equivalence
classes with elements from KO(X).

Doing more or less doing the same trick on the induced sphere bundles we construct the J-group.
That is:

Definition 5.6. We define J(X) as the set of equivalence classes of Vectr(X) under the relation
that & ~ n if and only if S(¢ ® 6™) and S(n @ ™) are fibre homotopic for some m,n. We denote
the J-class of £ by J(&).

Obviously we have the surjection KO(X) — J(X) and this induces a well-defined group structure
on J(X). This also shows that J(S¥) is finite for k¥ # 0 mod 4, since then it is either the trivial
group or Zs. As mentioned before we will use (or more precisely: have used in chapter 4) the
J-group to show that for every vector bundle £ there is a number 7 such that 7'(r¢) is trivial.

That such an r exists follows from the following theorem, which will be the talking point for
the remainder of this section:
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Theorem 5.7. For every finite CW-complex X, J(X) is a finite group.

Proof. For X = S*" this follows from discussion on the J-homomorphism from stable homotopy
theory. This homomorphism is related to a construction on maps on spheres and gives a map
J : 71.(SO(n)) — mryn(S™). It follows that we can identify KO(S™1) with some 7,.(SO(n)) and
then J(S™™!) becomes isomorphic to the image of J (hence the name J(X)). That this is image is
indeed finite has been a source of a lot of research and [7, Thm 3.7, p.144] proves that it is indeed
finite, although in the last remaining case (i.e. looking at S*) it grows very rapidly, for instance
J(SS) = 2240.

So we know that J(S¥) is always finite. To use this to show that it is also finite for finite CW-
complexes we note that any finite CW-complex is just beginning with some points and taking the
mapping cone of some map from S™ to what you already have a certain amount of times. In
particular let say we have some space X and add a n-cell. That means we have a attachment map
f:8" ! - X and then we get a map S"~! — X — C(f) where C(f) is the mapping cone of f
(which is X with the n-cell attached). It gives rise to the so-called Puppe-sequence:

st Lox Lo = sm 2 sx 2 sof)

Now a so-called topological half-exact functor is a functor F' from a category of spaces (all topological
spaces, CW-complexes, etc.) to an abelian category (most often abelian groups), such that the
Puppe sequence turns into an exact sequence:

F(S™ Y = F(X) — F(C(f)) — F(S") — ...

It turns out that J is such a functor and hence we get the above exact sequence with the J groups.
Now supposing that J(X) is finite we see that since there are only finite groups in the sequence,
that J(C(f)) is also finite. So indeed we see that when we do this procedure a finite amount of
times it follows that J stays finite so indeed for a finite CW-complex X we have that J(X) is a
finite group. O

Having shown that J(X) is finite for finite CW-complexes, we show an important theorem to use
this in the discussion on Thom-spaces:

Proposition 5.8. Let £ and 7 be two vector bundles over X. If S(£) and S(n) have the same
homotopy type, T'(§) and T'(n) are homotopy equivalent. In particular if J(§) = J(n) then T'(§)
and T'(n) have the same S-type.

Proof. The first statement follows from the fact that a homotopy equivalence can be extended to
a homotopy equivalence between D(&) and D(n) and hence to the quotients, T'(¢) and T'(n). The
second statement follows from the first since S™(T'(§)) =T (£ @ 6™) and S™(T'(n)) =T (n & ") are
homotopy equivalent since S(n @ 0™) and S(§ ® 6™) are supposed to be homotopy equivalent. [

Now since J(X) is finite for all finite CW-complexes, for all £ € Vectg(X) there is an r such that
J(r&) = J(0), so in particular it follows that T'(k§) and T' (™) have the same S-type. This puts an
end to the gap we have left in the proofs in chapter 4.
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6 Stiefel-Whitney classes and Chern classes

In this section we will give some background on the algebraic structure of cohomology, in particular
the total cohomology ring H* and use this to discuss some characteristic classes of vector bundles.
These classes will be used throughout this thesis to ease arguments which prove or disprove equal-
ities in K-theory. In this section we will use notation and definitions (singular simplices, cochains,
etc) which can be found in the appendix.

6.1 Ring properties of cohomology

We recall that if we have a singular simplex ¢ : A¥ — X we can find a induced simplex Al — X
(for I < k) by looking at |, .. 4,]- This will induce a product map on the cochains with coefficients
in a group G (that is C*(X;G)) as follows:

Definition 6.1. For ¢ € C*(X;G) and ¢ € CYX;G) the cup product ¢ — ¢ € CF(X; Q) is
defined by:
((ZS ~ w)(o-) = ¢(U|[v1,.‘.,vk])¢(0|[vk,...,vk+l])

The fact that we can take this product on the cochains to a product in cohomology follows from
this lemma:

Lemma 6.2. For ¢ € C*(X;G) and ¢ € CY(X;G) we have §(¢p — ) = 3¢ — ¢ + (—1)k¢ — 69
Proof. Since ¢ lives in C*(X;G), v in CY(X;G) and ¢ — ¢ in C*(X;G), we need to plug in a

k4141 simplex in 6(¢ — 1), a k+1 simplex in d¢ and a [+ 1 simplex in §2). So for o : AR 5 X
we have the following results:

k+1 ‘ k+1 ‘
(6 —)(o) = Z(_l)lé(a‘[vo,--.,ﬁi,m,vkﬂ])w(a‘[vk+17~-,vk+l+1]) = Z(_l)z(¢ ~ 7/})(‘7’[vo,.--,ﬁ¢,~~,vk+z+ﬂ)
i=0 i=0
k+i+1 ‘ k+i+1 ‘
(D@ = 00)(0) = D (=D& ugoe) O rtivinri)) = D (1 (@ = ) (O, sia)
i=k i=k

Now we see that there is some overlap in the sums, namely we do ¢ = k and ¢ = k+ 1 in both. But
when we look good at the ¢ = k + 1 case of the first sum and the ¢ = k sum of the second, we see
that they cancel each other, so we get:

k+1+1

(66— + (=)o — a)(0) = D (=1)'(¢ — )(lpo,..v0rpirs])
=0

k4141 '
= (d) ~ w) < (_1)10—‘[007---775i7-~-7vk+l+1])
0

= 0(¢—1)(0)
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We now see that a product of two cocycles is again a cocycle, since 6(¢p — 1) = ¢ — 0+£0 — ¢ = 0.
Furthermore the product of a cocycle and a coboundary (or the other way around) is again a
coboundary since ¢ — 61 = £0(¢ — ) if ¢ is a coboundary (i.e. if ¢ = 0) and 6¢ — 1 = 6(¢p —
1) if ¢ is a coboundary. All in all we get:

Definition 6.3. The cupproduct on cohomology is the induced map of the cupproduct on cochains,
that is we define:
—: H*X;G) x H(X;G) —» H*"(X;G)

by {¢} — {¢} ={¢ — ¢}

It is clear that this product acts cute with respect to the group-structure of cohomology (in that is
satisfies the properties of a ring), so we can define the following ring:

Definition 6.4. The cohomology ring of a space X (with coefficients in G) is the ring
H*(X;G) = (@, H"(X;G),+,).

We denote elements with formal sums Y, a; with a; € H(X;G), so that the group-structure of
cohomology gives (>, a;) + (>, Bi) = >_,;(c; + Bi). The product is defined as: (>, o) - (D>, Bi) =
Sk io(en — Brt).

We'll finish this section with an important example:

Proposition 6.5. [8, Thm 3.12, p.212] The total cohomology of the real projective space is given by
H*(RP"; Zs) ~ Zs[a]/(a™1) and H*(RP>;Zs) ~ Zs[a] (with the generator a € H'(RP™;Z). In
the complex case we have H*(CP™; Z) ~ Z[a]/(a™*!) and H*(CP*;Z) ~ Z|a] (for some generator
a € H*(CP™, Z)).

6.2 Stiefel-Whitney classes

Having esthablished the structure of the total cohomology ring, we can talk about Stiefel-Whitney
class of a real vector bundle £ over a space X. The idea is that we attach to every vector bundle a
label which will be an element of H*(X;Zs), such that this labelling has some nice properties (in
particular we can distinguish some non-isomorphic vector bundles). We will stick to this axiomatic
approach and thoroughly believe that such a labelling exists. In fact it does, and the construction
of it can be found in chapter 8 of the book by Milnor and Stasheff [9].

Theorem 6.6. There is a unique way to associate to any integer ¢ > 0 and any real vector bundle
€ of any space X an element w;(¢) € H*(X;Zs), such that the following axioms hold:
Axiom 1: wo(§) =1 € HY(X;Zs) and w;(§) = 0 if i > n where n is the rank of &.

Axiom 2: If a map f: X — Y is covered by a bundle map from & to n (a vector bundle over Y') then
wi(§) = frwi(n).
Axiom 3: If £ and 7 are vector bundles over the same base space then:

k

we(§®n) =Y wil€) — wr—i(n)

=0
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Axiom 4: For the line bundle &; over RP! we have w1 (£1) # 0.

Definition 6.7. We define the i ’th Stiefel-Whitney class of a vector bundle £ to be w;(§) and the
total Stiefel-Whitney class of £ to be

w(§) =14 wi(§) + w2 (§) + ... € H(X;Zy)

Remark: we can also formulate the theorem as that there is a unique map w from the real vec-
tor bundles over any space X to H*(X;Zz) as above. In that case the third axiom reduces to

w(€ & n) = w(§w(n).
From the four axioms we can derive the following properties of the Stiefel-Whitney class:
Proposition 6.8. If £ and 7 are isomorphic then w;(§) = w;(n).

Proof. If £ and 7 are isomorphic, the identity map X — X is covered by the isomorphism between
¢ and 7. In particular we get w;(§) = 1*(w;(n)) = w;(n). O

Proposition 6.9. If € is a trivial bundle then w;(e) = 0 for i > 0.

Proof. If € is trivial, there is a bundle map from a vector bundle over a point to €. Since a point
has no cohomology for i > 0, we get that the pullback must map to zero, so w;(e) = 0. ]

A direct consequence of the last proposition:
Proposition 6.10. If € is trivial then w;(e & 1) = w;(n).

Proposition 6.11. Let £ be a vector bundle of rank n. If £ has k cross-sections which are pointwise
linear independent then:

wn—k—i—l(g) = wn—k+2(§) = e = wn(é) =0

Proof. Using a Riemannian metric we can split £ in a trivial k-bundle € induced by the cross-sections
and e which has dimension n — k (see [9, Thm 3.3, p.28]), now the preceding proposition says that
w;(€) = w;(e+) and then the first axiom says that it is zero is i > n — k. O

6.3 Chern classes

Where the Stiefel-Whitney classes will work for real vector bundles, we’ll use Chern classes for
complex vector bundles. Just as before we will give an axiomatic description of these classes and
use these with the confidence that it uniquely describes a labelling. The construction of Chern
classes can be found in chapter 14 of Milnor and Stasheff [9]. Also we note that since complex
bundles are somehow even dimensional real bundles all stuff now happens in the even dimensional
cohomology-groups and the classes run up to twice the complex dimension of the bundles. Also
since complex vector bundles are orientable, we now choose coefficients in Z instead of in Zy. We
get the following definiton:
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Theorem 6.12. There is a unique way to associate to any integer ¢ > 0 and any complex vector
bundle ¢ over any space X an element ¢;(¢) € H*(X;Z) such that the following axioms hold:

Axiom 1: ¢p(¢) =1 and ¢;(§) = 0 for i > n where n is the dimension of §.

Axiom 2: If amap f: X — Y is covered by a bundle map from & to n (a complex vector bundle over
Y) then ¢;(£) = f*(ci(n))-

Axiom 3: If n and £ are both complex vector bundles over X then:

K
crE@dn) = al§) — eriln)

1=0

Axiom 4: For the tautological complex line bundle A; over S? = CP! the element c; ()\;) is the generator
of H*(S%,7) = Z.

Definition 6.13. For a complex vector bundle 7 the i ’th Chern class is defined as ¢;(n) while the
total Chern class of 1 is defined by:

c(n) =1+can) +cn) +...€ H(X;Z)

Remark: just like with the Stiefel-Whitney classes one could also prove the unique existence of c.
In that case the third axiom reduces to c¢(§ @ 0) = c(§)c(0).

We note that the axioms for both classes are very much alike. For this reason the following
proposition are proven by using the exact same steps as in the real case:

Proposition 6.14. If £ and 7 are isomorphic then ¢;(§) = ¢;(n).
Proposition 6.15. If € is a trivial bundle then ¢;(e) = 0 for ¢ > 0.

Proposition 6.16. If € is trivial then ¢;(e & n) = ¢;(n).

Now both in the real and complex case we have that if two vector bundles are isomorphic then they
have the same Stiefel-Whitney classes or the Chern class. In particular w and c¢ factor to maps
w : Vectr(X) — H*(X;Z2) and ¢ : Vectc(X) — H*(X;Z). Now we can also just look at just just
the first class and restrict to line bundles. We get maps

wy : Vecty(X) — HY(X; Zs)

and
c1 : Vectt(X) — H*(X; 7).

The set of line bundles form a group if we put on it the tensor product as group operation. Since
the cocycle-maps of line bundles are just real or complex functions which do not attain zero, we can
always invert them and since tensor product of 1 x 1-matrices and normal multiplication coincide
we see that we always can invert line bundles with respect to the tensor product. Now for line
bundles £ and 7 we also have the formulas ¢, (§ ® ) = ¢1(§) + c1(n) and w1 (§ ®n) = wi (&) +wi(n)
(depending on whether they are complex or real of course), so we see that in this setting ¢; and w;
are group homomorphisms. However it becomes a lot more fun due to this theorem:
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Theorem 6.17. [6, Prop 3.10, p.86] If X has the homotopy type of a CW-complex, then ¢; and
wy are isomorphisms between the isomorphism classes of real/complex line vector bundles and
H(X; Z9)/H'(X; Z).

Remarks: In particular this theorem means that for every o € H'(X;Zs) we can find a real line
bundle ¢ with w1(£) = a and for every 3 € H%(X;Z) we can find a complex line bundle 7 with
c1(n) = B. Also this theorem implies that isomorphism classes of line bundles are characterised by
their Stiefel-Whitney or Chern class.

6.4 Chern character

Having discussed the Chern classes we now introduce the notion of Chern character, an algebraic
tool which will induce a ring homomorphism between K-theory of a space X and its homology.
We will define it for line bundles, will invoke the desired algebraic structure on it to get a defini-
tion of direct sums of line bundles and finally will discuss an important tool in the discussion of
vector bundles. It is understood that since we work with Chern classes here, all bundles are complex.

Definition 6.18. For line bundles ¢ we define ch?(¢) € H?4(X;Q), the 2g-dimensional part of the

Chern character, as %

Note that we want to divide by integers to do this, hence why switch to cohomology with coefficients
in Q. Just like before we define the Chern character of £ by ch(§) = Zq ch?(£). In doing so we

spot that in terms of formal power series we have ch(£) = e ().

We strive to have ch(£®n) = ch(§)+ch(n) and ch(é®n) = ch(§)ch(n). In this light if £ = n1 - - -®ny,
with 7; a line bundle we have no other choice than to define:

Definition 6.19. If £ is a sum of line bundles, that is £ = n; @& --- @ 1, with n; line bundles we
define:
ch(&) = ch(ny) 4 - - + ch(n,) = M) 4 ... 4 1)

Now we have defined the Chern character for any direct sum of vector bundles. The next question
is whether we can define it thoroughly for vector bundles which are not of that form. It turns out
we can, although we cheat ourselves into the previous case with the so called ’Splitting Principle’:

Theorem 6.20. For any complex vector bundle £ over a paracompact space X there is a space Y,
and a map p: Y — X such that:

i) The induces map on cohomology p* : H*(X;Z) — H*(Y;Z) is injecitve

ii) The pullback bundle p*(§) splits in line bundles, that is p*(§) = n1 @ --- @ n, with 7; line
bundles over Y.

In particular we can use this to define the Chern character for any vector bundle £ over a paracom-
pact space X (note that about all spaces discussed in this thesis are paracompact), in particular
we set:

ch(§) = (p") "} (ch(p*(€)))

Now formally from we can describe the Chern character is a different way. Supposing that & is of
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rank k and we have elements x1, ..., 7, € H2(X;Zs), such that:

ca(§) = sz
) = ) @iy,

11 <12
(€)= ) wawnm

11 <12<13

In that case we can, writing the polynomial Y, X¥ as a polynomial Q. (01, ..., o)) in the elementary
symmetric polynomials, get the following result:

ch(€) =D Qrl(c1(§), -, ek (€))
k
When we write the first terms out we then get this:

h(€) = rk(E) +e1(€) + 3 (e1(6)” — 20a(E)) + £(e1(€)° — Bea(E)ea(€) + Bes(E)) + -

Practically it follows that up to pullbacks we can find these z;’s using the Splitting Principle and
hence this formula checks out.

Now from the defintion with p* it is easy to see that ch({ @ n) = ch(€) + ch(n) in particular since
it is so for sums of line bundles and hence by the Splitting Principle for all bundles. On the other
hand the identity ¢1(§ ® 1) = ¢1(§) + c1(n) (and hence exp(c1(§ ® 7)) = exp(c1(€)) exp(ci(n))) for
line bundles now extends to the identity ch({ ® ) = ch(&)ch(n) for any two vector bundles ¢ and
n. In particular we see that ch is a semi-ring homomorphism from Vectc(X) to H*(X;Q), and
hence extends to a ring homomorphism K(X) — H*(X;Q). The last important property of this
character that we will use is the following;:

Proposition 6.21. [10, Prop 2.3, p.345] If H*(X;Z) has no torsion, then ch is injective.

7 Group representiation and relation to K-theory

In this section we will discuss representations of groups and how they communicate with the K-
theory. We will construct a certain kind of representations that when used on K-Theory bring to
the surface a certain part of the structure of the K-Theory of projective spaces, which we will use
to prove Theorem 8.1. We’ll start with the definition of representations:

7.1 Group representations

Definition 7.1. A representiation of a group G on a vector space V (over a field K) is a group
homomorphism « : G — GL(V'), where GL(V) is the group of invertible linear transformations of
V. In the case that V is finite dimensional one can (and we will) identify GL(V') with GL(n, K),
the space of invertible n x n-matrices with entries in K.
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We will discuss the relation between representations and K-theory. Since K-theory talks about
equivalence classes of isomorphic bundles, we will also introduce a notion of isomorphic represen-
tations:

Definition 7.2. Two representations o : G — GL(V') and 5 : G — GL(W) are isomorphic if there
is a vector space isomorphism X : V' — W such that for every g € G we have Ao a(g) o A™! = B(g).

If we look at representation as mapping into matrix groups, we see that two representations
a:G — GL(n,K) and 8 : G — GL(n/,K’) are isomorphic if there is an invertible n x n’-matrix A
with entries in K (which then has to be equal to K') such that a(g) = AB(g)A~" for all g € G, in
particular we get n = n’ and K = K'.

In the remainder we will only look at representations into finite dimensional vector spaces and
for that we also fix our field K. In particular every representation will be a map G — GL(n,K) for
some n.

On representations we have a semi-group structure, namely that if we have representations o : G —
GL(V) and B : G — GL(W) we can define a & 5 : G — GL(V @& W) by (a @ 8)(g9) = (al(g), B(g))-
Using the same construction as with K-theory we can construct the group-extension of this semi
group (though only the representations into matrix groups):

Definition 7.3. We denote by Ay (G) the set of all equivalence classes of representations G —
GL(n,K) for some n € N, and by F (G) the free abelian group generated by the elements of Aj (G).
By Ty (G) we denote the subgroup of Fj,(G) generated by the elements {a @ 8} — {a} — {8} with
« and (3 representations in Ay (G). The group of wvirtual representations is defined as Ky (G) =
FL(G)/T4().

Since we have a semigroup-homomorphism of the semigroup of representations to Z (namely the
degree-map that sends f : G — GL(n,K) to n), which passes through all quotients, this extends to
a group homomorphism K (G) — Z which is called the virtual degree map.

7.2 Combining group representations with bundles

Now that we have defined representations, we want them to fit into the algebraic structure of vector
bundles just like continuous maps. In particular we want to define various composition. Here we use
the notation « for a represenation GL(n,K) — GL(n/,K’), 8 for a respresentation G — GL(n,K),
f for a continuous map Y — Z, g for a continuous map X — Y and & for a K-vector bundle of
rank n over Y. Now first we define the following, more easy, compositions:

i) the representation « - (3 is just the composition of maps.
ii) the map f - g is also just the composition of maps.

iii) the vector bundle £-g we define by the pullback bundle that is {-g = g*(£) (i.e. ‘precomposing’
the vector bundle with the map g, hence the notation).

iv) the vector bundle « - £ is the vector bundle defined by composing the cocycle-maps of £ with
the representation « (c.f. the appendix on vector bundles)

Next we define more involved compositions, which will be the most interesting in the arguments to
come. We again denote by f a map, by n a vector bundle, by x an element of Kk (X), by a and
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representations and by 6 a virtual representation:

Lemma 7.4. It is possible to define compositions 8 - «, # -1 and x - f so that 8 - « lies in the right
K (G) (i.e. if § maps into K-matrices 6 - a should be an element of K (G)) and 6 -7 and & - f are
elements of the right Kk (X) (that is, if # maps into K-matrices then 6 - n should be in Kx(X) and
if K € Kg(X) then k- f € Kg(X)) such that the following holds:

i) Each composition is linear in the first factor

ii) They reduce to B-a, a-n and n- f if we replace elements of the quotient groups with elements
of the underlying semi-groups

iii) The following associativity formulas hold:
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iv) If a =1 then § -« =6 and if f = 1 then k- f = k.

Proof. All three follow from the extension property of semi-group homomorphisms to group homo-
morphisms. In particular a represenetation o € Fy (G) induces a semi-group homomorphism on
Fr(G) namely R : Fi(G) — Fg(G) defined as Ra(B) = - . This extends to a group homomor-
phism R, : Ki(G) — K (G) and we set 6 - a as Ro(#). The same construction we do for 6 - and
for k- f (the last one coming from Vectx(X)). All the properties now follow from the properties of
the underlying multiplication of the semi-groups. O

Now we know how we can compose a vector bundle with a (virtual) representation of the appropriate
dimension. What we want however is that we get some sort of (virtual) representation that we can
put on any bundle (or element of the K-theory) without thinking about the rank of the bundle.
This will be done by making a sequence {6, }, of virtual representations of GL(n,K). We can’t
however take any sequence of representations, since we want the elements to communicate nicely
such that the whole operation is linear. With this in mind we make the following definition. First
let:

pr; : GL(m,K) x GL(n,K) — GL(m, K)
pry : GL(m,K) x GL(n,K) — GL(n,K)

be projections onto the first and second entries. It is clear that these are representations.

Definition 7.5. A sequence © = {6,},, of virtual representations is additive if we have:

Omsn - (P11 © Pra) = (O - Pr1) + (0 - PIo)

In short an additive sequence preserves the structure of a direct sum, at least for the obvious pro-
jections. It follows that just having it for the projections will actually give this property for any
construction one wants to do with such a sequence:
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Lemma 7.6. If © is an additive sequence then for any two K-bundles £ and n over X of rank m
and n respectively we have:

Omin - (€D M) = (Om - ) + (0 - 1)

Proof. From & and 1 we can construct the bundle £ x i with cocycle-maps mapping into the group
GL(m,K) x GL(n,K). Now from projection it is clear that pr; - (£ xn) = & and pry- (£ X ) =7 so
that we have (pr; ®pry)- (£ xn) = £®n. Using the various arithmatic rules derived in the previous
lemma’s we now get:

Oman - (EBN) = Opin - ((pr; @ pry) - (£ x 1))
(Omn - (pry @ pry)) - (€ x 1)
(Ompry + Oppr) - (§ X 1)
= Om-(pry-(Exn))+0n- (pra- (£ x 7))
Om -§+0,-1n
O

Much the same construction can be used to show that 0,4y, - (@ ® ) = (0 - @) + (0, - B) for any
representations o : G — GL(m,K) and 8 : G — GL(n,K).

This all results into the following lemma on composing additive sequences with itself and with
elements of the K-theory. Here we use the notation ¥, ® and O for additive additive sequences, «
for a representation G — GL(n,K), £ for a bundle of rank n, x for an element of Kx(X) and f for
a continuous map:

Lemma 7.7. There are compositions ¢ -0, & -« and P - x such that ¢ -0 is an additive sequence,
P -« lies in K (G) and @ - & lies in Kg(X) and the following properties hold:
i) Each composition is bilinear in the two factors

ii) (®-0©), = ®-6,, when we see a as an element of K| (G) we have ® - o = ¢, - & and if we see
¢ as an element of Kx(X) ®-& = ¢, - &.

iii) The following associativity formulas hold:

(T-3).0 = U-(0-0)
(©-r)-f = - (k-f)
(®-0)-k = (0 -K)

iv) We denote by 1 the additive sequence with n’th entry the identity map GL(n, K) — GL(n, K)

then:
1-6 = ©
®.1 = O
1-x = kK

Proof. We construct @ - © from & - 6, as imposed by ii), and just as in the previous lemma we
construct @ - 0,, as the extension of a semi-group homomorphism that sets ® - @ = ¢, - a. The
same goes for constructing ® - k. These are bilinear since we assume O to be additive. Since all the
relations hold in the semi-group setting, they also hold for the final result. O
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In particular the last associativity equation shows that a sequence © of virtual representations
induces a group homomorphism O : Kx(X) — Kg(X) that is natural for continuous maps.

7.3 Relation between representations and K-theory and products

Now that we know that we can intertwine the additive structures of representations and K-Theory,
we also want to intertwine the multiplicative structure.

On vector bundles we have the notion of tensor products, i.e. we have a semigroup homomor-
phism:
® : Vectg (X) x Vectg (X) — Vectg (X).

This map extends to a map

for which we get:

Proposition 7.8. The triple (Kx(X), ®, ®) is a commutative ring with unit the trivial line bundle.

Also if we have two representations « : G — GL(V) and §: G — GL(W) we get a representation
a®p:G— GL(VeW) set by (a®p)(g9) = a(g9)®B(g), this also makes K (G) into a commutative
ring with unit the representation G — GL(1,K) g — 1.

Now we can do the same discussion as with the sum:

Definition 7.9. A sequence © of virtual representations is called multiplicative if we have:
Omn - (Pry ® pry) = (O - pry) @ (On - pry)

Just as with the direct sum we can now extend this multiplicative property to representations and
bundles:

Lemma 7.10. If © is a multiplicative sequence then for any two representations o : G — GL(m, K)
and 5 : G — GL(n,K) then:

Omn - (@ ® B) = (Om - @) @ (O - B)

Furthermore if £ and 7 are two bundles over X with rank m and n then:
Omn - (§®@N) = (Om - &) @ (05, - 1)

Now if © is also an additive sequence, then we can linear extend computations from representa-
tions to virtual representations to sequences and from bundles to elements of the K-theory, so we get:

Lemma 7.11. If © is both additive and multiplicative then we have:

O Wed) = (0-¢)2(0-9)
O - (k®A) = (0:-5K)®(0-))
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All these definitions will function to make sense of the following proposition which will serve as the
main tool of setting up the proof of Theorem 8.1

Proposition 7.12. An additive sequence sequence © = {6, } with 6,, € K;,(GL(n,K)) induces a

group homomorphism:
O: Kg(X) — Kg/(X)

given by k — © - k. This map has the following properties:

i) It is natural with respect to continuous maps, that is the following diagram is commutative

Kx(X) —2 Ky (X)

A

Kg(Y) —2= Ky (Y)

ii) If the sequence © is also multiplicative then © is a ring homomorphism (i.e. it preserves
products)

iii) If 6; has virtual degree 1 then © maps the unit in Kk (X) into the unit of K/ (X).
Proof. The first two items follow from the previous lemmas. For iii) we note that the unit in Kk (X)
is the trivial bundle X x K. Since this map has trivial cocycles we get that any representation of
degree 1 maps this into again trivial cocycle. Since this property extends to virtual representations

of virtual degree 1, hence we see that if 6; has virtual degree 1 we get that 61(X x K) = X x K'.
So we see that indeed the unit gets mapped into the unit ]

WEe’ll finish this part with some simple examples:

Example 7.13. Consider the following homomorphisms:

i) The injection of real matrices into complex matrices:

¢n : GL(n,R) — GL(n,C)

ii) The injection of the complex matrices into the real matrices:

rn, : GL(n,C) — GL(2n,R)

Where an entry a + bi gets mapped into a 2 x 2-block <Z _ab).

iii) The conjugation map:
tn, : GL(n,C) — GL(n,C)
Where t,(M) = M (i.e. if M;j = a + bi then t,,(M);; = a — bi).
These homomorphisms form sequences ¢ = {¢,}, r = {r,} and t = {t,,}, which are all additive and
apart from c are also multiplicative.

We see that if we first to ¢ to some matrix M € GL(n,R) we get a 'complex’ matrix with only
real entries. If we then apply r we get effectively that every entry becomes a diagonal 2 x 2-block
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with itself on the diagonal, so we see that r¢(M) = M & M. On the other hand if we first do r

“ _b> , which
a

and then ¢ we see that an entry a + bi gets mapped into a (complex) 2 x 2-block ( b

via diagonlization (with the matrix O = <_ZZ
a+bi 0
0 a—bi
any M € GL(n,C) we get that cr(M) ~ M & M.
Now using the last proposition we get group homomorphisms:

1Y, . .
1>) is seen to be equivalent to the 2 x 2-block

> which is the direct sum of the original entry and its conjugate, so we see that for

c: KO(X) — K(X)

r:  K(X)— KO(X)

t: K(X)— K(X)
of which the first and the last are ring homomorphisms. Using the calculations in the matrix-setting
we get that also in the K-theory-setting we get r¢c = 2 (i.e. re(k) = k+ k) and cr = 14+ t. The
first one is clear while the second follows from the fact that the conjugation-matrix which links

cr(M) and M @ M (the O discussed above) is independent of M, and hence the equivalence of the
matrices gets transported to a equality in the K-theory-sense.

7.4 A special sequence of virtual representations

In this section we will discuss a special sequence of representations. This sequence, when trans-
formed into a group homomorphism on K-theory will have certain nice properties as will become
clear in proposition 7.15. We will use these properties fairly often in the parts to come. The setup
of the sequences can be with any underlying field, but here we will restrict ourselves to R and C.
The required properties of the sequences read as follows:

Proposition 7.14. For every k € Z and K = R or K = C there is a sequence \II]’?< of virtual
representatioins such that:

i) 1/1]1'2771 is a virtual representation of GL(n,K) over K with virtual degree n.

ii) The sequence \IJH’“< is both additive and multiplicative.

iii) %k&l is the k’th power of the identity representation of GL(1,K) (where we use the tensor
product on representations as multiplication)

iv) Recalling the sequence ¢ of Example 7.13 we have \I'fé c=c- 1/1]1]%.
v) U - Ul = Wi

vi) Let G be a topological group and let 6 be a virtual representation of G over K then the
following formula holds for the character x : x (VX - 0)g = x(0)g*.

vii) For any n wﬂl(’n is the identity representation, wl?ﬁ,n is the trivial representation of degree n,
while 5| is the representation defined by vy} (M) = (MT)~1.

Proof. We recall the r’th exterior product E” (V') of a vector space V, in particular for finite dimen-
sional vector spaces. In that case, if we fix a basis vy, ..., v, of V', we generate E" (V') by the elements
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vi, Ao A, for 1 <4 < n imposing multilinearity and anti-symmetry. In particular a basis for
E"(V) are the elements v;, A- - -Av;, for iy < i9 < --- < i,, and hence E" (V) is a #ir)!—dimensional
vector space. Now if we have a linear map A from V to itself, we can take it over to a linear map
E" A from E"(V) to itself, simply by imposing E" A(vi, A---Av;, ) = (Avi, )A---A(Av;,). In particu-
lar we get a group homomorphism (and hence representation): Ey : GL(n,K) — GL <#lr),, K)
Since we only do stuff on the generators (not doing specific things depending on K) it is clear that

writing m = #'), we get Ef-c, = cpy- B (this of course acts as a prelude to proving property iv)).

\n—r

We're going to put these Ei’s to act just like taking all basis elements to the power k. We do
it in the following way: since the function Z?Zl(wi)k is symmetric, we can write it in terms of
the symmetric polynomials o1 up to o, (0g is excluded since it only induces a constant term), in

particular we get:
n

> (@)F = Qh(o1, .. 00)

=1

for some polynomial Q%. Now we define for k > 0:
w]Ik{,n = Qﬁ(Eﬂl@ o ER)
evaluating QF in the ring Kf (GL(n,K)).

For k = —1 we set T/fukgm by precisely what we want to have, namely wﬂg,ln(M ) = (M)~ and
to finish of for k£ > 1 we define Q,Z)Hgf; = 1/1]1]27” . %gln (it is clear that is this defintion if well-defined,

since (M7T)~! has the same dimensions as M). Having made the definition, we go over the desired
properties:

Claim 1. (property i)): %k@n has degree n.

Proof. For k > 0 we plug in the identity matrix and look at what dimensions the outcome is. This
coincides with plugging in x; = 1 in the defining polynomial, and looking at what comes out, we
get that degyk =31 1F =n. O

Claim 2. (property vii)): wﬂl&n is the identity, while w%n is the trivial represetation of degree n
and ¥y} is given by ¢! (M) = (MT)~L.

Proof. The statement about k = —1 is true per definition. For k = 1 we note that QL (o1, ...,0,) =
o1 and hence ¥} = EL. Since E'(R") = R" we see that E! is the identity and hence 1. is aswell.
For k = 0 we note that Y.+  (2;)¥ = n and hence QY is just the constant term n, and hence
1/1]%,” =n = @,1, i.e. sending everything to the n-fold direct sum of 1, hence to the identity
n X n-matrix. O

Claim 3. (property iii)): w]lké 1 is the k’th exterior power of the identity representation.

Proof. For k > 0 we get that when n = 1 we get Q¥(c') = o and hence wﬂkm = (EL)* and since
E]%( = Lgra,x) the claim follows. For k = —1 we see that since every 1 X 1-matrix is symmetric
(it really is a number) we get that 1z (M) = M~! and hence the multiplicative inverse of the

identity representation. The claim for & < —1 follows by defintion %km for such k’s and the results
for k= —1and k£ > 0. O
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Claim 4. (property iv)): W& .c=c- Uk,

Proof. Since complexification commutes with exterior products and sums, this follows for k > 0
from the above note on Fy and c. For £ = —1 it is clear and hence k£ < —1 follows from the
defintion of ¥* for k < —1. O

Next we note that the character x(a) of a representation o : G — GL(n,K) is given by x(a)g =
Tr(ag). We have x(a® 8) = x(«a) + x(8) and x(a® ) = x(a)x(8). The following claim we leave
without proof (it involves a lot of intricacies with matrices which I do need think is interesting to
write here, though it does act as a motiviation for the definition of %’%m)

Claim 5. [1, Prop 4.3, p. 613]: For any matrix M € GL(n,K) we have: X(T/)ﬂkg,n)M = Tr(M¥).
We use this claim for the following:

Claim 6. For every representation o : G — GL(n,K) and each g € G we have X(%"én ca)g =

x(@)g".

Proof. We have
X - @)g = XU ) (ag),

since ag € GL(K,n) we use the previous claim and get:

X ) (ag) = Tr((ag)*) = Tr(a(g")) = x(@)(g")
O

We note that this property extends to virtual representations by definition of virtual representa-
tions, and hence prorperty vi) follows.

Using the characterization of the behaviour of the character on this represenations, we’ll prove the
perhaps most important property of this sequence:

Claim 7. (property ii)): The sequence W% is additive and multiplicative.

Proof. Recall that pr; : GL(m,K) x GL(n,K) — GL(m,K) and pry : GL(m,K) x GL(n,K) —
GL(n,K) are the representations that just project to the first respectively second factor.
We want to prove:

) PR pan - (P11 G Dr2) = (Y, - Pr1) + (Y, - Pr2)
b) Y - (PT1 @ Pra) = (P, - Pry) ® (P, - Pro)
We first check that the characters coincide. In particular using the previous claims we get:
X% i - (011 @ DEY)lg = x(pry @ pry)g”
= x(pr1)g" + x(pry)g"”
= X(Vfm - Pr1)g + X (Y&, - Pra)g
= X[(me prl) (wK,n : prZ)]gv
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when we look at case a), if we look at case b) we get:

XUk - (Pr; @ Pra)lg = = x(pr; @ pry)g”

(
= x(pry)g" - x(pra)g
= XY - Pr1)g - X(Vk, - Pra)g
= X((¢K7m'pr1) (¢K7n'pr2))g

The fact that the representations are equal when the characters are the same follows from looking
at it restricted to compact subgroups. The exact argument can be found in [1, Prop 4.5, p.614]. O

k

Now we just have to check property v) and that is the last part of the proof:
Claim 8. (property v)): Uk .yl = wﬂlg,n

Proof. We again just check the characters and use the same argument as above to see that then
the equality of the representations follow. We have:

= Tr(MF (Claim 5)
= x(@g,)M  (Claim 5)

O

Having checked that this definition satisfies all the properties we have finished the proof of Theorem
7.14. O

Having constructed these representation, we can discuss what they do in K-Theory:

Proposition 7.15. The sequences W} induce operations W : K (X) — Kg(X) on the real or
complex K-theory of some space X such that:

i) \I/]% commutes with continuous maps, that is, the following diagram commutes:

K (X) 255 K (X)

r| g
\I’k

Ex(Y) —— Kx(Y)

ii) \I/Hkg is a homomorphism of rings with units
iii) If £ is a line bundle over X then \Ilﬂlzf = ¢k

iv) The operations \Ilﬁ‘é and \Ilfé commute with complexification, that is, the following diagram
commutes:

KO(X) -2 KO(X)

K(X)—— K(X)
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v) Uk o Wl = Wk

vi) For x € K(X) we have ch?(Ufx) = k%ch?(k) where ch?(k) € H?(X;R) is the 2¢g-dimensional
component of the Chern character of k.

vii) \I/]%< and \Ilﬂgl are the identity functions, ¥ ! — ¢ where ¢ is the operation of Example 7.13, while
\I']% is the function that maps a bundle over X to the trivial bundle of the same dimension.

Proof. We see that i) and ii) follow directly from i) and ii) of Proposition 7.14. Part iii) follows
from iii) of 7.14 since a line bundle has cocycle-maps in GL(1,K) and tensor products on both side
coincide. The same holds for iv) and v), in that it follows from iv) respectively v) of 7.14 using the
arithmatic lemmas. The proof of the parts about Uk and U% of vii) follow directly from vii) of
7.14 while the part about \I/HE1 follows from discussion about the map M + (M7T)~1

Here we note that since O(n) is a deform rectract of GL(n,R) since it’s a maximal compact sub-
group, any real bundle is equivalent to a bundle with cocyle-maps in O(n) C GL(n,R) where
(MT)=! = M. In the complex case we have the same but now with U(n) so if we have a complex
vector bundle we get an equivalent one with cocyle-maps mapping into U(n) C GL(n,C) where
(MT)=1 = M, so we see that the claim follows.

As for vi), we will only prove it in the case of a sum of line bundels, since with the Splitting
Principle we can always reduce to that case by iv). Soif £ = @ --- ® 1, we have:

ch(g) = e ... e1lm) chi(¢) = qll [ex(m)? 4 -+ - ea ()]

Now using the fact that both ch and \llfé are ring homomorphisms and part iii) we get:

ch(VEE) = ch(WE(m @ - @ nn))
= Ch((‘lfcm) @ (VE1n))
= ch(n} - @D nn)
= Ch(m) <+ + ch(n)"

ekerlm) 4 ... gkei(im)

And when looking at the ¢’th component we see:

ch?(WEE) = [(kcl(m)) + (ker ()] = ZJ [ex(m)? + ... + e1(mn)?] = K7ch?(€)

O

We will finish this part of the chapter with an example to see how these operations come to life on a
particular space. First though we note that we can also define operations on the reduced K-theory.
Since that is defined such that Kix(X) = Kx(X) @ K (point) = Kx(X) @ Z and since on a point
all vector bundles are trivial, we see that the operations must act on the reduced part, so we can
all the same talk about the operations ¥ on I?K(X ). On the even dimensional spheres (which are
the most interesting cases of spehres since there the K-theory is isomorphic to Z) the operations
then become as follows:

Proposition 7.16. The operations ¥F : K¢ (S%9) — K¢(S%9) and (for ¢ even) vk Kp(S%) —
Kg(S%) are given by Uk (k) = k9.
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Proof. The proof of the complex case follows directly from:
Claim 1. the map ch? : K¢(529) — H24($%2;Q) is injective.
Using this claim we get from Proposition 7.15.vi) that:
ch?(kk) = k%(ch?k) = ch?(Ukk)

Since ch? injective we get that \I’(]En = kik.
If ¢ is even the real case follows from the following claim:
Claim 2. the map c: Z = I%(S‘“) — K(S*) = Z is injective.
We will use this on the following consequence of 7.15.iv):

(W () = WE(c(r)) = koe(x) = c(kK)
Injectivity of ¢ now implies that Wk (k) = k.
Proof of Claim 1. This is a direct consequence of Proposition 6.21.

Proof of Claim 2. We know that ¢ sends the generator 1 of I%(S‘“), namely the trivial real
bundle, to a certainly non-trivial complex bundle. So ¢(1) # 0 and hence c is injective. It follows
from Bott’s work that ¢(1) = 1 if ¢ is even and ¢(1) = 2 if ¢ is odd. O

This example, apart from being an example of how the operations work out, is also indicative for
the parts to come, where we will mostly derive properties in complex K-theory and use maps like
c and r to derive results in real K-theory. This order of work is a result of the easiness of complex
K-theory as compared to the messy properties of real K-theory (in particular on the spheres).

8 An important technical result

Having set up the machinery we can now prove the theorem that we reduced to in chapter 4 to
prove that there are no p(n) vector fields on S"~!. The statement reads as follows:

Theorem 8.1. For any m > 1 the space RP™1r(m) JRP™ 1 is not co-reducible.

Recall that we saw earlier that RPmﬂ’(m)/ RP™! not being co-reducible is equivalent to proving
that we cannot find a map g : RP™+°(™) JRP™1 5 §™ such that g precomposed with the inclusion
§m = RP™/RP™ ! — RP™P(™) /JRP™! has degree 1.

8.1 Calculations of K-Theory of projective spaces
In this part we’ll calculate the K-Theory of projective spaces, in particular the complex K-Theory of

CP™/CP™ and the real and complex K-Theory of RP™ /RP". Establishing rigid generator-relation-
forms of these groups we’ll then show that a map ¢ as described above cannot exist.
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To ease the choice of generators with going from complex to real we first prove the following lemma:

Lemma 8.2. Let &, be the tautological real line bundle over RP* and let 1, be the tautological
complex line bundle over CP* and 7 : RP?*~! — CP™"! be the obvious projection. Then c&a,_1 =
T*N,_1 (as elements of K(RP?"~1)).

Proof. The case n = 1 is trivial and hence we see that H2(RP?"~!; Z) = Z, and we have ¢;7*n,_1 =
T c1Mp—1 # 0. We know that complex line bundle are classified by their first Chern class and
since Zso has only one non-zero element we hence have to show that cfs,_1 is not trivial. For
this we look at rcfs,_1, from Example 7.13 it follows that rcfop—1 = 91 D Eon—1. We know
that w(&a,—1) = 1 + = with 2 the generator of H' (RPzn_l;Zg) and hence we have w(rcan—1) =
(1+2)2 =142 c H*(RP? 1, Zy). If c&,_1 were to be trivial, then rcéy, 1 would be aswell and
then w(rcfa,—1) would be 1, which it obviously isn’t so we see that c€a,—1 = 71,1 O

Using these line bundles we’ll define the following elements of the K-Theories to use in the upcoming
calculations. For clarity we’ll drop the index (though we should certainly not forget about it!) and
define:

A=A, =& — 1 € KO(RP™)
p=pn =& —1€ K(CP")
V=1, =chy, € K(RP")

Having defined these special elements of the K-Theories we now start the fun part with calculating
the complex K-Theory of CP™/CP™:

Theorem 8.3. K(CP™) is the polynomial ring Z[u]/(1™1), i.e. the polynomial ring generated
by p with coefficients in Z with the relation p™t1 = 0. The projection CP™ — CP™/CP" maps
K(CP™/CP") isomorphically onto the subgroup of K(CP™) generated by ™!, ..., u™. In either

case the ring homomorphisms \Iffé are given by:
Ve = (1 +ph =1y

If k is negative we see (1 4 p)* as the formal power series 1 + ku + k(k — 1)/2u? + ... which is a
finite sum since g™+ = 0.

Proof. Since by Proposition 6.21 ch is injective we will use the structure of H*(CP™; Q) ~ Q[z]/(z" 1)
to prove things for ch(K (CP™)) and then conclude the same things for K (CP™).

We denote by x be the generator of H*(CP™;Z) (and hence also a generator of H*(CP";Q)). Since
the line bundle 7,,, has Chern class 1 + z, we have ch(n,) = ¢ and hence we have Z[e*]/(x2™T!) C
ch(K(CP™)).

Now from the exact sequence of the pair in K-Theory we have the exact sequence:

0 — ch(K(CP,,,CP,,—1)) — ch(K(CP,,)) — ch(K(CPy,—1) — 0.
While CP,,/CP,,_1 = S?™ we get that:

ch(K (CPp, CPpy) = Z[a™]/ (™) = Z[(e” — 1))/ (™) € Z[e"] /(2™ )
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Now the suppose by induction hypothesis that ch(CP™™1) = Z[e?]/(z™) (the case m = 1 is trivial),
we get that Z[e®]/(z™F!) is a subgroup of ch(K(CP™)) which contains ch(K (CP™,CP™!) and
maps onto ch(K(CP™ 1), so we know that Z[e®]/(z™1) is a subgroup of ch(K (CP™)) for which
the short exact sequence works, hence it must be the whole group and we get:

ch(K (CP™)) = Z[e"]/(a™ ") = Z[e" — 1]/(«z™*") = Zlch()]/((ch(p))™ ")
so plugging back with ch™! we see that K(CP™) = Z[u]/(u™*!).

Now since the exact sequence of the pair K(CP™/CP") — K(CP™) — K(CP™) becomes:

K(CP™/CP™) — Z[u]/ (™Y — Z[u] /(1™ 1), the result for K(CP™/CP") is clear.

As for \If(’f: we know that \Ilfé(n) = 1" since 7 is a line bundle, now using the ring homomorphism
properties of \I/(]é we get:

k() = (Wh) " = (Wh(p+1) - wh1) = (1 + ) — 1) m

We will now use the complex K-Theory of the complex projective spaces to calculate the com-
plex K-Theory of the real projective spaces. To do this we will extensively use the projection
7 : RP? ! — CP™.

This map factors to maps w’ : RP?"*1 /Rp%+1 . CP"/CP* and w : RP?"*!/RP?* — CP"/CP®.
Using these maps we will define generators of the complex K-Theory of real projective spaces.
First we note that we define u(5*1) for the element of K(CP"/CP*) that gets mapped to p*t! in
K(CP") (see the preceding theorem). Now we set /5T = /* ;51 ¢ K(RP?" ! /RP?*1) and
vt = r ) ¢ I?(RPQ”‘H/RPQS). Now is clear from the defintions that the induced maps
from RP?"! — RP2+1/RP2 — RP?" 1 /RP?*! maps v/5t1 to v+ to 151, which should act
as a justification for the notation. Using these elements as generators, we get the following result
on the complex K-Theory of the real projective space:

Theorem 8.4. Let n = 2t for some integer ¢t and let f = |3(m —n)], then K(RP™/RP™) = Zy;.
In the case that n = 0 we can describe K (RP™) by the generator v and the relations v?> = —2v and
vI*1 = 0. Otherwise K (RP™/RP") is generated by v('*1) and the projection RP™ — RP™/RP"
maps K (RP™/RP™) isomorphically onto the subgroup of K(RP™) generated by v+1,

If n = 2t — 1 we have K(RP™/RP") = Z & K (RP™/RP™!) where the factor Z is the subgroup
generated by ©/® while the second factor comes from the projection RP™/RP"™ — RP™/RP"+!.
Furthermore the operations ‘I/gé are given by:

0 if k even
p(t+1) if k& odd
Lpt, (t+1) if k even
t, () 2
Wy + {g(kt — D™D if k odd

i) \Ij(léy(tJrl)

i) TE/O =

Proof. The main calculation of the ring structure comes from spectral sequences, which is beyond
the scope of this thesis. For this part one can look at [1, Thm 7.3, p.622]. We can however discuss
the relations of the ring K (RP™). For this we first detour into real vector bundles. Since real line
bundles are identified by their first Stiefel-Whitney class, we have that for the tautological line
bundle ¢ over RP™ that ¢2 = 1. This follows since by definition w1 (€¢) # 0 and H'(RP™) = Zs,
so wi(€?) = 2wi(€) = 0 = wi(1), so we get €2 = 1 and hence (A + 1)2 = 1 or A2 = —2)\. Now
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applying ¢ we get ¢(A\?) = ¢(—2X), that is (cA)> = —2¢(\) and hence v? = —2v. On the other hand
we know that v/+! is the image of /Ut e K (RPN /RP?/*!) from the canonical quotient. Now
since 2f 4+ 1 > n we see that has to get mapped to zero since we pound the vector bundle down to
something trivial (indeed k = f + 1 is the smallest number such that 2k — 1 > m, so the order of
v is exactly f +1).

We also note that the identity K (RP™/RP") = Z& K (RP™ /RP™ 1) follows from the exact sequence
of the pair (RP™/RP?~! RP%/RP?~!) and hence from the exact sequence (which in this case
ends with zeroes by results from the spectral sequence):

0 — K(RP"/RP?) — K(RP™/RP* 1) - K(RP?/RP* ') = K(S*)=Z — 0
Next for the operations ‘Il we note that for a line bundle 1 we have \I/(Cn = 1*, on the other hand

we already noted that for the tautological line bundle ¢ we have (c£)? = 1, so we get:

k _ |1 ifkeven
e (et) = {cf if k odd

Plugging in the defintion of v this means that:

k - 1 if k even
Vel +v) = {1+u if & odd ’

therefore using the fact that \Iffé is a ring homomorphism:

k |0 if k even
‘I"C(”)_{y if k odd ’

so in particular we have:

k. s J O ifkeven
‘I’C(”)_{us if k odd

Since K (RP™/RP?) maps isomorphically into K (RP™) the result for Tkyt+D) follows from the
above.

Now for /(. We know that since it has to land in the appropriate group we have \If(’le/’ ®) =
ar'® + b for some a and b. First we push it through the induced map from the injection
p: RP?/RP?~1 — RP™/RP*~! which only leaves the ar/(), in particular we have:

k(v O) = (VD)) = ap” (/)

But now RP? /RP?~! = §% and we know by Proposition 7.16 that on S% the operations are given
by multiplication with k!, hence we see that a = kt.

Next we project onto RP™/RP?~2. By definition V'® gets mapped into v® while using the
structure of K (RP™/RP?~2) we have that v(*+1) = —2,(), Now using the this and the preceding
results on WK (v®)) we get:

0 if k even
YD) = (b - 20 = {u<t> if k odd

Since K(RP™/RP?~2) = Zy41, we solve for b and get:

1.t :
sk if k even
= 2 !
b {g(k:t “1) ifkodd Mod?2
Since K(RP™/RP?) = Z,; and hence the modulo 2/ does not matter the result follows. O
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Now at last we calculate the real K-Theory of the real projective space. This will get quite messy
and the results follows from more shady arguments, but since it gets more involved it is particulary
useful in proving Theorem 8.1.

First we define ¢(m,n) to be integers s such that n < s < mand s =0, 1,2 or 4 mod 8. Note that we
have the identities ¢(m,n) = ¢(m,0)—¢p(n,0) and ¢(8t,0) = 4t. Then we have the following results:

Theorem 8.5. Assume n % —1 mod 4. Then we KO(RP™/RP") = Z,; where f = ¢(m,n).
If n = 0 then KO(RP™) can be described by the generator A and the relations: A2 = —2\ and
MFE = 0. Otherwise the projection RP™ — RP™ /RP™ maps I/(VO(]RPm/]RP”) isomorphically onto
the subgroup of KO(RP™) generated by A9"! where g = ¢(n,0).

In the case that n = —1 mod 4 we have:

KO(RP™/RP*~1) = Z + KO(RP™/RP*)

Here the second factor is induced by the projection RP™ /RP4~1 — RP™ /RP%, and the first factor
is the subgroup generated by some element A9 (again g = ¢(n,0) = $(4t,0)). The operations 23
are as follows:

0 if k even
; ky(g+1)
e Alg+D) if & odd
i) WENG = 2N 4 { IR if & even

L(k2 — DAY if k odd

The element M@ has properties which are very much alike the properties of v/(!) in Theorem
8.4. The exact construction of this element is tideous and can be found in [1, Lemmata 7.5-7.7,
pp.625-628].

Proof. As for the ring structure, this again follows from arguments from spectral sequences, see [1,
Thm 7.4,p.625].

Since Proposition 7.16 also works in the real case for multiples of 4 (which we have here since we
will project to RP# / RP#~1 = §% the proof of the formulas for the operations are similar to the
proof of Theorem 8.4. O

8.2 Proof of Theorem 8.1

Now having a representation for I/(\é(RPerp (m) JRP™~1) we will use this to disprove that there is a
map RP™°(m) /JRpm—1 I, §™ such that the composition S™ = RP™ /RP™~! Ly Rpmte(m) JRP™L) ER
S™ has degree 1. The argument that we will use only works for m a multiple of 8 but denoting
m = (2a + 1)2° the result for b < 3 can be proven with so called Steenrod operations which are
beyond the scope of this thesis (the interested reader can look at [13]).

Now we look at ¢(m + p(m), m), hence the number of integers s such that m < s < m+ p(m) and
5=0,1,2 or 4 mod 8. Identifying m = (2a + 1)2°*4¢ with 0 < ¢ < 3 such that p(m) = 2¢ + 8d, we
split the range up is the section m+1<s<m+8 m+9<s<m+16, .., m+8d—1)+1<
s<m+8dand m+8d+1 < s <m+ 8d+ 8. Now apart from the last section all sections have
4 ’good numbers’ in it since m is a multiple of 8, namely m 4+ 8t + 1, m + 8t + 2, m + 8 + 4 and
m + 8 + 8 (for t = 0,...,d — 1), while in the last section we have m + 8d + 2! for 0 < t < ¢ as
the ’good numbers’. So we see that in total we have 4d + ¢ + 1 ’good numbers’ between m and
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m + p(m), so we get ¢(m + p(m),m) =4d+c+1=>b+1.
Next suppose we have a composite:
§m — Rp™/RP™-L £ Rpmte(m) jgpm—1) L, gm

This induces a sequence in K-Theory:

KO(s™) L5 KO®P™m) /rpm=1y & KO(S™)

Since m = 0 mod 8 we have I/(\é(Sm) = Z and by Theorem 8.5 we have I/(\é(RPerp(m)/RPm_l) =

Z®Zqp+1. Now we choose a generator 7 for If(b(Sm), while we note that the factors of I?VO(RPm+p(m) /RP™ 1)
are generated by N9 and A9t where in this case g = %m In particular we get:

—_— f —_—

KO(s™) — I Ko@®pm+etm jrpm—1y " O(

- JN

f Z @ Z2b+1 ! Z

9 B

05)

™)

1R

R

Now supposing that fi has degree 1, we’'d have i* f* = 1* = 1, so we’d have i* f*(v) = .

We determine the structure of i* and f*. They are characterised by i*(X(9)), i*(A¢*+1D) and f*(~).
Since A9tY has degree 207! and since Z has apart from 0 no elements with finite order, we have
i*(A9Ht)) = 0. On the other hand we can write f*(y) = M\ + NAGHD) and i* (V) = Moy
and we want to determine the integers M;, My and N. Using the fact that i* f*(y) = v we get:

v =i f*(y) = * (M) + NAOTD) = My Moy

So we see that MM = 1 and hence M; = My = +1. Now on the other hand we have f*(\I'I]?&W) =
UL (f*(v)). Using Proposition 7.16 (and the fact that m = 0 mod 8) this becomes:

Fr(Whr) = £ (k%)
while using the structure of f* we have:
‘I’ﬁi(f*(’Y)) = \pﬁ(i)\/(g) + )\(g+1)),

and
F k%) = £k2 N9 4 k2 N

Using Theorem 8.5 we can get rid of the \Ifﬁ and get:
h(ENO 4 \OHD) = 4 F N6 4 L (k% - e) AGHD L N Al
2 )
where € is 0 if k is even and 1 if k is odd. Now plugging all this together we get:

+h2 N9 4 2 NAOTD = 5% V09) £ % (k% - e) AGHD L e NAGHD,
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and scrambling all the terms we get:

(r=1) - i

<N F ;) <k% — e) =0 mod 20!

If a suitable function f exists this equation should hold for all k. To show that it doesn’t suppose
we have a k such that:

that is:

k2 — e =201 mod 2012

in that case we’d have:

o)) - (v
= 2! <N:F ;) (1 + 2¢)

2°(2n 7 1) (14 2t)

2° (2n + 4nt T 1 F 2t)
X (n42nt t) F2°
2% mod 2°+1

#£ 0 mod 201

So the last part will be finding such a k. The answer comes from number theory:

Lemma 8.6. If n = (2a +1)2/ with f > 1 then 3" — 1 = 2/*2 mod 2/73.

Note that this thus is the case k& = 3. Also note that since the exponent of k is m/2 we have
m = 2n and hence m = (2a + 1)2° = (2a + 1)2/*! and hence b = f 4+ 1. We may use this lemma
since m = 0 mod 8 and hence b > 3.

Proof. We will prove by induction. But first note that since 32 = 1 mod 8 we know that 3** = 1
mod 8 and hence 32" + 1 = 2 mod 8. Now we will use induction on the statement:

3(2f) —1=2/*2mod 2/+4

The case f =1 is true since 3(2) = 8 and hence certainly 8 mod 32. Now suppose that it is true

for some f then:

2f+1)

327 1= 32 — 1) +1)

Now using the induction hypothesis 32 1 = 2/42 4 42/ and by the note above we have
32f—|—1:2—|—y23 so:

= 2/73 mod 2/%5

Now we know that 32" ™) — 1 = 2/+3 mod 2/+% and hence certainly it holds that 32" = 1 mod
2743,

50



Next using this result we see that 3292 =1 mod 2/+3.

@)

Now multiplying with an extra 3 we get:

3(2a+1)2f = 3(2f) mod 2f+3

So in particular we get that:

3(2a+1)27 _ 1 = 3(27) _ 1 10 2/F3

By the first argument in this proof we now get that 32") — 1 = 2/+2 mod 2/*3 (mod 2/+3 or mod
2/+4 does not matter here) and hence:

30— 1 = 3Qa+12) g — of+2 15q of 3

O]

So we see that the case k = 3 indeed yields the desired contradiction, so we see that there is no map
f: Rpm™te(m) JRP™1 — §™ such that fi has degree 1 and this concludes the proof of Theorem
8.1. O

9 Conclusion and outlook

Now recalling from chapter 4 that if there would we some m such that RP™+7(™) /RP™1 would
be co-reducible if there were some n such that there would be p(n) pointswise independent vector
fields on S™~! we see that this can never happen and hence we find that there are exactly p(n) — 1
pointwise independent vector fields on S™~! and we have case closed.

One can wonder if we can use this proof and it’s ideas to determine the maximum number of
vector fields on any manifold M. This turns out to be not completely the case since we extensively
used that the tangent space of the sphere can be very well described within Euclidean space. In
particular the connection between vector fields and Theorem 8.1 is something that is really specific
to the case with spheres.

We can however always make some statements on the number of vector fields. In particular using
the Poincare-Hopf Theorem we can always determine whether there is one nowhere vanishing vec-
tor field at all, cutting off the search very early if x(M) # 0. Also we recall the statement on the
Stiefel-Whitney class of a vector bundle and the number of independent vector fields (proposition
6.11). To use this one can determine w(7T'M) and then look how many of the top elements are zero.
In particular if w;(T'M) # 0 (i > 0) then we know that there are at most dim(M) — 4 vector fields
on M. So while the ideas of this thesis do not fully come in use for general M, some statements
made in this text can be used to at least determine an upper and lower bound.

A Appendix on general topology

A.1 Construction on spaces

This section will give a quick overview of non-trivial constructions on spaces which will be used in
the text. This list turns out to be one, namely:
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Definition A.1. Given two pointed spaces (X, xo) and (Y, yp) we define the smash product X \Y
by:
XAY =X xY)/(X x{zo} U({zo} x Y))

A.2 Vector bundles and fibre bundles

We assume that the reader has some knowledge of the basics of differential topology (charts, atlases,
smooth maps, etc.), but we will recall some facts about vector and fibre bundles because they are
heavily used throughout the text.

Definition A.2. A fibre bundle over a (connected) topological space X with fibre F' is a topological
space F with a surjective continuous map 7 : £ — X such that:

i) For every x € X we have that E, = 7~ !(x) ~ F, that is, on every point of X we have
attached a copy of F.

ii) There is an open cover {U,}qeca of X such that for every a € A there is a homeomorphism
®, between 7~ 1(U,) and U, x F, such that the first factor of ®,(y) is equal to 7(y).

In the case that F' is a linear space, we get the notion of a vector bundle, for which the second
property gets a bit more refined:
Definition A.3. A vector bundle over a (connected) topological space X with fiber some linear
space V' is a topological space E with a surjective continuous map 7 : E — X such that:

i) For every z € X we have that E, = 7 () =~V

ii) There is an open cover {Ug}qca such that for every a € A there is a homeomorphism @,
between 771 (U,) and U, x V such that for every = € U,, ®, restricts to a linear isomorphism
between E, and {z} x V.

Remarks:

i) When V = R*, E is called a real vector bundle, and when V = C*, FE is called a complex
vector bundle.

ii) When V =R or V =C, E is called a real respectively complex line bundle.

iii) One could also do this in the smooth sense, in which case we want X, F' and E to be smooth
manifolds and all maps to be smooth and all homeomorphisms to be diffeomorphisms.

Now one could ask when two vector bundles are related or the same. For this we define the following:
Definition A.4. Let f : X — Y be a continuous map and F and F' be vector bundles over X and

Y respectively. A vector bundle homomorphism between E and F covering f is amap f: E — F
such that
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i) The following diagram commutes:
—

E ja
ln lﬁp
Ty

X —

!
E

i.e. that f maps a fiber E, into the fiber Fp(a)-
ii) The map f|g, : Ex — Fp(,) is linear.

When f is a homeomorphism then it is called a vector bundle isomorphism.

If we have a vector bundle E (with fiber V), we get a cover {U,} and maps ®, : 71 (U,) — Uy x V.
Taking two of those maps ¢, and ®; we get maps:

Do =Puo®, iUy xV = Uy x V

(where Uy, = U, NUp). Since the ®’s map take a fibre E, into {x} x V and are fibrewise linear we
get that:
Pap(p;v) = (P; Pab(p)V)

for some ¢qp(p) € GL(V). Now since @, is continuous it follows that ¢gp : Ugy — GL(V) is also
continuous. The collection {¢4} is called the (Cech) cocyle of E. This cocyle satisfies the prop-
erty that @upPpcdea(p) = 1 for every p in U, N U, N U.. Also it follows that if two vector bundles
have isomorphic cocyles (i.e. all maps differ by a fixed invertible matrix), that they’re isomorphic
themselves. So we see that cocycles are a way to describe vector bundles.

Now we want to freely play with these cocycles, so we also that for any open cover {U,}aca
with maps ¢up @ Uspy — GL(V) satisfying @apdpcdea(p) = 1 for any p € U, N U, N U, we have a
vector bundle with cocycle {¢q}. It follows that we can actually do this:

Theorem A.5. Given a open cover {U, }qc4 with maps ¢up : Uy — GL(V) satisfying ¢up@petdea(p) =
1 for any p € U, " U, NU,, there is a vector bundle F over X with fibre V' which has cocycle-maps

{¢ab}'

Proof. We set E = (||,c4 Ua x V)/ ~ where ~ is an equivalence relation set by U, x V' > (p,v) ~
(p,v") € Uy x V when v = ¢4,(v"). That this is an equivalence relation follows from the assumption
on ¢q. That E is a vector bundle over X with cocycles ¢ follows more or less directly. O

In particular if we have a group homomorphism p : GL(V) — GL(W) and a vector bundle E over X
with fibres V' we get a vector bundle F' over X with fibres W by looking at the cocycles ¢ of E and

setting the cocycles of F' on p o ¢gp. It follows that p(dup)p(dve) p(Gca) = p(PapPocdea) = p(1) = 11,
so we can use the previous theorem to make F'.

B Appendix on algebraic topology

In this apppendix we will recall homotopy groups, singular homology and singular cohomology and
state the definition of generalized (co)homology theories.
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B.1 Homotopy groups

Homotopy groups measure how extremely a certain space X is formed. While the most used ex-
ample, the fundamental group m; consisting of homotopy classes of paths, is particulary easy to
compute, the higher order homotopy groups are harder to determine, though they still encode
valuable information about a space.

The discussion centers about maps f : (I",0I") — (X, xo), i.e. f(y) = xg for any y € §I". Two
such maps, fp and fi, are homotopic there is a map F' : I"™ x I — X such that F(-,0) = fy and
F(-,1) = f1 and f(0I",t) = o for any t € I. Maps being homotopic is an equivalence relation,
and we denote [f] for the equivalence class of a map f. Set-theoretically we now have:

Definition B.1. The n’th homotopy group of X at xg is defined by
(X, o) = {[f], f - (I",61") = (X, w0)}

The group operation comes from concaternation of maps from I™. So let [f] and [g] be two elements
of m, (X, zp) we define:

(f %9)(81, ..., 8n) = { (f(231,82,...,sn) i

1
2
9(2s1 — 1,89,...,8n) 1

= O
|/\ |A
I/\ IA

It follows that the homotopy class of this map does not depend on the choice of f and g, so it
induces a group operation on 7, (X, zg).

We note that when n > 1 we have ’enough space’ to exchange f and g, so for n > 1 m,(X, zg) is
abelian. Also when X is path-connected, the isomorphism class of 7, (X, zg) does not depend on
xo and we just call it m,(X)

The homotopy groups satisfy: m;(S™) = 0 for i < n and m,(S™) = Z, but m;(S™) for i > n turn
out to be a messy state of affairs, so we define another, less intuitive, but more computable way to
describe the shape of a space.

B.2 Singular homology

Singular homology is a way to describe how many holes a space X has. Just like homotopy groups
it is an algebraic invariant (i.e. homotopy equivalent spaces have isomorphic homology groups)
which measures how the space is formed, but it is much more computable. While homotopy groups
have the downside that the higher order ones are very hard to compute, homology groups will
turn out to have the property that for a n-dimensional CW-complex X we have H;(X) = 0 for
i > n. First we let A" = {(to,...,t,) € R"™ Y. ¢; = 1 and ¢; > 0}, the smallest convex subset
of R™! containing all basis vectors e;. In very much the same way we can also define it to be
A™ = [vg, ..., v,| where [vg, ..., v,] is the smallest convex subset containing all v; (for {v;}; linearly
independent). It we forget one v;, say [vg, ..., Ui, ..., Un], it is understood that we get a A"~ !-simplex.
Now a singular n-simplex is a map o : A" — X and we let C,,(X;G) be the group generated by
all maps o with coefficients in an (abelian) group G, that is the group of formal sums ) . n;o; with
n; € G and o; : A™ — X. There is a boundary map 9, : C,(X; G) — Cp,—1(X; G) defined by:

0n(0) =D (~1)'0ljug, .1, 0]

%
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Here it is understood that o|, . 4., can be seen as a map A" — X. Also we define C_; to

be the trivial group and hence gy = 0.

n]

Now 0% = 0 and we define the n’th homology group by
H,(X;G) = ker(9y,)/im(0p—1).

We can also put an extra G between Cy(X; G) and 0, and replace dy with first a map € : Co(X; G) —
G that sends ), n;o; to ), n; and then the zero map G — 0. Since €0; = 0 we define the reduced
homology by:

Hy(X; G) = ker(e) /im(p)

while H,(X; @) = H,(X;G) for n > 0. It follows that Hy(X;G) ® G = Ho(X; Q).

We can also define relative homology. Here we 'forget’ about a subset A and define C,, (X, A;G) =
Cn(X;G)/Cr(X;A). Since 0 factors through it to maps 9, : Cp(X, 4;G) — Cph_1(X, 4;G) we
define the n’th relative homology group by H, (X, 4; G) = kerd/im0.

Now it follows that singular homology has the following properties:

Proposition B.2 (additivity). If X is made up of connected components X, then H,(X;G) =
B Hy, (Xa§ G)

Proposition B.3 (functoriality). For any map f : X — Y there is a map f. : Ho(X;G) —
H,(Y;G) satistying (fg)s« = f«g« and 1, = 1. Furthermore if f ~ g then f, = g.. In particular it
is a (covariant) functor from spaces to groups.

Here we first put a map f; on C,,(X;G) which sends a simplex ¢ to the simplex fo € C,(Y;G).
This map satisfies Ofy = f30 and hence factors through the quotients into maps f. : H,(X;G) —
H,(Y;G).

Proposition B.4 (long exact sequence of the pair). A pair (X, A) with A C X induces the exact
sequence of the pair

- = Hy(A;G) —» Hy(X;G) = Hy(X,4;G) — Hyp 1 (A;,G) — -

Proposition B.5 (excision). Given subspaces Z C A C X such that the closure of Z is contained

in the interior of A, the inclusion (X — Z, A — Z) — (X, A) induces isomorphisms
H,(X-Z,A-Z,G) = H,(X, A;G)

for all n. In particular if we have an open cover {A, B} of X the inclusion (B,AN B) — (X, A)

induces isomorphisms

H,(B,ANB;G) — H,(X, A;G)
for all n.

We also note that H;(S™;G) = G for i = n and 0 otherwise, and this in principal induces all the
values for any CW-complex.

Having defined singular homology we also define the degree of a map f : S™ — S™. Since

H,(S™Z) = Z the induced map f, is multiplication by some d € Z, that is f.(n) = dn, and
we define deg(f) = d = f«(1). It follows that deg(f) = deg(g) if and only if f and g are homotopic.
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B.3 Singular cohomology

Cohomology is the dual of homology. This means that there is no real new information, but some
information gets shuffeld in such a way that we can more easily read it, just like when we ditched
homotopy for homology.

We define C™(X; G), the group of singular n-cochains with coefficients in G to be Hom(C,,(X;Z), G),
that is group homomorphisms from C,,(X;Z) to G. Le. an-cochain v takes a n-chain o to ¢(o) € G.
This closely relates the construction of the dual of a vector space. The boundary map 9 is defined
as the dual of 9, that is 0¢(0) = 0(do). Since 6% is the dual of 9% = 0 we see that 62 = 0 and we
define the n’th cohomology group by H"(X; G) = ker(d)/im(9). Relative and reduced cohomology
are defined in the same manner. More or less all properties of homology come over to cohomology,
but now that everything is contravariant and hence all the arrows flip:

Proposition B.6 (additivity). If X is made up of connected components X, then H"(X;G) =
D H"(Xo; G).

Proposition B.7 (functoriality). For any map f : X — Y there is a map f* : H"(Y;G) —
H™(X;G) satisfying (fg)« = g« f« and 1, = 1. Furthermore if f ~ g then f* = ¢g*. In particular it
is a contravariant functor from spaces to groups.

Proposition B.8 (long exact sequence). A pair (X, A) with A C X induces the exact sequence of
the pair
o= H"YA;G) —» HY(X,A;G) — HY(X;G) — H (A;G) — --- .

Proposition B.9 (excision). Given subspaces Z C A C X such that the closure of Z is contained
in the interior of A, the inclusion (X — Z, A — Z) — (X, A) induces isomorphisms

H'X — Z,A— Z;G) ~ H(X, A; G)

for all n. In particular if we have an open cover {A, B} of X the inclusion (B,AN B) — (X, A)
induces isomorphisms

H"(B,ANB;G)~ H"(X,A;G)
for all n.

Also we again have that H'(S™;G) = G for n =i and 0 otherwise.

B.4 (Co)homology theories

Having defined singular (co)homology, we note that most of the time we calculate (co)homology of
a space X by using the various propositions and the values on spheres. This axiomatic approach
leads to the notion of generalized (co)homology theories, where we leave the propositions in tact,
but vary the values on spheres:

Definition B.10. A generalized homology theory is a sequence of covariant functors h, from the

category of pairs (X, A) to the category of abelian groups, together with a natural transformation
0 : hp(X,A) = hy—1(A) (using the notaton A for (A, ) such that:
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i) Amap f: (X,A) — (Y, B) induces a map f : hp(X, A) = hy,(Y, B) such that (fg). = fig«
and 1, = 1.

ii) If (X, A) is a pair and U is a subset of X such that U C A, then the inclusion (X —U, A—U) —
(X, A) induces isomorphisms h, (X — U, A —U) — hy(X, A).

iii) If X = ||, X, then hy,(X) ~ @ohn(X,)
iv) Each pair (X, A) induces a long exact sequence via the inclusion ¢ : A — X and j : X —
(X, A): - = hp(A) 25 hp(X) L ho(X, A) S b1 (A) = -

Since the last axiom induces strategies to calculate the groups h, for a CW-complex if one knows
hi(S™), a homology theory is normally characterised by the values on spheres.

Also we note that sometimes one demands that h,({z¢}) = 0 for all n # 0, to 'normalize’ the
results, but some interesting homology theories do to satisfy this axiom, so we obmit it here.

Flipping the direction of the arrows we also get the definition of a generalized (sometimes called
extraordinary) cohomology theory:

Definition B.11. A generalized cohomology theory is a serie of contravariant functors A" from the
category of pairs (X, A) to the category of abelian groups, together with a natural transformation
§: h"(A) — h"*t1(X, A) (using the notation h"™(A) for h™(A,{)) such that:

i) Amap f:(X,A4) = (Y,B) induces a map f*: h,(Y,B) — h,(X, A) such that (fg)* = g*f*
and 1* = 1.

ii) If (X, A) is a pair and U is a subset of X such that U C A, then the inclusion (X —U, A—U) —
(X, A) induces isomorphisms h"(X — U, A —U) — h"(X, A).

ifi) If X = | |, X,, then h"(X) ~ @ah"(X,)

iv) Each pair (X, A) induces a long exact sequence via the inclusion ¢ : A — X and j : X —
(X, A): -+ = by 1 (A) 2 B (X, A) 2 B (X) 55 hp(A) — -+

C Appendix on group theory

This section is dedicated to a specific construction of a group from a sequence of groups. For this
let {G;}ien be a sequence of groups with homomorphisms f; : G; — G;41. From these we can make
homomorphisms f;; : G; — G for i < j defined as f;; = fj_10---0 f;. We have f;; = llg, and
fik = fjx o fij. Now we have:

Definition C.1. The direct limit of G;, liﬂGi is defined by: liﬂGi = ®;G;/ ~ where for g; € G;
and g; € G; we have g; ~ g; if and only if there is a k > max(4, j) such that fir(¢:) = fir(g;)-

Heuristically this means that we have a lot of groups, where each maps into the next and that
identify two elements of two groups if there evantually map into the same element.
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