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Chapter 0

Introduction

In 1956, John W. Milnor published a paper entitled ’On manifolds homeomorphic
to the 7-sphere’, in which he proved the existence of ’exotic spheres’, manifolds
homeomorphic, but not diffeomorphic, to S™. This was a very surprising result
for topologists, who at the time may have regarded the smooth structure imposed
on toplogical manifolds as somewhat of a formality. Milnor, along with Michel A.
Kervaire, went on to construct a group of these exotic spheres, called the group of
homotopy spheres, denoted ©,,. The relationship between ©,, and exotic spheres was
provided using the h-cobordism theorem, proved by Stephen Smale in 1962. These
discoveries led to a great wealth of work being done in the realm of differential
topology in the latter half of the 20th century. To this day, differential topology and
the theory of smooth manifolds is still an exciting and diverse area to work in for
mathematicians. In the course of this project, we will develop the theory necessary to
give an exposition on the group of homotopy spheres and its relationship with exotic
spheres, culminating in proving the existence of Milnor’s original exotic 7-spheres.

Chapters 1 and 2 are devoted to developing the required tools in differential
topology. We start with the basic theory of smooth manifolds, before progressing to
study smooth maps and diffeomorphisms. Chapters 3 and 4 discuss the theory of
vector bundles, an incredibly important object in topology, beginning with defini-
tions and properties in section 3, before moving on to classifying vector bundles over
S™ in section 4. Chapter 5 brings the previous material together to study smooth
vector bundles, which will be important for later chapters.

With the required theory developed, chapter 6 introduces homotopy spheres,
manifolds homotopy equivalent to spheres, and we explore many of their proper-
ties. Particularly important is how homotopy spheres behave under the connected
sum operation of smooth manifolds, which we define. Chapter 7 then introduces
the h-cobordism theorem, which we use to prove the generalised Poincaré conjec-
ture in dimensions > 6. Chapter 8 then defines ©,, and we use it to deepen our
understanding of smooth structures on S™.

Finally, chapters 9 and 10 work towards proving the existence of exotic spheres.
Chapter 9 uses our work on vector bundles to give a brief introduction to character-
istic classes and also introduces the signature invariant for manifolds. The highlight
of chapter 9 is the Hirzebruch signature theorem, which relates these two concepts
together for closed manifolds. Chapter 10 then puts together all of the work in the
previous 9 chapters to prove the existence of Milnor’s original exotic 7-spheres.

This project is intended to be fully readable to anyone who has learnt about
algebraic topology. Topics that are taken to be understood include homology, co-
homology, homotopy and the fundamental group, covering spaces and cup and cap
products, along with basic notions from point set topology. The reader is also ex-
pected to be familiar and confident with concepts from linear algebra, group and
ring theory and in chapter 9 there is a short instance of complex analysis.



Chapter 1

Smooth structures on manifolds

(Unless specified, the material in this chapter is based on [1].)

Our first aim will be to understand some basic differential topology with the
aim to understand smooth structures on manifolds. First, we will give the definition
of a topological manifold, along with some examples, before moving onto smooth
manifolds and smooth structures themselves.

Definition 1.1. A topological manifold of dimension n is a topological space that is
Hausdorff, has countable basis and has the property that every point in the space
has a neighbourhood that is homeomorphic to an n-ball for a fixed n € N.

Topological manifolds are the generalisation of surfaces in R?. We may refer to
the third condition in the above definition as a space being locally Fuclidean. It
would be useful to see some examples.

Example 1.2. (a) The most trivial manifold is simply Euclidean space R™. All
manifolds are locally Euclidean but this is the only manifold which is globally
Fuclidean.

(b) The n-sphere given as S™ = {x € R""! | ||x|| = 1}. This simple example will
actually be one of the main objects in this project.

(c) My, the surface of genus g, that will be familiar to readers who have studied
surfaces. These are formed by successively glueing torii together.

(d) If M™ N™ are both manifolds of dimension m and n, respectively, then M™ x
N™ is a manifold of dimension m + n. This is because the product of the two
Hausdorff spaces is similarly Hausdorff; the basis for the product topology will
still be countable as the bases for M and N are both countable; and D™ x D"
is homeomorphic to D" ™™,

Seeing some non-examples may also be useful to see the difference between man-
ifolds and general topological spaces. In particular, the first two conditions are
somewhat technical and it is not immediately obvious how a space might fail to
satisfy them whilst also being locally Euclidean.

(a) The wedge of circles S'V S!. This is the space formed by identifying one point
on each circle together. This space satisfies the first two conditions, but the
wedge point has no neighbourhood homeomorphic to D!.

(b) The real line with two zeroes. This is defined as R* U {0;} U {02} and has a
topology given by U open if U NR* open in R and if 0; € U then there exits
a < 0 < b with (a,0),(0,b) C U. This satisfies the second and third conditions
but fails to be Hausdorff as 0; and 0 cannot be separated by open sets.
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(¢) The so-called long line which is created by identifying the ends of two closed
long rays together. A closed long ray is given by the product [0,1) X w; where
w1 is the first uncountable ordinal. One can compare the long line to the real
line by noting that the real line is made of a union of only countably many
intervals. The effect of this is that while the long line is still Hausdorff and
locally Euclidean, it does not admit a countable basis.

Similarly, we can define a topological manifold with boundary where we re-
place the locally FEuclidean condition with the condition that every point has a
neighbourhood homeomorphic to an n-ball or the half n-ball which is given by
{(z1,...,xn) € R"| ||x]| < 1,21 > 0}, for a fixed n € N.

Definition 1.3. A smooth atlas on a topological space M is a collection {Uy, Vy, ¢a}
where {U,} is an open cover of M, V, are open subsets of R" for some n € Ny and
¢Ya : Uy — V,, are homeomorphisms such that for the intersection of any two U,, Ug
the transition map:

(2] 090;1 1 pa(Ua NUg) = V3

is smooth (in the usual sense for real functions). The maps ¢, are called charts.

Definition 1.4. A smooth structure is a maximal smooth atlas. A smooth manifold
is a topological manifold along with a smooth structure.

We can similarly define a smooth manifold with boundary in a completely analo-
gous way where the V,, are also allowed to be open subsets of R} := {(z1,...,2,) €
R™ | 21 > 0}. Then a smooth manifold with boundary is a topological manifold
with boundary along with a smooth structure on it. If M is a smooth manifold with
boundary we will write M for the interior of M which is all points in M which have
neighbourhoods homeomorphic to an n-ball. Then we define the boundary of M to
be OM = M \ M.

Lemma 1.5. The boundary OM of a topological manifold with boundary M is well
defined as a topological property. That is, OM is preserved by homeomorphisms.

Proof. Let f : M — N be some homeomorphism. We first show that elements
in the boundary of M are sent to elements of the boundary of N. Let z € OM
and assume towards a contradiction that f(z) ¢ ON. Then there exists U an open
neighbourhood of f(x) with ¢ : U — B C R"™ a homeomorphism where B is the
open n — ball. Now, since f is a homeomorphism, f~!(U) is open and we have a
homeomorphism o f | -1 (): f ~1(U) — B which means that x has a neighbourhood
homeomorphic to an n-ball, which is a contradiction.

Now assume that © ¢ OM and assume towards a contradiction that f(z) €
ON. The argument is now identical to the above argument using that f~! is a
homeomorphism. O
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Lemma 1.6. If M is a smooth manifold with boundary of dimension n, then OM is
a smooth manifold of dimension n — 1.

Proof. Let x € OM and let ¢ : U — V be a chart containing x. So V is an open
subset of R and ¢(z) € R"™! C R7, since if it wasn’t then it would imply that
X ¢ OM. So if (Uy, ¢a) is a smooth atlas on M then U, N OM is mapped by ¢, to
an open subset of R"~!. Furthermore, we have that ¢, |, naas is a homeomorphism
onto its image. All we have left to check is that the corresponding transition maps
are smooth. This follows since if we take a transition map for M g o ¢!, which
is smooth, then the corresponding transition map for M is simply the restriction
of the original transistion map to @a(Us NUg) N o(dM) C R™ ! which is therefore
smooth as a map to R"™1, O

From now on we will call both smooth manifolds with and without boundary
smooth manifolds for simplicity. In the cases where it matters, we shall specify that
OM = ) by saying that M is closed.

If we assume R” has the standard orientation, then one can see that every chart
o determines a generator of H™(M, M\p) for each point p € U,. This is what
is known as a local orientation. If all of these local orientations are compatible,
which is equivalent to saying that the determinant of the Jacobian for all of the
transistion maps is positive, then we say that we have an oriented smooth atlas or
an oriented smooth structure. If M is an oriented smooth manifold (i.e. one with
an oriented smooth structure) then we will write —M for the manifold with the
opposite orientation.

For oriented smooth manifolds we have some nice properties for their homologies.
We will state these without proof, but you can find the proofs for these in [2].

Theorem 1.7. Let M be a closed, connected, oriented n-dimensional smooth mani-
fold. Then Hp,(M;Z) = Z and Hy(M,Z) =0 for all k > n.

The generator of the highest homology group is called the fundamental class of
M and is written [M]. For manifolds with boundary, an analogous statement holds
where M has a relative fundamental class [M, M| that generates Hy,(M,0M;Z).

Theorem 1.8. Let M be a closed, connected, orientable smooth n-dimensional smooth
manifold. Then the map PD : H*(M;Z) — H,_(M;7Z) that sends a cocycle ¢ to
[M] —~ ¢ is an isomorphism.

This statement is known as Poincaré duality. Once again, an analogous version
exists for smooth manifolds with boundary. The difference is that if OM = AU B,
then the isomorphism is given as PD : H¥(M,A;Z) — H,_;(M,B;Z) and cap
product is taken with the relative fundamental class instead.

With topological spaces we have the notion of a homeomorphism to act as an
equivalence relation between them. For smooth manifolds this role will be played
by the notion of a diffeomorphism, which we now begin the process of defining.
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Definition 1.9. Let f : M™ — N™ be a map between smooth manifolds that have
atlases

{Ua, 0a(Ua), 0ataca, {Wa,s(Wp), ¥g}ses
and define X3 C R™ and Y,3 C R" as:

Xop = ¢a(UaN [T (Ws N [(Ua)), Yag =W f(Ua))-
Then we say that f is smooth if
pgo fo ool Xap — Yop is smooth Vo € 2,V € B.

This definition is essentially saying that a smooth map between M and N is one
that induces smooth maps between the charts of M and N. Also, note that since
o and g are homeomorphisms and the composition g o f o oo ! is necessarily
continuous, f itself must also be continuous.

Definition 1.10. Let M, N be smooth manifolds. A map f: M — N is a diffeomor-
phism if it is smooth and has smooth inverse.

This gives us our equivalence relation on smooth manifolds. Note that diffeo-
morphisms are necessarily homeomorphisms since smooth maps are also continuous
maps. This means that our equivalence relation preserves not just the smooth struc-
ture but also the underlying topological manifold. It is not immediately obvious that
this extra equivalence relation is strictly necessary: one might think that given a
topological manifold M with two smooth structures ., .7, the two resulting smooth
manifolds are diffeomorphic if and only if . = 7. This is not correct, as we demon-
strate with an example.

Example 1.11. Consider the manifold R. Since we can cover R with a single chart,
we can specify a smooth atlas by giving a homeomorphism ¢ : R — R. If we take
another smooth atlas defined by a homeomorphism 1), this new smooth atlas will
only be compatible with the previous one if ¢ o ¢)~! is smooth. It is easy to see
that this is not always true; for example, we could take ¢ the identity map and
any continuous but not smooth bijection. (Once such example would be the map
equal to the identity on 2 < 0 but equal to the map 22 on z > 0.) This means
that the smooth structures defined by these atlases are not equal. However, they
are diffeomorphic. If we take f = 1~! o ¢ then the map induced through the charts
is simply the identity map which is always smooth and clearly has a smooth inverse.

Since we will be studying spheres throughout the project, it will be useful to
determine that they do admit a smooth structure. This smooth structure is what is
known as the standard smooth structure on S™.
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Proposition 1.12. S” is a smooth manifold of dimension n with smooth structure
given by the atlas with charts:
Uii = {(xl, 7$n+1) (S Sn’ +x; > 0},
(p;t : (1'1, ,.’L‘n+1) — (iL'l, ey Ty e ,.len+1) e R™.

Proof. 1t suffices to show that the given charts above form a smooth atlas on S™.
U;r is disjoint from U;" so it suffices to check the transisition map for Uii NnU ]i when

i # j. Consider U;r N Uj+,i < j. Then the map ¢; o goi_l is given as

n

( P )_>( . 1— 2 . P )

Llyeee sy Ljyeee sy Tm1 Llyeeey Li—1, .CL‘k 7$z+1;---7$37---,$n+1 .
k

=1
k#j

This is just a combination of square roots, polynomials and projections which means
that it is a smooth map. All of the other cases are completely analogous, and hence
these charts form a smooth atlas. O

An obvious question is: given a topological manifold M, can we find smooth
structures ., Z such that the resulting smooth manifolds are not diffeomorphic?
An equivalent way of stating this question is: given a smooth manifold M, can we
find another smooth manifold that is homeomorphic to M, but not diffeomorphic to
M? A key question that we will answer by the end of this project is whether there
exists a manifold that is homeomorphic to S™, but not diffeomorphic to S™ with
the standard smooth structure. Any such smooth manifold will be called an exotic
sphere, and it will take a great amount of work to prove one exists.
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Tangent space and diffeomorphisms on manifolds

(Unless specified, the material in this chapter is based on [1] and the Riemannian
geometry lecture course given by P. Tumarkin at Durham University 2019-2020.)

We now turn to studying the set of all diffeomorphisms of a manifold M, which
forms a group under composition. This object is of great importance in its own right
but we only study it here because we will be interested in a certain quotient of it
later. Before we can do that, we have to improve our understanding of smooth maps
by introducing the concept of a tangent space. We denote the space of all smooth
maps to R defined in a neighbourhood of p € M as C*(M, p).

Definition 2.1. Let M be a smooth manifold. We define the tangent space of M at
p € M, denoted T,,M, to be the set of all linear maps 6 : C°°(M, p) — R such that

0(fg) = F(p)o(g) +0(f)g(p)-

The linear maps § are known as derivations or tangent vectors. Sometimes we will
write D>°(M, p) for the set of all derivations on a manifold M at a point p € M.

This is a purely theoretical description, so why are they called tangent vectors?
First, note that T},(M) is a vector space. Then we will characterise T),(M ) by showing
that it is equivalent to the set of all directional derivatives, which we define now.

Definition 2.2. Let v : (—1,1) — M be a curve in a smooth manifold with (0) = p
and let f € C®°(M,p). A directional derivative of f along v at p is

SONF) — tim 108 = ()

t—0 t

= (f27)'(0).

Lemma 2.3. Directional derivatives are derivations.

Proof. This is simply an algebraic trick. Let v be as above and consider f, g €
C>°(M,p). Then

O fg) 1t F10E) — F(0)

t—0 t
i F90@) = F(3(1))9(2(0)) + f((2))g(+(0)) — fg(+(0))
t—0 t
iy L)) = (v (O)] + 9(v () IF (4() — F(7(0))]
t—0 t
=f(P)Y'(0)(g) +~'(0)(f)g(p)
as required. O

It is clear that directional derivatives are in one to one correspondence with
equivalence classes of curves under the relation v1 ~ 72 if and only if 7 (0) = ~74(0)

(for curves 71(0) = 12(0) = p).
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Given a point p € M and a curve v passing through p, we know that our point
p lies inside an open U, with ¢ : U — R"™ a chart. Since we only care about the
behaviour of v close to p, we may assume that the image of v lies entirely inside
U also. Then we consider coordinate curves v;(t) = ¢~ 1(p(t) + te;) where e; is an
element of the standard basis for R” and write 8%1- |p for the directional derivative
corresponding to /(0).

Lemma 2.4. Directional derivatives are equivalent to linear combinations of % |p-
K

Proof. We start by showing that every directional derivative is a linear combination
of 6%1_ lp. Let p € M, f € C°(M,p) and v : (—1,1) — M a curve with v(0) =
p and assume that « lies entirely in a single chart ¢ : U — V. Write ¢(q) =
(1(q), 2(q), ..-vn(q)). Then

Y(O)(f) = (fo)(0)
=(foptopon)(0)=((foyr™h)o(por))(0).

Using the chain rule, we see that this last expression equals

n ol
S 097 (00 n(0)) - (a1 04)(0),

ox;
i=1 v

which is exactly what we want as ‘9(]08075;1)@0 0v(0)) = % lp (f)-

Now we need to show that any linear combination of 8%1- |p is a directional
derivative. We can specify a linear combination by giving a set of numbers v; € R,
where the specified linear combination is then > ! ; Uia%i' We show that there
exists a directional derivative equal to this linear combination. First, define 5(t) =
S, (vie;)t and then the curve of interest is v(t) = ¢~ 1((¢)). Then by an argument

very similar to the above we get that 7/(0)(f) = >, Uia%i( f) as required. O
Lemma 2.5. Derivations are directional derivatives.

Proof. Pick 6 € D>*(M,p) for some p € M a smooth manifold. We want to find a
curve v such that 4/(0)(f) = o(f) for all f € C*°(M,p). Let ¢ : U — V be the chart
containing p. Now let m; : V — R be the map projecting onto the ith coordinate.
Then m; 0o p € C*°(M,P) and let v; = §(m; o ¢(p)). By the previous lemma we
can find a curve v that is contained entirely within U such that «(0) = p and has
Y(0)=>", Uia%i lp- We want to show that 7/(0)(f) = §(f) for all f € C°(M,p).

Before beginning the next stage, note that we may easily assume that p(p) =0
by composing ¢ with some translation in R™. Recall from calculus Taylor’s theo-
rem, which when applied to the function f o ¢! gives us (after some elementary

calculations):
n

(For (> wvite) = F(p) + 3 vihi(t)
=1

i=1
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for some smooth functions h;, provided that ¢ is small enough. Now since we have
that o1 (3, vite;) = v(t), we have that 7/(0)(f) is given by

Y (O)() = (f o) () limo= (F(p) + D vihi(1)) li=0= Y _ vihi(0)
=1 =1

Now if we take any ¢ € M sufficiently close to p, we get that

n

fl@) = (foe (@) = f(p) + > _(mi o ) (@)hi(#(q))

=1

which means that if we apply our derivation § to f we get

=D d(mi o p)(hi 0 p(p) + (mi 0 p(p)5(hi 0 p).

i=1

But this means we are done, since 6(m;0¢) = v;, hjop(p) = h;(0) and m0p(p) = 0 by
assumption. This means that §(f) = Y1 ; v;h;(0) which completes the proof. [

Putting the previous three lemmas together gives us our characterisation of the
tangent space.
Proposition 2.6. T),(M) = {directional derivatives} = <6%¢ p)-

Note that this shows that T,,M is a real vector space of dimension n. We now
see that smooth maps induce linear maps on the tangent space.

Definition 2.7. Let f : M — N be a smooth map of smooth manifolds. Then the
differential of f at p € M Df,: TyM — Ty, N is given by

Dfp(7(0)) = (f 2 7)'(0)
with v a smooth curve such that v(0) = p.

We now give some properties of the differential, including that it is well defined
(does not depend on choice of curve 7.)

Lemma 2.8. Df, is well defined and linear. Furthermore, if f, g are two smooth
maps of smooth manifolds, then D(go f) = Dgo Df.

Proof. For well-definedness, note that D f,(7/(0)) is well defined if D f,(7'(0))(9)
does not depend on the choice of curve « for all g € C*°(N, f(p)). Now

Dfp(+'(0))(9) = (f 2 7)'(0))(g) = (g © f 2¥)(0)
((gof)o)(0) =7"(0)(go f),

10
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which clearly does not depend on the choice of 7. Hence D f, is well defined.
Now consider D(g o f),(7/(0)). By definition this is given by

Dgg)((f ©7)(0)) = Dgp(p) © Dfp(7'(0)),

which proves the relationship D(go f) = Dgo Df.

Finally, we have to show that this map is linear. To do so, we will show that
for any chart ¢ : U — R™, the map Dy is linear. Although the differential was not
defined at the time, our proof of the second part of 2.4 showed that Dy ~1(0) is linear.
Furthermore, it showed that the map Dy ~!(0) was an isomorphism of vector spaces,
since ker(Dyp~1) = {0}. Inverses of linear isomorphisms are themselves linear, so
Dy(p) must also be linear. Now, since the differential commutes with compositions,
we have that for charts ¢ and ¥ on M and N and containing p and f(p), respectively

Df =D ") oD(Wo fop™)oD(p).

This means that D f is the composition of three maps where the first and the last we
just showed are linear, and the middle map is the classical differential for a smooth
map R D U — R™ and so must be linear. Since the composition of linear maps is
linear, this proves that D f is a linear map.

O

The differential gives us extra properties that we can impose on smooth maps
and we will use it to extend the definition of topological embeddings to smooth
manifolds. Recall that a topological embedding is a map that is a homeomorphism
onto its image.

Definition 2.9. Let f : M — N be a smooth map of smooth manifolds. Then we say
that f is an immersion if Df is everywhere injective. Similarly, we say that f is a
submersion if D f is everywhere surjective. We say that f is a (smooth) embedding
if f is a topological embedding and an immersion.

We would now like to define a notion of equivalence for embeddings. This will be
analogous to the notion of homotopy, except we will want our maps to be embeddings
throught the ’homotopy’. We make this clear now.

Definition 2.10. Let f, g : M — N be two embeddings. We say that f and g are
isotopic if there exists a smooth map I : M x [0,1] — N that satisfies

(a) I(z,0) = f(z), I(x,1) = g(z);
(b) I(z,t) is an embedding for all ¢ € [0, 1].
This smooth map [ is then called an isotopy.

Sometimes we will actually want an even stronger notion of equivalence than
isotopy that also takes into account the ambient space of our embeddings.

11
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Definition 2.11. Let f, g : M — N be two embeddings. We say that f and g are
ambient isotopic if there exists an isotopy I : N x [0,1] — N that satisfies

I(z,0) ==z, I(f,1)=g.

(The second equation here means that I; maps the image of f to the image of g.)
This isotopy is then called an ambient isotopy.

To see that this stronger condition is sometimes useful, we look at an example.

Example 2.12. Consider two embeddings R — R?, one whose image is the unit circle
missing the point (0,1) and another whose image is the unit interval. These two
embeddings are isotopic (simply unfurl the circle) but not ambiently isotopic. If they
were, then their complements would be homeomorphic but this is not the case. If we
remove one point from the complement of the unit interval, then the resulting space
is always connected. Whereas, if we take the complement of the circle missing a
point and remove the point (0, 1) we have a disconnected space. Since restrictions of
homeomorphisms are homeomorphisms and connected components are preserved by
homeomorphisms, this means that the two complements cannot be homeomorphic.

We now state (without proof) an important result called the disc theorem due
to Richard Palais, which we will be instrumental for the next topic of discussion.
For a proof, see [1].

Theorem 2.13. Let f, g : D¥ — M™ be two embeddings . If k = n and f, g are
equioriented (i.e. both orientation preserving or both orientation reversing) then f
1s ambient isotopic to g.

Definition 2.14. Let M be a smooth manifold. Then we define Diff M to be the set
of all orientation preserving diffeomorphisms from M to itself.

Lemma 2.15. Diff M is a group under composition.

Proof. The only non-trivial condition to check is that Diff M is closed under com-
position. For this, all we have to show is that if we have an atlas {U,, @q} then
Yao0gofo cpgl is smooth (and then similarly for f~!, g=!.) But this is not hard to
show as we can find a chart ¢, such that our map becomes

- -1
paogopsopyofoypg
which is the composition of two classically smooth functions, hence smooth, since f

and g are both smooth. The argument is the same for the inverses. O

Consider the subset Diffy M C Diff M defined as the diffeomorphisms that are
isotopic to the identity. This is a subgroup since isotopies can be composed together
which means that it is closed under composition, it clearly contains the identity, and
f~1is isotopic to the identity if and only if f is.

12
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Now recall that the commutator subgroup of a group G, denoted [G, G| is the
normal subgroup generated by the elements of the form ghg='h~! for all g, h € G.
We also have the fact that a quotient group G/N is Abelian if and only if [G,G] C N.
We now prove a lemma relating the commutator subgroup of DiffS”~! and Diff, S~ 1.

Lemma 2.16. [Diff S”~! Diff $"~!] c Diff, S* 1.

Proof. Let f, g € DiffS"~! and let the northern and southern hemispheres of S™~!
be D, and D_ respectively. We now use the disc theorem 2.13 to construct f and g
isotopic to f and g which are equal to the identity on D and D_, respectively. To
use the disc theorem, we need two embeddings of the disc. For the first, note that
flp,: Dy — S"~1is an embedding of the disc in S"~!. For the second, take simply
the inclusion map 4 : D, — S™ !, which is clearly an embedding. Now the disc
theorem tells us that these two embeddings are ambiently isotopic, which means we
have an isotopy I : S"~! x [0,1] — S™~! with

I(z,0) =z, I(D",1) = f(D%).

Note that this means that I(D_,1) = f(D_-) as sets, but not necessarily pointwise.
Let h: D_ — D_ be a diffeomorphism that fixes the boundary of D_ such that

I(h(x),1) = f(z) for z € D_.

Then, using this, define the following isotopy:

T t) = I(z,t) ifxe Dy
DU T 1h@), ) ifwe D,

Note that this is a well-defined isotopy since on the intersection of the two hemi-
spheres h(z) = . Then we have that I(x,1) = f(z) and we define f(x) := I(z,0).
This gives us f isotopic to f which is equal to the identity map on D,. The argument
to show the existence of g is identical.

Now the commutator of f and g, fgf ¢! is isotopic to the commutator of f
and ¢ since we can compose the respective isotopies in turn. Now clearly f and
g commute, so their commutator is the identity map. So we have shown that the
commutator of any two elements is isotopic to the identity, and hence this completes
the proof. O

1

We now consider the restriction homomorphism 9 : Diff D" — Diff S*~!. The
image of this homomorphism is exactly the diffeomorphisms of S”~! which we can
extend to diffeomorphisms over D".

Lemma 2.17. Diff, S"~! c 9 Diff D".
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Chapter 2. Tangent space and diffeomorphisms on manifolds

Consider f € Diffy S~ !; we want to show that it extends to a diffeomorphism
over D". Since f € Diffy S"~! we have an isotopy I : S"~! x [0,1] — S"~! where
I(x,0) =z and I(z,1) = f(z). The idea here is to use the isotopy itself to perform
this extension. That is, by writing every point in D" as rz where r € [0,1] and
x € S" !, we can define the extension F(x): D™ — D" as

F(rz) =rl(z,r).

This clearly extends f, as by setting r = 1 we get F'(z) = I(z,1) = f(z). One
might be worried that this will not be a diffeomorphism at x = 0, but we can avert
this issue by reparameterising our isotopy to perform the old isotopy from ¢ = 0 to
t = 0.9 and then simply be the identity for ¢t = 0.9 to t = 1.

Note that putting together the previous two lemmas gives us that both Diffy S~
and ODiff D™ are normal as any subgroup that contains the commutator subgroup
is normal. Let T',, be defined as the quotient Diff S*~!/dDiff D™.

Proposition 2.18. T, the group of diffeomorphisms of S™ ' modulo those which
extend over D™ is an Abelian group.

Proof. We noted before that any quotient group G/N is Abelian if the commutator
subgroup is contained in N. This is shown by the previous two lemmas. O

We will return to this group later in 8.
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Chapter 3
Vector bundles

(Unless specified, the material in this chapter is based on [3] and [4].)

In the previous section we saw the tangent space, where we assigned to every
point p in a smooth manifold M a vector space T),M. This is a specific example of
a more general concept called a vector bundle which we will now define and study.
Vector bundles are of great importance in various settings and we will see some of
their applications in differential and algebraic topology in this project.

Definition 3.1. Let E and B be topological spaces. An n-dimensional vector bundle
with total space E over a base space B is a continuous map p : E — B that satisfies
the following conditions:

(a) For all x € B, p~!(z) has the structure of a real n-dimensional vector space.
(b) There exists {Ua,} an open cover of B with homeomorphisms
Yo P 1 (Uy) = Uy x R”

such that the following diagram commutes:

p U, =22 U, x R"

p /
T

Ua

where 71 is the map that projects onto the first coordinate.

(c) The restriction of every homeomorphism ¢, to p~!(x) for any z € U,,
Vo |p_1(x): p_l(x) — {x} x R",

is an isomorphism of vector spaces. These p~!(x) are known as the fibres of
the vector bundle.

(d) {Ua,} is maximal with respect to the above properties.

Note that the fact that ¢, maps p~'(z) to {z} x R™ in ¢) is a consequence of
b). Often when we refer to a vector bundle we will refer to just the total space
for simplicity, but that does not mean that the projection map p is not of critical
importance. Also note that d) is similar to the maximality condition for smooth
structures we saw earlier, in that it mostly a technical one. A vector bundle can
be specified by giving some open cover {U,} since it must be contained inside some
maximal cover. We now give some examples.

Example 3.2. (a) The trivial bundle over a base space B is the space B x R" where
the projection map is simply given by p: (z,v) — x.
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(b) Take the unit interval I = [0, 1] and form the trivial line bundle I x R. We can
then quotient this space by the relation (0,v) ~ (1, —v) to form the Mdobius
bundle, which is homeomorphic to a Mobius strip with its boundary removed.
A sufficient open cover to define the vector bundle structure here would be
{(0,0.2) U (0.4,1),(0,0.6) U (0.8,1)}. The associated ¢, would then be the
trivial maps on each of the two elements in the cover.

(c) Let M be a n-dimensional smooth manifold. Then the tangent bundle TM :=
Upe v LM with the projection map simply sending each element in T, M to
p is a vector bundle of dimension n. We will return to this in 5.

We can similarly define orientable vector bundles to be those vector bundles that
we can assign an orientation to each fibre p~!(x) such that for every x € B, every ¢,
defined at = maps the orientation on p~1(z) to the standard orientation of {z} x R™.
The Mobius bundle given above is an example of a non-orientable vector bundle.

We now need a notion of equivalence for vector bundles. We will see that there
are two such notions, isomorphism and stable isomorphism. As one might presume,
stable isomorphism is a weaker notion than isomorphism but is sometimes useful to
consider. We start with isomorphisms and will look at stable isomorphisms later.

Definition 3.3. Let p; : By — B and ps : E3 — B be two vector bundles (over the
same base space B). A vector bundle morphism is a continuous map f : E1 — FE»
such that fibres of F; are sent to fibres of Fy and the consequential restriction map

Flyrigy p1 ' (@) = py ' ()

is a linear map. Similarly, an isomorphism of vector bundles Fy, E5 is a morphism
f + E1 — F such that f is a homeomorphism and the restriction maps given above
are isomorphisms of vector spaces. We then say that E; and FEy are isomorphic
vector bundles.

Actually, if f is a continuous map, then the other conditions imply are that f is
a homeomorphism. We show this in the following lemma.

Lemma 3.4. Let f : E1 — Es be a continuous map between vector bundles p1 : E1 —
B and ps : Es — B such that fibres of E1 are sent to fibres of Es by an isomorphism
of vector spaces. Then f is an isomorphism of vector bundles.

Proof. We need to show that f is a bijection and that its inverse is continuous. Let
ey € FEs, then there exists an x € B such that ey € pz_l(az). Since f maps pl_l(x)
to py *(x) by a linear isomorphism and f~!(p,'(x)) = p;'(z), there must exist a
unique e; € E; such that f(e;) = ea. This means that f is a bijection. To show
that f~! is continuous, it sufficies to show that it is continuous locally on Es. Let
x € B, and let {U,}, {Ug} be the associated covers for the two vector bundles.
Then by maximality, there exists some open U > x that is in both of these covers
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and hence p; ' (U) and p, '(U) are both homeomorphic to U x R™. Then it suffices
to check that the induced map f : U x R — U x R™ has a continuous inverse. By
hypothesis, this map must send (z,v) to (x,hy;(v)), where h, € GL,(R). So the
inverse map f~! sends (z,v) to (z,h;'(v)). Now the continuity of f, and hence
the continuity of f , implies that the entries in the matrix h, must continuously
depend on x. This in turn implies that the entries of the inverse matrix h, ! must
also depend continuously on x. So f ~! is continuous on Dy 1(U). Therefore, f~! is
continuous on all of Es. O

Definition 3.5. Let p : E — B be a vector bundle. Then a section of E is a continuous
map s : B — E such that pos: B — B is the identity map.

Another way of viewing this definition is that s assigns to every element of B
an element in the corresponding fibre. One such example of a section is the zero
section of a vector bundle which is defined by mapping every element x € B to the
zero vector in p~1(x).

Example 3.6. We can use the concept of sections to prove that the trivial bundle
S x R is not isomorphic to the Mdbius bundle. Remove the zero section from both
bundles and the trivial bundle is no longer connected but the Mcbius bundle still is.
The former is not connected as we can split it into two sets S' x RT and S! x R~
which are both open and disjoint. To see that the latter is still connected, note that
we can still find paths to the ’other side’ of the zero section by doing a full loop of the
S1 factor. Now if these two vector bundles were isomorphic, then the isomorphism
would preserve the zero section since the fibres are taken to fibres by isomorphisms.
This would mean that the spaces remaining after removing the zero sections would
be homeomorphic. But homeomorphisms preserve connectedness and hence these
two vector bundles cannot be isomorphic.

Now we see a lemma that we can use to characterise vector bundles which are
isomorphic to trivial bundles, which is sometimes useful to have.

Lemma 3.7. Let p : E — B be an n-dimensional vector bundle. p : E — B is
isomorphic to the trivial bundle B x R™ if and only if there exist n sections s1, ..., Sn
such that for all x € B, s1(z), ..., sn(x) is a basis for p~1(x).

Proof. Begin by assuming that p : E — B is a vector bundle isomorphic to B x R",
the trivial bundle. We know R™ has a standard basis {e;}, and we use this to define
sections s; : © — (x,€;) which give a basis for {z} x R" for each € B. Then we
have a vector bundle isomorphism f : B x R®" — E and we define sections on F
by $; := f(si). Since f restricted to a fibre {x} x R™ is a linear isomorphism onto
p~!(z), this means that {f(s;(x))} is a basis for p~!(z).

17



Chapter 3. Vector bundles

Now assume that p : E — B has sections s1, ..., s, with {s;(z)} a basis for p~!(z)
for all x € B. Then take a map f: B x R" — FE defined by

[z, Z a;ej) = Z a;s;(x).
i=1 i=1

When restricted to a single fibre {z} x R"™ this is an isomorphism of vector spaces
as the s; form a basis of p~!(x) by hypothesis. Now there exists some open U €
B containing x such that p~!(U) is homeomorphic to U x R". If we compose f
with this homeomorphism it is clear that the resulting map is continuous as a map
U xR® - U x R", and hence f is itself continuous. Then, using 3.4, we have that
f is an isomorphism of vector bundles. This completes the proof. ]

We are now interested in constructing vector bundles out of other vector bundles.
A simple example of this is the restriction vector bundle.

Proposition 3.8. Let p : E — B be an n-dimensional vector bundle and let D C B.
Then p |,-1(p) p~Y(D) = D is a vector bundle of dimension n.

Proof. This is very easy since if {U,} is the associated open cover of B for the
original vector bundle, then {U, N D} is an open cover for D and the ¢, restricted
to Uy N D clearly take U, N D to U, N D x R™ homeomorphically. The rest follows
directly from E being a vector bundle. O

A more interesting example is the Whitney sum of two vector bundles.

Definition 3.9. Let p; : £1 — B and py : EFo — B be two vector bundles over the
same base space. Then the Whitney sum of Fy and Ej is given by

Ey1 © By := {(e1,e2) € By x Ea | pi(e1) = pa(e2)}
with the projection map p : E1 @ Ey — B given by p: (e1,e2) — pi(e1) = pa(e2).
We should show that this does actually give us a new vector bundle.

Proposition 3.10. Let p; : By — B and py : Es — B be two vector bundles of
dimension n and m, respectively. Then the Whitney sum p : E1 @& Fy — B is a
vector bundle of dimesion n + m.

Proof. Before we begin, note that 1 @ Es inherits the topology from F; x Es and so
is a well defined topological space. Also, note that p is clearly a continuous map by
its definition. Now we have to verify conditions (a) through (d). Let z € B be given.
Then p~'(z) = {(e1,e2} € E1 x Ea | e1 € pyl(z),e2 € pyt(2)} = pi*(2) © py*(2)
and so has the structure of a n+ m-dimensional vector space. This shows (a). Now,
after suitable intersections of the associated open covers for E; and Ey, we can
find an open cover {U,} such that E; and Es are both trivial over each U,. Then
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we have homeomorphisms from p; '(U,) and p; '(Us,) to Uy x R and U, x R™,
respectively. Using those homeomorphisms, we can easily find a homeomorphism
from p~'(Us) = U,er, p1H() ® pyt(2) to Uy x R™ x R™, which is exactly what
we wanted. This shows (b). (c) is easy, using the fact that if Vq, Vo, Wp, Wy are
four vector spaces with isomorphisms f; : Vi — Wi and fo : Vo — Wy, then
f:Vi®Vya —» Wy @ Wy given by f(vy,ve) = (fi(v1), f2(v2)) is an isomorphism
of vector spaces. As noted before, (d) is a technical condition and we can assume
that this holds since our cover is clearly contained inside some maximal one. This
completes the proof. ]

We mentioned the concept of stable isomorphism earlier, and we will now give
the definition.

Definition 3.11. Let p; : £y — B and ps : Es — B be two vector bundles over
the same base space. We say that F7 and Ey are stably isomorphic if there exists
n,m € Ny such that E; @ (B x R™) is isomorphic to Es & (B x R™). If p; : By — B
is stably isomorphic to the trivial bundle, then we say that Fq is stably trivial.

Clearly isomorphic vector bundles are also stably isomorphic, but there do exist
vector bundles that are stably isomorphic but not isomorphic. Similarly, it is clear
that the Whitney sum of two trivial bundles is itself trivial, but it is also possible
for the Whitney sum of two non-trivial bundles to be trivial which we now give an
example of.

Example 3.12. Let £ be the Mdbius bundle, [0,27] x R quotiented by the relation
(0,v) ~ (27, —v). Then & @ € is then given by S! x R?, quotiented by the relation
(0,v) ~ (27, —v). We now show this is isomorphic to the trivial bundle S! x R2.
Take f: 8! x R? = £ @ &, defined by

' cos(0/2) —sin(6/2)
i+ (0,v) = (0, (sin(0/2) cos(0/2) > v)-

Note that this map is well-defined since f(0, (v)) = (0,v) ~ (27, —v) = f(27, V).
It is clearly continuous and fibres map to fibres by an isomorphism of vector spaces

since the map
(cos(0/2) - sin(9/2)> v
sin(0/2)  cos(6/2)

is an isomorphism of R2. So by 3.4, f is an isomorphism.

We can also view the above example geometrically by embedding two orthogonal
Mobius bands in the solid torus S x D?, where the two M6bius bands intersect along
the central S' x {0}, and then removing the boundaries to form the respective vector
bundles. This gives a visual representation of the decomposition S* x R? = ¢ @ €.

In linear algebra, we can define inner products on vector spaces to turn them
into inner product spaces. It is reasonable to think that we can do something similar
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with vector bundles, and it turns out that we can, provided that our base space is
‘nice’ enough. The property that we want our base space to have that makes it ‘nice’
is paracompactness, which we will now define.

Definition 3.13. Let X be a topological space and let {U,}aco be an open cover of
X. Then an open cover {Vg}gen is a refinement of {Uy}acy if for all B € B there
exists a € 2 such that V3 C U,.

Definition 3.14. Let X be a topological space and let {u;}ics be a collection of
continuous maps p; : X — [0,1]. We say that{u;};cy is a partition of unity if is
satisfies the following two conditions:

(a) For x € X, there are only finitely many ¢ € J such that p;(z) # 0.
(b) > icymi(z) =1 for all z € X.

Definition 3.15. Let X be a space. We say that X is paracompact if for every open
cover {Uy}aca of X, there exists an partition of unity {4} such that {x; '((0,1])}
is a refinement of {U,}

We now see that vector bundles with paracompact base spaces admit inner prod-
ucts in the following way. Note that this is not much of a restriction in our interests,
as all manifolds are paracompact (although we give no proof here.)

Definition 3.16. Let p : £ — B be a vector bundle. An inner product on E is a
continuous map ( , ) : E® E — R such that for each fibre p~!(x),

() @i p (@) @p i (2) = R
is an inner product of vector spaces.

Proposition 3.17. Let p : EE — B be a vector bundle over a paracompact base space
B. Then E admits an inner product.

Proof. Let {U,}aca be the associated open cover to p : E — B . The standard inner
product on R” allows us to define an inner product on the trivial bundle U, x R"
easily. Then, since p~!(U,) is homeomorphic to U, x R™ we can use that inner
product to define an inner product ( , ), on p~!(Uy,). Now, as B is paracompact,
there exists {1; }iey such that such that {s; 1((0,1])}ieq is a refinement of {Us }acar-
Equivalently, for every i € J there exists a; such that ; '((0,1]) C U,,. Then we
define the continuous map (, ): E® F — R by

(e1,e2) = Y pap(er))(er, e2)a,-

i€J

The claim is that this is an inner product on E. Formally speaking, there is some
small deception present in this formula, since (ei,e2)s, requires e; and ez to be
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elements of p~1(U,,), but there is no such restriction on the inputs to the whole
function. To see that this is justified, note that only finitely many of the u; are
non-zero, and so the sum only consists of a finite number of terms. The terms
that are left are precisely the ones where e; € ui_l(((), 1]) € U,,. Finally, note
that since this function was defined on £ @ E, e; € U,, implies es € U,,, which
means that the formula is valid. Now that we know the formula is valid, ( , ) is an
inner product simply because of the fact that it inherits symmetry, bilinearity and

positive-definiteness directly from the (, ). O

Armed with an inner product on vector bundles (over a paracompact base space)
we can use the inner product to define new spaces. These are not themselves vector
bundles, but instead are examples of a more general object called fibre bundles.

Definition 3.18. Let p : E — B be an n-dimensional vector bundle with an inner
product (, ). Then the corresponding n-sphere bundle over B is defined as

S(E):={ec€ E|(ee) =1}
Similarly the corresponding n-disc bundle over B is defined as
D(E):={e€ E| (e,e) <1}.

Fibre bundles generalise vector bundles in that the fibres no longer have to be
vector spaces and instead can be any fixed topological space. We will not need the
full concept of fibre bundles in this project so we will not study them in detail, but
we will make use of sphere and disc bundles later.

Another use of inner products on vector bundles is that it allows us to estab-
lish the existence of orthogonal complements for vector bundles. Since orthogonal
complements for vector spaces involve vector subspaces, we will need the notion of
a sub-bundle first.

Definition 3.19. Let p : E — B be a vector bundle. Then a sub-bundle p |g, Eo — B
is a vector bundle such that EqNp~!(z) is a vector subspace of p~1(z) for all z € B.

Theorem 3.20. Let p : E — B be a vector bundle with B paracompact and let
po @ Eg — B be a sub-bundle. Then there exists another sub-bundle EOL such that
E=FEy® Ey.

Proof. Let dim(F) = n and dim(Fy) = m. Then, let Ej be the subspace of F
defined as the union of the orthogonal complements of all the fibres p, 1(3:) as a
subspace of p~!(z). We want to show that p ’Eé_: Ei — B is a sub-bundle of
E and that E = Ey @ Ey. To show that Ej is a sub-bundle it suffices to show
that it is locally trivial. All of the other conditions are clearly inherited from FE.
Let g € B be given, and let U be an open neighbourhood of = such that both F
and Ej are trivial over U. Then by 3.7 there exists {t1, ..., t,} linearly independent
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sections of E and {sy,..., Sy, } linearly independent sections of Ej defined on U.
With a potential reordering of the ¢;, we may assume that {si, ..., Sm, tmt1, ey tn}
are linearly independent sections of E on U. We can then use the Gram-Schmidt
orthonormalisation procedure to turn these sections into an orthonormal basis in
each fibre {31, ..., 5, } and note that {31, ..., 5,,} will be a set of linearly independent
sections for Ey. Now we can find a homeomorphism from p~*(U) — U x R" in the
obvious way, where each §; maps to the ith basis element of R™. Restricting this
homeomorphism to just the S,,41,...,5, gives us the required homeomorphism to
show that Fj is locally trivial.

Finally, the map Ey® EOL — E sending (v1,va) — (v1 + v2) is clearly continuous
and sends fibres to fibres by an isomorphism of vector spaces. This means we can
use 3.4 to show that this map is an isomorphism of vector bundles, completing the
proof. O

One might ask whether this orthogonal complement is unique up to isomorphism
(i.e. does not depend on our choice of inner product on E), and the answer is yes.
To see that, we need the following construction. Let Ey be a sub-bundle of E. Then
we can define the quotient bundle E/Ej to be the union of all of the quotient vector
spaces formed by quotienting the fibres of F by the fibres of Ey. Since for vector
spaces V' C W, the quotient vector space W/V = V1L, it is not hard to see that
E/Ey is a sub-bundle and is isomorphic to Ej. Since E/Ej does not make any
mention to an inner product at all, it follows that EOl does not depend on the choice
of inner product either.

We will now see the final concept in this section, that of a pullback bundle. The
general idea is that, given a vector bundle p : £ — B and map f : B — B, we can
‘pull back’ the vector bundle E to form a new vector bundle p : E — B.

Proposition 3.21. Let p : E — B be a vector bundle and let f : B — B be a
continuous map. Then there exists a vector bundle p : FE — B and a continuous
map f : E — E that takes fibres p —1(2) to fibres p~1(f(Z)) by an isomorphism of
vector spaces. Furthermore, p : F = B s unique up to isomorphism.

Proof. We will define the vector bundle p: E — B explicitly and then show that it
has the required properties. First, define

E:={(i,e) € Bx E| f(z) =p(e)}

with p given easily as projection onto the first coordinate. This also gives us an
obvious continuous map f : E'— E as projection onto the second coordinate. Since
fop((z,e)) = f(z) = p(e) = pof((Z,e)), we get the following commutative diagram:

N

_f

ml&m:

22



Chapter 3. Vector bundles

which summaries the information above. To see that this is the required vector
bundle, define G(f) = {(Z, f(&#) € B x B}. Then the restriction of the map Id xp :
BxE— BxBtoEisamap ¢: E — G(f). If we post-compose ¢ with the map
71 which projects onto the first coordinate, we get the map p. Equivalently, we have
the following commutative diagram:

E 5 G(f)

~ T
p

B

Now since f is continuous we have that m, : G(f) — B is a homeomorphism. This
means that if ¢ : E — G(f) was a vector bundle, then  : £ — B would be one
also. But ¢ is a just a restriction of the map Id xp : B x E — B x B which itself
is a vector bundle, and restricting a vector bundle to a subspace of the base space
gives us a well-defined vector bundle, so ¢ : E — G(f) must be a vector bundle.
From here it is now easy to see that fibres of E are taken by linear isomorphism to
fibres of E/ using the first commutative diagram. Now all that has to be shown is
that p: E — Bis unique up to isomorphism.

Assume we have another vector bundle p; : F; — B that satisfies the required
conditions, with a continuous map f; : By — E. Define a map g : £y — E by
g :e1— (pi(e1), fi(er)). Note that (pi(e1), fi(e1)) is indeed an element of E since
f(pi(e1)) = p(fi(e1)) by commutativity of the corresponding version of the first
diagram for E;. Now g takes fibres of F to fibres of E by an isomorphism of vector
spaces since f1 takes fibres of E7 to fibres of £ by an isomorphism of vector spaces.
This completes the proof by using 3.4. ]

If we have a vector bundle p : E — B and f : B — B a continuous map, then the
pullback bundle associated to f will be written f*(E). We will be using pullback
bundles more in the next section, but to finish off this section let us prove some
basic properties of them.

Proposition 3.22. Let EE and F be any two vector bundles over an arbitrary base
space B and let f : C — B, g: D — C be two arbitrary maps of spaces. Then the
following properties hold:

(a) (fog)"(E) =g ([*(E));
(b) 1d*(E) = E;
(c) fr(EaF)= fY(E)a f*(F).

Proof. We will use 3.21 to prove all three. For (a), first fix x € D. Then we
have a continuous map g : ¢*(f*(E)) — f*(F) that sends the fibre of g*(f*(E))
corresponding to x to the fibre of f*(FE) corresponding to g(x) by an isomorphism
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of vector spaces. Similarly, after fixing y € C, we have f : f*(E) — E that sends
the fibre of f*(F) corresponding to y to the fibre of E corresponding to f(y). Then,
fog:g*(f*(E)) — E sends the fibre of g*(f*(E)) corresponding to  to the fibre
of E corresponding to f o g(x) by an isomorphism of vector spaces. So, by 3.21, we
have that(f o g)*(F) = ¢*(f*(E)).

(b) is clear since Id : F — F satisfies all of the required properties of the pullback
bundle trivially, so we can use 3.21 like for (a).

(c) is much the same as the proof for (a) except here we use that we have

continuous maps fg : f*(E) — F and fr: f*(F) — F to give us the map

fEXfF

r@erE: [F(E)e [((F) > EoF
which has the required properties to satisfy 3.21. O

It should be stated that everything in this section directly applies also to complex
vector bundles, where every fibre is given the structure of a complex vector space as
opposed to a real one.
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Vector bundles over S”

(Unless specified, the material in this chapter is based on [3].)

The previous section introduced the concept of vector bundles, which we will now
explore in more detail. The goal of this section will be towards classifying vector
bundles over S™. Our main tool to begin with will be the pullback bundles that we
defined at the end of the last section. To begin with, we will work with a general
base space but will quickly restrict to working with spheres First, we introduce
some notation, which is that we shall denote the set of all isomorphism classes of
n-dimensional real vector bundles over a fixed base space B by Vect"(B).

Proposition 4.1. Let f : B — B be a continuous map. Then f induces a map

f*: Vect™(B) — Vect™(B).

Proof. This is made easy due to the existence and well-definedness of pullback bun-

dles, since we have the map f* : Vect”(B) — Vect™(B) which sends a vector bundle

E € Vect(B) to its pullback bundle f*(E) € Vect"(B). O

Clearly this map depends on the original map f in some way, but the extent to
which is unclear. We shall now show that homotopic maps give rise to the same
induced map on vector bundles, in much the same way that homotopic maps give
rise to the same induced map on homology. However, before we can show this, we
will need a series of lemmas.

Lemma 4.2. Leta < b€ R and let p: E — X X [a,b] be a vector bundle. Further
suppose that there exists a < ¢ < b such that the restrictions By = p~ (X x [a,c])
and Eo = p~1(X x [e,b]) are both trivial. Then E is the trivial bundle.

Proof. Let ¢1, @2 be the isomorphisms from F; and Es to X X [a,c] x R" and
X X [e,b] x R™, respectively, which exist since both of these bundles are trivial.
Now we define a map ¢ : X X [¢,b] x R" — X X [¢,b] x R™ by requiring that
takes every fibre {z} x {t} x R™ first by translating in the second coordinate to
{z} x {c} x R, then to {x} x {c} x R™ via ¢; 0 ;' and finally by translating back
to {x} x {t} x R™. This is clearly a continuous map that takes fibres to fibres by a
linear isomorphism and so v is an isomorphism of vector spaces. Now, we use ¢ to
define p: E — X X [a,b] X R" on e = (z,t,v) as:

v1(e) ift<ec
ple) = .
Yowa(e) ift>c
which is a continuous map since 1 and ¥ o w9 match at t = ¢. Since both also

take fibres to fibres via an isomorphism of vector spaces, this means that ¢ is an
isomorphism of vector spaces, which completes the proof. ]

Lemma 4.3. Let p: E — X x I be a vector bundle. Then there exists an open cover
{UuYaen such that for all o € A the restriction vector bundle p~t(Uy x I) — Uy x I
18 trivial.
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Fix x € X. Due the definition of vector bundles, we know that every point
(x,t) € X x I has an open neighbourhood U, ; for which the restriction of the vector
bundle E to U, is trivial over. Now, we may assume that U, ; is connected, since
if it was not we could simply remove the component not containing (x,t), and so
we can write Uy = Uy, X (t7,t7) for some t~ < t < t+. We then have the infinite
open cover Ute[o,l] (t~,t"), which we know by compactness of [0, 1] must contain a
finite subcover. Let U, ;, i = 1, ...,k be the associated open sets in X x I, which we
know must take the form U, ; x (t;,t;7). Now each of the intervals (¢;,¢;") contain
a closed interval I; such that the restriction of E to ﬁm x I; is still trivial. By
suitably restricting these intervals further, we can assume that they form a partition
of [0,1], more specifically we can assume that I; = [t;, t;41] with 1 = t) < t2 <
o < tg—1 < tg41 = 1. Then by repeated use of the previous lemma, we have that
p 1 (Uy x I) = U, x I is trivial.

Lemma 4.4. Let X be compact and let p: E — X x I be a vector bundle. Then the
restrictions of E over X x {0} and X x {1} are isomorphic.

This lemma holds more generally for X paracompact, but our applications will
only ever require that X is compact and Hausdorff and so we restrict to this case to
simplify the proof.

Proof. By the previous lemma, there exists an open cover {U, },, with the restriction
p Y (U, x I) trivial. Now, since X is compact, this cover has a finite subcover; call
it {U;}i=1,..m. Furthermore, since X is also paracompact (as it is Hausdorff), we
have a partition of unity {4;} with ; '((0,1]) refining this cover. So we may assume
without loss of generality that U; = y; '((0, 1]). Now define a new function

0 ifk=0
Py = k .
Dot ifE>1

Now, let G;(X) := {(z,¢i(x)) € X xI} be the graph of 1);. Note that we have natural
map h; : G;(X) — G;_1(X) which sends (z,v;(x)) to (z,¥i—1(z)). h; is continuous
with continuous inverse, since we can write it as h;(z,¥;(z)) = (z,¥i(x) — pi(x)).
This means h; is a homeomorphism that is the identity map outside of U; x I. Now, if
we let p; : E; — G;(X) be the restriction vector bundle over G;(X), we can use h; to
define a continuous map ﬁ, : E; — E;_1 that is the identity map outside of p; 1(Ui N
Gi(X)xI). Using that p~*(U; x I) is trivial, we then define h; on p; ' (U;NG(X) x I)
as the map sending (z,¢;(z),v) € U; N G4(X) x I x R™ to (z,¢;—1(x),v). This is
clearly continuous and sends fibres to fibres by an isomorphism of vector spaces and
hence is an isomorphism of vector bundles. We can then compose these h; to form
an isomorphism H :=hy 0 hy 0... 0 hy : Grn(X) — Go(X); since G (X) = X x {1}
and Go(X) = X x {0}, this completes the proof.

]
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Theorem 4.5. Let p : E — B be a vector bundle and let f, g : B — B be homotopic
maps with B compact and Hausdorff. Then f*(E) and g*(E) are isomorphic.

Similarly to the previous lemma, this also holds for B paracompact.

Proof. Since f and g are homotopic, we have a homotopy H : B x I — B such
that Hy = f and H; = g. Now we consider the pullback bundle H*(E) and its
restrictions over B x {0} and B x {1}. These restrictions are clearly isomorphic to
f*(F) and ¢g*(FE), respectively. Then we can use the previous lemma to conclude
that f*(E) and ¢*(F) must be isomorphic. O

This gives us two powerful corollaries that we will make use of later.

Corollary 4.6. Let f : B = B be a homotopy equivalence of compact spaces B,B.
Then the induced map f* : Vect"(B) — Vect™(B) is a bijection.

Proof. Since f is a homotopy equivalence, there must exist some ¢g : B — B such
that fog and go f are homotopic to the respective identity maps. But then by the
theorem (fog)* = Id}y and (gof)* =1 d7. Then it is a simple application of the basic
properties of the pullback bundle established in 3.22 that f* o g* = Idyeqn(p) and
gro f*= IdVect”(B) and hence f* has an inverse ¢g* and so must be a bijection. [

Corollary 4.7. Let B be a compact, contractible space and let p: E — B be a vector
bundle. Then E s trivial.

Proof. Note that there is only one possible vector bundle over the base space {pt}
given by {pt} x R™. Then if B is compact and contractible, then by the previous
corollary there is a bijection between Vect™(B) and Vect"({pt}). This means that
Vect™(B) must contain only one possible element, which is the trivial bundle. [

We will now apply these results to studying a specific class of vector bundles,
that is where the base space is a sphere. The sphere is a compact manifold and so
all of the results so far about vector bundles will apply in full. The aim is to use
clutching functions to classify all of the possible vector bundles over an n-sphere, up
to isomorphism. That is, to determine Vect¥(S™). We begin with the initial claim
in this topic.

Proposition 4.8. Write the n-sphere as a union of its upper and lower hemispheres
S™ = D™ UD" where D" N D% = S" ! and let f: S"~1 — GLi(R) be a continuous
map. Define Ey as

(D" x R*) L (D7 x RF)

where OD" x R* 3 (x,v) ~ (z, f(z)(v)) € OD? x R*.

Ef =

Then p: Ey — S™ sending (x,v) — (x,0) is a k-dimensional vector bundle.
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Proof. Clearly E; satisfies that for every x € S™, p~!(z) has the structure of a
k-dimensional vector space. Now we need an open cover such that Ey is trivial over
each element of the cover. Let U, and U_ be the interiors of two larger embedded
discs covering D"t D™, respectively. More precisely, set Uy = {x € S" | £z >
—e}. Then define a map from p~1(Us) to Ux x R¥ as follows: first define it on
p~ (D7) as the inclusion since p~!(D?) is already trivial; the remainder of p~!(Us.)
is homeomorphic to I x S"~! x R with {0} x S"~! x {0} being the image of
OD% x R¥, and we define our map to send (¢, 2,v) — (t,z, (f(x))~!(v)). Note that
for any x, the map f(x))~! is defined since f € GLg(R). This map is a well defined
since our two definitions match on 9D x R* due to the equivalence relation in our
definition of F;. This map also clearly takes fibres to fibres by an isomorphism
of vector spaces since f € GLi(R). Thus, p : Ey — S™ is a k-dimensional vector
bundle. O

The map f: S ! — GLi(R) is called the clutching function for E¢. We now
show that homotopic clutching functions give rise to isomorphic vector bundles.

Proposition 4.9. Let f,g: S ! — GLi(R) be homotopic clutching functions for the
vector bundles E; and E4 respectively. Then Ey and E, are isomorphic.

Proof. Let H : S"~! x I — GLi(R) be the homotopy between f and g. Then define
the space Ey as:

(D™ x I x RF) (D x I x RF)
Eg =

~

where OD" x I x RF 3 (x,t,v) ~ (x,t, Hy(z)(v)) € DT x I x R,

We claim that Eys is a vector bundle. Proving this is exactly analagous to the proof
of the previous proposition. Now, note that the restriction of Ex to S™ x {0} is
isomorphic to E¢, and the restriction to S™ x {1} is isomorphic to E,. Then we can
use 4.4, since S™ x I is compact, to show that Ey is isomorphic to Ej. 0

If we write the set of a homotopy classes of maps X — Y as [X,Y], then the
above proposition gives us a map ® : [S"!, GL(R)] — Vect*(S™) which sends a
homotopy class of clutching functions to the isomorphism class of associated vector
bundles. This map is definitively not a bijection, but it becomes a bijection if
we restrict to orientable vector bundles. We shall denote the group of orientation
preserving invertible maps R — R as GL; (R) := {X € My(R) | det(M) > 0} and
the set of isomorphism classes of orientable k-dimensional vector bundles over a base
space B as Vect® (B).

Theorem 4.10. The map ® : [S"~1, GL} (R)] — Vect®(S™) which sends a homotopy
class of clutching functions represented by f to the isomorphism class of orientable
vector bundles represented by Ey is a bijection.
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Proof. We proceed by explicitly constructing ®~!. Let p : E — S™ be a k-
dimensional orientable vector bundle. The restriction vector bundles p~!(D%) are
both trivial by 4.7 as D! are both contractible. This means that there exists
0+ : p~Y(D%) — D% x R¥ homeomorphisms that take fibres to fibres as an ori-
entation preserving isomorphism of vector spaces. On dD% = S™~! both (. are
defined, and so we have a map

orop_ ST RF 5 g7l RY
(z,v) = (z, f(z)(v))

for some f(z) € GL{ (R). Note that f : S"~! — GL;(R) which sends z — f(z) is
a continuous map. We then define ®1(E) to be the homotopy class of f. We now
need to show that ®~!(E) is well defined and that ® o ®~! and ®~! o & are both
the identity map. If we assume that ®~!(E) is well-defined, the second and third
statements are clear by the definitions.

Suppose that we used some other trivialisations ¢+ : p~'(D%) — D7 x RF
resulting in a new clutching function f . By composing goj_tl with @i, or vice versa,
we get a continuous map D% x R¥ — D% x R¥ that sends (z,v) — (z, g(z)(v)) for
some continuous map g : D} — GLZ (R). Now since DY is contractible, we have a
homotopy C : D} x I — D! with Cj the identity map and C; the map that sends
everything to a single point. Then g o C' is a homotopy between (g o C')g = g and
(9o C)1 which is the constant map. We want to conclude that g is homotopic to the
map sending everything to the identity element in GL%|r (R), which is equivalent to
saying that GL;(R) is path-connected, which we will now show.

First, we claim that for any X € GL(R) there exists a path in GL;(R) between
X and a diagonal matrix. Recall from linear algebra that any matrix can be diago-
nalised by performing a sequence of elementary row operations. We can realise any
elementary row operation as a path in GLg(R) by including a factor of ¢ in front
of the row multiple being added; as ¢ varies from ¢t = 0 to ¢ = 1, a path is traced
in GLk(R) whose end point is the result of the row operation. By concatenating
these paths together we get a path from X to a diagonal matrix. Note that none
of the entries in the diagonal are zero. Now we can further find a path from this
diagonal matrix to a diagonal matrix with entries 1 by introducing a factor of
1/(1+t(£X—1)) in front of each entry A, with the sign of + depending on whether
A is positive or negative. Then similarly allowing ¢ to vary from ¢t = 0 to t = 1 gives
required path. We can also replace any two —1 entries with two +1 entries using a
path in GLi(R) by replacing the 2 x 2 sub-matrix containing those two entries by

the matrix
cost —sint
sint cost J°

Then as t varies from t = 7 to t = 0 we get the required path. Therefore, if our
matrix has an even number of —1 entries, then we can find a path to the identity
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matrix. This is equivalent to saying that our original matrix X has det(X) > 0
which means that X € GL;(R). This gives us the required result that GL; (R) is
path-connected.

This tells us that g is homotopic to the map sending everything to the identity
in GL,";(R), which means that ¢4 and ¢+ are homotopic. Subsequently, the maps
f and f are also homotopic. This means that ®~! is well-defined and completes the
proof. O

Although we restricted to considering only orientable vector bundles in this clas-
sification, we can still say a lot about the original object Vectk(S"). Note that we
have a natural map Vect® (S™) — Vect®(S™) which forgets the orientation informa-
tion.

Proposition 4.11. Let n > 2. The natural map Vect® (S) — Vect®(S™) is a surjec-
tion and is at most two-to-one.

Proof. Given any vector bundle over S™, we can certainly assign an orientation to
one fibre over a single point 29 € S"~! € S™. Then, if we follow the the first section
of the proof of 4.10 we get a continuous map f : "1 — GLi(R), z — f(x) with
f(zo) € GL}(R). S"! is path-connected as n > 2, so this means that f(z) €
GL:(R) for all z € S~ !, not just at xo. Putting this together with the remainder
of 4.10, this gives us that our original vector bundle is orientable. More specifically,
if we let Vectf(S™) be the set of k-dimensional vector bundles over S with an
orientation specified for a single fibre corresponding to one point zg € S*~t C 8"
up to isomorphism preserving the orientation of the fibre corresponding to xg, then
we have a bijection between Vectf(S™) and Vect® (S™).

The reason for making this observation is that the relationship between Vectf (S™)
and Vect®(S™) is much easier to understand. The map Vect%(S™) — Vect*(S™) that
ignores the orientation of the fibre at xzq is clearly surjective and, since there are
only two orientations we can give to the fibre at xg, is at most two-to-one. The rea-
son that it may not be two-to-one is that the resulting fibre bundles with opposite
orientations chosen at xy may still be isomorphic as orientable vector bundles. [

This proof does not work for the case n = 1, as S° is not path-connected.
However, that case is in some ways even simpler as S° only consists of two points.
If we perform a similar analysis, one can see that there are only two elements in
Vect¥(S1): the trivial bundle & and the Whitney sum of the Mdbius bundle with
&r—1. We will not be particularly interested in the case n = 1.

We have now reduced the problem of understanding Vect®(S™) to that of under-
standing [S"!, GL; (R)]. So it is natural for us to try and understand [S" !, GL; (R)]
better. First, we show that we can actually replace GL; (R) with SO(k). This will
be a consequence of the following fact.

Lemma 4.12. SO(k) is a deformation retract of GL} (R).
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Proof. We start by recalling the Gram-Schmidt orthonormalisation process from
linear algebra. If we have a basis {v;} for R¥, then we can find an orthonormal basis
{u;}. First, to simplify notation, let the projection map p be defined as:

(u,v)
(u, u)

p(u,v) =

Then the Gram-Schmidt process is given by first setting 4; = v; and running the
iterative process:

Since any basis of R¥ defines a matrix in G Li(R) and any orthonormal basis defines
a matrix in O(k), this gives us a map GLi(R) — O(k). If we restrict to only con-
sidering bases with the standard orientation, this gives us a map GLE(R) — SO(k)
that is the identity on SO(k). We now want to turn this process into a homotopy.
This can be done easily by introducing appropriate factors of t. For the first of the
above equations, simply place a factor of ¢ before the sum and then as ¢ varies from
t =0 tot = 1, that step of the process is performed continuously. For the second
step, this is just a rescaling and so can clearly be performed continuously. Then,
by concatenating all of these homotopies together we get the required deformation
retract. O

Proposition 4.13. The map L : [S"~!, SO(k)] — [S"~!, GL{ (R)] defined by sending
a representative f : S"~1 — SO(k) to a continuous map fosnt o GLZ(R) by
post-composing with the inclusion map is a bijection.

Proof. Let f: S"!' — GL}(R) be a continuous map and let i : SO(k) — GL} (R)
be the inclusion map. If we post-compose f with the deformation retract GL;CF xI —
SO(k) we get that f is homotopic to some continuous map g : S"~' — SO(k), so
I(g) = f and hence I is surjective. Now let f,g: S"~ ! — SO(k) be two continuous
maps such that i o f is homotopic to i o g. This means there exists H : S¥~1 x I —
GL:(R) with Hy = i o f and Hy = i o g, respectively. If we then compose this
homotopy with the retraction R : GL%Ir (R) — SO(k), we get a homotopy between f
and g in SO(k). This means that I is injective. O

Corollary 4.14. The map ® o1 : [S"1,SO(k)] — Vect? (S™) is a bijection.

Proof. Both ® and I are bijections and compositions of bijections are themselves
bijections. O

We can now introduce a group structure on the set [S™, SO(k)]. However, the
existence of this group structure is not unique to S™, so we show it in full generality.
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Proposition 4.15. [X, SO(k)] with multiplication defined on representatives f,g as
(f-9):xw— f(x)g(x) as multiplication in SO(k) and identity the class with repre-
sentative sending all of X to Id € SO(k) is a group.

Proof. First, we need to check that this multiplication is well-defined. Let fi ~ fo,
g1~ g2 : X — SO(k). Then we have homotopies H/, H9 : X x I — SO(k) which
gives us a map HY - H9 : X x I — SO(k) with (Hf - H9)y = Hg “HY = fi-
and (H/ - H9); = H{ - H{ = f3 - go. Since SO(k) is a topological group, this is a
homotopy and thus our multiplication operation is well defined on homotopy classes.
As a consequence of this, the identity, as defined above, is well-defined on homotopy
classes and has the desired properties. For inverses, let f : X — SO(k) be a
continuous map and then define f~! to be the map that sends x — (f(z))~! € SO().
This is continuous and well-defined on homotopy classes with a similar argument
to the above, using the fact that, since SO(k) is a topological group, the map
sending f(x) + f(x)~! is continuous. Finally, associativity comes directly from the
associativity of SO(k). O

In our case, the groups [S" !, SO(k)] will be isomorphic to the homotopy groups
Tn—1(SO(k). These groups are the direct generalisations of the fundamental group
m1. We now take a brief detour to define these groups, before proving the already
mentioned isomorphism.

Denote the set of homotopy classes of continuous maps f : S — X that have
a fixed s9 € S™ and zp € X such that f(sg) = z¢ by m,(X,z). The reason that
sp doesn’t make an appearence in the notation is that all of the points in S™ are
indistinguishable due to symmetry. We can introduce a group structure on m, (X, xo)
as follows. Let C' : S™ — S™ Vv 8™ be the map that collapses the equator S™~! of
S™ to a single point with sp € S”~!. Then take the map fV g:S" Vv S™ — X that
maps via f on the first wedge factor, and via g on the second, with sy the wedge
point so that this is a well-defined continuous map. We can then define f + g to
be the composition f V g o C. Another way of thinking about this is that f + ¢
maps everything in the north or south hemisphere first by a continuous map to S™
that sends all of the equator to a single point and then by f or g, respectively. The
existence of inverses is very similar to the existence of inverses in the fundamental
group. —f is defined as f(Z) where Z is obtained from z by reflection in the plane
perpendicular to the equator, which swaps just one coordinate to its negative. Then
it can be shown that f + (—f) is homotopic to the map sending everything to xg.
The associativity of this operation is clear since S™ VvV S™ V 5" is well-defined.

It is clear that these constructions are well-defined up to homotopy and hence
the group is defined. Much like with the fundamental group, 7, (X, o) is isomorphic
to m, (X, 1), provided that X is path-connected. So for path-connected spaces we
often simplify the notation and write m,(X). One can find details on the definition
of these homotopy groups in [2], along with the analogous definitions for the relative
homotopy groups 7, (X, A) where A C X.
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Proposition 4.16. The inclusion map m,(SO(k)) — [S™, SO(k)] is a bijection.

Proof. Since we are free to choose our basepoint, let us assume that xg is the identity
matrix in SO(k) for simplicity. First we show surjectivity. Let f : S™ — SO(k) be
a representative of some homotopy class. Now f may not have Id in its image,
but we can find a homotopy from f to a map that does. Since SO(k) is path-
connected, we can find a path v(t) € SO(k) with v(0) = Id and (1) = f(so)~ .
Then H : 8™ x I — SO(k) defined as H = f(z)v(t) is a homotopy where Hy = f
and Hy(x) = f(z)f(s0)"'y. So Hi(so) = Id and thus our map is surjective. Now
we show injectivity. Assume we have two functions fy, f1 : S™ — SO(k) that both
map sg to the identity matrix and fy, f1 both represent the same homotopy class in
[S™, SO(k)]. This means we have a homotopy H : S xI — SO(k) with Hy = fo and
Hy = f1, but this homotopy may not preserve the basepoint. Now we have a new
homotopy Ht(so)_lHt which clearly maps sg to the identity for all ¢. Since we still
have Hy(so) ' Ho(z) = fo(x) and Hy(so) ' Hy(z) = f1(z), this shows injectivity. [

We have now successfully reduced the problem of classifying vector bundles over
S™ to that of computing the homotopy groups m,(SO(k)). In general, homotopy
groups are notoriously difficult to compute, but there are certainly more tools for
dealing with them than there are for the sets Vect®(S™). We shall make use of this
classification later in 10, where we will use covering spaces to tackle computing one
of these homotopy groups.
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Smooth vector bundles

(Unless specified, the material in this chapter is based on [1] and the Riemannian
geometry lecture course given by P. Tumarkin at Durham University 2019-2020.)

Previously, we stated that the tangent bundle to a smooth manifold M of di-
mension n, defined as Upe v IpM was a vector bundle similarly of dimension n. In
fact, it is an example of a smooth vector bundle. This is essentially a space that can
be given both a vector bundle structure and a smooth structure such that the two
structures are compatible.

Definition 5.1. Let M be a smooth manifold and let p : E — M be a vector bundle.
Then FE is a smooth vector bundle if it satisfies the following properties:

(a) There exists a smooth atlas {U,} for M such that E is trivial over each U,.

(b) If ¢, are the associated charts and ¢, are the associated trivialisations for
{U,} as above, then {p~!(U,)} form a smooth atlas for E with charts ¢, post-
composed with the map sending the first coordinate to ¢, and the identity on
the second coordinate.

(¢c) p: E — M is a smooth map.
(d) {Us} is maximal with respect to the above two conditions.

There is some slight potential for confusion regarding the dimension of a smooth
vector bundle. An n-dimensional smooth vector bundle is one for which the underly-
ing vector bundle is n-dimensional. However, as might be inferred from the fact that
we have a smooth atlas on the total space F, it is not hard to show that a smooth
vector bundle is a smooth manifold. If the base space M is an m-dimensional
smooth manifold and F is an n-dimensional smooth vector bundle, then F is an
n + m-dimensional smooth manifold.

There is an equivalent and often more useful definition to take for smooth vector
bundles. Let E — M be a vector bundle with {U,, %4} a smooth atlas for M with
o : p 1 ({Ua) — R™ trivialisations. Further let %, be ¢, post-composed with the
projection onto R™ and let ¢o . : R — p~!(x) be the inverse of $,. Now we have
that, for x € U,NUg, the map ¢god, ; : R™ — R™ is an isomorphism since it is linear
and clearly has ker = {0}. Then it is easy to define a map G, g : UyNUg — GL,(R)
by Go 5(x) = $g © ¢a,. We now can state the following proposition.

Proposition 5.2. F, as above, satisfying properites (a), (b) and (d), is a smooth
vector bundle if and only if all of the maps Go 5 : Uy N Ug = GL,(R) are smooth.

Proof. This statement is actually reasonably straightforward. If F is a smooth vector
bundle, then the fact that (¢4, Pq) form a smooth atlas on E easily gives us that
G, is smooth. Similarly, if the G, g are smooth, then that together with the fact
that (1) give a smooth atlas on M gives us the required smooth atlas on F, and
hence F is a smooth vector bundle. O
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Proposition 5.3. Let p; : By — M be an ni-dimensional smooth vector and let
p2 @ Eo — M be an ng-dimensional smooth vector bundle. Then the Whitney sum
p: E1® Ey — M is an (n1 + ng)-dimensional smooth vector bundle.

These G, g are often called the transistion maps for the vector bundle.

Proof. Since we can find atlases for M such that Fy and FE, are trivial over each
chart serparately, we can find some refinement of these altases {U,, ¢o} such that
E; and Ej are both trivial over each U,, which means (a) is satisfied. For (c), note
that the smoothness of p is inherited directly from the smoothness of p; and po.
Then we assume, as per usual, that (d) is satisfied. Finishing the proof is now a
simple application of the previous proposition, since if Fq and Fs have transistion
maps Gi’ﬁ and Gi L respectively, then the transistion maps G, g for E1 © Ey are

given by the block matrices:
G &)
0 G;)’

which is clearly a smooth map as both Gé, 5 and Gi 5 are smooth. O

We will now look at a specific smooth vector bundle that is of primary impor-
tance: the tangent bundle of a smooth manifold M. This has already been mentioned
previously, but we define it again for the sake of completeness.

Definition 5.4. Let M be a smooth manifold and let TM = Upe a LpM. Then the
tangent bundle of M is defined as m : TM — M where 7 is the natural map sending
velT,M CTM top.

Proposition 5.5. Let M be a smooth manifold of dimension n. The the tangent
bundle of M is a smooth vector bundle also of dimension n. Furthermore, it is a
smooth manifold of dimension 2n.

Proof. Let {Uq, Va, ¢} be a smooth atlas on M. We want to find a smooth atlas
{Uqy, Vi, @a } for TM. First, we define U, := 7~ 1(Uy,) = UpEUa T,M. If v € U, then
v e T,M for some p e U,sov=> 1", )‘ia% |p for some \; € R. Then the obvious

choice for ¢, and Va is
Ga(v) = ((P), A1, A2, ooy Ap) C Vi 1= Vi x R™.

It is clear that U, cover TM and we can topologise TM by enforcing that @, are
all homeomorphisms. Hence T'M is a vector bundle of dimension n (7 is clearly
continuous). We now need to check that the transistion maps are smooth.
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If we fix (pq(p), )\1,...,)\”) € V,, then the transistion map @s o @' sends
(¢a(p), A1, -y An) to @a(30iy 72; Ip)- We then have:

m(Z |p>—soﬁ iAi&” 85|p

no 2 0df g o2’ . O -
_ = I\ Y _ 1 L Zn
—¥8 Z(Z)‘Zaxa)axﬁ‘p - ( Z)‘ Oz a""’z)‘lax@ € Vs,
=1 =1 9% 0x; =

which is clearly smooth as the ¢, formed a smooth atlas on M and the other terms
are just linear combinations of partial derivatives. This completes the proof of T'M
being a smooth vector bundle.

To see that T'M is also a smooth manifold, we need to conclude that it has a
countable basis and is Hausdorff. That T'M has a countable basis is true simply
by definition since we defined its topology in terms of a countable smooth atlas.
Now we show T'M is Hausdorff. Let vy,v9 € T M and assume to begin with that

m(v1) = m(vz) = p. But then there is an open set U containing both vy and vy
homeomorphic to U C R?" which is Hausdorff, so we can use the homeomorphism
to easily find disjoint open sets in T'M containing vy and ve. Now assume that
m(v1) # w(v2). Then, since M is Hausdorff, we can find disjoint open sets U > m(v;)
and V 3 7(vg) in M. Now, 7~ }(U) and 7~ (V) are clearly disjoint and contain
v1 and we, respectively. This completes the proof of TM being a smooth manifold.
That it is of dimension 2n is clear since the V,, were open subsets of R2". O

Note that the last section of this proof did not depend on the smooth vector
bundle being T'M specifically, and the argument generalises without any effort to
all smooth vector bundles. That is, if p: £ — M is a smooth k-dimensional vector
bundle over an n-dimensional smooth manifold M, then F is a smooth manifold of
dimension n+ k. Also note that for historical reasons, sections of the tangent bundle
are referred to as vector fields.

Definition 5.6. Let M be a smooth manifold. We say that M is parallelisable if T M
is the trivial bundle. If T'M is only stably trivial, then we say that M is stably
parallelisable.

Note that S! is parallelisable; simply rotate all of the tangent spaces by an angle
7. For S?, this is not true. The fact that it is not parallelisable is a consequence
of the famous Hairy-ball theorem, which says that any vector field on S? must
vanish somewhere. This means that it is impossible for 7'S? to admit two linearly
independent vector fields, which means that it cannot be trivial. The Hairy-ball
theorem actually extends to all even-dimensional spheres, so S?" is not parallelisable.
Actually, the only parallelisable spheres are S, S3 and S”. This is amazingly linked
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to the only division algebras being the real numbers R, the complex numbers C, the
quarternions H and the octonions Q.

Now we study a certain smooth vector bundle for smooth manifolds called the
normal bundle. Unlike the tangent bundle, it is not possible to define this without
reference to some ambient space. This means that our manifold needs to embedded
inside some larger manifold.

Definition 5.7. Let M C My be smooth manifolds. Then M is called a submanifold
of My if the inclusion map M — Mj is an embedding.

Consider M a submanifold of some M. Now we can consider Ths My, the restric-
tion of T'My to M. Note that T'M is a sub-bundle of this bundle Tj; M| since for any
p € M, T, M must be a vector subspace of T),Mj. Since manifolds are paracompact,
this means we can define an inner product on T3y My and hence we can find the
orthogonal complement of T'M using 3.20. This means we can make the following
definition.

Definition 5.8. Let M be a submanifold of My. Then let the normal bundle N M
of M be defined as the orthogonal complement TM~ where is TM is considered as
sub-bundle of T; M.

3.20 tells us that N M is a vector bundle, but we do not know that it is a smooth
vector bundle. We can turn it into a smooth vector by making a specific choice of
inner product on My: a Riemannian metric. Unfortunately, we do not have the
space to define these and prove there existence formally and so we will take it on
faith that we can make a choice of inner product that gives NM a smooth structure.

Note that the well-definedness of the normal bundle immediately gives us that
S™ is stably parallelisable for all n. First we embed S™ inside R™*!' and then the
sum T'S™ @ NS™ is clearly trivial as TR™*! is trivial. Now note that N.S™ must be
a orientable line bundle over S™, and hence by our classification from 4 is trivial (as
SO(1) = {pt} and so m,(SO(1)) is trivial).

Very related to the concept of a normal bundle is that of a tubular neighbourhood,
which we now define.

Definition 5.9. Let M be an k-dimensional submanifold of an n-dimensional smooth
manifold My. Then a tubular neighbourhood of M is a subset E C My with the
structure of a n — k-dimensional smooth vector bundle over M with M as the zero
section.

If M is closed, then NM will give a tubular neighbourhood for M. This is
intuitive, but sadly not immediate. To prove this, we would need to show that we
could extend our embedding of M in My to an embedding of NM. Once again,
proving this requires referring to a Riemannian structure on our smooth manifolds
and so a proof is out of reach of the scope of this project. In fact, the normal bundle
is the only such structure that will result in a tubular neighbourhood. These results
are collated by the following theorem.
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Theorem 5.10. Let M be a closed submanifold of My. Then NM is a tubular neigh-
bourhood of M. Furthermore, any tubular neighbourhood of M is isomorphic to
NM.

For the reader familiar with Riemannian geometry, one can find the proof in [1].

If M is not closed, the situation is more complicated. However, if the boundary
of M interacts with the boundary of My in a sufficiently nice manner, then we can
say something similar to the above. First, we should state what we mean by this
'nice manner’.

Definition 5.11. Let M be an k-dimensional submanifold of an n-dimensional smooth
manifold My. Then M is a neat submanifold of My if it satisfies the following:

(a) M is a closed subset of Mjy;
(b) OM = M 1 dMy;

(c) For all z € M we have a chart ¢ : U — R" with « € U, such that ¢~ }(Rk ) =
UNM (where Rﬁ is thought to be the subspace of R’} consisting of the last k
coordinates.)

This definition is a little opaque so it helps to have the conditions described
somewhat. (b) is the requirement that all of OM is contained in M and that none
of the interior of M is in dMj. (c) is the requirement that M meets dM, akin to
how a k-dimensional hyperplane meets OR’} .

Definition 5.12. Let M be a neat submanifold of My with tubular neighbourhood
E. Then we say that F is a neat tubular neighbourhood if E N 0Mj is a tubular
neighbourhood of OM inside 0 M.

We then have an equivalent theorem to 5.10 for neat submanifolds.

Theorem 5.13. Let M be a neat submanifold of My. Then M has a neat tubular
neighbourhood. Furthermore, it is unique up to isomorphism.

Once again, a proof can be found in [1]. We will make use of neat tubular
neighbourhoods later in 8.
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Chapter 6
Homotopy spheres

(Unless specified, the material in this chapter is based on [1], [2] and [5].)

We now define the most important object of this project, homotopy spheres. The
rest of this section is dedicated to understanding these homotopy spheres and seeing
how they relate to the connected sum operation on manifolds, which we define later.

Definition 6.1. A homotopy n-sphere is a n-dimensional manifold that is homotopy
equivalent to S™.

This definition makes a great deal of sense, but is generally unwieldy to work
with since constructing homotopy equivalences in general may be difficult. To get an
equivalent statement we need to use two standard results from algebraic topology.

Theorem 6.2. [Whitehead] Let X, Y be connected CW-complezes. Let f: X — Y be
a continuous map such that f induces isomorphisms between the homotopy groups:
fot mr(X) = mn(Y) for all n € Ny.

Then f is a homotopy equivalence.

Theorem 6.3. [Hurewicz] Let X, A be spaces with A # O simply connected and let
the pair (X, A) be n — 1 connected. Then H;(X,A) =0 fori <n and 7,(X,A) =
H,(X,A).

For proofs of these see [2]. We can use these two results to prove the following
lemma.

Lemma 6.4. Let X,Y be spaces with X simply connected and let f : X — 'Y be a
continuous map inducing

fo i Ho(X) = Ho(Y)) for all n € Ny.
Then f is a homotopy equivalence.

Proof. First consider the mapping cylinder My which is defined as:

s OUxX)UY

~

This space looks like Y with a cylinder extending from f(X) C Y to X. We claim
that M; deformation retracts to Y, which is intuitively obvious. The details of
proving this are somewhat more complicated and technical, so we refer to [2] instead
of giving the full argument. What this means is that in the context of proving the
theorem, we may replace Y with M;. Furthermore, we may assume that f is the
inclusion map into My since it is clearly homotopic to the inclusion map. Then we
can use the long exact sequence of the pair (My, X) to conclude that H, (M, X) =0
for all n, since the inclusion induces isomorphisms H,,(X) — H,(Mj ) for all n. Then
by repeated applications of 6.3 we conclude that m, (X, M) = H, (X, M f) for all n,
which implies f induces isomorphisms on all homotopy groups. Then we use 6.2 to
conclude that f is a homotopy equivalence. O
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This gives us our equivalent characterisation of homotopy spheres.

Proposition 6.5. An n-dimensional manifold M is a homotopy n-sphere if and only
if m(M)=0 and H,(M) = H,(S™) V n € Np.

Proof. The forwards implication is clear as homotopy equivalence implies that the
homotopy and homology groups are equal. For the reverse implication we will use
6.4. First, we need to construct a map from M to S™. Take a point on M, then
there exists a small embedded D™ containing it since M is a manifold. Then identify
the boundary of the disc to a single point which gives a map from that disc to S™.
We can then extend the map onto the rest of M by simply mapping everything
to the same point we mapped the boundary to. Since by assumption M is simply
connected and has isomorphic homology groups to S, the map must induce these
isomorphisms and hence by 6.4 we are done. O

We now define the notion of connected sum which is an operation for composing
two smooth manifolds to form a new one. Roughly speaking, the operation is to
connect both manifolds via a tube.

Definition 6.6. Let My, M5 be two n-dimensional smooth manifolds with embeddings
h; : D™ — M;. If our manifolds are oriented we assume h; is orientation preserving
and ho is orientation reversing. Then define the connected sum of My and Ma,
written My# Ma, as the disjoint union of Mj \ {h;1(0)} and Ma \ {h2(0)} quotiented
by the identification hi(rz) ~ ha((1 —7)x) (where x € S"~! and r € [0, 1]).

We have a choice here in our embeddings of D", but the implicit claim here
is that M;#M> does not depend on these. Using the disc theorem (2.13), if we
consider the connected sum of M; and M, instead using h~1 : D™ — M, then we
see that there exists a diffeomorphism f : M7 — M; such that h~1 = fohy and so
the resulting manifold will be diffeomorphic to our original M;#M,. (The exact
same argument applies for hy.) We now show that this operation gives us a smooth
manifold.

Proposition 6.7. Let M1 and Ms be n-dimensional smooth manifolds. Then Mi# Mo
1s itself a smooth manifold of dimension n.

Proof. We have three things to show: Firstly, that Mj;#Ms has a countable basis;
secondly, that it is Hausdorff; and thirdly, that it has a smooth structure.

Since M; has a countable basis, so does M; \ {h;(0)}. We now use invariance
of domain to transfer these countable bases onto our connected sum. Since the
projections M; \ {h;(0)} < M# M are embeddings, invariance of domain gives us
that these are open maps. This means that we have a countable basis of Mj# M,
given by the images of the basis elements from our constituent manifolds.

40



Chapter 6. Homotopy spheres

Showing that M;# My is Hausdorff is simply a routine calculation. Firstly, define
(just to simplify notation)

a: D"\ {0} - D"\ {0}
a(v) = (1 — o)) =

[l

Then note that g = hg oo hy' : My \ {h1(0)} — Ma \ {h2(0)} is injective since all
three constituent functions are injective (in fact they are all diffeomorphisms). Then
it is a matter of checking cases. Let = € M; \ {h1(0)}, y € M3\ {h2(0)} and assume
that g(x) # y i.e. x and y really represent different points in M1#Ms. Then x and
g~ (y) have neighbourhoods N, N,, C M \ {h1(0)} disjoint since M; is Hausdorff.
Furthermore, g(N,) and g(NN,) must also be disjoint since if they were not, there
would be an element in their intersection whose preimage under g would be inside
both N, and IV,. This means that x and y have disjoint neighbourhoods in M # M3
given by the projection maps M; \ {h;(0)} < M;#M,. All other cases proceed very
similarly and so are left to the reader.

Finally, we have to see that M;# M5 admits a smooth structure. Here we use
that ¢ is a diffecomorphism and that the projection maps M; \ {h;(0)} — M;#M,
are open maps. This means that we can take the smooth structures on M; and
map them down onto M;# M, where their union will be compatible since g is a
diffeomorphism. O

To see that this can be viewed as joining together M; and M> via a tube, imagine
the case n = 2. If you view both M; and Ms embedded in some ambient space, you
can imagine puncturing the two embedded discs and then by using the hole open
them up. Then the identification corresponds to overlaying those two sections which
gives you a tube between the two of them.

Theorem 6.8. The set of closed, oriented, connected smooth manifolds of dimension
n s a commutative monoid under the connected sum operation with identity element
S™.

Proof. We have three things to show: associativity, commutativity and that S™ acts
an the identity.

For the first, note that we can choose any two embeddings hy,hs : D™ — M such
that hl(Dn) N hQ(Dn) = @ Let h1 D" — Ml, ]’LéE D" — M2 and h3 D" — M3
be four embeddings such that h2jE are chosen so that they do not intersect. Since the
two embedded discs in Ms do not intersect, the equivalence relations in the quotient
do not interact at all and hence commute. This means that both M;#(Ma#Ms)
and (M;# Msy)# Ms are given by the expression:

M\ {ha(0)} U My \ {h3 (0)} L M3 \ {h3(0)}
hi(rz) ~ hy (1 —7)x), hi(rx) ~ hs((1 —7)z)
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and hence they are both equal.

For commutativity, suppose that to construct M;# My we used embeddings h;.
We need to swap which one of these is orientation preserving and which is ori-
entation reversing, and we do this using the map R : D™ — D™ which reflects
one of the coordinates (assume it is the first coordinate without loss of generality).
Then construct Ms# My using h; = h; o R. Now to find a diffeomorphism between
My # My and Ma# M, take the map that is the identity on both M; \ {h1(0)} and
My \ {h2(0)}. To see that this map is well defined, let = (x1,...,2,) € S™!
and take hi(rx) € M;j#Ms,. This maps to hi(rz) € May#M; which is equal to
hy(r(—x1, 29, ..., x,)). Using the equivalence relation, we see that this is equivalent
to ho((1 —7)(—z1, o, ..., zyn)), which is simply ha((1—7)z) as desired. The fact that
this map is a diffeomorphism is due to the smooth structures on both connected
sums being directly inherited from the smooth structures on M; and Ms, and the
identity clearly being a diffeomorphism.

Finally, since S™\ {h2(0)} is isotopic to a disc, we can contract the S™\ {h2(0)}
back to the original embedded disc hi(D™). Note that for the first claim we have
crucially used the standard smooth structure on S™. O

Now, every monoid contains a group made from the set containing all invertible
elements in the monoid. We define A™ to be the group of all invertible elements
in the monoid of closed, oriented, connected smooth manifolds of dimension n. We
now want to understand this group and so we prove the following lemma.

Lemma 6.9. For closed, oriented, connected smooth manifolds My and Ms, My# M,
18 a homotopy sphere if and only if both My and My are also homotopy spheres.

Proof. Here we make use of the characterisation of homotopy spheres that we devel-
oped earlier. The first step is to compute the homology groups of M1# M. Note that
by using Mayer-Vietoris we can see that for a closed, connected smooth manifold M

Hi(M O\ D) = {Hi(M) o<
0 ifi=n
which allows us to apply Mayer-Vietoris a second time directly to the connected sum.
Split M1#M> up into My \ {h1(0)} and Ms \ {h2(0)} and notice that both of these
are homeomorphic to M; \ D™ and that their intersection is homotopy equivalent
to S"~!. Then we can use Mayer-Vietoris, with that decomposition, to show that
H;(Mi#M>s) = H;(My) ® H;(Ms) for 0 < i < n. For i =0 or n, use that M;# M,
has a fundamental class and so H,(M;#Ms) = Z, and that M;#M> is connected
and so Ho(Mj#Msy) = Z. This gives us that Mj#Ms has the homology of the
sphere if and only if M; and M both have the homology of the sphere.
For the fundamental group we use Seifert-van Kampen. If n > 3 then this gives
us that: 71 (M) = 1 (M \ D™) since S™~! is simply-connected and D" is contractible.
Then, using Seifert-van Kampen again gives that m (M1#Ma) = 71 (My) x 71 (M),
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the free product of the fundamental groups of the original manifolds. So similarly
we get that M# M> is simply-connected if and only if M7 and M5 are both simply-
connected for n > 3.

For n < 3, Seifert-van Kampen does not work as S" ! is no longer simply-
connected. Instead, we appeal to the topological classification of surfaces and 1-
manifolds. For surfaces, the only homotopy sphere is homeomorphic to S? and the
connected sum of two surfaces is only homeomorphic to S? if both were individually.
The argument is similar for 1-manifolds. O

Proposition 6.10. Elements of A™ are homotopy spheres.

Proof. Any element in A™ is invertible and so for M € A" there exists —M such
that M# — M = S™. Using the previous lemma implies that M is a homotopy
sphere. O

It turns out that the elements of A™ are actually topologically spheres (i.e. home-
omorphic to S™). But to prove it, we need a theorem which is known as the gener-
alised Schoenflies theorem., due to B. Mazur. For a proof, see [6].

Theorem 6.11. Suppose f : S" 1 x [~1,1] — S™ is a topological embedding. Then
S™\ f(S™1 x {0}) consists of two components and each component’s closure is
homeomorphic to D™.

Proposition 6.12. If Mi# My is homeomorphic to S™ then both My and My are
homeomorphic to spheres.

Proof. Let D be an embedded disc in M7 and construct Mi# Ms using D. There
exists f : Mj#M,; — S™ a homeomorphism by assumption and this gives us a
topological embedding of the boundary of D into S™. Since the boundary of D
is an embedding of S™~! this is almost enough to use the generalised Schoenflies
theorem, but we need to know that we can extend this embedding to an embedding
of "1 x [~1,1]. We can do this because we can always find another embedded
disc D* such that D C D*, and then we extend the embedding of S"~! using the
embedding of D*. The generalised Schoenflies theorem then tells us that the closure
of My \ D is homeomorphic to D™ which means that M; is homeomorphic to the
union of two discs identified along their boundaries. Constructing a homeomorphism
from M; to S™ is then straightforward. The argument is then identical for M. O

This means that the group A" consists of manifolds homemorphic to S™, but
not necessarily diffeomorphic to S™, and as such any non-trivial elements are exotic
spheres. However, it should be noted that this group does not need to contain
all possible exotic spheres as it only contains those which are invertible under the
connected sum operation. An equivalent way to view A" is then the group of all
invertible smooth structures on S™, where by an invertible smooth structure we
mean one that is invertible using the connected sum as described above.
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Chapter 7

The h-cobordism theorem

(Unless specified, the material in this chapter is based on [1] and [7].)

An important result for us is the h-cobordism theorem which was proved by S.
Smale in 1962. An important corollary of the theorem is the generalised Poincaré
conjecture which says that homotopy spheres are homeomorphic to spheres in di-
mension n > 6.

Definition 7.1. An n-dimensional cobordism between closed manifolds M and N,
denoted (W; M, N) is a triple of manifolds such that W is dimension n and W =
MUN.

Example 7.2. The trivial cobordism is simply the product cobordism (V' x I;V, V).
This generalises the idea of a cylinder, which is the trivial cobordism where V = S1.
Another example is the so-called pair of trousers which is given by removing three
discs from a sphere. This can be thought of as a cobordism (M; St St U S1).

Definition 7.3. An n-dimensional h-cobordism (W; M; N) is an n-dimensional cobor-
dism for which the inclusions M — W, N — W are both homotopy equivalences.
We then say that M and N are h-cobordant.

We can now state the powerful h-cobordism theorem which will form the focus
for the rest of this section. For a proof, see [1] or [7].

Theorem 7.4. Let W, M, N be simply connected, closed smooth manifolds with
dim(W) > 6. Then if (W;M,N) is an h-cobordism, it is necessarily the trivial
cobordism. That is, W is diffeomorphic to M x I.

One might notice that the smooth manifold /V has disappeared in the conclusion.
This is explained by the following corollary.

Corollary 7.5. If simply connected, closed smooth manifolds M, N are h-cobordant
and dim(M) = dim(N) > 5 then M is diffeomorphic to N.

Proof. This is more or less a direct corollary, but it is worth spelling it out since
the result is so important. If M, N are h-cobordant then there exists W such that
OW = MUN and dim(W) > 6. This implies, by 7.4, that W is diffeomorphic to both
M x I and N x I. Then M x I is diffeomorphic to N x I and since diffeomorphisms
preserve boundaries M LIM is diffeomorphic to NUN, which implies M diffeomorphic
to N. ]

We now use the h-cobordism theorem to prove some non-trivial results. First we
give a characterisation of the n-disc.

Proposition 7.6. Let W be a simply connected, compact, closed smooth manifold with
dim(W) =n > 6 and a simply connected boundary. Then W is diffeomorphic to D™
if and only if

Zifi=0

0 else
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Proof. Since W is a smooth manifold we can find an embedded n-disc Dg. By
assumption H;(W, Dy) = 0 for all i € N and so by excision we have that H;(W \
Do, dDy) = 0 also. We now show that (W \ Dg; 8Dg, dW) is an h-cobordism. This
means we need to show that the inclusions of both of these boundaries are homotopy
equivalences. Since H;(W \ Dy, dDg) = 0 we have that H;(W \ Dg) = H;(8Dy) and
the inclusion map clearly induces this isomorphism, which means we can use 6.4
to show that this is a homotopy equivalence. For OW the argument is much the
same but first we need to show that H;(W \ Do, &W) = 0. This follows since
Poincaré duality for manifolds with boundary gives us that 0 = H;(W/Dg, D) =
H" (W/Dy,®W ). Then, by the universal coefficients theorem, we have that H;(1W\
Zo)o, OW) = 0. After that the argument proceeds in exactly the same manner.

Clearly, W \ Dy, dDy and OW are all simply connected since n > 6 or due to
assumption, which means we can use the h-cobordism theorem. Now this gives us
that W'\ Dy is diffeomorphic to 9Dy x I which itself is diffeomorphic to a disc with
a smaller disc removed from inside it. So W'\ Dy is diffeomorphic to an annulus and
hence W is diffeomorphic to an n-disc. ]

We now prove an important lemma about isotopies which is useful in a wide
variety of situations, but in particular we want it for the final theorem of this section.
This is known as the Alezander trick.

Lemma 7.7. Let f : St 5§71 be @ homeomorphism, then it can be extended to a
homeomorphism f : D™ — D™. Furthermore, any two extensions f1, fo are isotopic
through extensions.

Proof. Roughly speaking this is a statement about existence and uniqueness of ex-
tensions. For existence it is fairly simple, we can construct one extension explicitly

2y Jlzlf(z/|z]) if z € D™\ {0}
f(w)_{o ifr=0

which is clearly a homeomorphism that restrics to f on the boundary. One can also
see that if f were a diffeomorphism, this extension would still not be a diffeomor-
phism at x = 0.

For uniqueness we show that any extension ¢ is isotopic to the above f through
extensions, which suffices to prove the statement. Let F'(z,t): D" x [0,1] — D™ be
the isotopy between these defined as

Flat) = fle)  ifla| >t
’ tg(z/t) if || <t

Note that this definition makes sense as for |z| = ¢, tg(z/t) = |z|f(z/|z]) = f(z)

since |z/t| = 1. In words, what this isotopy does is it replicates § to scale on smaller
and smaller discs, while f fills up a larger and larger proportion of the disc. The fact
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that g completely disappears at ¢ = 1 is another way of seeing that this trick does
not work if we were to be extending diffeomorphisms. Finally, since any extension
is isotopic to a given extension f , all extensions are isotopic to one another which
completes the proof. ]

We can now prove the most important theorem of this section, which is the
generalised Poincaré conjecture.

Theorem 7.8. Let ¥ be an n-dimensional homotopy sphere with n > 6. Then X is
homeomorphic to S™.

This actually holds for all n but the proofs for different values of n are very
different. For n = 0, 1 or 2 the result follows either trivially or from a classification
theorem. For n = 3 this is the famous Poincaré conjecture which was proved by
Grigori Perelman in 2003. The n = 4 case was proved by Michael Freedman following
from the disc embedding theorem. The case n = 5 will be shown later.

Proof. We first show that we can decompose ¥ into a union of two discs. Let Dy
be some embedded n-disc in ¥ and consider X\ Dy. By considering the (slightly
degenerate) cobordism (X Do; 0Dy, (), Poincaré duality gives us that H;(3\ lo)o) =
H (2 D, 0Dy). Then excision gives us that this is the cohomology of a point, so
2\ Dy has the homology of a point. So, by 7.6 we have that 3\ Dy is diffeomorphic
to some n-disc.

This means that we can write X as the disjoint union of two n-discs where we identify
the boundaries using some diffeomorphism f. This means that X is what we call a
twisted sphere. We want to construct a homeomorphism from M to S™ which we
can do by first mapping one of the n-discs to one of the hemispheres of S™ via the
standard map which is, in fact, a diffeomorphism. We then want to extend this
map onto the rest of the sphere, which means extending this diffeomorphism from
Sn=t — S"~! onto a map D™ — D". This is precisely the Alexander trick (7.7)
and so we have found a homeomorphism from our twisted sphere to the standard
sphere. ]

In our proof of the Alexander trick it was noted that we could not extend the
map as a diffeomorphism, which is precisely what gives us the possibility of exotic
spheres.
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Chapter 8
Groups of homotopy spheres

(Unless specified, the material in this chapter is based on [1] and [5].)

We will now put together the work from previous sections to construct the group
of homotopy spheres and study it in some detail. This group was first defined
and studied by Kervaire and Milnor in 1962, following on from Milnor’s work on
exotic spheres. We saw in the previous section that for simply-connected smooth
manifolds with dimension > 5, h-cobordism was equivalent to diffeomorphism and
hence is an equivalent relation. We now show that this is not a special case and that
h-cobordism is always an equivalence relation between smooth manifolds. We will
actually show the stronger result that it is an equivalence relation between oriented
smooth manifolds. Recall that if M and N are oriented smooth manifolds, then M
and N are h-cobordant if there exists an oriented smooth manifold W such that
(W;M,—N) is an oriented h-cobordism.

Lemma 8.1. The h-cobordism relation on oriented smooth manifolds is an equivalence
relation. That is, it is reflexive, symmetric and transitive.

Proof. Let M, N, O be oriented smooth manifolds. (M x I; M,—M) is clearly an
oriented h-cobordism and so we have that M is h-cobordant to itself. This means
that our relation is reflexive. If (W; M, —N) is an h-cobordism, then (—=W; N, —M)
must also be an h-cobordism as this is simply flipping the orientations. This gives
us that our relation is symmetric. Finally, let (Wy; M, —N) and (Wa; N,—O) be
two oriented h-cobordisms. Then W7 N W5 is well defined as an oriented manifold
as the intersection over the shared boundary N matches in terms of orientations.
This means that (W) N Wa; M, —0) is an oriented h-cobordism and so our relation
is transitive. This completes the proof. O

Now we know that h-cobordism defines an equivalence relation, we can use it do
define the group of homotopy spheres, the object that gives this section and project
its name.

Definition 8.2. The group of homotopy spheres, denoted ©,, is the set consisting of
all h-cobordism classes of homotopy n-spheres.

The name suggests that it can be given a group structure, which we will now
show through a series of lemmas.

Lemma 8.3. Let M be a simply-connected, oriented, n-dimensional smooth manifold.
Then M is h-cobordant to S™ if and only if M is the boundary of a contractible
smooth manifold.

Proof. First, assume that M is h-cobordant to S™. So (W;M,—S") is an h-
cobordism. Now we can attach an (n + 1)-disc to the S™ to form a new smooth
manifold W', which has 9W' = M. Now because (W; M, —S™) was an h-cobordism,
we get that W' is homotopy equivalent to D"*! and hence is contractible.
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Conversely, assume that there exists some contractible W with OW = M. Com-
pare the situation now to that in 7.6. We have condition that W has the homology of
a point and hence, if we follow the proof for ??, we get that M is h-cobordant to S™,
provided that n > 1, since S! is not simply-connected. For the n = 1 case, by clas-
sification of 1-manifolds we have the stronger result that M must be diffeomorphic
to S1. O

Lemma 8.4. Let ¥ be a homotopy sphere. Then X# — X bounds a contractible
manifold.

Proof. We can consider embedding R"# — R™ in R™ x [—1, 1] where our original
copies of R™ sit on R"™ x {—1} and R™ x {1} and the ’tube’ joines them together
in the space in between.. The manifold that this bounds has a deformation retract
that is diffeomorphic to R™ \ D".

Since we can embed R” inside a disk, we can use this construction to embed
Y# — Y into ¥ x [-1,1]. Let h : R® — X be an embedding and then embed
h(R™) inside h(R™) x [—1,1] as above and then extend the embedding to the desired
embedding. Then we see that we get the exact same phenomenon, ¥# — ¥ now
bounds a manifold that has a deformation retract diffeomorphic to ¥\ D™. Since X
is a homotopy sphere, ¥\ D" is homotopy equivalent to S™\ D™ which is contractible,
completing the proof. O

Lemma 8.5. Let M be a simply-connected, oriented smooth manifold. Then M is a
homotopy sphere if and only there exists a simply-connected, oriented smooth man-
ifold N such that M#N bounds a contractible manifold.

Proof. First assume that M is a homotopy sphere. Then M# — M bounds a con-
tractible manifold by 8.4.

Now assume that there exists N such that M# N bounds a contractible manifold.
By 8.3, M#N is h-cobordant to S™ and hence is a homotopy sphere. Then we can
use 6.9 to see that M is a homotopy sphere. O

Finally, we would like to show that the connected sum operation respects the
h-cobordism relation. That is, if M7 is h-cobordant to Mo, then Mi#M is h-
cobordant to Ms# M. However, to show this, we need to define a generalisation of
the connected sum operation.

In the connected sum operation, we glued two smooth manifolds together by
identifying two embedded discs (minus a single point in each disc) via a orientation
reversing diffeomorphism «(v) (see 6.7). One way to view these discs is as tubular
neighbourhoods of the submanifold consisting of a single point. This will be how we
generalise the connected sum operation, essentially by replacing single points with
a general closed submanifold.

Definition 8.6. Let M7, Ms be two n-dimensional smooth manifolds with embed-
dings h; : E — M,; where E is the total space of a smooth vector bundle over a
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k-dimensional, compact, closed manifold N such that h;(E) are tubular neighbour-
hoods of h;(N). Then define the pasting of M7 and M, along a submanifold, written
as M (hy, ha) to be the disjoint union of M; \ {h1(N)} and Ms \ {h2(N)} quotiented
by the relation hj(v) ~ ha(a(v)) where « is defined on each fibre as

av) : Rk s Rk

_ v
Qv el
With the connected sum, the embeddings h; were suppressed in the notation
because the result did not depend on them. This is not the case for the pasting
operation; there is no analogue of the disc theorem for general embeddings, and
certainly it should depend on what the submanifold h;(N) actually is.

Proposition 8.7. Let My, Ms be two n-dimensional smooth manifolds with embed-
dings h; : E — M; where E is the total space of a smooth vector bundle over a
k-dimensional, compact, closed manifold N such that h;(E) are tubular neighbour-
hoods of hi(N). Then M (hy, hg) is a n-dimensional smooth manifold.

The proof is entirely analagous to the proof of 6.7 and so is unnecessary to give
here.

We can still paste along two non-closed submanifolds, provided that they are
neatly embedded and have neat tubular neighbourhoods. By 5.13, the existence of
the neat tubular neighbourhood is guaranteed. In particular, the case that we will
want for our next proof is that we can paste along two neatly embedded arcs. An
arc simply being a submanifold diffeomorphic to an interval.

Lemma 8.8. Let My, My, M be smooth n-dimensional smooth manifolds with n > 3
and My h-cobordant to My. The Mi#M is h-cobordant to Mo#M.

Proof. By assumption we have the oriented h-cobordism (W; My, —M>) and we al-
ways have the trivial cobordism (M x I; M, —M). Let A be a neatly embedded arc
in W such that one endpoint is on M, call this point p, and the other on Ms. Then
we paste W and M x I along the arcs A and ¢ x I for some ¢ € M. Call the resulting
smooth manifold from this pasting W’. Now OW is the disjoint union of M;# M
and Mo# M since it consists of the boundaries of W and M x I pasted along a single
point, which we noted earlier is equivalent to the connected sum operation. So we
have the cobordism (W', My# M, —Ms#M); we need to show that the inclusions of
the boundaries into W’ are homotopy equivalences.

First, consider the long exact sequences of the pairs (M1, M; \ {p}) and (W, W\
A). By naturality, the inclusion map ¢ : (M, M1\ {p}) = (W, W\ A) induces a map
i* on the long exact sequences. Now i induces isomorphisms H,(M;) — H.(W)
and H, (M, M\ {p}) = H.(W,W \ A), and so, by the five lemma, we have that it
must induce isomorphisms H, (M \ {p}) = H.(W\ A). Now since we assumed n >,
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removing a point from M; means it is still simply-connected, and similarly removing
an arc from W means it is still simply-connected. This means that we can use 6.4
to show that 7 is a homotopy equivalence.

Then we can use the Mayer-Vietoris sequences for M#M and W', where we
write M1# M as the union of M;\{p} and M\{q}, and write W’ as the union of W\ A
and M x I'\ {q} x I. Then by using that the fact that i was a homotopy equivalence,
along with the five lemma again, we get that the inclusion map j : My#M — W' is
a homotopy equivalence. Exactly the same argument then works to show that the
other inclusion Ms#M — W’ is a homotopy equivalence. In conclusion, we now
have that (W', My#M, —My# M) is an h-cobordism which completes the proof.

O

Theorem 8.9. h-cobordism classes of oriented n-dimensional smooth manifolds form
a monoid under the connected sum operation where the identity element is the h-
cobordism class represented by S™. Furthermore, the group of invertible elements of
this monoid is ©,,.

Proof. Firstly, 8.8 tells us that connected sum is well defined on h-cobordism classes,
which in turn tells that h-cobordism classes of oriented n-dimensional smooth mani-
folds actually form a monoid under the connected sum operation. Now we know that,
8.5 tells us that the set of invertible elements consists entirely of all n-dimensional
homotopy spheres, or ©,,. ]

We now give a proof of the slightly stronger generalised Poincaré conjecture. In
some ways this proof makes the proof given in 7.8 irrelevant, but that proof was
interesting on its own for introducing twisted spheres and for being more direct.

Theorem 8.10. Let X be an n-dimensional homotopy sphere with n > 5. Then X is
homeomorphic to S™.

Proof. %4 — % is h-cobordant to S™ by 8.9. Then by the h-cobordism theorem
(7.4), ¥# — ¥ is diffeomorphic to S™. This means that ¥ € A™, the group of all
invertible smooth structures on S™. But was already shown in 6.12 that A™ consists
of topological spheres, and so ¥ is homeomorphic to S”. ]

In the course of that proof, we showed that there was some relationship between
O, and A™. Not only will we now make this relationship clear, but we will also show
that there is a relationship between these two groups and I'"™ (see 2.18).

Proposition 8.11. Let n > 5. Then the map f : A™ — O™ sending an element of A"
to its h-cobordism class in ©" is an isomorphism of groups.

Proof. Firstly, the definition of f makes sense since any element in A" is a homotopy
sphere and hence its h-cobordism class is in ©". ker(f) is the set containing all
elements of A™ that are h-cobordant to S™. Then the h-cobordism theorem 7.4 tells
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us that these elements are diffeomorphic to S™ and hence ker(f) is trivial. Now let
>, € ©". Then X# — X is h-cobordant to S™ and hence diffeomorphic to S™ by the
h-cobordism theorem. Therefore ¥ € A™ and f(X) = X, so f is surjective. f is
clearly a homomorphism which completes the proof. O

When we defined A™, we proved that it consisted entirely of homotopy spheres,
but we did not know whether it contained all homotopy spheres. This proposition
essentially means that by using the h-cobordism theorem and changing our equiva-
lence relation to that of h-cobordance rather than diffeomorphism, we have been able
to show that A™ does contain all homotopy spheres. This is equivalent to showing
that all of the smooth structures on S™ are invertible, at least for n > 5.

In the proof of 7.8 we introduced the twisted sphere, which is the disjoint union
of two n-discs with their boundaries identified by some diffeomorphism A : S*~1 —
Sn=L If we write X(h) for this twisted sphere, we can formulate how I'™ is related
to our groups of homotopy spheres.

Proposition 8.12. The map F : I™ — A™ that sends a diffeomorphism h : S*~1 —
S"=1 to X(h) is a well-defined injective homomorphism of groups.

Proof. Notice that it is not actually clear that 3(h) € A". However, if we prove
that X(h)#X(g) = X(hg) then this necessarily means that all ¥(h) are invertible,
since given any Y(h), 3(h)#X(h~!) would then necessarily be diffeomorphic to S™
and hence X(h) is invertible. Firstly, we show that this map is injective.

Let h be such that there exists a diffeomorphism f : 3(h) — S™. We want to
show that A is trivial in I'”, which means we want to show that it extends to a
diffeomorphism D™ — D™. Since the restriction of f to the southern hemisphere of
Y (h) is an embedding of a disc, we can use 2.13 to assume that f sends the southern
hemisphere of ¥(h) to the southern hemisphere of S™ via the inclusion map. Now f
necessarily maps the boundary of the northern hemisphere of X(h) to the equator of
S™ via h, and so f restricted to the northern hemisphere of ¥(h) is a diffeomorphism
D" — D™ that extends h. Hence F is injective.

Consider X(h)#X(g). We can view this as a disjoint union of an n-disc D", a
cylinder D™ x I and another disc D" where the first two boundaries are identified
using h and the second two via g. Call this X(h, g). We now construct a diffeomor-
phism from X(h, g) to X(gh,Id). First, map the disc associated to ¥(g) to the disc
associated to X(Id) by the identity. Now we map the cylinder by mapping it via g on
each slice S"~! x {t}. Now map the final disc, the one associated to ¥(h), to the disc
associated to 3(gh) via the identity map also. To conclude this is a diffeomorphism
we need to check that is well defined on the boundaries where the identifications
occur, but this is clear by how the map was defined. Hence X (h)#X(g) is diffeomor-
phic to X(gh,Id), which is clearly diffeomorphic to ¥(gh). This means that F is a
homomorphism.

Finally we should check that F' is well defined, that is to say that 3(he) = X(h) if
e is trivial in I'". Since we showed that F'is a homomorphism, we only need to check
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that ' maps trivial elements of I'™ to S™. Let h : S"~! — S"~! be a diffeomorphism
trivial in I'™, which means that h extends to a diffeomorphism D" — D". Then we
can construct a diffeomorphism from ¥(h) to S™ as follows: first map the southern
hemisphere of ¥(h) to the southern hemisphere of S™ via the inclusion map. Then
necessarily the boundary of the northern hemisphere of ¥(h) maps to the equator of
S™ via the diffeomorphism h. Then we finish off our diffeomorphism by extending
it by using the extension of h onto the rest of the northern hemisphere. This means
that F' is well defined, which completes the whole proof. O

Theorem 8.13. Let n > 6. Then I'™, A™ and O™ are all isomorphic as groups.

Proof. We have already shown in 8.11 that we have an isomorphism from A™ to ©™.
We also just showed that we have an injective homomorphism from I'" to A™, so
all we need to do is conclude that the composition of our isomorphisms is surjective
and our proof will be complete. Let ¥ € ©" be a homotopy sphere. Then in our
first proof of the generalised Poincaré conjecture (7.8), we showed that for n > 6, 3
must be a twisted sphere. This means that there exists some h € I'" that is mapped
to X under our composition, and hence the map is surjective. ]

As a consequence of this theorem, we can now say more about exotic spheres.
O" = I tells us that every smooth structure on S™ can be given by an atlas
containing only two charts, and we already noted that ©™ = A™ tells us that every
smooth structure on S™ is invertible.

One might ask why we could not extend to n = 5 in the proof. The answer is
that we could not show that 5-dimensional homotopy spheres are twisted spheres,
since our proof for n > 6 rested on the h-cobordism in dimension n — 1. Our proof
would work if the h-cobordism theorem held in dimension 4, but this is not true.
However, for n < 5, ©,, is always trivial. For n = 1 and 2, this is a consequence
of topological manifolds admitting only one smooth structure, up to the diffeomor-
phism, in dimensions 1 and 2. For ©3, the argument is similar but also rests on the
Poncaré hypothesis. Finally, Kervaire and Milnor showed that both ©4 and ©5 are
trivial in [5].

It remains to be seen what the structure of ©" is for n > 6. This problem is
hard and we will not have the space to deal with it general. Instead, we will now
move to showing explicitly that it is possible for these groups to be non-trivial. More
specifically, we will show that ©7 is non-trivial. Since 7 > 5, this is equivalent to
the construction of an exotic 7-sphere.
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Invariants of manifolds

(Unless specified, the material in this chapter is based on [3] and [4].)

If our aim is to construct an exotic sphere, we will need to have some way to
determine that it is actually ’exotic’. To do so, we need an invariant of smooth
manifolds that is a diffeomorphism invariant. In this section we will describe two
invariants that we will use in the final section to construct the desired diffeomorphism
invariant. These are the signature of a manifold, and Pontrjagin classes of vector
bundles. We will start with the signature.

Let X be a space and R be a commutative ring. Recall from algebraic topol-
ogy that the cup product gives us a R-bilinear map —: H¥(X;R) x H/(X;R) —
H*(X; R). Recall also that this map satisfies the graded commutativity relation-
ship [p — 9] = (=1)¥ ) — ¢]. Now consider an n-dimensional manifold M. We
would like to be able to use the cup product to define a symmetric R-bilinear map
H*(M;R) x H*(M;R) — H"(M;R). Clearly we need that k& = n/2, but for the
map to be symmetric we also need that k is even. This means that n must be
divisible by four. In conclusion, if M is a 4n-dimensional smooth manifold, we can
define a symmetric R-bilinear map H*"*(M; R) x H**(M; R) — H**(M; R).

Now, if we assume that M is compact, connected and oriented, then M has
a fundamental class [M]. This gives us a map H*'(M;R) — R which sends a
cocycle ¢ + ([M]). Now, we can form a symmetric bilinear form H?"(M; R) x
H?"(M; R) — R as the composition of the two maps that we have just constructed.
This is called the intersection form of M. Any symmetric bilinear form defines a
quadratic form by restricting to the diagonal, so we can define a quadratic form
Q : H*(M; R) — R which sends [p] — [¢ — ¢]([M]).

Proposition 9.1. Q : H?"(M;Q) — Q is non-degenerate and the torsion subgroup of
H?"(M;Q) C ker(Q).

Proof. Non-degeneracy is a simple consequence of Poincaré duality, as this means a
non-trivial element of H*"(M;Q) evaluated on the fundamental class must be non-
trivial in Ho(M;Q) = Q. The second assertion is similarly simple, since a torsion
element must be mapped to 0 € Q as Q has no torsion. O

This result means that the intersection form can represented by a bo, X boy,
matrix, where by, is the 2nth Betti number. For such a quadratic form, we can
define the signature to be the number of positive eigenvalues minus the number of
negative eigenvalues. Now we can define the signature of a manifold.

Definition 9.2. Let M be an n-dimensional, compact, connected, oriented manifold.
The signature of M, written o (M) is defined as zero if n is not divisible by 4, and if
n = 4k then it is defined as the signature of the quadratic form @ : H?*(M;Q) — Q
as defined previously.

Note that if M is not connected, we can define the signature as the sum of the
signatures of all the connected components of M. Also, it should be said that we
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can define the signature of a manifold with boundary in a completely analogous way,
where the intersection form is a map on relative cohomology Q : H?"(M, OM;Q) —
Q but we will leave out the details for expediency.

Since all real symmetric matrices are diagonalisable, an alternative way of defin-
ing this would be first tensor with R, and then to choose a basis of H**(M;R)
such that the matrix is diagonal and then simply count the number of positive and
negative entries with sign.

To understand the signature more, we will have to now study characteristic
classes. In essence, a characteristic class is a method for assigning certain coho-
mology classes to vector bundles. There are four types of characterstic classes:
Stefel-Whitney, Chern, Euler and Pontrjagin. It is the last of these, the Pontrjagin
classes, that we are interested in, although we will define them using the Chern
classes. We begin by giving an axiomatic treatment of the Chern classes. For proofs
of their existence, see [3] or [4].

Theorem 9.3. There exists a unique sequence of functions (up to multiplication by
scalars) ¢; : Vecti(B) — H?*(B,7Z), such that the ¢; satisfy the following relations
for all complex vector bundles:

(a) co=1;

(b) For any continuous f : B — B, ¢;(f*(E)) = f*(c;(E));

(c) Let c = Y2, ¢i € H*(B;Z). Then ¢(E1 & Ey) = ¢(E1) — ¢(B»);
(d) If iim(E) = n, then ¢;(E) =0 for all i > n.

Note the slight abuse of notation for (b), where f* denotes both the induced
map on cohomology and the induced pullback map.

For a complex vector bundle E — B, ¢;(E) is called the ith Chern class of E.
We can make these unique by specifying their value on some specific vector bundle
and this will also ensure that our Chern classes are non-trivial. To describe this
vector bundle, we first need to introduce the Grassmann manifold.

Definition 9.4. Let k > n. Then the Grassmann manifold G, (R¥) is defined as the
set containing all n-dimensional hyperplanes that pass through the origin in RF.

We can give a topology on G, (RF) in the following manner. Firstly, define an
n-frame in R¥ to be a set of n linearly independent vectors in R¥. Then let the set of
all n-frames in R* be denoted V;,(R¥). This is known as the Stiefel manifold and has
a natural topology as an open subset of [[", R*. Then we have a natural sujection
Vi (R¥) — G, (R¥) that sends an n-frame to the n-dimensional hyperplane spanned
by the n-frame. This allows us to view G, (R¥) as a quotient space of V;,(R¥), where
we identify all n-frames that span the same hyperplane, and so we can give G, (R¥)
the quotient topology.
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Note that Grassmann manifolds are a direct generalisation of the real projective
spaces, in that RP" = G1(R""!). The name suggests that these are manifolds, but
we will not show this.

We can define the infinite Grassman manifold G,,(R*°) by taking the weak limit
of G,,(RF) as n — co. We can do this because we have the sequence of inclusions
Gn(RF) C G, (R*1) since clearly every n-dimensional hyperplane in R¥ is also an
n-dimensional hyperplane in R¥+1,

We can construct a vector bundle over G, (R*), and indeed over G,,(R*), in the
following way.

Definition 9.5. Let k € NU {oo} and let E,(RF) = {(e,v) € G,(R*) x R* | v € e}.
Then define the tautological bundle as p : E,(RF) — G, (R¥), where p is projection
onto the first coordinate.

We claim, without proof, that this is a k-dimensional vector bundle. One can
find a proof in [3]. This bundle is tautological in the sense that the fibre associated
to every point e € G,,(R¥) is e itself. More precisely, p~!(e) = e for all e € G,,(RF).

All of these constructions work similarly well if we replace R with C to give the
complex Grassman manifolds G,,(C¥) and the complex tautological bundles E,,(C¥).
In fact, these are the ones that we want.

We can now fix the constant in our Chern classes by specifying their values on
E;(C®), the tautological line bundle. The base space of this bundle is G1(C*®) =
CP*° and one can compute the cohomology ring of this space as

H*(CP>;Z) = Z[z]
where x is the generator of this ring, and in fact of H?(CP>;Z). We then demand

that ¢y (F1(C*) = z, which now means that our Chern classes are unique.

Lemma 9.6. For complex vector bundles Ey, Eo, the Chern classes cj satisfy the
following product formula:

k(BEx® E2) = ) (ci(Br) — ¢;(En))
itj=k

Proof. This is really just a reformulation of (c) is our definition of the Chern classes.
If we take that relation and examine both sides of the equation, the right hand side
gives

1+ c1(Er @ Ey) + co(E1 & Eg) + ...

and the left hand side gives
(1 + Cl(El) -+ CQ(El) + )(1 + Cl(EQ) + CQ(EQ) + )

Expanding these brackets and comparing terms on each side of the equation then
gives the required result. O
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Another property of the Chern classes is that they are stable isomorphism in-
variants. To see this, first note that the Chern classes of a trivial bundle are trivial
since the trivial bundle is a pullback of {pt} x R™ (then we can use properties (a)
and (b) from 9.3). Now we are able to use 9.6 to show that the Chern classes are in-
variant under Whitney sum with a trivial bundle, and hence are stable isomorphism
invariants.

We now aim to construct the Pontrjagin classes for real vector bundles using
these Chern classes. Since Chern classes are for complex vector bundles, it is not
immediately clear how we might apply them to real vector bundles. We will do this
via the complexification of real vector bundles.

Definition 9.7. The complexification of a real vector V is the tensor product V®C =
{u+iv | u,v € V} where i denotes the imaginary unit. Given a real vector bundle,
given by p : E — B, we form the complezxification of E by taking the complexification
of each fibre p~!(x) to form a complex vector bundle over the same base space B.
We denote this as F ® C.

Definition 9.8. Given a real vector bundle £ — B, the ith Pontrjagin class p;(F) €
H*(B,Z) is defined as ‘
pl(E) = (—1)z02i(E ® C)
Note that we have ignored the odd Chern classes in this definition. This is
because all of the odd Chern classes of a complexification of a real vector bundle are

order two, and so can be expressed in terms of other characteristic classes. We will
omit the proof of this for expediency, but one can find a proof in [4].

Proposition 9.9. For real vector bundles E1, Eo, the Pontrjagin classes py satisfy
the following product formula, modulo elements of order two:

pr(E1 @ B2) = Y (pi(Er) — pj(E2))
i+j=k

Proof. Note that for any real vector spaces V., W, we have that (V & W) ® C is
isomorphic to (V& C) @ (W ® C). This means that if £y, Eo are real vector bundles
over the same base space, then we have an isomorphism between (E; @ E3) ® C and
(EB1@C)® (B ® C). Now we can use 9.6 to get

c(BEr® Ey) ®C) = Y (ci(B1®C) — ¢;(Ey ® C)).
i+j=k

Now if we mod out by elements of order two, this removes all of the odd Chern
classes from the formula, giving us

con(B1 @ Ey) @ C) = Y (e2i(E1 ® C) — c95(Ea ® C)).
i+j=k

Multiplying this equation by (—1)* then gives us the required result. O
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Similarly, one can show that the Pontrjagin classes have properties analogous to
9.3 very easily. That is, taking Pontrjagin classes commutes with taking pullbacks,
po = 1 and Pontrjagin classes vanish past the dimension of the vector bundle. The
proofs follow directly from the results for Chern classes and so we will omit them.
Note though that this means that the Pontrjagin classes are also stable isomorphism
invariants. Another important property of the Pontrjagin classes is that they do not
depend on the orientation of the bundle. The easiest way to prove this uses their
relationship with the Fuler classes and as such we do not have the time to prove
this fact, although we will use it later. For more details, see [4].

We now introduce the concept of a Pontrjagin number for a 4n-dimensional
smooth manifold M. First, we define a partition I of a non-negative integer n to be
an unordered sequence I = 11, ..., i such that Z?Zl ij =mn.

Definition 9.10. Let M be a 4n-dimensional compact, oriented smooth manifold and
let I be a partition of n. Then the Ith Pontrjagin number pr(M) of M is defined
as the integer

pr(M) = piy.pi, (M) = (pi (TM) — ... — pi (TM))([M])

where T'M is the tangent bundle of M and [M] denotes the fundamental class of
M, as before.

Note that, since I is a partition of n, (p;,(TM) — ... — p;, (TM)) € H*™(M;7Z)
and so it makes sense to evaluate this on the fundamental class.

We will need the following lemma later which concerns the Pontrjagin numbers
of a boundary.

Lemma 9.11. Let M be the boundary of some smooth (4n+ 1)-dimensional compact,
oriented smooth manifold. Then all of the Pontrjagin numbers of M are zero.

We omit the proof for expediency. More details can be found in [4].

Now our aim is to describe a relationship between the Pontrjagin numbers of a
closed manifold and its signature, which is given by the Hirzebruch signature theo-
rem. To understand the statement of this theorem, we need to define multiplicative
sequences of polynomials. We begin by recalling some terminalogy from algebra.

Recall that an algebra A over a commutative ring R is an R-module with a
multiplication operation satisfying distributivity under sums of vectors and multi-
plication by scalars in R. A graded ring R is a ring that can be written as a direct
sum of additive groups R = @;°, R; where the multiplication operation satisfies
R;R; C R;yj. Every algebra over a ring has an underlying ring structure where we
forget about the scalar multiplication operation, and so we define a graded algebra
over a commutative ring to be an algebra over a ring whose underlying ring structure
is graded. We say that a non-zero element a of a graded algebra A* = (Ag, Ay, ...)
is homogenous of degree k if a € Ay. Note that the cohomology ring is an example
of a graded algebra over a commutative ring.
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Chapter 9. Invariants of manifolds

If A* = (Ao, A1, ...) is a graded algebra over a commutative ring R, then we
have a subgroup A = {1 +a; + a2 + ... | a; € A;}, where the group operation of
multiplication is given by the formula

(I+a1+as+..)14+b+be+..) =1+ (a1 +b1) + (a2 +a1by + b2) + ... .

Definition 9.12. Let z; € A;. Then a sequence of polynomials K (x1), Ko(z1,z2), ...
with coefficients in R is called a multiplicative sequence if

(a) Ki(x1,...,x%) is homogenous of degree k;
(b) For any a,b € A and K(a) := 14 Ky(a1) + K2(a1,a2) + ..., we have that
K(ab) = K(a)K(b)
where multiplication is defined as K(a) € A;

(¢c) The above conditions hold for any graded algebra A*.

Now let A* = RJ[t] be the polynomial ring with coefficients in R. Note that this
has a natural grading given by the polynomial degree. So A is the group of power
series {1 + ait + ast® + ... | a; € R}. Now we state the following theorem which will
allow us to classify multiplicative sequences.

Theorem 9.13. Let f(t) = 1 + ait + ast? + ... be a power series with coefficients
in R. Then there exists a unique multiplicative sequence of polynomials { Ky} with
coefficients in R such that the condition K(1+t) = f(t) is satisfied.

We will refer to such a {K,} as being the multiplicative sequence belonging to
the power series f(t).

Proof. We will only prove the uniqueness statement. A proof of existence can be
found in [4]. Assume {K,,} is a multiplicative sequence that satisfies K(1+t) = f(¢)
for some power series f. Now, let A* = RJt1,t9,...,t,] be the polynomial ring in
n-variables with coefficients in R. Note that this has a similiar grading by total
degree, where an element t{'¢5%...t5" has degree e; + ez + ...e,.

Let 0 = (14 t1)(1 +t2)...(1 + t,) € A. Notice that the terms in the expansion
0 =14 01+ 02 + ... are the elementary symmetric polynomials in the variables
t1,...,tn. We can use that {K,} is a multiplicative sequence to calculate

K(0) = K(1+t)K(1+ta) . K(1+tn) = f(t1)...f(tn).

Expanding the left hand side we get that K (o) = Ki(o1) + ... + Kp(01,...,00). If
we compare the term of degree n on both sides, we see that K, (o1, ...,0,) is given
by the nth degree term in f(¢1)...f(t,), which is entirely determined by the power
series f. To finish off the proof, note that the elementary symmetric polynomials
0; do not have any relations in them, and hence computing K, (o1, ...,0,) for all n
determines the multiplicative sequence completely. O
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Chapter 9. Invariants of manifolds

Now we will consider the graded subalgebra of H*(M; Q) given by @32, H*(M;Q).
Note that this is where the Pontrjagin classes of TM lie.

Definition 9.14. Let {K,} be a multiplicative sequence of polynomials with coeffi-
cients in Q. Then to a compact, closed, oriented, smooth n-dimensional manifold
M we define the K-genus K[M] as the evaluation K, (p1,p2, ..., pn)([M]) if n = 4k
and 0 otherwise.

Note that since K, is homogenous of degree n, we have that K,,(p1,p2,...,pn) €
H*(M;Q) and so can be evaluated on [M].

Now we can state the Hirzebruch signature theorem, which relates the signature
of a closed manifold to its Pontrjagin numbers.

Theorem 9.15. The signature o(M) of a compact, closed, oriented, smooth 4n-
dimensional manifold M is equal to the L-genus L[M] where {L,} is the multi-
plicative sequence of polynomials with coefficients in Q belonging to the power series

Vit 1, 1, 22" B, t"
— =14 t— .+ ..
tanh v/t 3 45 (2n)!

where By, is the nth Bernoulli number.

For reference, the Bernoulli numbers are a classical sequence of numbers that
were introduced by Jakob Bernoulli and published posthumously in 1713. Their
values are well known and can be easily found. The first few values are given below:

1 1 1
0 » P1= s B2 30 3T 1o
A key feature of the Bernoulli numbers is that they alternate in sign after the first two
positive terms. With these numbers, we can compute the first few L polynomials,
given below:
1 1

Ly = sp1, Ly =

1
— 2p3 — 1 2p3).
3 1 (62p3 — 13pap1 + 2p7)

Tps —pi), Ly = ——
(Tp2 — p1), L3 Y

An intriguing consequence of the signature theorem is that, due the signature being
integer valued, these particular linear combinations of Pontrjagin numbers must also
be integers for all M, which gives us a highly non-trivial divisibility relationship.

Before we can give a proof of this, we need to introduce a new concept and
prove a short lemma concerning the K-genus. In 8, we showed that we can use the
h-cobordism relation to form a monoid under the connected sum operation. We
can introduce a different algebraic structure of oriented cobordisms (not necessarily
h-cobordisms) using the disjoint union operation U and cartesian product operation
x. We denote the set of all oriented cobordism classes as {2 and the set of all
n-dimensional oriented cobordism classes as §2,,.
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Chapter 9. Invariants of manifolds

Proposition 9.16. The set of all compact, closed, oriented, smooth cobordism classses
of manifolds Q forms a graded ring Q = (Qq,Q1,...) under the disjoint union op-
eration U and the cartesian product operation x. The zero element is given by ()
and the identity element is given by {pt} considered as a 0-manifold with a positive
orientation.

Proof. We need to check that LI and x are well-defined on oriented cobordism classes.
Let M and M’ represent the same oriented cobordism class in €2, and let N be a
representative of a class in €2,,. Then there exists W such that OW = M LI —M.
W U N x I is now clearly an oriented cobordism between M LU N and M’ LI N. The
same argument works on the second term, and hence LI is well defined on 2. For X,
note that (W x N) = (O(W) x N)U (W x IN) = M U —M' x N as N is closed.
This gives us that W x N is an oriented cobordism between M x N and M’ x N.
The same argument then applies to the second term, and hence x is well defined on
Q.

To see that additive inverses exist, note that M LI —M is the boundary of M x I,
and hence (M x I; MU—M, () is an oriented cobordism. Clearly {pt} with a positive
orientation acts as a multiplicative identity. Distributivity comes from the fact that
(XUY)x Z=(Xx2Z)U(Y x Z) for sets X,Y, Z.

Finally, the grading comes immediately from M x N € Q,4m. O

Since the orientation of a product is only unchanged after reversing the order of
the product if both manifolds are of even dimension, this ring satisfies the following
graded commutativity relationship: if M is m-dimensional and N is n-dimensional,
then M x N = (—=1)""N x M.

Our proof of 9.15 will now be based on the following proposition.

Proposition 9.17. Let {K,,} be a multiplicative sequence of polynomials with coeffi-
cients in Q. The map Q — Q sending a representative M to its K-genus K[M] is
a well-defined ring homomorphism.

Proof. We can restrict to considering only 4n-dimensional manifolds since all others
are mapped to zero, which trivially satisfies the requirements for being a ring ho-
momorphism. Now, note that the Pontrjagin numbers of a disjoint union satisfy the
relation py(MUN) = pr(M)+pr(N). Now let M and M’ represent the same cobor-
dism class. This means that M LJ—M’ is the boundary of some (4n+ 1)-dimensional
compact, oriented smooth manifold. 9.11 then tells us that p;(M U —-M') = 0,
which in turn gives us that p;(M) = p;(M’). This proves that the Pontrjagin
numbers are an oriented cobordism invariant. Since the K-genus is a linear combi-
nation of Pontrjagin numbers, this gives us that our map is well defined and that
K(MUN)=K(M)+ K(N). All that is left to check is that the map commutes
with multiplication.

Let M have total Pontrjagin class p = 1+p; +p2+... and N have total Pontrjagin
class g =14 q1 + g2 + .... Since the tangent bundle of M x N splits as a Whitney

60



Chapter 9. Invariants of manifolds

sum T'M ® TN, one can use 9.9 to show that, up to elements of order two, the total
Pontrjagin class of M x N is given by p — ¢q. We can then use the fact that {K,}
is a multiplicative sequence to get that K(p — ¢) = K(p) — K(q). Hence, one can
show that we have the following relation:

K(p — ¢)([M x NJ) = (=1)"" K (p)([M]) K (¢)([N])

where m = dim(M) and n = dim(N). We already restricted to considering the
case where both n and m are multiples of 4, and hence our map commutes with
multiplication. This completes the proof. O

Note that by tensoring with Q, this gives us a well defined algebra homomorphism
Q0Q — Q.

We now finish this section by returning to proving the Hirzebruch signature
theorem.

Proof of 9.15. First, we claim that the map sending a cobordism class represented
by M to its signature o(M) is a ring homomorphism {2 — Z. To show this we need
to prove the same facts as in 9.17 but for the signature. We will omit doing this
for brevity, but more details can be found in [4]. After tensoring by Q this gives
us an algebra homomorphism to Q. We already have an algebra homomorphism
Q®Q — Q sending M to its K-genus K[M], so proving the theorem reduces to
showing that these two homomorphisms match on a set of generators for Q® Q. Our
second claim is that a set of generators is given by the complex projective spaces
PC?", where we ignore their complex structure and consider them as real smooth
manifolds of dimension 4n. Again for details, see [4].

The cohomology ring of PC?" can be computed as H*(PC?"; Q) = Q[z]/(z2("+1),
where we denote the generator by z for reasons that will be obvious later. Then the
signature is given by the signature of Q : H**(M;Q) — Q, which is represented by
a 1x 1 matrix, with entry equal to 2" - 2"([M]) = 22*([M]) = 1. Hence o(PC*") = 1.

We now seek to compute the L-genus L[PC?"]. To begin, we claim that the total
Pontrjagin class of the tangent bundle to PC?" is given as p(TPC?") = (1 + z2)27+1,
So,

( 2) 2n+1 ont1

z z n

L(p) = L((1 4 22)20+1) — [(1 4+ 22)2n+1 — :< )

() = L((1 + 2P = (14 27) e e
where we have used the definition of multiplicative sequences and that {L,} is the
multiplicative sequence belonging to f(z) = v/z/tanh/z. Note that the coefficient
of the 2nth term in the expansion ( o r‘fhz)%ﬂ is exactly the L-genus of PC?", and
so we have reduced the problem to that of finding the coefficient in a power series
expansion. This is the reasoning behind the notation, as we will now treat z as a

complex variable to compute this coefficient.
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Recall from complex analysis that we can use the Cauchy-Taylor theorem to find
the coefficient in a power series expansion. If f(z) is a power series expansion about
a € C with coefficients ¢, that converges on some ball of radius r centred at a, then

_ ! f(2)
*®= o /|Z_a|p (z — a)ktl az,

where 0 < p < r. In our case, this results in our desired coefficient being given by
the integral

1 / 1 d
— ———dz
270 J|2j=p (tanh z)2nt1 =7

for some 0 < p < 7/2. We continue by integration by substitution, with the substi-
tution z = arctanhu, which gives du/(1 — u?) = dz. Putting this into our integral,

we get
1 / du 1 / 1+u2—|—u4—|—...d
_— _— — = — Uu.
210 Jyz)=p (1 —u)u?m b 270 -, u?ntl

All of the terms in this integral are holomorphic and so will integrate to zero by
Cauchy’s theorem, except for the term u?"/u?"*! = 4! which integrates to 2mi,
since u &~ z for small enough z. Hence the required coeflicient is equal to 1. This
means that the L-genus is also equal to 1, which completes the proof. ]
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Chapter 10
Exotic Spheres

(Unless specified, the material in this chapter is based on [8] and [9].)

We will now put together everything we have learnt so far to show that ©r
contains a non-trivial element, and hence exotic spheres exist. We need two things:
firstly, a candidate for being an exotic sphere (a homotopy sphere), and secondly, an
invariant to distinguish our homotopy sphere from S™. Our method will be to define
an invariant in terms of a manifold that our homotopy sphere bounds, in such a way
that, rather miraculously, our invariant does not depend on the bounding manifold
in the end. We begin by constructing our candidate.

In 4, we classified all vector bundles over S™. If we consider 4-dimensional real
vector bundles over S3, we have the bijections:

Vect? (S*) — [S3,50(4)] — m3(SO(4)).

In fact, all of these vector bundles can be given the structure of smooth vector
bundles and hence are smooth manifolds of dimension 8. From the definition of our
clutching construction, it is not hard to see that the only obstruction to doing so is
that the clutching function f : S"~! — SO(4) may not be smooth. However, this is
not an issue if we use the following result.

Theorem 10.1. Let f: M — N be a continuous map of compact, smooth manifolds.
Then f is homotopic to a smooth map M — N.

For a proof, see [1]. The proof uses tubular neighbourhoods, which we defined in
5. In fact, this result holds with much weaker hypotheses, but this version suffices
for us.

This means that our vector bundles over S™ can be assumed to be smooth vec-
tor bundles. We would like to classify these now, which amounts to calculating

m3(SO(4)).
Lemma 10.2. 73(SO(4)) =Z @& Z.

Proof. We proceed by constructing a covering map S% x S% — SO(4). First, identify
R* with the quaternions, denoted by H and note that this similarly identifies S3
with the unit quaternions. Now, let ¢ : S% x S3 — GL4(R) be the map sending
(u,v) € 83 x 83 to the map R* — R* that sends x +— uxv~!. Clearly this is an
element of GL4(R) and ¢ is a group homomorphism. Furthermore, note that the
entries of p(u,v) when considered as a matrix are polynomials in the coordinates of
u and v and hence ¢ is smooth. We can then conclude, since S% x S3 is connected
and ¢(1, 1) is the identity matrix, Im(¢) C GLJ (R). Note that ¢(u,v) is orthogonal
since its transpose is given by z — v~ !zu which is clearly the inverse of ¢(u,v). This
means that Im(¢) C SO(4). We can further show that this inclusion is an equality
using a dimension argument, but we will leave out the details for expediency.

We can compute the kernel of this map easily, by noting that if (u,v) — Id,
then wv™! = 1, which implies v = v. Now we have that uz = zu for all z € H,
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and hence u lies in the centre of H = R. Since u € S3, we get that u = 41 and
hence ker(¢) = {(1,1),(—1,—1)}. So we have constructed a surjective smooth map
¢ : 93 x 83 — SO(4) that is a two-fold covering map, as ker(¢) = {(1,1), (=1, —1)}.

We can then use the fact that covering maps induce isomorphisms on homotopy
groups higher than the fundamental group (see [2] for details on this). This means
that 73(S0(4)) = 73(5% x $3). Now homotopy groups behave well under products of
path-connected spaces, since homotopies of maps S™ — X x Y correspond uniquely
(by the product topology) with homotopies of maps S™ — X and S™ — Y. So
m3(S0(4)) = m3(S3) x m3(S%). We can then use the Hurewicz theorem 6.3 to give
that 73(9%) = Z, which in turn gives the required result. O

So, we have a one-to-one correspondence between Z @ Z and Vect? (S*) and we
can use the covering map to write down this correspondence explicitly. Note that
we have the isomorphism Z — m3(S?) given by i + (u +— u). So we can give the
correspondence between pairs of integers and clutching functions as

(1,7) = (u— (z — u'zu’))

where we have chosen to introduce a minus sign in the second term to simplify
formulas later.

Now, we will write &; ; for the sphere bundle associated to the vector bundle
given by (i,j) € Z ® Z. We claim that & ; is a smooth 7-dimensional manifold.
This is because it can be given the structure of a submanifold of the smooth vector
bundle, provided that the inner product defined on the smooth vector bundle is itself
smooth. Much like when we defined the normal bundle in 5.8 we claim that this is
always possible.

Proposition 10.3. Let i+ j = 1. Then & ;, as defined above, is a homotopy sphere.

Proof. We would like to use 6.5 to show that &; ; is a homotopy sphere. That means
we need to show H(&; ;) = Hy(S7) and that & ; is simply connected. We start with
the simply connectivity of &; ;.

We will use that fibre bundles give rise to a long exact sequence of homotopy
groups. For a proof of this, see [2]. The long exact sequence for p : E — B with
fibre F' is given as (assuming F, B and F' are all path-connected):

—— T (F) —— mp(E) —— mp(B) —— mp1(F) ——

Now since 71(5%) and 71 (S*) are both trivial, this long exact sequence gives us that
71(&,5) must also be trivial. Note that this did not depend require ¢ + j = 1 and
holds more generally.

Now we must compute the homology groups of &; ;. Using the fact that & ;
is path connected, simply connected and orientable, we get that Hy(&; ;) = Z for
k=0="7and H;(&,) is trivial. For the rest of the groups, we can use the Mayer-
Vietoris sequence with the decomposition & ; = (D* x S3) U (D* x S3) where the
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union is over the identification given by the clutching function f : S x SO(4).
We can easily compute the homologies Hy(D* x S3) =2 Hy(S3) and Hy(S? x S3).
The Mayer-Vietoris sequence then immediately gives us that Hj(; ;) is trivial for
k = 2,5 or 6. The only tricky cases are £k = 3 and 4. The relevant portion of the
Mayer-Vietoris sequence is given below:

H4(§i,j) Hg(Sg X 53) L) Hg(Sg) @H3(83) H3(§i,j) .

Both of the middle groups are isomorphic to Z @ Z and so our aim is to show that
h:7Z&7 — Z&Z is an isomorphism, which would in turn give us that the remaining
two homology groups are trivial. Let (a,b) be the generators for H3(S% x S3), so
that a generates the homology class of the equator of the base space S*, and b
generates the homology class of the fibre S3. If we assume that when a is included
into the southern hemisphere it comes in unchanged, then when it is included into
the northern hemisphere it undergoes the clutching identification. If we assume that
the first factor in H3(S%) @ H3(S®) represents the trivial bundle over the southern
hemisphere, then h maps (a, b) to the first factor as just b. We need to understand
how h maps the homology classes into the second factor. Our clutching function is a
map f : S3 — SO(4) that maps u — (x — u’zu’). We can see what this does to the
homology class a by fixing a point in the fibre, say = 1. Then u + (1 — vt = u).
This means the generator for the equatorial S3 gives us a generator of the fibre S3
where we have crucially used that i +j = 1. Then we can see that h(a,b) = (b,b—a)
and hence is an isomorphism, completing the proof. O

Now we need to produce an invariant that we can use to show &; ; is not dif-
feomorphic to S™. Assume that M is a homotopy sphere and bounds a smooth
manifold B. Then, by using the long exact sequence of the pair, we have that
the inclusion homomorphism i : H*(B, M;Z) — H*(B;Z) is an isomorphism as
H*(M;Z) and H®(M;Z) are both trivial. We can then pull the Pontrjagin class
p1 of TB, the tangent bundle of B, back to H*(B, M;7Z). Then we can construct
a pseudo-Pontrjagin number where we evaluate p; — p; on the relative fundamen-
tal class of B. Write this pseudo-Pontrjagin number as ¢(B). Then we define our
invariant A\(M) = 2q(B) — o(B) € Z, where o(B) denotes the signature of B.

Theorem 10.4. A\(M) modulo 7 does not depend on B.

Proof. Assume we have two smooth manifolds By, By which both bound M. We can
form a smooth manifold C' as the union of these two manifolds over the boundary M.
We can ensure that C' is oriented by specifying Bs to have the opposite orientation
to B; on M. By definition, C' must be a closed manifold and so we can use the
Hirzebruch signature theorem (9.15) to calculate its signature. Since dim(C) = 8,
we will be using the Ly polynomial, which gives us that

L py — 22 (D).

U(C):E
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Consequently, we can multiply both sides by 45 and reduce modulo 7 to get:
2p3(C) — o(C) =0 mod 7. (1)

We look at o(C'). By an easy application of relative Mayer-Vietoris and the long
exact sequence of the pair we have a pair of isomorphisms:

H*(By, M) ® H*(By, M) — H*(C, M) — H*(C).

Let ¢ € H*(C) correspond to (¢1,92) € H*(B1, M) © H*(Bg, M) under the above
isomorphisms. Note that by our choice of orientations, [C] = [Bj] — [B2]. We
now compute ([C]) = (¢1, 3)([B1] — [Ba]) = ¢i([B1]) — ¢3([B2]). Hence o(C) =
O‘(Bl) — O‘(BQ).

For the Pontrjagin numbers, we can similarly construct another pair of isomor-
phisms:

HY(By,M)® HY(By, M) — HY(By) ® HY(By) — H*(C).

Then by an argument almost identical to the above argument we see that p;(C) =
q(B1)—q(Bz2). Putting our results for the signature and Pontrjagin numbers together
with (T) then gives us that

2q(B1) — o(B1) = 2q(B2) — 0(B3) mod 7
as required, completing the proof. O

It is clear that A(S7) = 0 since S7 is bounded by D® which is contractible
and hence both its signature and Pontrjagin classes vanish. The aim is now to
compute A(&; ;). Notice & ; is the boundary of the corresponding disc bundle which
we will denote as B; ;, which also has a natural structure as an 8-dimensional smooth
manifold. We will denote the original vector bundle corresponding to &; ; as Ej ;.

Lemma 10.5. p;(FE; ;) = +2(i — j)u where u is the generator of H*(S%).

Proof. First we argue that pi(E; ;) must be a linear function of ¢, j. Note that if
f and g are the clutching functions corresponding to vector bundles F; ; and Ej,
then Ejj ;4 is given by the clutching function fg. Now we claim that E;  j4; is
stably isomorphic to E; ; ® Ej ;. To see this, consider f and g as matrices in SO(4),

then
fg 0\ (g7t O\ _(f O
(5 w) (% 0)=(05)

So p1(Eiyk,j+1) = p1(E;; ® Ei;) and now we can use 9.9 to get py(Eitr j1) =
p1(E; ;) + p1(Ek,), which proves linearity.

To finish off, notice that if we reverse the orientation of our fibres in Ej; ; this
is equivalent to conjugating our clutching function with some orientation reversing
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diffeomorphism H — H. If we take, for simplicity, this diffeomorphism to be quater-
nion conjugation, then a little quarternion algebra shows us that our new vector
bundle is isomorphic to £_; _;. But recall that the Pontrjagin classes do not depend
on orientation, which means pi(E; ;) = p1(E_j,—;) and hence pi(E; ;) = £c(i — j)u
for some constant ¢. We can calculate this constant by evaluating p; on a single
E; ;, the simplest choice being E1 g, to see that ¢ = 2. We omit the details of this
lengthy calculation for lack of space. O

Proposition 10.6. A\(¢;;) = (i —j)* —1 mod 7.

Proof. First we want to compute ¢(B; ;), which means we want the Pontrjagin classes
of the tangent bundle of B; ;. We can split T'B; ; up as the Whitney sum of the
bundle of tangent vectors to the fibre and the bundle of tangent vectors to the base
space. These are given as the pullback bundle of F;; and the pullback bundle of
TS*, respectively, where both pullbacks are with respect to the projection Tij °
B;; — 5S4, Since pullbacks commute with taking Pontrjagin classes this means
pi(TBij) = nl;(m(Eij & T S4)). But since all spheres are stably parallelisable,
we can use 9.9 to conclude p1(T'B; ;) = n};(p1(Ei;)). Now B;; clearly has S4 as
a deformation retract, and so H 4(BZ-,]-) is generated by a single element v and we
know that 7* must map p to this generator. So pi(B; ;) = £2(i — j)v and hence
a(Bij) = +4(i — j)2.

Now we can calculate o(B; ;) easily since we can choose orientations of B; j such
that the quadratic form Q : H*(B;;) — Q is simply given by squaring and so its
signature is +1. This means that A(¢; ;) = 8(i — j)*> — 1 = (i — j)? — 1 modulo 7 as
required. O

So, by picking ¢ and j such that ¢ +j=1and ¢ —j # 1 or —1, & ; is an exotic
sphere. For example, 3 _o is an exotic sphere. This equivalently means that ©7
contains a non-trivial element.
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Conclusion

In the course of this project we have shown that we can construct a group out
of homotopy spheres, ©,, and for n > 5 we have shown that it coincides with all
possible smooth structures on S™. The key theorem in all of this is the h-cobordism
theorem which allowed us to substitute our equivalence relation of diffeomorphism
to h-cobordism and to prove the generalised Poincaré conjecture for n > 5, allowing
us to show that our homotopy spheres were topologically spheres. We then sought
to gain a better understanding of ©,, and we focused on showing that ©7 was non-
trivial. While this seems like a modest goal, it was a highly non-trivial fact to show
and we needed a large amount of theory to tackle the problem.

An obvious continuation of this project would be to learn more about ©,,. This
is what Kervaire and Milnor did in 1962 where they computed that ©,, was always
finite, although the finiteness of ©3 depended on the Poincaré hypothesis being true.
Once the Poincaré hypothesis was finally proved in 2003, this proved that ©3 was
trivial and so ©,, is finite for all n. They also managed to compute these groups in
a few cases. In the first twelve groups, Oy, is trivial for k =1, 2, 3, 4, 5, 6 and 12.
©7 2 7Z/28, O3 2 Z/2 and O1; = Z/992. They also showed that the orders of Og
and ©19 were 8 and 6, respectively.

To perform this computations they used an operation called surgery, which is
a special case of the pasting operation defined in 8.6, where both submanifolds
are spheres (in their original paper, they call surgery spherical modifications but
this terminology has fallen out of fashion). The aim is to compute ©,, by finding
an exact sequence involving both ©,, and the subgroup of ©,, given by homotopy
spheres that bound parallelisable manifolds. Then we can compute ©,, by computing
this subgroup and we use surgery to do this. Giving this argument in full would take
at least two or three more chapters, and so was not possible to include it, although

it builds off of much of the material already developed.

We finish with some discussion on exotic spheres, for which the theory is im-
mensely interesting. Although ©y4 is trivial, this does not mean that no exotic
spheres exist in dimension 4, as the h-cobordism theorem is not applicable to give
us the required correspondence. In fact, whether or not exotic spheres exist in di-
mension 4 is perhaps the largest open problem in differential topology currently.
Another very interesting fact about exotic spheres is due to a theorem in geome-
try, proved in 2009 by S. Brendle and R. Schoen that requires some understanding
of Riemannian geometry to parse. It says, suppose M is a geodesically complete,
connected, smooth manifold with sectional curvature K ’'quarter-pinched’, i.e. there
exists Ky such that Ky/4 < K < Ky, then M is diffeomorphic to S™. This tells
us that it is impossible to quarter-pinch the curvature of an exotic sphere! This
is in direct contrast to the standard sphere, which has constant positive sectional
curvature. This theorem was proved via Ricci flow, which was the technique used
to prove the Poincaré hypothesis.
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