DIFFERENTIAL GEOMETRY

RUI LOJA FERNANDES

Date: May 11, 2021.



CONTENTS

1. Abstract Manifolds

[2. Manifolds with Boundary
[3. Partitions of Unitq

A

[6.  Immersions, Submersions and Submanifoldd

[8.__Foliationsd
[Part 2. Lie Theoryl

[L0. _Vector Fields and Flows

15. The Exponential Ma

23.  Computations in Cohomology

33.  Fiber Bundled
3 Princinal Fiber Bundled

12
19
23
27
35
38
47
95
64

74
75
83
88
93
100
106
110

120
122
132
138
144
150
158
168
178

186
188
197
207
213
217
225
231
238
248
255



PREFACE

These are lecture notes for the courses “Differentiable Manifolds I” and
“Differentiable Manifolds II”, that I am lecturing at UITUC. This course is
usually taken by graduate students in Mathematics in their first or second
year of studies. The background for this course is a basic knowledge of
analysis, algebra and topology.

My main aim in writing up these lectures notes is to offer a written version
of the lectures. This should give a chance to students to concentrate more
on the class, without worrying about taking notes. It offers also a guide
for what material was covered in class. These notes do not replace the
recommended texts for this course, quite the contrary: I hope they will be
a stimulus for the students to consult those works. In fact, some of these
notes follow the material in theses texts.

These notes are organized into sections, each of these should correspond
to lectures of approximately to 1 hour and 30 minutes of classroom time.
However, some sections do include more material than others, which corre-
spond to different rhythms in class. The exercises at the end of each section
are a very important part of the course, since one learns a good deal about
mathematics by solving exercises. Moreover, sometimes the exercises con-
tain results that were mentioned in class, but not proved, and which are used
in later sections. The students should also keep in mind that the exercises
are not homogeneous: this is in line with the fact that in mathematics when
one faces for the first time a problem, one usually does not know if it has
an easy solution, a hard solution or if it is an open problem.

These notes are a modified version of similar lectures notes in Portuguese
that T have used at IST-Lisbon. For the Portuguese version I have profited
from comments from Ana Rita Pires, Georgios Kydonakis, Miguel Negrao,
Miguel Olmos, Ricardo Inglés, Ricardo Joel, José Natario and Roger Picken.
A special thanks goes to my colleague from IST Silvia Anjos, who has
pointed out many typos and mistakes, and has suggested several corrections.
I continue to update these notes and I will be grateful for any corrections
and suggestions for improvement that are sent to me.

Rui Loja Fernandes
ruiloja@illinois.edu
Department of Mathematics, UITUC
Urbana IL, USA






Part 1. Basic Concepts

The notion of a smooth manifold of dimension d makes precise the con-
cept of a space which locally looks like the usual euclidean space R%. Hence,
it generalizes the usual notions of curve (locally looks like R') and surface
(locally looks like R?). This course consists of a precise study of this fun-
damental concept of Mathematics and some of the constructions associated
with it. We will see that many constructions familiar in infinitesimal anal-
ysis (i.e., calculus) extend from euclidean space to smooth manifolds. On
the other hand, the global analysis of manifolds requires new techniques and
methods, and often elementary questions lead to open problems.

In this first part of the lectures we will introduce the most basic concepts of
Differential Geometry, starting with the precise notion of a smooth manifold.
The main concepts and ideas to keep in mind from these first part are:

e Section 0: A manifold as a subset of Euclidean space, and the various
categories of manifolds: topological, smooth and analytic manifolds.

e Section 1: The abstract notion of smooth manifold (our objects) and
smooth map (our morphisms).

e Section 2: A technique of gluing called partitions of unity.

e Section 3: Manifolds with boundary and smooth maps between man-
ifolds with boundary.

e Section 4: Tangent vector, tangent space (our infinitesimal objects).

e Section 5: The differential of a smooth map (our infinitesimal mor-
phisms).

e Section 6: Important classes of smooth maps: immersions, submer-
sions and local difeomorphisms. Submanifolds (our sub-objects).

e Section 7: Embedded sub manifolds and the Whitney Embedding The-
orem, showing that any smooth manifold can be embedded in some
Euclidean space R”.

e Section 8 Foliations, which are certain partitions of a manifold into
submanifolds, a very useful generalization of the notion of manifold.

e Section 9: Quotients of manifolds, i.e., smooth manifolds obtained
from other smooth manifolds by taking equivalence relations.






0. MANIFOLDS AS SUBSETS OF EUCLIDEAN SPACE
Recall that the Fuclidean space of dimension n is:
R™ := {(ml,...,az”) o R R}

We will also denote by 2 : R — R the i-th coordinate function in R™. If
U C R" is an open set, a map f : U — R™ is called a smooth map if all
its partials derivatives of every order:

orfi
axll e axlr
exist and are continuous functions in U. More generally, given any subset
X CR"and amap f: X — R™, where X is not necessarily an open set, we
say that f is a smooth map if for each x € X there is an open neighborhood

U C R™ and a smooth map F : U — R™ such that f|xnv = F|xnv-
A very basic property which we leave as an exercise is that:

Proposition 0.1. Let X CR™", Y CR™ and Z CRP. If f: X — Y and
g:Y — Z are smooth maps, then go f : X — Z is also a smooth map.

A bijection f : X — Y, where X C R" and Y C R™, with inverse
map f~' : Y — X, such that both f and f~! are smooth, is called a
diffeomorphism and we say that X and Y are diffeomorphic subsets.

R™ R

X >

One would like to study properties of sets which are invariant under dif-
feomorphisms, characterize classes of sets invariant under diffeomorphisms,
etc. However, in this definition, the sets X and Y are just too general, and
it is hopeless to try to say anything interesting about classes of such diffeo-
morphic subsets. One must consider nicer subsets of Euclidean space: for
example, it is desirable that the subset has at each point a tangent space
and that the tangent spaces vary smoothly.

Recall that a subset X C R"™ has an induced topology, called the relative
topology, where the relative open sets are just the sets of the form X NU,
where U C R" is an open set.

Definition 0.2. A subset M C R" is called a smooth manifold of di-
mension d if each p € M has a neighborhood M NU which is diffeomorphic
to an open set V C RY.
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The diffeomorphism ¢ : M NU — V, in this definition, is called a coor-
dinate system. The inverse map ¢~ ' : V — M N U, which by assumption
is smooth, is called a parameterization.

R?’L

We have the category of smooth manifolds where:

e the objects are smooth manifolds;
e the morphisms are smooth maps.

The reason they form a category is because the composition of smooth maps
is a smooth map and the identity is also a smooth map.
ExXAMPLES 0.3.

1. Any open subset U C R? is itself a smooth manifold of dimension d: the
inclusion i : U < R? gives a global defined coordinate chart.

2. If f : RY — R™ is any smooth map, its graph:
Graph(f) := {(z, f(2)) : € RY} ¢ R*™

is a smooth manifold of dimension d: the map x — (x, f(x)) is a diffeomor-
phism R — Graph(M), so gives a global parametrization of Graph(f).

R™

% (@ (@)




3. The unit d-sphere is the subset of R4t formed by all vectors of length 1:
S := {x e R¥L . ||z|]| = 1}.

This s a d-dimensional manifold which does not admit a global parametriza-
tion. However we can cover the sphere by two coordinate systems: if we let
N = (0,...,0,1) and S = (0,...,0,—1) denote the north and south poles,

then stereographic projection relative to N and S give two coordinate systems
an ST —{N} = R? and 75 : S* — {S} — R%.

S

4. The only connected manifolds of dimension 1 are the line R and the circle
S'. What this statement means is that any connected manifold of dimension 1

is diffeomorphic to R or to S.

D %

5. The manifolds of dimension 2 include the compact surfaces of genus g. For
g =0 this is the sphere S2. For g = 1 this is the torus:

(=

For g > 1, the compact surface of genus g is a g-holed torus:



You should note, however, that a compact surface of genus g can be embedded
in R3 in many forms. Here is one example (can you figure out what is the genus
of this surface?):

You should note that in the definitions we have adopted so far in this sec-
tion we have chosen the smooth category, where differentiable maps have all
partial derivatives of all orders. We could have chosen other classes, such as
continuous maps, C*-maps, or analytic maps(ﬂ). This would lead us to the
categories of topological manifolds, C* manifolds or analytic mani-
folds. Note that in each such category we have an appropriate notion of
equivalence: for example, two topological manifolds X and Y are equivalent
if and only if there exists a homeomorphism between them, i.e., a continuous
bijection f: X — Y such that the inverse is also continuous.

ExXAMPLES 0.4.
1. LetI=[-1,1]. The unit cube d-dimensional cube is the set:
IY={(z',. .2 eRM 2t eI, foralli=1,...,n}.
The boundary of the cube
oIt ={(z',...,a¥)eI¢:2' = -1 or 1, for somei=1,...,n}.

is a topological manifold of dimension d — 1, which is not a smooth manifold.

1We shall also use the term C*-map, k = 1,2, ..., 400, for a map whose partial derivatives
of all orders up to k exist and are continuous, and we make the conventions that a C°-
map is simply a continuous map and a C*-map means an analytic map. A C*-map
which is invertible and whose inverse is also a C*-map is called a C*-equivalence or a
C*-isomorphism.
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2. If f: R4 — R is any map of class C*, its graph:
Graph(f) := {(z, f(2)) : 2 € RY} ¢ R*H

is a C*-manifold of dimension d. Similarly, if f is any analytic map then
Graph(f) is an analytic manifold.

Most of the times we will be working with smooth manifolds. However,
there are many situations where it is desirable to consider other categories
of manifolds, so you should keep them in mind.

You may wonder if the dimension d that appears in the definition of a
manifold is a well defined integer, in other words if a manifold M C R"”
could be of dimension d and d’, for distinct integers d # d’'. The reason that
this cannot happen is due to the following important result:

Theorem 0.5 (Invariance of Domain). Let U C R™ be an open set and let
¢:U— R" be a 1:1, continuous map. Then ¢(U) is open.

The reason for calling this result “invariance of domain” is that a domain
is a connected open set of R™, so the result says that the property of being
a domain remains invariant under a continuous, 1:1 map. The proof of this
result requires some methods from algebraic topology and so we will not give
it here. We leave it as an exercise to show that the invariance of domain
implies that the dimension of a manifold is a well defined integer.

HOMEWORK.

1. Lete X CR", Y CR"and Z CRP. If f: X - Y and g: Y — Z are
smooth maps, show that go f : X — Z is also a smooth map.

2. Let f:R? — R™ be a map of class C*, k = 0,...,w. Show that ¢ : R? —
Graph(f), z + (z, f(z)), is a C*-equivalence.

3. Show that the sphere S¢ and the boundary of the cube Ot are equivalent
topological manifolds.

4. Consider the set SL(2,R) formed by all 2 x 2 matrices with real entries and
determinant 1:

SL(2,R)_HZ 2] :ad—bc_l}CR4.

Show that SL(2,R) is a 3-dimensional smooth manifold.

5. Use invariance of domain to show that the notion of dimension of a topo-
logical manifold is well defined.

11



1. ABSTRACT MANIFOLDS

In many situations manifolds do not arise naturally as subsets of Eu-
clidean space. We will see several examples of this later. For that reason,
the definition of manifold that we have seen in the previous section is often
not the most useful one. We need a different definition of a manifold, where
M is not assumed a priori to be a subset of some R™. For this more abstract
definition of manifold we need the set M to have a notion of proximity, in
other words, we need M to be furnished with a topology. At this point, it
maybe useful to remind yourself of the basics of point set topology.

In this more general context, the definition of a topological manifold is
very simple:

Definition 1.1. A topological space M is called a topological manifold
of dimension d if every p € M has a neighborhood U C M homeomorphic
to some open subset V C RY.

M

Rd

Some times one also calls a topological manifold a locally Euclidean
space. In this more general context we still use the same notation as be-
fore: we call ¢ : U — R? a system of coordinates or a chart, and the
functions ¢* = 2 o ¢ are called coordinate functions. We shall denote
a system of coordinates by (U, ¢). Often we write 2 instead of ¢’ for the
coordinate functions, in which case we may denote the system of coordinates
by (U,z',...,2%). We say that a system of coordinates (U, ¢) is centered at
a point p € M if ¢(p) = 0.

EXAMPLE 1.2.
On R3 — {0} consider the equivalence relation ~, where v ~ w if and only if
v = Aw for some real number A # 0. The set of equivalence classes

RP? := (R — {0})/ ~
12



can be identified with the set of straight lines in R3 that pass through the origin
and it is called the projective plane. Denoting by [z : y : 2] the equivalence
class of (z,y,2) € R® — {0}, we have the quotient map:

7R3 — {0} - RP?, (z,9,2)— [z:y: 2]

On RP? we consider the quotient topology, so U C RP? is open if and only
if 7 1(U) C R? — {0} is open. The maps given by:

é1:Up — R?, [x:y:z]»%(%,%), Up:={[z:y: 2] €RP?:z #0},
¢o : Uy — R?, [x:y:z]H(%,g), Uy :={[z:y: 2] € RP?:y # 0},

$3:Us =R [w:y:z]— (f,g), Us:={[z:y:2] €RP?: 2 #0}.
2’z
are homeomorphisms onto R%. Since {Uy,Us, Uz} is an open cover of RP?, we
conclude that the projective plane is a topological manifold of dimension 2.

There is a tacit assumption about the underlying topology of a mani-
fold, that we will also adopt here, and which is the following:

Manifolds are assumed to be Hausdorff and second countable

This assumption has significant implications, as we shall see shortly, which
are very useful in the study of manifolds (e.g., existence of partitions of
unity or of Riemannian metrics). On the other hand, it means that in any
construction of a manifold we have to show that the underlying topology
satisfies these assumptions. This is often easy since, for example, any metric
space satisfies these assumptions.

It should be noted, however, that non-Hausdorff manifolds do appear
sometimes, for example when one forms quotients of (Hausdorff) manifolds
(see Section [@). Manifolds which are not second countable can also appear
(e.g., in sheaf theory), although we will not meet them in the course of these
sections. We limit ourselves here to give two such examples.

ExaMPLES 1.3.

1. On R? — {0} consider the horizontal lines y = c. This defines a partition
of R? — {0} and so defines an equivalence relation ~. The quotient space
M =R? - {0}/ ~ (with the quotient topology) is a topological one-dimensional
manifold: we can cover M by two open sets:

Up ={[(Lyl:yeR}, U-={[(-1,y)]:y R},
for which we have homeomorphisms:
¢+ : Uz =R, [(£1,y)] = y.

However, M is not a Hausdorff topological space since the points [(1,0)] and
[(—1,0)] cannot be separated. One calls M the line with 2 origins.

2. Consider on M = R? the topology generated by sets of the form U x {y}
where U C R is open and y € R. This topology does not have a countable basis.
13



However, M is a topological one-dimensional manifold with charts (U x{y}, ¢y)
given by ¢y (z,y) = . In this ezample, M is basically the disjoint, uncountable,
union of copies of the real line, and it is not connected. It is possible to give
examples of connected, Hausdorff, manifolds M which are not second countable,
such as the long line.

Of course we are interested in smooth manifolds. The definition is slightly
more involved:

Definition 1.4. A smooth structure on a topological d-manifold M is a
collection of coordinate systems C = {(Uy, ¢o) : a € A} which satisfies the
following properties:
(i) The collection C covers M: | J,cq Ua = M;
(ii) For all o, € A, the transition function ¢, o gﬁEl 18 a smooth map;
(11i) The collection C is maximal: if (U, ¢) is a coordinate system such that
for all o € A the maps pod,* and ¢po0d~ ' are smooth, then (U, ¢) € C.

The pair (M,C) is called a smooth manifold of dimension d.

®a © 4751

Given a topological manifold, a collection of coordinate systems which
satisfies (i) and (ii) in the previous definition is called an atlas. Given an
atlas Cp = {(Uay, ¢0) : @ € A} there exists a unique maximal atlas C which
contains Cy: it is enough to define C to be the collection of all smooth
coordinate systems relative to C, i.e., all coordinate systems (U, ¢) such
that ¢ o ¢! and ¢, o ! are both smooth, for all (Uy, ¢o) € Co. For this
reason, one often defines a smooth structure by specifying some atlas, and
it is then implicit that the smooth structure is the one associated with the
corresponding maximal atlas.

14



It should be clear from this definition that one can define in a similar
fashion manifolds of class C* for any k = 1,...,400,w, by requiring the
transition functions to be of class C*. In these sections, we shall concentrate
on the case k = +oo.

ExaMPLES 1.5.

1. The standard differential structure on Euclidean space R? is the
mazimal atlas that contains the coordinate system (R?, i), where i : RY — R?
is the identity map. It is a non-trivial fact that the Euclidean space R* has
an infinite number of smooth structures, with the same underlying topology,
but which are not equivalent to this one (in a sense to be made precise later).
These are called exotic smooth structures. It is also known that R?, for
d # 4, has no exotic smooth structures.

2. If M C R™ is a d-dimensional manifold in the sense of Definition[0.2, then
M carries a natural smooth structure: the coordinate systems in Definition[0.3
form a mazimal atlas (exercise) for the topology on M induced from the usual
topology on R™. We shall see later in Section[7, that the Whitney Embedding
Theorem shows that, conversely, any smooth manifold M arises in this way.
Henceforth, we shall refer to a manifold M C R™ in the sense of Definition
[0.F as an embedded manifold in R™.

8. If M is a d-dimensional smooth manifold with smooth structure C and U C
M is an open subset, then U with the relative topology is also a smooth d-
dimensional manifold with smooth structure given by:

CU = {(Ua ﬁU, ¢a|UaﬁU) : (U7 (ba) € C}

4. If M and N are smooth manifolds then the Cartesian product M x N, with
the product topology, is a smooth manifold: in M x N we consider the maximal
atlas that contains all coordinate systems of the form (U x Vg, ¢ X g), where
(Ua, da) and (Vg,1p) are smooth coordinate systems of M and N, respectively.
It should be clear that dimM x N = dim M + dim N. More generally, if
My, ..., My are smooth manifolds then My X --- x My is a smooth manifold of
dimension dim My + - - -+dim My,. For example, the d-torus T? = S! x --.x S!
and the cylinders R™ x S™ are smooth manifolds of dimensions d and n+m,
respectively.

5. Generalizing the projective plane, one defines the real projective space as
the set
RP? .= {L C R¥L: L is a straight line through the origin} ,

which we can think of as the quotient space of R¥t1—{0} / ~ by the equivalence
relation:

(2°,..., 2 ~ (3°,...,y%) if and only if («°,..., %) = \&°,...,y%),

for some A € R—-0. On RP? we take the quotient topology, so it becomes

a topological manifold of dimension d: if we denote by [x° : --- : 29| the

equivalence class of (x°,. .. ,xd) € R+ — {0}, then for each o = 0,...,n we
15



have the coordinate system (U, o) where:
Ua:{[xoz-n::z:d] :xo‘;é()},

0 zo x

I—a,...,x—a,...,x—a)

d
bo Uy = RE 20 2% = (

(the symbol @ means that we omit the term a). We leave it as an exercise
to check that the transition functions between these coordinate functions are
smooth, so they form an atlas on RP?. Note that RP? does not arise naturally
as a subset of some FEuclidean space.

We have established what are our objects. Now we turn to the morphisms.

Definition 1.6. Let M and N be smooth manifolds.

(i) A function f : M — R is called a smooth function if f o ¢~! is
smooth for all smooth coordinate systems (U, ¢) of M.

(ii) A map ¥ : M — N is called a smooth map if 7o Vo ¢~ is smooth
for all smooth coordinate systems (U, $) of M and (V,7) of N.

A smooth map ¥V : M — N which is invertible and whose inverse is smooth
1s called a diffeomorphism. In this case we say that M and N are dif-
feomorphic manifolds.

Note that to check that a map ¥ : M — N is smooth, it is enough to
verify that for each p € M, there exist a smooth chart (U, ¢) of M with
p € U and a smooth chart (V,7) of N with ¥(p) € V, such that 7o W o ¢!
is a smooth map. Also, a smooth function f: M — R is just a smooth map
where R has its standard smooth structure.

Clearly, the composition of two smooth maps, whenever defined, is a
smooth map. The identity map is also a smooth map. So we have the
category of smooth manifolds, whose objects are the smooth manifolds
and whose morphisms are the smooth maps.

Just as we did for maps between subsets of Euclidean space, when X C
M and Y C N are arbitrary subsets of some smooth manifolds, we will
say that ¥ : X — Y is a smooth map if for each p € X there is an
open neighborhood U C M and a smooth map F : U — N such that
Flunx = Y|unx.

The set of smooth maps from X to Y will be denoted C*°(X;Y’). When
Y =R, we use C*°(X) instead of C*°(X;R).

16



ExaMPLES 1.7.

1. If M C R™ is an embedded manifold, any smooth function F' : U — R
defined on an open R™ D U D M induces, by restriction, a smooth function
f: M — R. Conversely, every smooth function f : M — R is the restriction
of some smooth function F : U — R defined on some open set R D U D M.
To see this we will need the partitions of unity to be introduced in Section[3

You should also check that if M C R™ and N C R™ are embedded manifolds
then U : M — N is a smooth map if and only if for every p € M there exists
an open neighborhood U C R™ of p and a smooth map F : U — R™ such that
Ulynm = Fluan . This shows that the notion of smooth map in Definition[1.6
extends the notion we have introduced in the previous section.

2. The map 7 : S — RP? defined by:

0

(.. .,z = [0 29

is a smooth map. Moreover, any smooth function F' : S* — R which is invariant
under inversion (i.e., F(—x) = F(z)), induces a smooth function f : RP* — R:
the function f is the unique one that makes the following diagram commutative:

si £ R

i 7
7

T

g

RP?

Conversely, every smooth function in C"O(RIP’d) arises in this way.

If we are given two smooth structures C; and Cy on the same manifold M
we say that they are equivalent smooth structures if there is a diffeo-
morphism ¥ : (M,Cy) — (M,Cs).

EXAMPLE 1.8.

On the line R the identity map R — R, © +— x, gives a chart which defines
a smooth structure Cy. We can also consider the chart R — R, x + x3, and
this defines a distinct smooth structure Co on R (why?). However, these two
smooth structures are equivalent since the map = — x> gives a diffeomorphism

from (M,Cs) to (M,Cy).

It is known that every topological manifold of dimension less or equal
than 3 has a unique smooth structure. For dimension greater than 3 the
situation is much more complicated, and not much is known. However, as
we have mentioned before, the smooth structures on R?, compatible with
the usual topology, are all equivalent if d # 4, and there are uncountably
many inequivalent exotic smooth structures on R*. On the other hand,
for the sphere S there are no exotic smooth structures for d < 6 but Milnor
found that S7 has 27 inequivalent smooth structures. Its known, e.g., that
S3! has more than 16 million inequivalent smooth structures!

17



HOMEWORK.

1. Let M be a topological manifold. Show that M is locally compact, i.e.,
every point of M has a compact neighborhood.

2. The Urysohn’s Metrization Theorem states that a Hausdorff, regular, topo-
logical space with a countable basis is metrizable. Use this to show that every
topological manifold M is metrizable.

HINT: A topological space X is called regular if given a closed set A C X and
a point x ¢ A, there exist disjoint open sets U and V with x € U and A C V.

3. Let M be a connected topological manifold. Show that M is path connected.

If, additionally, M is a smooth manifold, show that for any p, ¢ € M there exists
a smooth path ¢: [0,1] = M with ¢(0) = p and ¢(1) = q.
HINT: Given any smooth path ¢ : [0,1] — R"™ there is a smooth function
T:R=> R, with7(t) =0if¢t <0, 7(t) =1if ¢t > 1, and 7'(¢t) > 0 if ¢ €]0, 1],
so that ¢, :=co7:[0,1] = R" is a new smooth path with the same image as
cand ¢, (0) = (1) =0.

4. Let ¢ : R™ — R™ be a diffeomorphism. Use the chain rule to deduce that
one must have m = n. Use this result to conclude that if M and N are
diffeomorphic smooth manifolds then dim M = dim N, without appealing to
invariance of domain.

5. Compute the transition functions for the atlas of real projective space RP?
and show that they are smooth. Show also that:
(a) RP" is diffeomorphic to S';
(b) RP*—RP*! is diffeomorphic to the open ball B” = {z € R? : [|z|| < 1},
where we identify RP?~! with the subset {[z° : --- : 2%] : 2% = 0} ¢ RP".

6. The complex projective d-dimensional space is the set
CcPl = {L C C¥*1: L is a complex line through the origin} .

Construct a smooth structure of 2d-dimensional manifold on CP? similar to
the construction of a smooth structure on real projective space RP.
NOTE: One identifies C ~ R? by setting (z + iy) — (z,y).

7. Show that if M C R" is a d-dimensional manifold in the sense of Definition
[02] then M carries a natural smooth structure.
NoOTE: One sometimes says that M is an embedded manifold in R" or a d-
surface in R"”. When d = 1, one says that M is a curve, when d = 2 one says
that M is a surface, and when k = n—1 one says that M is an hypersurface.

8. Let M C R™ be a subset with the following property: for each p € M, there
exists an open set U C R™ containing p and diffeomorphism ® : U — V onto
an open set V C R", such that:

PUNM)={geV ¢ =...=¢"=0}.

Show that M is a smooth manifold of dimension d (in fact, M is an embedded
manifold or a d-surface in R™; see the previous exercise).
18



9. Let M be a set and assume that one has a collection C = {(Uq, ¢o) : @ € A},
where U, C M and ¢, : U, — R?, satisfy the following properties:
(a) For each o € A, ¢o(Uy) C R™ is open and ¢, : Uy — ¢a(Uy) is a
bijection
(b) For each a, € A, the sets ¢o(Us NUg) C R™ are open.
(c) For each o, B € A, with U, NUg # 0 the map ¢g 0 ¢5t : ¢o(Us NUg) —
¢3(Us NUpg) is smooth.
(d) There is a countable set of U, that cover M.
(e) For any p,q € M, with p # g, either there exists a U, such that p,q € Uy,
or there exists U, and Ug, with p € Uy, ¢ € Ug and U, N Ug = 0.
Show that there exists a unique smooth structure on M such that the collection
C is an atlas.

10. Let M = CU{o0}. Let U := M — {o0} = C and ¢y : U — C be the
identity map and let V := M — {0} and ¢y : V — C be the map ¢y (z) = 1/z,
with the convention that ¢(co) = 0. Use the previous exercise to show that M
has a unique smooth structure with atlas C := {(U, ¢v), (V, ¢v)}. Show that
M is diffeomorphic to S2.

HINT: Be careful with item (e)!

11. Let M and N be smooth manifolds and let ¥ : M — N be a map. Show
that the following statements are equivalent:
(i) ¥: M — N is smooth.
(ii) For every p €M there are smooth coordinate systems (U, ¢) of M and
(V,7) of N, with p € U and ¥(p) € V, such that 70 ¥ o ¢! is smooth.
(ili) There exist atlases {(Uq, ¢o) : @ € A} and {(Us, ) : B € B} of M and
N, such that for each o« € A and 3 € B, ¥50 W o ¢! is smooth.

12. Let M and N be smooth manifolds and let ® : M — N be a map. Show
that:
(i) If ® is smooth, then for every open set U C M the restriction ®|y : U —
N is a smooth map.
(i) if every p € M has an open neighborhood U such that the restriction
®|y : U — N is a smooth map, then & : M — N is smooth.

2. MANIFOLDS WITH BOUNDARY

There are many spaces, such as the closed unit disk, a solid donought
or the Mdbius strip, which just fail to be a manifold because they have a
“boundary”. One can remedy this situation by trying to enlarge the notion
of manifold so that it includes this possibility. The clue to be able to include
boundary points is to understand what is the local model around points in
the “boundary” and this turns out to be the closed half-space H:

He = {(z,...,2%) e RY: 2¢ > 0}.
We will denote the open half-space by:

IntH? =: {(z!,...,2%) e R?: 2¢ > 0}.
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and the boundary of the closed half-space by:
oM =: {(z!,...,2%) e R?: 2% = 0}.
When n = 0, we have H? = R = {0}, so Int H° = R® and 0 H® = 0.

Definition 2.1. A topological manifold with boundary of dimension
d is a topological space M such that every p € M has a neighborhood U
which is homeomorphic to some open set V C H¢.

U
U
> @ o,
7, 77, 7,
% 7
77 e 7 %ﬁ; Z
7 7 777 7
/ 7 7/ Z.

Y 7

Just as we do for manifolds without boundary, we shall assume that all
manifolds with boundary are Hausdorff and have a countable basis of open
sets.

We shall use the same notations as before, so we call a homeomorphism
¢ : U — V as in the definition a system of coordinates or a coordinate chart.
Note that there are two types of open sets in H? according to whether they
intersect OH? or not. These give rise to two types of coordinate systems
¢ : U — V, according to whether V' intersects 9H? or not. In the first case,
when V N OH?® = (), we just have a coordinate system of the same sort as
for manifolds without boundary, and we call it an interior chart. In the
second case, when V N OH? # (), we call it a boundary chart.

Using Invariance of Domain (Theorem [0.5]), one shows that:

Lemma 2.2. Let M be a topological manifold with boundary of dimension
d. If for some chart (U, ¢) we have ¢(p) € OH?, then this is also true for
every other chart.

Proof. Exercise. U
This justifies the following definition:

Definition 2.3. Let M be a topological manifold with boundary of dimension
d. A point p € M is called a boundary point if there exists some chart
(U, ¢) with p € U, such that ¢(p) € OHL. Otherwise, p is called an interior
point.
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The set of boundary points of M will be denoted by 0 M and is called
the boundary of M and the set of interior points of M will be denoted
by Int M and is called the interior of M. If on both sets we consider the
topology induced from M, we have:

Proposition 2.4. Let M be a topological manifold with boundary of di-
mension d > 0. Then Int M and O M are topological manifolds without
boundary of dimension d and d — 1, respectively. If N is another manifold
with boundary and ¥ : M — N is a homeomorphism then VU restricts to
homeomorphisms V]gp : O M — ON and ¥l as : Int M — Int N.

Proof. Let p € Int M and let ¢ : U — V be a chart with p € U and
V C H. Then if we set Vy :=V — OH and Uy := ¢~ (Vj), we have that Uy
is an open neighborhood of M, Vj is open in R?, and dlu, 1 Up — Vo is a
homeomorphism. This shows that Int M is a topological manifold without
boundary of dimension d.

On the other hand, let p € OM and let ¢ : U — V be a chart with
p € U and ¢(p) € H. Then if we set Vo := VN OH and Uy := ¢~ (Vp),
we have that Uy = U N9 M is an open neighborhood of 9 M, V; is open in
OH ~ R4 and élu, = Up — Vp is a homeomorphism. This shows that 0 M
is a topological manifold without boundary of dimension d — 1. O

It is important not to confuse the notions of interior and boundary point
for manifolds with boundary with the usual notions of interior and boundary
point of a subset of a topological space. If M happens to be a manifold
with boundary embedded in some R™ then the two notions may or may not
coincide, as shown by the following examples.

EXAMPLES 2.5.

1. M =H? is itself a topological manifold with boundary of dimension d, where
Int M = Int H? and O M = 0H?, so our notations are consistent. If we think
of HY C RY, then these notions coincide with the usual notions of boundary
and interior of HY as a topological subspace of RY.

2. The closed unit disk:
D¥ =Bd:={zeR?: |jz]| < 1},

18 a topological manifold with boundary of dimension d with interior the open
unit ball B and boundary the unit sphere S, If we think of D C R?, then
these notions coincide with the usual notions of boundary and interior of DI
as a topological subspace of RY.

3. The cube I? is a topological manifold with boundary of dimension d. 1% and
D? are homeomorphic topological manifolds with boundary.

4. The Mébius strip M C R3 is a topological manifold with boundary & M = S'.
Note that, as a topological subspace of R3, all points of M are boundary points!
21



Now that we have the notion of chart for a topological manifold with
boundary, we can define a smooth structure on a topological d-manifold
with boundary M by exactly the same procedure as we did for manifolds
without boundary: it is a collection of charts C = {(Uy, ¢o) : @ € A} which
satisfies the following properties:

(i) The collection C is an open cover of M: (J,c4 Ua = M;
(ii) For all o, 8 € A, the transition function ¢, o qﬁgl is a smooth map;

(iii) The collection C is maximal: if (U, ¢) any coordinate system such that
doo¢! and ¢, 0 ¢! are smooth maps for all a € A, then (U, ¢) € C.

The pair (M,C) is called a smooth d-manifold with boundary.

Again, given an atlas Cp = {(Uy, ¢0) : @ € A} (i.e., a collection satisfying
(i) and (ii)), there exists a unique maximal atlas C which contains Cp: it is
enough to define C to be the collection of all smooth charts relative to C,
i.e., all coordinate systems (U, ¢) such that ¢ o ¢;' and ¢, 0 ¢~ are both
smooth, for all (U,, ¢4) € Co.

The notion of smooth map ¥ : M — N between two manifolds with
boundary is also defined in exactly the same way as in the case of manifolds
without boundary.

Proposition 2.6. Let M be a smooth manifold with boundary of dimen-
ston d > 0. Then Int M and O M are smooth manifolds without boundary
of dimension d and d — 1, respectively. If N is another smooth manifold
with boundary and ¥ : M — N is a diffeomorphism then W restricts to
diffeomorphisms |y : OM — ON and ¥l pr : Int M — Int N

Proof. Exercise. O

You should check that the half space H?, the closed disk D or the Mdbius
strip, are all smooth manifolds with boundary, while the cube I? is not.

Although often one can work with manifolds with boundary much the
same way as one can work with manifolds without boundary, some care
must be taken. For example, the Cartesian product of two half-spaces is not
a manifold with boundary (it is rather a manifold with corners, a notion we
will not discuss). So the cartesian product of manifolds with boundary may
not be a manifold with boundary. However, we do have the following result:

Proposition 2.7. If M is a smooth manifold without boundary and N is
a smooth manifold with boundary, then M x N is a smooth manifold with
O(M xN)=M x9N and Int(M x N) =M x Int N.

Proof. Exercise. U

EXAMPLE 2.8.
If M is a manifold without boundary and I = [0,1] then M x I is a manifold
with boundary for which:

Int(M x I) = Mx]0,1[, OM xI)=M x{0}UM x {1}.
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It is very cumbersome to write always “manifold without boundary”, so
we agree to refer to these simply as “manifolds”, and add the qualitative
“with boundary”, whenever that is the case. You should be aware that in the
literature it is common to use non-bounded manifold for a manifold in
our sense, and to call a closed manifold a compact non-bounded manifold
and open manifold a non-bounded manifold with no compact component.

From now on we will be dealing almost exclusively with smooth manifolds.
Hence, for a smooth manifold, we will use the term “chart” (or “coordinate
system”) to mean “smooth chart” (or “smooth coordinate system”).

HOMEWORK.

1. Use Invariance of Domain to show that if for a chart (U, ¢) of a topological
manifold with boundary one has ¢(p) € OH?, then this also holds for every
other chart.

2. Let M C R? have the induced topology. Show that if M is a closed subset
and a d-dimensional manifold with boundary then the topological boundary
of M coincides with 9 M. Give a counterexample to this statement when M
is not a closed subset.

3. Give the details of the proofs of Propositions 2.6 and 2.7]

4. Let M = D? x S* be the solid torus (a 3-manifold with boundary). What is
the boundary of the solid torus? How does this generalize to dimension > 37

3. PARTITIONS OF UNITY

When M is a smooth manifold and f € C°°(M), we define the support
of f to be the closed set:

supp f = {p € M : f(p) # 0}.
Also, given a collection C = {U, : a € A} of subsets of M we say that

e (C is locally finite if, for all p € M, there exists a neighborhood
p € O C M such that ONU, # () for only a finite number of a € A.

e Cis a cover of M if |J, .o Uy = M.

e Co ={Us : B € B} is a subcover if Cy C C and Cy still covers M.

e (' ={V;:i€}is arefinement of a cover C if it is itself a cover
and for each i € I there exists o; = a(i) € A such that V; C U,,.

Definition 3.1. A partition of unity in a smooth manifold M is a col-
lection {¢; : i € I} C C™°(M) such that:

(i) the collection of supports {supp ¢; : 1 € I} is locally finite;

(ii) ¢i(p) >0 and Y_,.; ¢i(p) =1 for every p € M.
A partition of unity {¢; : i € I} is called subordinated to a cover {U, : o € A}

of M if for each i € I there exists a; € A such that supp ¢; C U,,.
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Notice that the sum in (ii) is actually finite: by (i), for each p € M there
is only a finite number of functions ¢; with ¢;(p) # 0.

The existence of partitions of unity is not obvious, but we will see in this
section that there are many partitions of unity on a manifold.

Theorem 3.2 (Existence of Partitions of Unity). Let M be a smooth man-
ifold and let {U, : a € A} be an open cover of M. Then there exists a
countable partition of unity {¢; :i=1,2,...}, subordinated to the cover
{Uq : o € A} and with supp ¢; compact for all i.

If we do not care about compact supports, for any open cover we can get
partitions of unity with the same set of indices:

Corollary 3.3. Let M be a smooth manifold and let {U, : o € A} be an
open cover of M. Then there exists a partition of unity {¢q : o € A} such
that supp ¢ C U, for each o € A.

Proof. By Theorem there exists a countable partition of unity
{;ii=1,2,...}

subordinated to the cover {U, : « € A}. For each i we can choose a a@ = (1)
such that supp; C U,(;)- Then the functions

> a(i)=a Vi if {i:ai) =a} # 0,
¢a =

0 otherwise,

form a partition of unity with supp ¢, C U,, for all a € A. O

EXAMPLE 3.4.

For the sphere S, consider the cover with the two opens sets Uy = S* — N
and Ug := S%—S. Then the corollary says that there exists a partition of unity
subordinated to this cover with the same indices, i.e., a pair of non-negative
smooth functions ¢n,ps € C°(S?) with supp ¢y C Un and supp ¢s C Us,
such that ¢on (p) + és(p) = 1, for all p € S°.

Corollary 3.5. Let A C O C M, where O is an open subset and A is

a closed subset of a smooth manifold M. There exists a smooth function
¢ € C®°(M) such that:

(i) 0 < é(p) < 1 for cach p € M;
(i) ¢(p) =1 ifp € A;
(#ii) supp ¢ C O.
Proof. The open sets {O, M — A} give an open cover of M. Therefore, by

the previous corollary, there is a partition of unity {¢,} with sup¢ C O
and supy C M — A. The function ¢ satisfies (i)-(iii). O

Roughly speaking, partitions of unity are used to “glue” local properties
(i.e., properties that hold on domains of local coordinates), giving rise to
global properties of a manifold, as shown in the proof of the following result.
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Corollary 3.6 (Extension Lemma for smooth maps). Let M be a smooth
manifold, A C M a closed subset and ¥ : A — R"™ a smooth map. For any
open set A C U C M there exists a smooth map U : M — R" such that
\T/\A =V gnd supp¥ C U.

Proof. For each p € A we can find an open neighborhood U, C M, such that

we can extend ¥|y,na to a smooth function \I’p : Uy, — R™. By replacing U,
by U, N U we can assume that U, C U. The sets {U,, M — A;p € A} form
an open cover of M so we can find a partition of unit {¢, : p € A} U {¢o},

subordinated to this cover with supp ¢, C U,. Now define ¥ : M — R" by

setting
U= 6,0,
pEA
Clearly U has the required properties. O

We now turn to the proof of Theorem 3.2l There are two main ingredients
in the proof. The first one is that topological manifolds are paracompact,
i.e., every open cover has an open locally finite refinement. This is in fact
a consequence of our assumption that manifolds are Hausdorff and second
countable, and we will use the following more precise versions:

(a) Every open cover of a topological manifold M has a countable subcover.

(b) Every open cover of a topological manifold M has a countable, locally
finite refinement consisting of open sets with compact closures.

The proofs are left to the exercises. The second ingredient is the existence

of “very flexible” smooth functions, some times called bump functions:

(c) for any e > § > 0, there exists a function ¢ € C*®(R?) such that

o(x) =1, if z € Bs(0), and ¢(z) =0, if x € B-(0)°.
This can be proved by observing that:
e The function f : R — R defined by:

exp(—5), @ #0,
flx) =
0, z = 0.

is a smooth function.
e If § > 0, the function g : R — R defined by:

g(z) = f(x)f (6 — ),
is smooth, g(z) > 0 if z €]0,d[ and g(z) = 0 otherwise.
e The function i : R — R defined by:

Jy ) at
Jo 9(t)dt
is smooth, non-decreasing, h(x) =0 if x <0 and h(z) =1 if z > 4.

Using these functions you should now be able to show that (c¢) holds.
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Proof of Theorem[3.2. By (b) above, we can assume that the open cover
{U, : a € A} is countable, locally finite, and the sets U, are compact. If
p € Uy, we can choose a smooth chart (V},, 7), centered in p, with V,, C U,,

and such that B.(0) C 7(V}) for some € > 0. Now if ¢ is the function defined
in (c) above, we set:

¢or, in V,,

Pp =
0, in M —V,,.

Then ¢, € C*°(M) is a non-negative function, taking the value 1 in an open
set W, C V,, which contains p. Since {W, : p € M} is an open cover of M,
by (a) above, there exists a countable subcover {W,,,W,,,...} of M. Then
the open cover {V,,,V),,...} is locally finite and subordinated to the cover
{U, : a« € A}. Moreover, the closures V, are compact.

The sum ), 1, may not be equal to 1. To fix this we observe that

+oo
b=y,
=1

is well defined, of class C*° and 1 (p) > 0 for every p € M. If we define:

Y,
¢ )
then the functions {¢1, ¢o, ... } give a partition of unity, subordinated to the

cover {U, : a € A}, with supp ¢; compact for each i =1,2,....
This completes the proof of Theorem O

b =

HOMEWORK.
1. Show that f: R — R, defined by f(z) = exp(—1/2?) is a smooth function.

2. Given any € > § > 0, show that there exists a function ¢ € C>°(R?) such
that 0 < ¢(z) <1, ¢(x) =1 if |z| <0 and ¢(zx) =0 if |z| > e.

R4

3. Show that for a second countable topological space X, every open cover of
X has a countable subcover.
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Hint: If {U, : a € A} is an open cover of X and B = {V; € J} is a countable
basis of the topology of X, show that the collection B’ formed by V; € B such
that V; C U, for some «, is also a basis. Now, for each V; € B’ choose some
U, containing V;, and show that {U,,;} is a countable subcover.

4. Show that a topological manifold is paracompact, in fact, show that every
open cover of a topological manifold M has a countable, locally finite refine-
ment consisting of open sets with compact closures.

Hint: Show first that M can be covered by open sets Oy, Oz, ..., with compact
closures and O; C O;41. Then given an arbitrary open cover {U, : « € A} of

M, choose for each i > 3 a finite subcover of the cover {U, N (O;41 — O;—2 :
a € A} of the compact set O; — O;_1, and a finite subcover of the cover
{U,N O3 : a € A} of the compact set Oa. The collection of such open sets will
do it.

5. Show that if M C R™ is an embedded manifold then a function f: M — R
is smooth if and only if there exists an open set M C U C R™ and a smooth
function F': U — R such that F|y = f.

6. Show that the conclusion of the Extension Lemma for Smooth Maps may
fail if A C M is not assumed to be closed.

7. Show that Theorem still holds for manifolds with boundary.

4. THE TANGENT SPACE
The tangent space to R? at p € R? is by definition the set:
QR%:{@ymzﬁeRﬂ.

R

o

p

Note that this tangent space is a vector space over R where addition is
defined by:

(p7171) + (p7172) = (p7 Ul + ?72)7
while multiplication is given by:

a(p,v) = (p, av).
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Of course there is a natural isomorphism Tde ~ R9, but in many situations
it is better to think of Tde as the set of vectors with origin at p.

This distinction is even more clear in the case of embedded manifolds, or
d-surfaces, S C R™. In this case, we can define the tangent space to S at
p € S to be the subspace T),S C T,R" consisting of those tangent vectors
(p, V), for which there exists a smooth curve ¢ : (—¢,¢) — R", with ¢(¢) € 5,
¢(0) = p and ¢(0) = 7.

]Rd

—

A tangent vector (p,7) € T,S acts on smooth functions defined in a
neighborhood of p: if f: U — R is a smooth function defined on a open set
U containing p then we can choose a smooth curve ¢ : (—¢,e) — U, with
¢(0) = p and ¢(0) = ¥, and set:

(0, 2)(F) 1= f o (0).

This operation does not depend on the choice of smooth curve ¢ (exercise).
In fact, this is just the usual notion of directional derivative of f at p in
the direction 7.

We will now define the tangent space to an abstract manifold M at p € M.
There are several different approaches to define the tangent space at p € M,
which correspond to different points of view, all of them very useful. We
shall give here three distinct descriptions and we leave it to the exercises to
show that they are actually equivalent.

Description 1. Let M be a smooth d-dimensional manifold with an atlas
C ={(Uq, ¢a) : @ € A}. To each point p € M we would like to associate a
copy of R?, so that each element @ € R? should represent a tangent vector.
Of course if p € U,, the system of coordinates ¢, gives an identification
of an open neighborhood of p with R¢. Distinct smooth charts will give
different identifications, but they are all related by the transition functions.

This suggests one should consider triples (p,a,7) € M x A X R?, with
p € U,, and that two such triples should be declared to be equivalent if

[p,oz,z_f] = [q757u_;] iff p=gq and (gba o ¢El),(¢g(p)) - = 7.
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Hence, we define a tangent vector to M at a point p € M to be an
equivalence class [p, a, 0], and the tangent space at p to be the set of all
such equivalence classes:

T,M = {[p,a,ﬁ’] e eA,UeRd}.

We leave it as an exercise to check that the operations:

[p,a,01] + [p, v, Bo] := [p, @, U1 + 0], alp, o, 0] := [p, a, ad],
are well defined and give T),M the structure of vector space over R. Notice
that we still have an isomorphism T,M ~ R?, but this isomorphism now
depends on the choice of a chart.

Description 2. Again, fix p € M. For this second description we will consider
all smooth curves c: (—¢,e) — M, with ¢(0) = p. Two such smooth curves
c1 and co will be declared equivalent if there exists some smooth chart (U, ¢)
with p € U, such that

L@oa)0) = 5(60e)0)

It should be clear that if this condition holds for some smooth chart around
p, then it also holds for every other smooth chart around p belonging to the
smooth structure.

We call a tangent vector at p € M an equivalence class of smooth
curves [c], and the set of all such classes is called the tangent space T,M
at the point p. Again, you should check that this tangent space has the
structure of vector space over R and that T}, M is isomorphic to R?, through

an isomorphism that depends on a choice of smooth chart.
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Description 3. The two previous descriptions use smooth charts. Our third
description has the advantage of not using charts, and it will be our final
description of tangent vectors and tangent space.

Again we fix p € M and we look at the set of all smooth functions defined
in some open neighborhood of p. Given two smooth functions f : U — R
and g : V — R, where U and V are open sets that contain p, we say that
f and g define the same germ at p if there is an open set W C U NV
containing p and such that

flw = glw.
We denote by G, the set of all germs at p. This set has the structure of an
R-algebra, where addition, product and multiplication by scalars are defined
in the obvious way:

Notice also that it makes sense to talk of the value of a germ [f] € G, at
the point p, which is f(p). On the other hand, the value of [f] € G, at any
other point ¢ # p is not defined.

Definition 4.1. A tangent vector at a point p € M is a linear derivation
of Gp, i.e., a map v : G, — R satisfying:

(1) v(a[f]+blg]) = av([f]) + bv([g]), a,b € R;
(i) v([fllg]) = v([fDg(p) + f(p)v([g]);
The tangent space at a point p € M is the set of all such tangent vectors
and 1is denoted by T, M.
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Since linear derivations can be added and multiplied by real numbers, it
is clear that the tangent space 7T, M has the structure of a real vector space.

EXAMPLE 4.2.
Let (U,¢) = (U,2,...,2%) be a coordinate system in M with p € U. We

define the tangent vectors % » € ToM,i=1,...,d, to be the derivations
0 I(footh
ol = A
P »(p)

Notice that the tangent vector a?ci
by freezing all coordinates but the i-th coordinate.

» corresponds to the direction one obtains

In order to check that T,M is a vector space with dimension equal to
dim M, consider the set of all germs that vanish at p:

M, =A{[lfl€Gp: f(p) =0},
It is immediate to check that M, C G, is a maximal ideal in G,. The k-th
power of this ideal
MI; = M,---M,,
k
consists of germs that vanish to order k at p: if [f] € ME and (U, ) is
a coordinate system centered at p, then the smooth function f o ¢! has

vanishing partial derivatives at ¢(p) up to order k — 1. These powers form
a tower of ideals

G OMDOMED - DOMES

Theorem 4.3. The tangent space T, M is naturally isomorphic to (M,/ M?,)*
and has dimension dim M .

Proof. First we check that if [¢] € G, is the germ of the constant function
f(z) = c then v([c]) = 0, for any tangent vector v € T,M. In fact, we have

that
v([d]) = ev([1]),

v([1]) = v([1][1]) = 1v([1]) + 1v([1]) = 2v([1]),
hence v([1]) = 0.
Now if [f] € G, and ¢ = f(p), we remark that

v([f1) = v([f] =[],

so the derivation v is completely determined by its effect on M,. On the
other hand, any derivation vanishes on MIQ,, because if f(p) = g(p) = 0,
then

and that

v([f]lg]) = v([fDg(p) + f(p)v([g]) = 0.
We conclude that every tangent vector v € T,M determines a unique
linear transformation M, — R, which vanishes on Mf,. Conversely, if
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L e M,/ M%)* is a linear transformation, we can define a linear trans-
formation v : G, — R by setting

v([f]) = L{f] = [f @)D

This is actually a derivation (exercise), so we conclude that T, M ~ (M, /MZ2)*.
In order to verify the dimension of T, M, we choose some system of coor-

dinates (U, z",...,2%) centered at p, and we show that the tangent vector
0
| € T,M, 1=1,...,d,
dz*|,

form a basis for T,M. If f : U — R is any smooth function, then f o ot
R? — R is smooth in a neighborhood of the origin. This function can be
expanded as:

d
foop l(z) = Za 0)z’ —i—Zg” (z)x'ad,

where the g;; are some smooth functions in a nelghborhood of the origin. It
follows that we have the expansion:

d le) -1 . .
= flp) + 2 % o W)+ hij(@a'(9)27 (),
= p @]

where h;; € C*°(U), valid for any ¢ € U . We conclude that for any tangent
vector v € T, M:

d o el .
A A T

i=1 O #(p)

In other words, we have:

d
_E 28
Ve ¢ oz
i=1

where a® = v([z?]). This shows that the vectors (9/9z%)|, € T,M, i =
1,...,dim M form a generating set. We leave it as an exercise to show that
they are linearly independent. O

From now on, given v € T,,M and a smooth function f defined in some
neighborhood of p € M we set:

v(f) = v((f)).
Note that v(f) = v(g) if f and g coincide in a neighborhood of p and that:
v(af +bg) =av(f) +bv(g), (a,b€ER),
v(fg) = Fp)v(g) +v(f)g(p),

where af 4+ bg and fg are only defined in the intersection of the domains of
f and g.
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The proof of Theorem A3 shows that if (U, ¢) = (U,z',...,z%) is a coor-
dinate system around p, then any tangent vector v € T,M can be written
as:

d
V:;a ozt

The numbers a° = v(2') are called the components of tangent vector v

p

in the coordinate system (U, z',...,z%). If we introduce the notation
of | _ dfog!
Ou* P O* ¢(p)
then:
i 5 f
vif) = Z « ox?
=1 p
On the other hand, given another coordinate system (V,y!,...,y%) we
find that
9 Ed: ozt 9
9’1, i=1 Oy’ |, 9*|,,

Hence, in this new coordinate system we have

d
v = . with ¥ = v(y?),
- P

o,

7j=1

where the new components b’ are related to the old components a* by the
transformation formula:

(4.1) at=>Y"

Jj=1

=,

Q

Ty

p

yJ

()

Let us turn now to the question of how the tangent spaces vary from point
to point. We define the tangent bundle to M as:

™ = | ) T,M.
peEM

Notice that we have a natural projection « : TM — M which associates to
a tangent vector v € T,,M the corresponding base point 7(v) = p. The term
“bundle” comes from the fact that we can picture T'M as a set of fibers (the
spaces T, M), juxtaposed with each other, forming a manifold:

Proposition 4.4. T M has a natural smooth structure of manifolds of di-
mension 2dim M such that the projection in the base is a smooth map.
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TM

Proof. Let {(Ua,da) : @ € A} be an atlas for M. For each smooth chart
(Ua, a) = (Ug, zt, ..., 2"), we define ¢ : 71 (U,) — R?? by setting:

Pa(v) = (& (x(v)), ..., 2% (7 (v)),v(z"), ..., v(z)).
One checks easily that the collection:

{(13;1(0) : 0 c R* open,a € A}

is a basis for a topology of T'M, which is Hausdorff and second countable.

Now, we have that:

(a) TM is a topological manifold with local charts (7~ (Uy), da).

(b) For any pair of charts (17 (Uy), ¢a) and (7~ (Up), ds), the transition
functions gzgg o q@;l are smooth.

We conclude that the collection {(W‘l(Ua), <;~5a) T € A} is an atlas, and so
defines on T'M the structure of a smooth manifold of dimension dim TM =
2dim M. Finally, the map 7 : TM — M is smooth because for each «
we have that ¢, o 7o ¢ ! : R24 — R? is just the projection in the first d
components. O

We say that a d-dimensional manifold M has trivial tangent bundle if there
is a diffeomorphism ¥ : TM — M x R% commuting with the projections:

TM v M x R"
M

whose restriction to each fiber is linear isomorphism @[z, @ Tp,M — R4,
For example, R? and T¢ have both trivial tangent bundles. However, we

will see later that S¢ has trivial tangent bundle if and only if d = 1, 3.
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HOMEWORK.

1. Show that the 3 descriptions of tangent vectors given in this section are
indeed equivalent.

2. InR3 consider the usual Cartesian coordinates (z,v, 2). One defines spher-
ical coordinates in R* to be the smooth chart (U,¢), where U = R3 —
{(2,0,2) : x > 0} and ¢ = (1,0, ¢) is defined as usual by

o r(z,y,2) = \/a? + y? + 22 is the distance to the origin;

e O(x,y,z) is the longitude, i.e., the angle in ]0,27[ between the vector
(z,y,0) and the z-axis;

e o(x,y,2) is the co-latitude, i.e., the angle in ]0, 7| between the vector
(x,y,2) and the z-axis.

Compute:

(a) The components of the tangent vectors to R? %, %, % in Cartesian
coordinates;

(b) The components of the tangent vectors to R? a%, 6%’ % in spherical
coordinates.

3. Let M C R" be an embedded d-manifold. Show that if ¢ : V — M NU is
a parameterization of a neighborhood of p € M, then the tangent space T, M
can be identified with the subspace 1'(¢)(R¢) C R", where p = 1(q).

4. Let (U, zt,... ,xd) be a local coordinate system in a manifold M. Show that
the tangent vectors

0

a| €TpM.  i=1...d,

P
are linearly independent.

5. Show that there is a canonical identification T'(M; x Ms) ~ TM; x T M,
and use this to show that the torus T¢ has a trivial tangent bundle.

5. THE DIFFERENTIAL

A smooth map between two smooth manifolds determines a linear trans-
formation between the corresponding tangent spaces:

Definition 5.1. Let W : M — N be a smooth map. The differential of ¥
at p € M is the linear transformation dp,V : Ty)M — Ty, N defined by

GV (v)(f) =v(feo¥),
where f is any smooth function defined in a neighborhood of ¥ (p).
If (U,¢) = (U,z',...,2% is a coordinate system around p and (V,) =

(V,y!,...,y°) is a coordinate system around ¥(p), we obtain
e W _1 j
dp\I’aaZ zza(woajﬁb ) % )
Ty 3 v ¢(p) Y lw(p)
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—1v\d
W is often abbreviated

The matrix formed by the partial derivatives

to % and is called the Jacobian matrix of the smooth map W relative

to the specified system of coordinates.
The following result is an immediate consequence of the definitions and
the usual chain rule for smooth maps between euclidean space:

Proposition 5.2 (Chain Rule). Let U : M — N and ® : N — P be smooth
maps. Then the composition ® o ¥ is smooth and we have that:
dp(q) 9] \If) == dq,(p)q) 9} dp\I’
Similarly, it is easy to prove the following proposition that generalizes a

well known result:

Proposition 5.3. If a smooth map ¥ : M — N has zero differential on a
connected open set U C M, then ¥ is constant in U.

A very important special case occurs when taking the differential of real
valued smooth functions f : M — R, thought as smooth maps between M
and the manifold R, with its canonical smooth structure. In this case, the
differential at p is a linear transformation d,f : T,M — Ty,)R. Since we
have a canonical identification TR ~ R, the differential d,f is an element
in the dual vector space to T, M. Explicitly, it is given by:

dpf(v) == v(f).
Definition 5.4. The cotangent space to M at a point p is the vector space
Ty M dual to the tangent space T, M :

ToM ={w:TyM — R, with w linear} .

Of course we can define dp, f € Ty M even if f is a smooth function defined
only in a neighborhood of p. In particular, if choose a coordinate system
(U,z',...,z%) around p, we obtain elements

{dpxl, - ,dpa;d} CTIM.
It is then easy to check that

.0 1 if 1 = j,
dpx . ﬁ =
T p 0 ifi#jy.
Hence:
Lemma 5.5. For a coordinate system (U, z%) of M around p, {d,x', ..., d,z?}
is the basis of Ty M dual to the basis {%|p e %hj} of T,M.
Therefore, once we have fixed a coordinate system (U, z", ..., 2%) around

p, every element w € Ty M can be written in the basis {dpxl, e ,dpxd}:

d
w= Zaidpxi, with a; = w(@/@aﬂp).
i=1
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If (V,y',...,y%) is another coordinate system, we find

d
W= Z bjdpy’,  with b; = w(a/ayj|p)’
j=1

and one checks easily that:
d

oy’

J=1

j
P
This transformation formula for the components of elements of 777 M should

be compared with the corresponding transformation formula (1)) for the
components of elements of T),M.

Similarly to what we did for the tangent bundle, we can define the cotan-

gent bundle to M as:
T*M = U T: M,
peEM

with a natural projection w : T*M — M which associate to a tangent
covector w € Ty M the corresponding base point 7(w) = p. Again, 7" M has
a natural smooth structure of manifold of dimension 2dim M, such that the
projection is a smooth map. The proof is entirely similar to the case of T M,
so it is left as an exercise.

Let ¥ : M — N be a smooth map. We we will denote by d¥ : TM — T'N
the induced map on the tangent bundle which is defined by:
d¥(v) = dr)¥(v).

We call this map the differential of . We leave it as an exercise to check
that d¥ : TM — TN is a smooth map between the smooth manifolds T'M
and TN.

If f: M — R is asmooth function, then df : TM — TR. However,
TR = R x R so by projecting in the second factor, we consider df as a map:

df :TM — R, df(v) =dn)f(v) =v(f)

If (U, 2!, ..., x%) is a system of coordinates around p, then from the definition
we see that dp,f € Ty M satisfies:
0 of
W 5|, = aw
P P
It follows that the expression for df in local coordinates (x!,...,z%) is:
d
of .
df|lv = ~dx’.
flo ; 57 1%

Notice that in this formula all terms have been precisely defined, in contrast
with some formulas one often finds, where heuristic manipulations with d f
are done without much justifications!
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Remark 5.6. The definitions of tangent space, tangent bundle and differen-
tial, extend to manifolds with boundary. One defines the tangent space to
a manifold with boundary of dimension d at some point p € M exactly
as in Definition 4.1l The tangent space at any point p € M, even at points of
the boundary, has dimension d. The tangent bundle 7'M is now a manifold
with boundary of dimension 2dim M. Similarly, one defines the differential
of a smooth map ¥ : M — N between manifolds with boundary and this
gives a smooth map between their tangent bundles d® : TM — T'N.

For a manifold with boundary M of dimension d > 0, the boundary 9 M is
a smooth manifold of dimension d—1. Hence, if p € 0 M we have two tangent
spaces: T, M, which has dimension d, and T,(0 M), which has dimension
d — 1. We leave it as an exercise to check that the inclusion i : 9 M — M
is a smooth map and its differential dyi : T,,(0 M) — T,M is injective, at
any point p € d M. It follows that we can identify 7,,(0 M) with its image
in T,M, so inside the tangent space to M at points of the boundary we
have a well-defined subspace. It is common to denote this subspace also by
T,(0 M), a practice that we will also adopt.

HOMEWORK.
1. Show that the map ¥ : RP? — R* given by:

Wiy 2) = —

m(iry,:m,yQ — 2%, 2y2),

is smooth, injective and has differential d, ¥ injective for all p € RP?.

2. Let ¥ : CP? — R4 be the smooth map given by:
\I/([ZO o Zd]) _ |Z0|2 |Zd|2
SR 202+ 4 292 O R e [2)

Find the points p € CP? where the differential d,® vanishes.

3. Let 7 :S% — RP? be the map (z°,...,2%) — [20 : - : 29]. Show that the
differential d,m is a linear isomorphism for all p € S?.

4. Show that T*M has a smooth structure of manifold of dimension 2 dim M,
for which the projection 7 : T*M — M is a smooth map.

5. Check that if M and N are smooth manifolds and ¥ : M — N is a smooth
map, then d¥ : TM — TN is also smooth.

6. IMMERSIONS, SUBMERSIONS AND SUBMANIFOLDS

As we can expect from what we know from calculus in Euclidean space the
properties of the differential of a smooth map between two smooth manifolds
reflect the local behavior of the smooth map. In this section we will make
this precise.
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Definition 6.1. Let ¥ : M — N be a smooth map:

(a) V¥ is called an immersion if d,V : T,M — Ty, N is injective, for all
peM;

(b) Y is called a submersion if A,V : T,M — Ty, N is surjective, for all
peM;

(a) W is called an étaldl if dpV @ TyM — Ty, N is an isomorphism, for
allpe M.

Immersions, submersions and étales have local canonical forms. They are
all consequences of the following general result:

Theorem 6.2 (Constant Rank Theorem). Let ¥ : M — N be a smooth
map andp € M. If dgV : TyM — Ty N has constant rank r, for all q in a
neighborhood of p, then there are local coordinates (U, ¢) = (U,x!,... ™)
for M centered at p and local coordinates (V,v) = (V,y',...,y") for N
centered at V(p), such that:

YoWooe Nzt ... 2™ = (2',...,2",0,...,0).

Proof. Let (U,¢) and (V,4) be local coordinates centered at p and ¥(p),
C

V. Then
YoWog™:g(U) — (V)
is a smooth map from a neighborhood of zero in R™ to a neighborhood of

zero in R™, whose differential has constant rank. Therefore, it is enough to
consider the case where ¥ : R™ — R” is a smooth map

(zt,...,2™) = (T(z),..., U"(x)),

whose differential has constant rank in a neighborhood of the origin.
Let r be the rank of d¥. Eventually after some reordering of the coordi-
nates, we can assume that

respectively, with W (U)

ovI ] "
- o=
ox i1

It follows immediately from the Inverse Function Theorem, that the smooth
map ¢ : R™ — R™ defined by
(b, ., 2™) = (Ul(z),..., U (x), 2", .. 2™),
is a diffeomorphism from a neighborhood of the origin. We conclude that:
Vo Nat,. .. 2™ = (2!, 2", 0 o H(z),..., ¥ 0 67 (z)).

Let ¢ be any point in the domain of ¥ o ¢~!. We can compute the Jacobian

matrix of U o ¢! as:
I, | 0
RICE 5
* ‘ ( 8:;? )(q)

2We use this term provisionally. We shall see later in Corollary that an étale map is
the same thing as a local diffeomorphism.

det [
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where I, is the r x r identity matrix and where in the lower right corner
1,7 > r. Since this matrix has exactly rank r, we conclude that:

O 0 )
Oxt

In other words, the components of ¥/ o ¢~1, for j > r, do not depend on
the coordinates 2" +1, ... 2™:

Wogp Hz)=Wop l(at,... 2"), if j >
Let us consider now the map v : R™ — R"™ given by
Py oy =y YT =T e T ),y = o 9 ().

We see that v is a diffeomorphism since its Jacobian matrix at the origin is
given by:

I.| 0

* '[6—7" ’

which is non-singular. But now we compute:
YoWop Yzt .., 2™) = (z',...,2",0,...,0).

(q) =0, ifi,j>r.

O

An immediate corollary of this result is that an immersion of a m-manifold
into a m-manifold, where necessarily m < n, locally looks like the inclusion
R™ — R™:

Corollary 6.3. Let W : M — N be an immersion. Then for each p € M,

there are local coordinates (U,¢) = (U, x',...,x™) for M centered at p and
local coordinates (V,1)) = (V,y',...,y") for N centered at ¥(p), such that:

YpoWoop (. .. 2™ = (z,...,2™,0,...,0).

Similarly, we conclude that a submersion of a m-manifold into a n-manifold,
where necessarily m > n, locally looks like the projection R™ — R™:

Corollary 6.4. Let V : M — N be a submersion. Then for each p € M,
there are local coordinates (U,¢) = (U, x',...,x™) for M centered at p and
local coordinates (V,1)) = (V,y',...,y") for N centered at ¥(p), such that:

YpoVoop (g .. 2™ = (a1, ... 2").

Since an étale is a smooth map which is simultaneously an immersion and
a submersion, we conclude that an étale is just a local diffeomorphism:

Corollary 6.5. Let W : M — N be an étale. Then for each p € M, there
are local coordinates (U,¢) = (U,z',...,x%) for M centered at p and local
coordinates (V,) = (V,y',...,y?) for N centered at U(p), such that:

YoWog Hat,. .. z%) = (at,...,29).

Let us now turn to the study of subobjects in the category of smooth
manifolds:
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Definition 6.6. A submanifold of a manifold M is a pair (N, ®) where
N is a manifold and ® : N — M is an injective immersion. When & :
N — ®(N) is a homeomorphism, where on ®(N) one takes the relative
topology, one calls the pair (N, ®) an embedded submanifold and ® an
embedding.

One sometimes uses the term immersed submanifold to emphasize
that ® : N — M is only an immersion and reserves the term submanifold
for embedded submanifolds. However, in these notes we will use the term
submanifold to denote immersed submanifolds that may fail to be embedded.

EXAMPLES 6.7.

1. The next picture illustrates various immersions of N = R in M = R2.
Notice that (R, ®1) is an embedded submanifold of R?, while (R, ®3) is only an
immersed submanifold of R?. On the other hand, ®3 is an immersion but it is
not injective, so (R, ®3) is not a submanifold of R2.

\@1 ‘ @, /@S

R

2. According to a problem in the previous section, the map U : RP? — R* given
by:
1

m(fﬂy,iﬂ%yz - 2%,2y2),

Wiy 2)) =
is smooth, injective and has differential d, ¥ injective for all p € RP?. Since
RP? is compact, this map is an embedding (see the problems at the end of this
section). It follows that RP? can be realized as an embedded submanifold of R*.

If (N,®) is a submanifold of M, then for each p € N, the linear map
dp® : T, N — T,y M is injective. Hence, we can always identify the tangent
space T, N with its image d,®(7,N), which is a subspace of Tg(,) M. From
now on, we will use this identification, so that 7}, N will always be interpreted
as a subspace of T, M.

The local canonical form (Corollary [6.3]) yields the following:

Proposition 6.8 (Local normal form for immersed submanifolds). Let (N, ®)

be a submanifold of dimension d of a manifold M. Then for allp € N, there

exists a neighborhood U of p and a coordinate system (V,z!, ..., a™) for M
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centered at ®(p) such that:

o(U) = {ge Ve (g) =+ =a™(q) = 0}

M

~ R

Proof. By Corollary [6.3] for any p € N we can choose coordinates (U, ¢) for
N centered at p and coordinates (V,v) = (V,z!,...,2™) for M centered at
®(p), such that o ® o ¢! : R* = R™ is the inclusion. But then 1) o ®(U)
is exactly the set of points in ¥(V) C R™ with the last m — d coordinates
equal to 0. O

You should notice (using the same notation as in the proposition) that,
in general, ®(N)NV # ®(U), so there could exist points in ®(N)NV which
do not belong to the slice {q eViatl(g)=---=a"(¢q) = 0}.

However, whenever (N, ®) is an embedded submanifold we find:

Corollary 6.9 (Local normal form for embedded submanifolds). Let (N, ®)
be an embedded submanifold of dimension d of a manifold M. For each
p € N, there exists a chart (V,x',... 2™) of M centered at ®(p), such that:

cI>(N)ﬁV:{qEV:a:dH(q):---:azm(q)zo}.

Proof. Fix p € N and choose a neighborhood U of p and a chart (V’, 2!,... 2™)
centered at ®(p), as in the proposition. Since (N, @) is assumed to be embed-
ded, ®(U) is an open subset of ®(N) for the relative topology: there exists
an open set V" C M such that ®(U) = V"N ®(N). If weset V=V'NV"
the restrictions of the z% to V, yield a coordinate system (V, z!,... z™) such
that:
O(N)NV = {qEV:xd+1(q) =---=2"(q) :0}.
O

We would like to think of submanifolds of a manifold M simply as subsets
of M. However, this in general is not possible, as illustrated by the following
example.
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EXAMPLE 6.10.
There are two injective immersions ®; : R — R2, i = 1,2, whose images in
R? coincide with the infinite symbol:

R2 R?
P 1 (I)Z
R R

The example of the infinity symbol shows that one must be careful when
we think of a submanifold of M as a subset. In order to see what can go
wrong, we introduce the following equivalence relation:

Definition 6.11. We say that (N1, ®1) and (Na, ®2) are equivalent sub-
manifolds of M if there exists a diffeomorphism ¥ : Ny — Ny such that
the following diagram commutes:

N1i>M

\ T
AN
Do
N
LN

Ny

If (N, ®) is a submanifold of M we can consider the image ®(N) C M
with the unique smooth structure for which ® : N — ®(N) is a diffeomor-
phism. Obviously, if we take this smooth structure on ®(N), the inclusion
i: ®(N) — M is an injective immersion and the following diagram com-
mutes:

N2 wm

Therefore, every submanifold (N,®) has a unique representative (A4,1),
where A C M is a subset and ¢ : A < M is the inclusion. We then
say that A C M is a submanifold.

EXAMPLE 6.12.
If A C M is an arbitrary subset, in general, there will be no smooth structure
on A for which the inclusion i : A — M is an immersion. For example, the
subset A = {(x,]z]) : x € R} C R? does not admit such a smooth structure
(exercise).
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On the other hand, if A admits a smooth structure such that the inclusion
1: A= M is an immersion, this smooth structure may not be unique: this is
ezxactly what we saw Example [6.10

Still, we have the following result:

Theorem 6.13. Let A C M be some subset of a smooth manifold and
i: A<= M the inclusion. Then:

(i) For each choice of a topology in A there exists at most one smooth
structure compatible with this topology and such that (A,i) is a sub-

manifold of M.

(ii) If for the relative topology in A there exists a compatible smooth struc-
ture such that (A, 1) is a submanifold of M, then this is the only topol-
ogy in A for which there exists a compatible smooth structure such that
(A,7) is a submanifold of M.

EXAMPLE 6.14.
The sphere ST C R® is an embedded submanifold. We have mentioned before

that the sphere ST has smooth structures compatible with the usual topology but
which are not equivalent to the standard smooth structure on the sphere. It
follows that for these exotic smooth structures, ST is not a submanifold of R®.

In order to prove Theorem [6.13] we observe that if (IV, @) is a submanifold
of M and ¥ : P — M is a smooth map such that U(P) C ®(N), the fact
that & is 1:1 implies that W factors through a map V:P N , l.e., we have
a commutative diagram:

P2 M

However, the problem is that, in general, the map U is not smooth, as shown
by the example of the infinite symbol.

EXAMPLE 6.15.
Let ®; : R — R2?, i = 1,2, be the two injective immersions whose images in R?

coincide with the infinite symbol, as in Example[6I10. Since ®1(R) = ®2(R),
we have unique maps <i>1 :R— R and <i>2 :R — R such that 50 <i>1 =& and
d; 0 <i>2 = ®,. [t is easy to check that <i>1 and <i>2 are not continuous, hence
they are not smooth.

The next result shows that what may fail is precisely the continuity of
the map W:
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Proposition 6.16. Let (N, ®) be a submanifold of M, ¥ : P — M a smooth
map such that ¥(P) C ®(N) and ¥ : P — N the induced map.

(i) If U is continuous, then it is smooth.
(ii) If ® is an embedding, then U is continuous (hence smooth).

Proof. Assume first that ¥ is continuous. For each p € N, choose U C N
and (V,¢) = (V,2',...,2™) as in Proposition 6.8, and consider the smooth
map

vV=mogod:U — R,
where 7 : R™ — R? is the projection (z!,...,2™) — (z',...,2%). The pair
(U,v) is a smooth coordinate system for N centered at p. On the other
hand, we see that

1)[)0@/:71‘0(;50(1)0@:770@0\1’,

is smooth in the open set \i’_l(U ). Since the collection of all such open sets
U—1(U) covers P, we conclude that ¥ is smooth, so (i) holds.

Now if ® is an embedding, then every open set U C N is of the form
d~H(V), where V C M is open. Hence, U~1(U) = U~ 1(d~1(V)) = ¢~ 1(V)
is also open. We conclude that ¥ is continuous, so (ii) also holds. g

Proof of Theorem [6.13. (i) follows immediately from Proposition ().
On the other hand, to prove (ii), let (N, ®) be a submanifold with ®(N) =
A and consider the following diagram:

N2 M

N

A

Since A is assume to have the relative topology, by Proposition [6.16] (i), P
is smooth. Hence, ® is an invertible immersion so it is a diffeomorphism
(exercise). We conclude that (N, ®) is equivalent to (A4,7), so (ii) holds.

O

The previous discussion justifies considering the following class of sub-
manifolds, which lies inbetween the classes of immersed submanifolds and
embedded submanifolds:

Definition 6.17. A initial submanifold of M is a submanifold (N, ®)
such that every smooth map ¥ : P — M with W(P) C ®(N) factors through
a smooth map ¥ : P — N:

P—Y. M

@
N

N
N
NN

LN
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Sometimes initial submanifolds are also called regular immersed sub-
manifolds or weakly embedded submanifolds. The two different im-
mersions of the infinity symbol that we saw above are not initial submanifols.
On the other hand, Proposition (ii) shows that embedded submanifolds
are initial submanifolds. But be aware that there are many examples of
initial submanifolds which are not embedded.

EXAMPLE 6.18.
In the 2-torus T? = S x S' we have a family of submanifolds (R, ®,), depend-
ing on the parameter a € R, defined by:

(I)a(t) — (eit7 eiat).

If a = m/n is rational, this is a closed curve, which turns m times in one
torus direction and n times in the other torus direction, so this is an embedding.

If a & Q then the curve is dense in the 2-torus, so this is only an immersed
submamfold However, if U:P >3 Risa map such that the composition
B, 0 W is smooth, then we see immediately that U : P — R is continuous. By
Proposition [616, we conclude that U is smooth. Hence, (N,®,) is a initial
submanifold.

HOMEWORK.
1. Show that {(x,|z|) : # € R} is not the image of an immersion ® : R — R2.

2. Show that S? has trivial tangent bundle, i.e., there exists a diffeomorphism
U TS? — S x R3, which makes the following diagram commutative:

and where the restriction ¥ : 7,,S* — R? is linear for every p € S
Hint: The 3-sphere is the set of quaternions of norm 1.

3. Let {yl, cee ye} be some set of smooth functions on a manifold M. Show
that:
) If {dpyl, e 7dpye} C T, M is a linearly independent set, then the func-
tions {yl, e ,ye} is a part of a coordinate system around p.

b) If {dpy',...,dpy} C T M is a generating set, then a subset of {y*,...,y°}
is a coordinate system around p.
) If {dpyl, . ,dpye} C T,M is a basis, then the functions {yl, e ,ye}
form a coordinate system around p.

4. Show that a submersion is an open map. What can you say about an
immersion?
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5. Let ® : RP?> — R? be the map defined by

1
P ==
([ZC,y,Z]) 12 + y2 + 22
Show that ® is smooth and show that it only fails to be an immersion at 6
points. Make a sketch of the image of ®.

(yz,zz, xy).

6. Let M be a manifold, A C M, and ¢ : A — M the inclusion. Show that
(A,i) is a an embedded submanifold of M of dimension d, if and only if for
each p € A there exists a coordinate system (U, z?,...,2™) centered at p such
that

ANU={peU: 2" (p)=---=2™(p) =0}.

7. Show that a subset M C R" is a d-surface (i.e., satisfies Definition [0.2))
if and only it is an embedded submanifold (so this justifies us calling M an
embedded manifold in R™).

8. One says that a subset S of a manifold M has zero measure if for every
coordinate system (U, ¢) of M, the set ¢(SNU) C R has zero measure. Show
that:

(a) A smooth map ® : M — N maps zero measure sets to zero measure sets;
(b) If ®: N — M is an immersion and dim N < dim M, then ®(N) has zero
measure.

9. Show that for a submanifold (N, ®) of a smooth manifold M the following
are equivalent:
(a) ®(N) C M is a closed subset and (N, ®) is embedded.
(b) @ : N — M is a closed map (i.e, ®(A) is closed whenever A C N is a
closed subset).
(c) ® : N — M is a proper map (i.e., ®~}(K) C N is compact, whenever
K C M is compact).
Use this to conclude that a submanifold (N, ®) with N compact, is always an
embedded submanifold.

10. Show that an invertible immersion ® : N — M is a diffeomorphism. Give
a counterexample to this statement if N does not have a countable basis.

11. Letw:M — Mbea covering space of a smooth manifold M, where Misa
second countable topological space. Show that M has unique smooth structure
for which the covering map 7 is a local diffeomorphism.

7. EMBEDDINGS AND WHITNEY’S THEOREM

Definition 7.1. Let W : M — N be a smooth map
(i) One calls p € M a regular point of ¥ if d,V : T,M — Ty, N is
surjective. Otherwise one calls p a singular point of V;
(ii) One calls ¢ € N a regular value of ¥ if every p € ¥=1(q) is a reqular

point. Otherwise one calls q a singular value of V.
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The following example gives some evidence for the use of the terms “reg-
ular” and “singular”.

EXAMPLE 7.2.
Let ¥ : R?® — R be the map defined by
U(z,y,2) = 2% +y* — 22

This map has Jacobian matrix 2z 2y —2z]. Therefore, every (x,y, z) # (0,0,0)
is a regular point of ¥ and (0,0,0) is a singular point of ¥. On the other hand,
0 is a singular value of U, while every other value is a reqular value of V.

If we consider a regular value c, the level set W~1(c) is a submanifold of R?
(either a 1 sheet or a 2 sheets hyperboloid). On the other hand, for the singular
value 0, we see that W~1(0) is a cone, which is not a manifold at the origin.

In fact, the level sets of regular values are always submanifolds:

Theorem 7.3. Let W : M — N be a smooth map and let ¢ € N be a regular
value of U. Then ¥~1(q) C M is an embedded submanifold of dimension
dim M — dim N and for all p € Y~1(q) we have:

T,(v~(q)) = Kerd, V.

Proof. If ¢ € N is a regular value of ¥ there exists an open set ¥~1(q) C
O C M such that ¥|p is a submersion. Therefore, for any p € ¥~1(g) we can
choose coordinates (U, x!,...,2™) around p and coordinates (V,!,...,y")
around ¢, such that W is represented in these local coordinates by the pro-
jection

R™ = R™: (z},...,2™) — (z!,...,2").
Therefore, we see that
\If_l(q)ﬂU:{pGU::El(p):---::E"(p)zo}.

It follows that W~!(q) is an embedded submanifold of dimension m —n =
dim M — dim N (see Exercise 6 in the previous section). The statement

about the tangent space to W~1(q) is left as an exercise.
O
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EXAMPLE 7.4.
Let M = R and let U : R4 — R be the smooth map:
U(z) =[]
The Jacobian matriz of ¥ at x is given by:
U (z) = [22, ..., 229F1).

Since V' (z) has rank one if ||z|| > 0, it follows that any ¢ = R* > 0 is a reqular
value of W. The theorem above then asserts that the spheres S& = W=1(R?) are
embedded submanifolds of R of codimension 1. Note that for the differential
structure on S% that we have defined before, S% is also an embedded submanifold
of R4, Hence, that differential structure coincides with this one.

Not every embedded submanifold S C M is of the form ¥~!(g), for a reg-
ular value of some smooth map ¥ : M — N. There are global obstructions
that we will study later. Also, what happens at singular values can be very
wild: using a partition of unity argument it is possible to show that for any
closed subset A C M of a smooth manifold, there exists a smooth function
f: M — R such that f~1(0) = A.

If N C M is a submanifold we call the codimension of N in M the
integer dim M — dim N. Since a set with a single point is a manifold
of dimension 0, the previous result can be restated as saying that if ¢
is a regular value of ¥, then W~!(g) is an embedded submanifold with
codim ¥~1(q) = codim {g}. In this form, the previous result can be gen-
eralized in the following very useful way:

Theorem 7.5. Let W : M — N be a smooth map and let Q C N be an
embedded submanifold. Assume that for all p € ¥~1(Q) one has:

(7.1) Tm d, ¥ + Ty ()@ = Ty N-
Then =1(Q) C M is an embedded submanifold with
codim ¥~ H(Q) = codim Q
and for all p € ¥~1(Q) we have:
T,(v Q) = (dp¥) " (Ty(,)Q)-

Proof. Choose py € ¥~1(Q) and set g = ¥(pg). Since Q C N is assumed to
be an embedded submanifold, we can choose a coordinate system (V,¢) =
(V,yt,...,y") for N around o, such that

QNV = {qev;yl+1(q) ::y”(q) :0}7
where | = dim Q. Define a smooth map ® : U~1(V) — R by
d= (oW, .. yol).

Then we see that U = U~1(V) is an open subset of M which contains py and
such that ¥=1(Q)NU = ®~1(0). If we can show that 0 is a regular value of
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®, then by Theorem [Z3] it follows that for all py € ¥~1(Q), there exists an
open set U C M such that ¥='(Q) N U is an embedded submanifold of M
of codimension n — [ = codim (). This implies that ¥~!(Q) is an embedded
submanifold of M, as claimed.
To check that 0 is a regular value of ® note that ® = 7o ¢ o W, where
7 : R* — R" ! is the projection in the last n — [ components. Since 7
is a submersion, ¢ is a diffeomorphism and kerdy(m o ¢) = T,Q, for all
q € QNV, it follows from (1)), that d,® = dy ) (7 0 ¢) - d, ¥ is surjective,
for all p € T=HQ)NU = &~1(0), i.e., 0 is a regular value of ®.
The statement about the tangent space to ¥~1(Q) is left as an exercise.
O

The condition (7.I]) appearing in the statement of the theorem is so im-
portant that one has a special name for it.

Definition 7.6. Let ¥ : M — N be a smooth map. We say that ¥ is
transversal to a submanifold Q C N, and we write ¥ th Q, if:

Imd, ¥ + Ty, @ = Ty N, Vpe HQ).

Notice that submersions ¥ : M — N are specially nice: they are trans-
verse to every submanifold @ C N! So for a submersion the theorem shows
that the inverse image of any submanifold is a submanifold.

A special case that justifies the use of the term “transversal” is when
M C N is a submanifold and ¥ : M < N is the inclusion. In this case,
U~1(Q) = M N Q and the transversality condition reduces to:

T,M +T,Q =T,N, VgeMnQ.

Note that this condition is symmetric in M and Q. So in this case we simply
say that M and @ intersect transversely and we write M h Q.

Corollary 7.7. If M,Q C N are embedded submanifolds such that M th Q.
Then M N Q is an embedded submanifold of N with:

dimM NE =dim M + dim Q — dim N,
and for all ¢ € M N Q we have:
T,(MNQ)=T,MNT,Q.

Although Theorem and its corollary were stated for embedded sub-
manifolds, you are asked in an exercise in this Section to check that these
results still hold for immersed submanifolds.

Transversality plays an important role because of the following properties:

e Transversality is a stable property: 1f ® : M — N is transverse to ()
then any map ¥ : M — N close enough to & is also transverse to Q.
e Transversality is a generic property: Any smooth map ® : M — N

can be approximated by ® : M — N transverse to Q.
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We shall not attempt to make precise these two statements, since we would
need to introduce and study appropriate topologies on the space of smooth
maps C°(M, N). In fact, transversality is an important topic studied in
Differential Topology.

On the other hand, when two submanifolds do not intersect transversally,
in general, the intersection is not a manifold as illustrated by the following
figure.

ExXAMPLES 7.8.

1. Let M = S' xR be a cylinder. We can embed M in R® as follows: we define
a smooth map ® : M — R> by:

®(0,t) = (Rcosf, Rsenb,t),

where we identify St = [0,2n]/27Z. This map is injective and its Jacobian
matriz ®'(0,t) has rank 2, hence ® is an injective immersion.
The image of ® is the subset of R3:

() € B a7 = B} = 0710,
where ¢ = R% and ¥ : R3 — R is the smooth map
\I](.’L',y,z) :$2+y2_

Since V' (z,y,z) = [27,2y,0] # 0 if 22 + y%2 = ¢ # 0, we conclude that any
¢ # 0 is a regular value of ¥, so we have an embedding of of S' x R in R3.

2. The 2-torus M = S' x S' can also be embedded in R? as follows. First, we
can think of the the two torus as S* x St = [0,27]/277Z x [0, 27]/27Z. Note
that this amounts to think of the torus as a square of side 2w where we identify
the sides of the square, as in the following figure:
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Now define ® : M — R3 by:
®(0,9) = ((R+1rcos¢)cosl, (R + rcos¢)send, rsend).

It is easy to check that if R > r > 0, then ® is an injective immersion whose
image is the subset of R3:

{(z,y,2) e R®: (a® + y° + 2* = R> — 1) + 4R*2*> = 4R*r*} = U~ '(0),
where ¢ = 4R?*r? and U : R? = R is the smooth map
U(z,y,2) = (22 +y> + 22 — R —r?)? + 4R?2*.
We leave it as an exercise to check that every ¢ # 0 is a regular value of ¥, so
this gives an embedding of S* x St in R3.

3. The Klein bottle is the subset K C R* defined as follows: Let Oz, Oy,
Oz, and Ow, be the coordinate axes in R* and denote by C a circle of radius
R in the plane xOy. Let 0 be the angle coordinate on this circle (say, measured
from the Ox-azis).

If St is a circle of radius r in the plane xOz, with centre at ¢ € C, then K
is the figure obtained by rotating this circle around the Oz axis so that when its
center ¢ € C is rotated an angle 6, the plane where S' lies has rotated an angle
0/2 around the Og-azis in the 3-space OgOzOw. Let ¢ be the angle coordinate
in the circle S* (say, measured from the Oq-azis).

Note that the points of K with 6 # 0 and ¢ # 0 can be parameterized by:
®, :]0, 27[x]0, 27 [— R::

D1(0,¢) = ((R+rcose)cosb, (R +rcosg)send, rsen¢dcosf/2,rsenpsentd/2).

We can change the origin of 8 and ¢, obtaining new parameterizations, which
all together cover K. We leave it as an ezercise to show that 3 parameteriza-
tions ®1, P2 and P3 are enough to cover K. Since for these parameterizations
the transitions ®; o @;1 are C®, we see that K is a 2-surface in R*. Also, we
remark that these parameterizations amount to think of K as a square of side
21 where we identify the sides of the square, as in the following figure:
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Just like for the 2-torus, one checks that K is given by:
K =9"%(c,0),
where ¢ = 4R%*r? and U : R* — R? is the smooth map
U(z,y,2) = (2% +y? + 22 +w? — R? — r?)? + 4R%*(2* + w?), y(2* — w?) — 2zzw).

For ¢ # 0, one checks that (c,0) is a regqular value of VU, so we conclude that
K is an embedded submanifold of R*.

Actually, any manifold can always be embedded in a Euclidean space of
large enough dimension.

Theorem 7.9 (Whitney). Let M be a compact manifold. There exists an
embedding ® : M — R™, for some integer m.

Proof. Since M is compact, we can find a finite collection of coordinate
systems {(Uj, ¢;) : i =1,..., N} such that:
(a) Bl}\go) C ¢i(Ui);
(b) UiZy ¢ (B1(0)) = M.
Let \; : M —R,i=1,...,N, be smooth functions such that

Lif p € 67 (B1(0)),

Aip) =

0 ifp € UZ

Also, let ¢; : M — R% i =1,..., N, be smooth maps defined by:

Aigi(p) if p € U,
Yi(p) =
We claim that the smooth map ® : M — RN4N defined by:

®(p) = (¥1(p), A (P),- -, ¥N(P), AN (P))
is the desired embedding. In fact, we have that

(i) ® is an immersion: if p € M then p € ¢; (B1(0)), for some i. Hence,
we have that 1); = ¢; in a neighborhood p. We conclude that d,i; =
dp; is injective. This shows that d,® is injective.
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(ii) @ is injective: Let p,q € M, p # q, and choose i such that p € )\i_l(l).
If ¢ ¢ A\;71(1), then \;(p) # Ai(q) so that ®(p) # ®(g). On the other

hand, if ¢ € A;'(1), then ¢;(p) = ¢i(p) # di(q) = ¥i(q), since ¢; is
injective. In any case, ®(p) # ®(q), so ® is injective.

Since M is compact, we conclude that ® is an embedding.
O

The previous result also holds for non-compact manifolds (see the exer-
cises in this section) and is valid also for manifolds with boundary. It is a
weaker version of the following result:

e (Whitney) Any smooth manifold (compact or not) of dimension d
can be embedded in R??.

As the example of the Klein bottle shows, there are smooth manifolds of
dimension d which cannot be embedded in R??~!. On the other hand, for d >
1, Wl;itney also showed that any manifold of dimension d can be immersed
in R24-1,

These results are not the best possible: Ralph Cohen in 1985 showed
that a compact manifold of dimension d can be immersed in R24-%4) where
a(d) is the number of 1’s in the binary expression of d, and this is the best
possible!! (e.g., every compact 5-manifold can immersed in R®, but there are
compact 5-manifolds which cannot be immersed in R). On the other hand,
the best optimal embedding dimension is only known for a few dimensions.

HOMEWORK.

1. Consider the following sets of n X n matrices:
e O(n) = {A: AAT = I} (orthogonal matrices);
e S(n)={A: A= A"} (symmetric matrices).
Show that O(n) and S(n) are embedded submanifolds of the space R of all
n X n matrices and check that they intersect transversely at I. Use this to
conclude that there is a neighborhood of I where the only n x n-matrix which
is both orthogonal and symmetric is I itself.

2. Furnish the details of the example of the Klein bottle K and show that K
is a 2-surface in R

3. Let ¥ : M — N be a smooth map and let ¢ € N be a regular value of V.
Show that

T, Yq) ={veT,M:d,V v=0}.
4. Let W : M — N be a smooth map which is transversal to a submanifold

Q C N (not necessarily embedded). Show that ¥~1(Q) is a submanifold of M
(not necessarily embedded) and that

T, Q) ={veT,M:dV-veTy,Q}.
54



5. Let M and N be smooth manifolds and let S C M x N be a submanifold.
Denote by was : M x N — M and iy : M x N — N the projections on each
factor. Show that the following are equivalent:

(a) S is the graph of a smooth map ® : M — Nj;
(b) ma|s is a diffeomorphism from S onto M;
(c) For each p € M, the submanifolds S and {p} x N = 7, (p) intersect
transversely and the intersection consists of a single point.
Moreover, if any of these hold then S is an embedded submanifold.

6. Extend Theorem[7.5to the case where ¥ : M — N is a smooth map between
manifolds with boundary such that ¥(OM) = ON. Show that the conclusion
of the theorem may fail if this last condition is omitted.

The next sequence of exercises give a sketch of the proof of the weak Whitney’s
Embedding Theorem for non-compact manifolds. It uses the following result
which we will not discuss in these lectures:

Sard’s Theorem: The set of singular values of any smooth map ¥ : M — N
has zero measure.

7. Using Sard’s Theorem, show that if & : M — N is a smooth map between
smooth manifolds and dim M < dim N then ®(M) has zero measure.

8. Let M C R" be a smooth submanifold of dimension d. Given v € R" —R"~!
denote by m, : R” — R"~! the linear projection with kernel Rv. Show that if
n > 2d + 1 there is a dense set of vectors v € R” — R™! for which Tp|as 1s an
injective immersion of M in R»~!. Conclude that any compact manifold with
boundary of dimension d can be embedded in R24+1,

HinT: Check that the proof given in the text of Whitney’s embedding theorem
is valid for compact manifolds with boundary. Then apply Sard’s theorem in
a clever way.

9. Using a smooth exhaustion function, show that any smooth manifold M of
dimension d can be embedded in R?4+1,

HinT: If f: M — R is a smooth exhaustion function, then by Sard’s Theorem,
in each interval [i,4 4 1[, the function f has a regular value a;. It follows that
the sets Eg = f~1(] — o0,az], B; = f~([ai—1,ai11] (i = 1,2,...), are all
compact submanifolds of M of dimension d to which the previous result can
be applied. Now use a partition of unity to build an embedding of M in R2¢+1,

8. FOLIATIONS

A foliation is a nice decomposition of a manifold into submanifolds:

Definition 8.1. Let M be a manifold of dimension d. A foliation of

dimension k of M is a decomposition {Ly : « € A} of M into disjoint path-

connected subsets satisfying the following property: for any p € M there
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exists a smooth chart ¢ = (z',... 2% y', ... ,y4F): U - R? = RF x RF,
such the connected components of Lo, "U are the sets of

d—k(

{peU:y'(p) = const.,...,y" *(p) = const.}.

We will denote a foliation by F = {L, : a € A}. The connected sets
L, are called leaves of F and a chart (U, ¢) as in the definition is called
a foliated coordinate chart. The connected components of U N L, are
called plaques.

A path of plaques is a collection of plaques P, ..., P, such that P; N
Py # 0, forall i =1,...,1 —1. The integer [ is called the length of the
path of plaques. Two points p,q € M belong to the same leaf if and only
if there exists a path of plaques P, ..., P, with p € P; and q € F.

Each leaf of a k-dimensional foliation of M is a submanifold of M of
dimension k. In general, these are only immersed submanifolds: a leaf
can intersect a foliated coordinate chart an infinite number of times and
accumulate overt itself. Before we check that leaves are submanifolds, let us
look at some examples.

EXAMPLES 8.2.

1. Let®: M — N be a submersion. By the local normal form for submersions,
the connected components of the fibers ®~1(q), where ¢ € N, form a foliation
of M of codimension equal to the dimension of N. In this case, all leaves are
actually embedded submanifolds.

2. In R?, take the foliation by straight lines with a fized slope a € R. This is
Just a special case of the previous example, where ® : R2 = R, is given by:

®(z,y) =y — ax.

Now let T? = R?/Z? be the torus. Then we have an induced foliation on T2,
and there are two possibilities. If a € Q, the leaves are closed curves, hence
they are embedded submanifolds. However, if a € Q, then the leaves are dense
in the torus, so they are only immersed submanifolds.
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3. Let ® :R3 — R be the smooth map defined by
O(z,y,2) = f(z* +y?e %,
where f € C®(R) is a smooth function with f(0) =1, f(1) =0 and f'(t) < 0.
It is easy to check that ® is a submersion and so determines a foliation F of
R3 whose leaves are the pre-images {®~*(c)}eer. When ¢ = 0 we obtain as
leaf the cylinder C = {(z,y,2) : 22 + y?> = 1}. This cylinder splits the leaves
into two classes:
o The leaves with ¢ > 0 lying in the interior of the cylinder C, which are
all diffeomorphic to R?;
o The leaves with ¢ < 0 lying in the exterior of the cylinder C' which are all
diffeomorphic to C;
An explicit parameterization of the leaves with ¢ # 0 is given by:

(z,y) = (z,y,log(c/f(z* + 7).
For the first type of leaves, ¢ > 0 and x? +y* < 1, while for the second type of
leaves ¢ < 0 and 22 + y? > 1.

(G}

4. The foliation in the previous example is invariant under translations in the
Oz-axis direction. If we identify R = R? x R, we obtain a foliation in the
quotient R? x St = R? x R/Z. If we restrict this foliation to Int D® x S!,
where D?* = {(z,y) : 22 + y* < 1}, we obtain a foliation of the solid 2-
torus. This example suggests that foliations of manifolds with boundary are
also interesting. We will not pursue this topic, but you should be aware of the
existence of foliations on manifolds with boundary.
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5. The 3-sphere S? can be obtained by “gluing” two solid 2-torus along its
boundary:
S? = Ty Ug To,
where ® : 011 — 015 is a diffeomorphism that takes the meridians of 0Ty in
the circles of latitude of OTa, and vice-versa. Explicitly, if S* = {(x,y,z,w) :
22+ y? + 2% + w? = 1}, then we can take:

Ty ={(z,y,z,w) €S* 1 2% + y* < 1/2},
Ty = {(z,y,2,w) € §* : 2 +y* > 1/2}.

Each of these solid 2-torus admits a 2-dimensional foliation as in the previous
example. One then obtains a famous 2-dimensional foliation of the sphere S3,
called the Reeb foliation of S3.

Proposition 8.3. Let F be a k-dimensional foliation of a smooth manifold
M. FEvery leaf L € F is a initial submanifold of dimension k.

Proof. Let L be a leaf of 7. On each plaque of L we consider the relative
topology, and we furnish L with the topology generated by the open sets
in the plaques of L. For each plaque P, associated with a foliated chart
(U, ¢) = (U,z',....2% y', ... y?¥F), we consider the map ) : P — RF
obtain by choosing the first k-components:

¥(p) = (z'(p),...,2"(p)).

The pairs (P, 1) give charts for L, which turn L into a Hausdorff topological
manifold. The transition functions for these charts are clearly smooth, so
we can consider the maximal atlas that contains all the charts (U, ). To
check that L is a manifold, we only need to check that the topology admits
a countable basis. For that we apply the following lemma:

Lemma 8.4. Let L be a leaf of F and {U,, : n € Z} a covering of M by
domains of foliated charts. The number of plaques of L in this covering,
i.e., the number of connected components of L NU,, n € Z, is countable.
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Fix a plaque Py of L in the covering {U,, : n € Z}. If a plaque P’ belongs
to L then there exists a path of plaques Py,..., P in the covering, with
P;N P;y1 # () which connects P’ to Py. Therefore it is enough to check that
the collection of such paths is countable.

For each path of plaques Pi,..., P, let us call [ the length of the path.
Using induction on n, we show that the collection of paths of length less or
equal to n is countable:

e The collection of paths of length 1 has only one element hence is
countable.

e Assume that the collection of paths of length n — 1 is countable. Let
Py,...,P,_1 be a path of length n — 1, corresponding to domains of
foliated charts Uq,...,U,_1. In order to obtain a path of plaques of
length n, we choose a domain of a foliated chart U, # U,_1 and we
consider the plaques P’, which are connected components of LN U,
such that the intersection with P,_; is non-empty. Now observe
that:

(L N Un) NP, 1=U,NPF,_1,

intersections form an open cover of the plaque P,_1. This cover has
a countable subcover, so the collection of all such P’ is countable. It
follows that the collection of paths of length less or equal than n is
countable.

We leave it as an exercise to check that the leaves are actually initial
submanifolds. O

Corollary 8.5. Each leaf of a foliation intersects the domain of a foliated
chart at most a countable number of times.

There are few constructions which allows one to obtain new foliations
out of other foliations. The details of these constructions are left for the
exercises.

Product of foliations. Let F; and F3 be foliations of M; and Ms, respec-
tively. Then the product foliation F; x F3 is a foliation of My x M5 defined

as follows: if F, = {LS)}QEA and Fo = {L(;)}geB, then

Fi x Fp = {LV x L(ﬁz)}(a,ﬁ)eAxB-
It should be clear that dim(F; x F3) = dim F; 4+ dim F» and, hence, that
codim (F; x Fz) = codim Fj + codim F;

Pull-back of a foliation. Let & : M — N be a smooth map between smooth
manifolds. If F is a foliation of N we will say that ® is transversal to F
and write ® M F if ® is transversal to every leaf L of F:

dp(I)(TpM) + qu(p)L = Tq)(p)N, Vp € M.
59



Whenever &  F one defines the pull-back foliation ®*(F) to be the
foliation of M whose leaves are the connected components of ®~1(L), where
L € F. Tt should be clear that codim ®*(F) = codim F.

Suspension of a difeomorphism. The manifold R x M has a foliation F of
codimension 1: the leaves are the sets {t} x M, where t € R (or if your prefer,
the fibers of the projection 7 : R x M — R). A difeomorphism ® : M — M
induces an action of Z on R x M by setting

n- (t,p) = (t +n, " (p)).

This action takes leaves of F into leaves. The quotient N = (R x M)/Z
is a manifold called the suspension or mapping cylinder of the diffeo-
morphism ®. It carries a codimension 1 foliation F whose leaves are the
equivalence classes [L] in N, where L € F.

It is convenient to have alternative characterizations of foliations.

Foliations via smooth G%-structures. Let F = {L, : o € A} be a k-dimensional
foliation of M. If (U,¢) and (V,v) are foliated charts then the change of
coordinates Y o ¢~ : (U NV) — (U NV) is of the form:

Rk X Rd_k > (:Evy) = (h1($7y)7h2(y)) € Rk X Rd_k'

In other words, we have that the transition functions satisfy:

(oot
ozt N

(8.1) 0, (i=1,....k j=k+1,....d).

. ©-

Conversely, denote by Qg the diffeomorphisms R? — R? defined on some
open set, that satisfy this condition. We can refine the notion of smooth
structure by requiring that in Definition [[.4] the transition functions be-
long to Qs, and we then speak of a smooth Qg-structure. An ordinary
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smooth structure on M is just a gg—structure: the leaves are the connected
components of M.
We have the following alternative description of a foliation:

Proposition 8.6. Let M be a smooth d-dimensional manifold. Given a
foliation F = {Lq : « € A} of M of dimension k the collection of all foliated
charts C = {(U,¢)} defines a smooth GX-structure. Conversely, for every
smooth g{j-structure C on a topological space M, there is smooth structure
that makes M into a d-dimensional manifold and there exists a foliation F
of M of dimension k, for which the foliated charts are the elements of C.

Proof. We have shown above that every k-dimensional foliation of a d-
dimensional manifold determines a smooth gg—structure. We will show that,
conversely, given a smooth Gh-structure C = {(U, ¢)} we can associate to it
a smooth structure on M of dimension d and a k-dimensional foliation F of
M.

It should be clear that a smooth G-structure C = {(U, ¢)} determines a
smooth structure on M of dimension d, since it is in particular an atlas. In
order to build F, we first observe that we can choose an atlas defining C
with the property that the slices ¢~ (R¥ x {c}), for ¢ € R4, are connected.
We call these slices plagques and note that M is covered by all such plaques.
Hence, we can define an equivalence relation in M by:

e p ~ g if there exists a path of plaques Pj,..., P, with p € P, and
q€e b.

Let F be the set of equivalence classes of ~. We will show that F is a
foliation of M.
Let pg € M and consider a plaque Py which contains pg. Then,

Py =¢ ' (RF x {co}),

for some smooth chart (U, ¢) € C with é(pg) = (ag,co) € R¥ x RI=F. We
claim that (U, ¢) is a foliated chart: let L € F be an equivalence class that
intersects U. If p € U N L, then ¢(p) = (a,c) € R¥ x R™* 50 we see that
that the plaque

P=¢ " (R" x {c}),

is contained in L. Since P is connected, it is clear that P is contained in the
connected component of LNU that contains p. We claim that this connected
component is actually P, from which it will follow that (U, ¢) is a foliated
chart.

Let ¢ € LN U be some point in the connected component of L N U
containing p. We claim that ¢ € P. By the definition of ~, there exists a
path of plaques Py, ..., P, with p € P, and ¢ € P, and such that P, C U.
Each plaque P; is associated to a smooth chart (U;, ¢;) € C such that

P = ¢; '(RF x {ai}).
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We can assume also that Uy = U, ¢1 = ¢, P, = P and ¢; = c¢. Since
proopl e gfj, we have that:

03 {(RF x {ca}) C d3 0067 o (RF x {&2}) = o7 (R x {&2}),

for some ¢, € R¥*. Since P, N P; # () and the plaques ¢~ o (R¥ x {c}) are
disjoint, we conclude that ¢; = ¢; and P, C P; = P. By induction, P, C P
so q € P, as claimed. O

Foliations via Haefliger cocycles. We saw before that the connected compo-
nents of the fibers of a submersion is an example of a foliation. Actually,
every foliation is locally of this form: if F = {L,}aeca is a foliation of M of
dimension k, for any foliated chart:

o= (z',.. . 2k gty R U - RY
the projection in the last (d — k)-components gives a submersion:
/l/} = (y17 A 7yd_k) : U _> Rd_k?

whose fibers are the connected components of L,NU. Given another foliated
chart: )
o= (@,....z5 g, ..., 5 F) U - RY,

with U N U # 0, for the corresponding submersion
QZ = (g17 R 7gd_k) : U % Rd_k?
we have a change of coordinates of the form

$o ¢~ (z,y) = (hi(z,y), ha(y)),

where hs has Jacobian matrix
o d—k

2
oyt

i,j=1
with rank d — k. We conclude that the submersions v and ¢ differ by a local

diffeomorphism: for every p € U N U there exists an open neighborhood
p €U, CUNU and a local diffeomorphism ¥ : RI=* — R4=F such that:

Ylu, = Vo ihly,.
This suggests another way of defining foliations:

Proposition 8.7. Let M be a d-dimensional manifold. Every k-dimensional
foliation F of M determines a mazimal collection {1;}icr of submersions
P Uy — RI~F  where {Ui}ier is an open cover of M, and which satisfies
the following property: for everyi,j € I and p € U;NUj, there exists a local
diffeomorphism 1/);)2- of R&=*  such that:

Vi = Uy 0,
in an open neighborhood U, of p. Conversely, every such collection deter-

mines a foliation of M.
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We have already seen how to a foliation we can associate a collection of
submersions. We leave it as an exercise to prove the converse.

Given a collection of submersions {t;};cs, as in the proposition, we con-
sider for each pair ¢,j € I, the map

ij : Ui N Uj = Diffioo(REF), pr— P,

This map satisfies:

(8.2) (%)~ =i in U N U,
and the cocycle condition:

We will see later, in Part IV of these notes, when we study the theory of
fiber bundles, that these cocycles, called Haefliger cocycles, play a very
important role.

Foliations appear naturally in many problems in differential geometry,
and we shall see many other examples of foliations during the course of
these sections.

HOMEWORK.
1. Show that the leaves of a foliation are initial submanifolds.

2. Let F be the Reeb foliation of S3 and let ® : S — N be a continuous map
whose restriction to each leaf of F is constant. Show that ® is constant.

3. Proof Proposition [R77

4. Let F1 = {Lg)}QGA and Fy = {L(;)}ﬁe]g be foliations. Using your favorite
definition of a foliation, show that the product JF; x F» is a foliation:

.7:1 X .7:2 = {Lg}) X Lg)}(a,ﬁ)eAxB'

5. Let ® : M — N be a smooth map and F = {Ly}aca a foliation of N
such that ® th F. Using your favorite definition of a foliation, show that the
pull-back ®*(F) is a foliation:

®*(F) := {connected components of ®~*(La)}aca-

6. Let F1 and F3 be two foliations of a smooth manifold M such that F; M Fa,
i.e., such that
T,M =T, LY +T,LY,  vpe M,
where L(Y) and L® are the leaves of F; and F, through p. Show that there
exists a foliation F; N Fa of M whose leaves are the connected components of
L((yl) N Lg), and which satisfies codim F = codim F; + codim F5.

7. Given a foliation F of M, one denotes by M/F the space of leaves of F
with the quotient topology. Try to describe for each of the examples given in
the text their space of leaves.
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9. QUOTIENTS

We have seen before several constructions that produce new manifolds
out of old manifolds, such as the product of manifolds or the pullback of sub
manifolds under transversal maps. We will now study another important,
but more delicate, construction: forming quotients of manifolds.

Let X be a topological space. If ~ is an equivalence relation on X, we will
denote by X/ ~ the set of equivalence classes of ~ and by 7 : X — X/ ~ the
quotient map which associates to each € X its equivalence class 7(z) = [z].
In X/ ~ we consider the quotient topology: a subset V' C X/ ~ is open if
and only if 7=(V) is open. This is the largest topology in X/ ~ for which
the quotient map 7 : M — M/ ~ is continuous. We have the following basic
result about the quotient topology which we leave as an exercise:

Lemma 9.1. Let X be a Hausdorff topological space and let ~ be an equiv-
alence relation on X such that 7 : X — X/ ~ is an open map. Then X/ ~
is Hausdorff if and only if the graph of ~:

R={(z,y) e X x X 12 ~y},
s a closed subset of X x X.

Let M be a smooth manifold and let ~ be an equivalence relation on M.
We would like to known when there exists a smooth structure on M/ ~,
compatible with the quotient topology, such that = : M — M/ ~ becomes
a submersion. Before we can state a result that gives a complete answer to
this question, we need one definition.

Recall that a continuous map ® : X — Y, between two Hausdorff topo-
logical spaces is called a proper map if ®!(K) C X is compact whenever
K CY is compact. A proper map is always a closed map.

Definition 9.2. A proper submanifold of M is a submanifold (N,®)
such that ® : N — M is a proper map.

By an exercise in Section [6] any proper submanifold is an embedded
submanifold. Also, if & : N — M is proper, then its image ®(V) is a closed
subset of M. Conversely, every embedded closed submanifold of M is a
proper submanifold.

Theorem 9.3 (Godement’s Criterion). Let M be a smooth manifold and let
~ be an equivalence relation on M. The following statements are equivalent:

(i) There exists a smooth structure on M/ ~, compatible with the quotient
topology, such that w: M — M/ ~ is a submersion.

(ii) The graph R of ~ is a proper submanifold of M x M and the restriction
of the projection p1 : M x M — M to R is a submersion.

R . MxM

M M
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Proof. We must show both implications:
(i) = (ii). The graph of the quotient map, as for every smooth map, is a
closed embedded submanifold:

G(m) ={(p,m(p)) :p€ M} C M x M/ ~,
Since I x m: M x M — M x M/ ~ is a submersion and
R = (Id x m)~}(G(r)),

we conclude that R C M x M is an embedded closed submanifold, i.e., is a
proper submanifold.

On the other hand, the map (I x 7)|g : R — G(m) is a submersion while
G(m) = M, (p,7(p)) — p is a diffeomorphism, hence their composition pi|R
is a submersion.

(ii) = (i). We split the proof into several lemmas. The first of these
lemmas states that we can ”straighten out” ~:

Lemma 9.4. For every p € M, there exists a local chart (U, (z',...,z%))

centered at p, such that
Va.q €U, g~¢q if and only if "' (q) = 2" (d),...,2%(q) = 2(¢),
where k is an integer independent of p.

To prove this lemma, let A C M x M be the diagonal. Note that A C R C
M x M, and since A and R are both embedded submanifolds of M x M,
we have that A is an embedded submanifold of R. Therefore, for each
p € M, there exists a neighborhood O of (p,p) in M x M and a submersion
P : O — R¥* where d — k = codim R, such that:

(¢,¢) € ON R if and only if ®(q,q’) = 0.

We have that k > 0, since A C R and codim A = d.

Next we observe that the differential of the map ¢ — ®(g, p) has maximal
rank at ¢ = p: in fact, after identifying T{,, ,\(M x M) = T,M x T,M, we
see that d(,,)® is zero precisely in the subspace formed by pairs (v,v) €
T,M x T,M, and this subspace is complementary to the subspace formed
by elements of the form (v,0) € T,M x T,M. We conclude that there exists
a neighborhood V' of p such that V' x V' C O, and the map ¢ — ®(q¢,p) is a
submersion in V’. By the local canonical form for submersions, there exist
a chart (V,¢) = (V, (ul,...,uF o', ... v7*)) centered at p, with V C V7,
such that

Do(ptxoh(ul,. .. al ot R, 0) = (vt ... ,vd_k).
In the domain of this chart, the points ¢ € V' such that ¢ ~ p are precisely
the points satisfying v'(q) = 0,...,v97%(¢q) = 0.
Now set ® = ® o (¢! x ¢~1). The smooth map

RY x REF - RIF (u,0,w) = B((u, v), (0,w)),
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satisfies

®((u,v),(0,0)) =v.
so the matrix of partial derivatives 0P JOvI, (i,j = 1,...,d — k) is non-
degenerate. We can apply the Implicit Function Theorem to conclude that

there exists a local defined smooth function R¥ x R¥=F — RI=F (y, w) s
v(u, w), such that:

O ((u,v), (0,w)) =0 if and only if v = v(u, w).
Since v(0,w) = w is a solution, uniqueness implies that:
¢~ 1(0,w) ~ ¢~1(0,w') if and only if w = w'.

This shows that the map (u,w) — (u,v(u,w)) is a local diffeomorphism.
Hence, there exists an open set U where

(b, .. ah) = (bRt wtR
are local coordinates and in these coordinates:
Yq,q €U, ¢~ ¢ if and only if ka(q) = :Ek+1(q’), ... ,:Ed(q) = xd(q/),

so the lemma follows.

Since the functions zF+1, ..., ¢ given by this lemma induce well-defined
functions zF*1, ..., Z% on the quotient M/ ~, we consider the pairs of the
form (7(U),z¥+, ... z9):

Lemma 9.5. The collection C = {(n(U),z**1 ... 29} gives M/ ~, with
the quotient topology, the structure of a topological manifold of dimension
d—k.

First note that 7 : M — M/ ~ is an open map: in fact, for any V C M,
we have that

7 (m(V)) = palr((p2]R) "1 (V).
By assumption, pi|r is a submersion hence is an open map. Therefore, if
V C M is open then 7~1(7(V)) is also open, so w(V) C M/ ~ is open.
This shows that 7(U) is open. Since the map

(P ah) U — REF
is both continuous and open, it follows that the induced map
(z* 2 n(U) —» REH

is continuous, open and injective, i.e., is a homeomorphism onto its image.

Now we show that:

Lemma 9.6. The family C = {(n(U),z**1 ..., 29} is an atlas generating
a smooth structure for M/ ~ such that m: M — M/ ~ is a submersion.
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Take two pairs in C:
(n(U),9) = (x(U),z"*,..., 2%,
(7(V)dh) = (®(V), 5", g,

which correspond to two charts in M:

(U,¢) = (U,z', ..., x%),
(Vo) = (Vo' ... y%).

The corresponding transition function:

T;Z_) ° gE—l . Rd—k‘ N Rd_k,
composed with the projection p : R* — R%~* in the last d — k components
is given by: o

pog lop=pogoe .
Since the right-hand side is a smooth map R¢ — R4 it follows that yop~?
is smooth.

In order to check that w : M — M/ ~ is a submersion, it is enough to

observe that in the charts (U,z?, ..., 2%) for M and (7(U),z*+1, ... 79) for
M/ ~, this map corresponds to the projection p : R?% — RIF,

To finish the proof of Theorem [0.3] we check that

Lemma 9.7. The quotient topology M/ ~ is Hausdorff and second count-
able.

It is obvious that if M has a countable basis, then the quotient topology
also has a countable basis. Since the graph R of ~ is closed in M x M, M
is Hausdorff and 7 is an open map, it follows from Lemma that M/ ~
is Hausdorff.

O

Remark 9.8. The proof shows that if we assume that R is embedded, not
closed, and p1|g : R — M is a submersion, then the quotient M/ ~ is a
smooth manifold, second countable, but not Hausdorff (see Exercise 4 for
an example).

We will now study two important examples of quotients.

Leaf spaces of foliations. Let F be a foliation of a smooth manifold M.
Since F is a partition of M, it determines an equivalence relation on M,
namely:

p ~ q if and only if p and ¢ belong to same leaf.

The set of equivalence classes:
M/F =M/~
is the collection of all leaves of F and hence is called the leaf space of the

foliation.
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In general, the leaf space of a foliation does not carry a smooth structure
compatible with the quotient topology, but we can use Godement’s Criterion
to find an answer to this question:

Corollary 9.9. Let F be a foliation of a smooth manifold M. The following
statements are equivalent:

(i) There exists a smooth structure on M /F, compatible with the quotient
topology, such that w: M — M/F is a submersion.

(i) The leaf space M/F is Hausdorff and there is a cover of M by foliated
charts with the property that each leaf of F intersects each chart at
most once.

A foliation satisfying either of the equivalent conditions in this corollary
is called a a simple foliation. We leave the proof as an exercise.

You may notice that the proof that Godement’s Criterion yields a smooth
quotient manifold actually amounts to show that the equivalence classes of
R form a simple foliation of M.

Orbit spaces of discrete group actions. A very important class of equiv-
alence relations on manifolds is given by actions of groups of diffeomor-
phisms. If G is a group, we recall that an action of G on a set M is a group
homomorphism U from G to the group of bijections of M. One can also
view an action as a map ¥ : G x M — M, which we write as (g,p) — g - p,
if one sets: R
g9-p=Y(g)(p).

Since U is a group homomorphism, it follows that:

(a) e-p=p, forall p e M;

(b) g-(h-p)=(gh)-p, forall g,h € G and p € M.
Conversely, any map ¥ : G x M — M satisfying (a) and (b), determines a
homomorphism T. From now on, we will denote an action by ¥ : G x M —
M, and for each g € G we denote by ¥, the bijection:

Vo:M— M, p—g-p

Assume now that M is a manifold. We say that that a group G acts on
M by diffeomorphims if, for each g € G, ¥, : M — M is a diffeomorphism.
This means that we have a group homomorfismo ¥ : G — Diff (M), where
Diff (M) is the group of all diffecomorphisms of M. We can also express this
condition by saying that the map ¥ : G x M — M is smooth, where G is
viewed as a smooth 0-dimensional manifold with the discrete topology. So
we will also say in this case that the discrete group G acts smoothly on M.

Given any action of G on M the quotient G\M is, by definition, the set
of equivalence classes determined by the orbit equivalence relation:

p~qg <= dgeG: g=g-p.

Let us see conditions on an action by diffeomorphisms for the quotient G\ M
to be a manifold.
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We recall that a free action is an action G x M — M such that each
g € G — {e} acts without fixed points, i.e.,

g-p=pforsomepe M — g=e.
Denoting by G, the isotropy subgroup of p € M, i.e.,
Gp={9e€G:g9 p=p}
an action is free if and only if G, = {e}, for all p € M.

Definition 9.10. A smooth action ¥ : G x M — M of a discrete group G
on a smooth manifold M is said to be proper if the map:

GxM—MxDM, (g,p)— (g-p,p),
1S G proper map.

ExaMPLES 9.11.

1. Actions of finite groups are always proper (exercise). For example, the Zs-
action on M = S?, defined by:

+1- (2t .. 2y = 2 (2t 2,
is a free and proper action.

2. Let Z¢ act on R? by translations:
(n1,...,nq) - (2, ... 2%) = (x' +nq, ..., 2% 4 ng).

It is easy to see that his action is also free and proper. So there are proper
actions of discrete groups G, where G is not finite.

8. A proper smooth action G x M — M of a discrete group must have finite
isotropy groups (exercise). So, for example, the orthogonal group O(d) consist-
ing of orthogonal matrices of size d acts smoothly on the sphere S* by matriz
multiplication:

A-x:= Ax.

The isotropy group of xo consists of those orthogonal matrices fiving xo and
contains, e.g., the rotations with axis the line through xo and the origin. Since
there are infinite isotropy groups the action is not proper (note that O(d) is
considered here as a discrete group).

Godement’s Criterion allows us to find conditions for an orbit space to be
smooth:

Corollary 9.12. Let VW : Gx M — M be a free and proper smooth action of
a discrete group G on M. There exists a unique smooth structure on G\M
such that w: M — G\M 1is a local diffeomorphism.

Proof. We check that condition (ii) of Theorem [0.3] holds.
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We claim that R C M x M is a proper submanifold. Since the action
if free and proper, one has (see Exercise 7) for each pg € M an open set
po € U, such that:

g-UnNU=0, VYgeqG-—{e}.
For such an open set, if gy € G, we have:

(Uxgo-UyNR={(q,90-q):q€U}.
so the map
U= Uxgo-UNR, q—(q,90 "),
is a parameterization of O N R, with O C M x M open. It follows that R

can be covered by open sets O N R embedded in M x M, so that R is an
embedded submanifold. Also, the action being proper, the inclusion

R={(p,g-p):peEM,ge G} - MxM

is a proper map.

Now we observe that the projection p1 : M x M — M restricted to R is
an inverse to the parameterizations of R constructed above, hence pi|g is a
local diffeomorphism. O

Under the conditions of this corollary, it is easy to check that the projec-
tion m : M — G\M is in fact a covering map. Therefore, if M is simply
connected, then M is the universal covering space of G\M and we conclude
that m (G\M) ~ G.

ExaMPLES 9.13.

1. The action Zo x S* — S* defined in Example[d11 1 is free and proper so the
orbit space Zo\S? is a manifold. We claim that this manifold is diffeomorphic

to RP?: the map S — RP? given by (z',...,2%) — [z' : -~ : 29] induces a
diffeomorphism Zs\S® — RP? such that the following diagram commutes:
Sd
Zy\S* —— RP*?

For d > 1, S% is simply connected, so we conclude also that the quotient map
15 a covering map and that m (R]P’d) =Zs.

2. The action Z* x R* — R? defined in Exvample[d11.2 is also free and proper,
s0 the orbit space Z*\R? is a smooth manifold. This manifold is diffeomorphic
to d-torus T¢: the map R? — T? given by (z*,...,z%) — (62””1, e ,62””1)
induces a diffeomorphism Z4\RY — T? such that the following diagram com-
mutes:

Rd

I\

ZH\R? — T4
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Since R? is simply connected, we conclude also that the quotient map is a
covering map and that 7, (T%) = Z".

o

Let (R, +) act on R? by translations in the x-direction:
M- (2 2?) = (2 + N\ 2?).
This is a free but non-proper action of a discrete group. However, the orbits

of this action form a simple foliation of R? so that R\R? inherits a smooth
structure. The quotient R\IR? is diffeomorphic to R.

The issue in the last example is that one should consider on the group
(R,+) the usual topology, instead of the discrete topology. Later we will
study Lie groups, which are groups carrying a compatible smooth struc-
ture (of positive dimension). Their smooth actions give rise to many other
examples of quotients.

HOMEWORK.

1. Let X be a Hausdorff topological space and ~ an equivalence relation in X
such that 7 : X — X/ ~ is an open map, for the quotient topology. Show that
X/ ~ with the quotient topology is Hausdorff if and only if the graph of ~ is
closed in X x X.

2. Let w: M — Q@ be a surjective submersion, ® : M — N and ¥ : Q — N any
maps into a smooth manifold N such that the following diagram commutes:

M

ﬂl\

Q——N

Show that ® is smooth if and only if ¥ is smooth. Use this to conclude that if
M is a manifold, ~ is an equivalence relation satisfying any of the conditions
of Theorem @3 and ® : M — N is a smooth map such that ®(z) = ®(y)
whenever x ~ y, then there is an induced smooth map ® : M/ ~— N such
that the following diagram commutes:

M
x o}
Miw\]v

3. Use Godement’s Criterion to prove Corollary [0.9] characterizing simple foli-
ations.

4. Let F be the foliation of M = R? — {0} whose leaves are the connected
components of the horizontal lines y = const. Show that the leaf space M /F has
a non-Hausdorff smooth structure (this non-Hausdorff manifold is sometimes
called the line with two origins).

71



5. Let (R,+) act on R? by translations in the z-direction:
M- (2 2?) = (2! + N\ 2?).
Show that:
(a) The action is not proper when one considers the discrete topology on R.

(b) The orbits of the action give a simple foliation of R? and R\R? is diffeo-
morphic to R with its usual smooth structure.

6. Show that any smooth action G x M — M of a finite group G on a manifold
M is proper.

7. A smooth action ¥ : G x M — M of a discrete group G is said to be
properly discontinuous if the following two conditions are satisfied:
(a) For every p € M, there exists a neighborhood U of p, such that:

g-UNU=0, VgeG-G,.

(b) If p,qg € M do not belong to the same orbit, then there are open neigh-
borhoods U of p and V of g, such that

g-UNv =10 Vged.
Show that a free action of a discrete group is proper if and only if it is properly

discontinuous.

8. Show that for a proper and free action of a discrete group G x M — M, the
projection m : M — G\ M is a covering map.
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Part 2. Lie Theory

In the first part of these sections we have introduced and study some
elementary concepts about manifolds. We will now initiate the study of
the local differential geometry of smooth manifolds. The main concept and
ideas that we will introduce in this second part are the following:

Section 10: the notion of wector field and the related concepts of
integral curve and flow of a vector field.

Section 11: the Lie bracket of vector fields and the Lie derivative,
which allows to differentiate along vector fields.

Section 12: an important generalization of vector fields, called distri-
butions. The Frobenius Theorem says that foliations are the global
objects associated with involutive distributions.

Section 13: Lie groups and their infinitesimal versions called Lie
algebras.

e Section 14: how to integrate Lie algebras to Lie groups.
e Section 15: the exponential map from the Lie algebra to the Lie

group, generalizing the exponential of matrices.
Section 16: groups of transformations which are concrete realizations
of Lie groups.
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10. VEcTOR FIELDS AND FLOWS

Definition 10.1. A vector field on a manifold M is a section of the tan-
gent bundle w: TM — M, i.e., a map X : M — TM such that mo X = 1.
We say that the vector field X is smooth or C*°, if the map X : M — TM
is smooth. We will denote by X(M) the set of smooth vector fields on a
manifold M.

If X is a vector field on M, we denote by X, rather than X (p), the value
of X at p € M. For each p € M, X, is a derivation, hence, given any
f € C®(M) we can define a new function X (f) : M — R by setting

X()p) = Xp(f)-

If you recall the definition of the differential of a function, you see immedi-
ately that this definition is equivalent to:

X(f) =df(X).
Also, from the definition of a tangent vector as a derivation, we see that
f = X(f) satisfies:
(i) X(af +bg) = aX(f) + bX(9):
(ii) X(fg) = X(f)g + fX(9);
for any a,b € R and smooth functions f, g.

Let (U,z', ..., 2% be a coordinate system on M. Then we have the vector
fields 52; € X(U) defined by:
0 0
. = . i =1,...,d).
o’ Q oxt|,’ (i=1....d)

At each p € U these vector fields yield a basis of T,,M, so if X € X(M) is
any vector field on M, its restriction to the open set U, denoted by X|y,
can be written in the form:

i g
Xy :ZXZ(‘)JJ“
i=1

where X : U — R are certain functions which we call the components of
the vector field X with respect to the chart (z!,...,z%).

Lemma 10.2. Let X be a vector field on M. The following statements are
equivalent:
(i) The vector field X is C*°;
(ii) For any chart (U,z', ... ,xd), the components X* of X with respect to
this chart are C'°;
(iii) For any f € C>(M), the function X(f) is C*.

Proof. We show that (i) = (ii) = (iii) = (i).
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To show that (i) = (ii), note that if X is C*° and U is an open set, the
restriction X|y is also C*°. Hence, if (U,z',...,2%) is any chart, we have
that dz*(X|y) := dz' o X |y is C*°. But:

d
i i ;0 _ oy
da'(X|y) = da (;X?@) = X'

To show that (ii) = (iii), note that f € C°°(M) if and only if f|y €
C>(U), for every domain U of a chart. But:

yU_ZX axlec ().

To show that (iii) = (i), it is enough to show that X |y is C*°, for every
domain U of a chart. Recall that if (U, z',...,z%) is a chart then

(7Y U), (@t om,...,x%om, dat, ... dz?))
is a coordinate systems in T'M. Since:
ziomoX|p =a' € C®(U),
dz' o X|y = X (%) € C*°(U),
we conclude that X|y is C°. O

We conclude from this lemma, that a vector field X € X(M) defines a
linear derivation Dx : C*°(M) — C*°(M), f — X(f). Conversely, we have:

Lemma 10.3. Every linear derivation D : C°(M) — C*°(M) determines
a vector field X € X(M) through the formula:

Xp(f) = D(f)(p)-

Proof. We only need to show that X,(f) only depends on the germ [f] € G,,,
ie., if f,g € C®°(M) are two function which agree in some neighborhood U
of p, then D(f)(p) = D(g)(p). This follows from the fact that derivations
are local: if D is a derivation and f € C°°(M) is zero on some open set
U C M, then D(f) is also zero in U. To see this, let p € U and choose
g € C°°(M) such that g(p) > 0 and suppg C U. Since gf = 0, we have
that:

= D(gf) = D(9)f + gD(f).
If we evaluate both sides at p, we obtain D(f)(p) = 0. Hence, D(f)|y =0
as claimed. O

From now on we will not distinguish between a vector field and the asso-
ciated derivation of C*°(M ), so we will use the same letter to denote them.

Recall that a path in a manifold M is a continuous map v : I — M,
where I C R is an interval. A smooth path is a path for which ~ is C'*°.
Note that if O # 0, i.e., is not an open interval, then - is smooth if and only
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if it has a smooth extension to a smooth path defined in an open interval
J DI Ify: I — M is a smooth path, its derivative is:
dy

0
dt(t)Ed’y'atETﬁ/(t)M, (tel)

We often abbreviate writing (¢) instead of i—z(t). The derivative t — ()
is a smooth path in the manifold T'M.

Definition 10.4. Let X € X(M) be a vector field. A smooth path~y: 1 — M
is called an integral curve of X if

(10.1) ’y(t) = X’y(t)a vtel.

In a chart (U, (z',... ,2%)), a path v(t) is determined by its components
v (t) = ((t)). Its derivative is then given by

d

pa dt Ox*

_ 0
) =dy- 5 =

It follows that the integral curves of a vector field X, which has components
X' in the local chart (z!,... ,a:d), are the solutions of the system of o.d.e.’s:

dy’ — Xi(4! d C_ d

Do X0, ), = 1,..,d)

This system is the local form of the equation (I0.1]). Note that it is common
to write x*(t) for the components v'(t) = z'(y(t)) so that this system of
equations becomes:
da’
dt

EXAMPLE 10.5.
In R? consider the vector field X = xa% — ya%. The equations for the integral

curves ([I02) are:

(10.2)

= X'z (t),...,z%t), (G=1,...,d).

y(t) = =(t).
Hence, the curves y(t) = (Rcost, Rsint) are integral curves of this vector field.
This vector field is tangent to the submanifold S* = {(x,y) : 2® + y? = 1},
so defines a vector field on the circle: Y = X|qi. If we consider the angle
coordinate 6 on the circle, the smooth functions C*°(S') can be identified with
the 2m-periodic smooth functions f(0) = f(0 4+ 27m). It is easy to see that the
vector field Y as a derivation is given by:

Y (£)(0) = f'(0).

Hence we will write this vector field as:

{ #(t) = —y(b),

Y = —
90’

although the function 8 is not a globally defined smooth coordinate on S'.
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Now consider the cylinder M = S' x R, with coordinates (0,x). We have a
well defined vector field:

You should try to plot this vector field on a cylinder and verify that the integral
curve of Z through a point (6o, xq) is given by

y(t) = (6 +t, zgel).
If xo = 0, this is just a circle around the cylinder. If xo # 0 this is a spiral
that approaches the circle when t — —oo and goes to infinity when t — 4o00.

Standard results about existence, uniqueness and maximal interval of def-
inition of solutions a system of o.d.e.’s lead to the following proposition:

Proposition 10.6. Let X € X(M) be a vector field. For each p € M, there
exist real numbers ap,b, € RU {xo0} and a smooth path v, :|a,, by[— M,
such that:

(1) 0 €lay, by[ and ~,(0) = p;

(11) ~yp is an integral curve of X ;

(111) If n :]e,d[— M is any integral curve of X with n(0) = p, then |c,d|[C

]apa bp[ and ’thc,d[ =1

We call the integral curve -, given by this proposition the maximal
integral curve of X through p. For each ¢t € R, we define the domain
Dy(X) consisting of those points for which the integral curve through p
exists at least until time ¢:

Dy(X) ={p e M :t€lay,by[}.

If it is clear the vector field we are referring to, we will write D; instead of
Dy(X). The flow of the vector field X € X(M) is the map ¢% : Dy — M
given by
¢x (p) = 7p(t).
Proposition 10.7. Let X € X(M) be a vector field with flow ¢% . Then:
(i) For each p € M, there exists a neighborhood U of p and € > 0, such
that the map (—e,e) x U — M given by:

(t,q) — &' (q),
is well defined and smooth;
(ii) For each t € R, Dy is open and | J,~q Dy = M;
(iii) For each t € R, ¢!y : Dy — D_y is a diffeomorphism and:
(0%) " = o'
(iv) For each s,t € R, the domain of ¢' o ¢% is contained in Dty and:
P = ¢l 0 P
Proof. Exercise. O
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One calls a vector field X complete if Dy(X) = M, for every t € R,
i.e., if the maximal integral curve through any p € M is defined for all
t €] — 00, +0o0o[. In this case the flow of X is a map:

Rx M — M, (tp)— o%(®).

The properties above then say that this map gives an action of the group
(R,+) in M. In other words, the map

R — Diff (M), t+— ¢,

is a group homomorphism from (R,+) to the group (Diff(M),o) of dif-
feomorphisms of M. One often says that ¢l is a I-parameter group of
transformations of M. In the non-complete case, one also says that ¢ is a
1-parameter group of local transformations of M.
EXAMPLES 10.8.
1. The vector field X = xa% - ya% in R? is complete (see Example [I0.3) and
s flow is given by:
¢ (2,y) = (zcost — ysint, xsint + ycost).
2.  The vector fieldY = —:1028% — ya% in R? is not complete: the integral curve
through a point (xo,yo) is the solution to the system of odes:

{ (t) = -2, 2(0) = 20,
9(t) = —y,  y(0) = yo.
After solving this system, ones obtains the flow of Y :

P (2,y) = (xtilvyet)

It follows that the flow through points (0,y) exist for all t. But for points
(x,y), with x # 0, the flow exists only for t €] — 1/x,+oo[ if x > 0 and for
t €] —oo,—1/z[ if x > 0. The domain of the flow is then given by:

{(z,y) eR? 1z > —1/t} ift>0,

Dy(Y)={ R, ift =0,

{(z,y) eR?2 1z < —1/t} ift<0

Let ® : M — N be a smooth map. In general, given a vector field X in
M, it is not possible to use ® to map X to obtain a vector field Y in N.
However, given two vector fields, one in M and one in N, we can say when
they are related by this map:

Definition 10.9. Let & : M — N be a smooth map. A vector field X €
X(M) is said to be P-related to a vector field Y € X(N) if

Yo = dP(X,), Vpe M.
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If X and Y are ®-related vector fields then, as derivations of C°°(M):
Y(f)o® = X(fod), VfeCS(N).
When Y is determined from X via ® we write Y = ®,(X), and call ®,(X)
the push forward of X by ®. This is the case, for example, when ® is a
diffeomorphism, in which case:
O.(X)(f) = X(fo®) o™, ¥fe (N,

The integral curves of vector fields which are ®-related are also ®-related.

The proof is a simple exercise applying the chain rule:

Proposition 10.10. Let & : M — N be a smooth map and let X € X(M)
and 'Y € X(N) be ®-related vector fields. If v : I — M is an integral curve
of X, then ® o~ : I — N is an integral curve of Y. In particular, we have
that ®(D¢(X)) C D(Y) and that the flows of X and Y are related by:

Dy(X) —2— Dy(Y)

¢>§(l J/gb?

D_y(X) === D_y(Y)
If X € X(M) is a vector field and f € C°(M), we already know that
X(f) € C>*°(M). The expression for X (f) is local coordinates show that X

is a first order differential operator. If we iterate, we obtain the powers X,
which are kth-order differential operators:

XML = X(XF(f)).

Proposition 10.11 (Taylor Formula). Let X € X(M) be a vector field and
f e C®(M). For each positive integer k, one has the expansion

k
fodh :f+tX(f)+t2—2'X2(f)+...+%Xk(f)+0(tk+1)7

where for each p € M, t — 0(t**t1)(p) denotes a real smooth function defined
in a neighborhood of t = 0 whose derivatives of order < k all vanish att = 0.

Proof. By the usual Taylor formula for real functions applied to t — f(¢% (p)),
it is enough to show that:

o ‘
Gl O] =X W)

To prove this, we show by induction that:

dk
@f(qbtx(p)) = X*()(¢% )
When k = 1, this follows because:
d
af(@g((p)) =dpf- X¢g<(p)
= Xt () = X ()¢ (0))-
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On the other hand, if we assume that the formula is valid for £ — 1, we
obtain:

k k—1
S0 = 5 (G o))
d

= LX) )

= X(X* ()¢ (p) = X*(F) (0 (0).
O

Another common notation for the flow of a vector field, which is justified
by the previous result, is the exponential notation:

exp(tX) = ¢y.
In this notation, the properties of the flow are written as:
exp(tX) ! = exp(—tX), exp((t +5)X) = exp(tX) o exp(sX),

while the Taylor expansion takes the following suggestive form:

Flexp(tX)) = £+ 1X(F) X3 4 X(7) 0k,

We will not use this notation in these sections.

If X € X(M) is a vector field, a point p € M is called a singular point
or an equilibrium point of X if X;, = 0. It should be obvious that the
integral curve through a singular point of X is the constant path: ¢% (p) = p,
for all ¢t € R. On the other hand, for non-singular points we have a unique
local canonical form X:

Theorem 10.12 (Flow Box Theorem). Let X € X(M) be a vector field
and p € M a non-singular point: X, # 0. There are local coordinates
(U, (z*,...,z%) centered at p, such that:

0

Xy = —.
v =57

Proof. First we choose a chart (V, (y',...,y%)) = (V,%), centered at p, such
that:
0

M= gyt

p

The map o : R — M given by

O'(tl, conyty) = g}(lb_l(o,tg,. . ta),
81



is well defined and C'* in a neighborhood of the origin. Its differential at
the origin is given by:

0 d 4,0 1 _8
d . _ — 1 ... = =
00 _8t1 o dtl X(w (0707 70)) t1=0 p 8y1 p7
0 0 4 0
doo-.a—tio—a—ti (07t27-"7td))0_8yip'

We conclude that o is a local diffeomorphism in a neighborhood of the origin.
Hence, there exists an open set U containing p such that ¢ = o~ : U — R
is a chart. If we write (U, ¢) = (U, (z',...,2%)), we have:

9 4o 2
Ozt ot rot) otq (t10ta)
= G0 )
= X (% (10,82, . 1)) = Xotr..10)-
O
HOMEWORK.

1. Let M be a connected manifold. Show that for any pair of points p,q € M,
with p # g, there exists a smooth path 7 : [0,1] — M such that
(a) 7(0) =pand 7(1) = ¢;
(b) %(t) # 0, for every ¢ € [0,1];
(c) v is simple (i.e., v is injective).
Use this to prove that any connected manifold of dimension 1 is diffeomorphic
to either R or S'.

2. Let X € X(M) be a vector field and f € C°°(M) a nowhere vanishing
function. What is the relationship between the integral curves of X and the
integral curves of fX7?

3. Verify the properties of the flow of a vector field given by Proposition [0.7

4. Determine the flow of the vector field X = yd/0x — x0/0y in R® with
coordinates (x,y, z).

5. Give an example of a manifold M and two vector fields X; and X5 which are
complete but for which their sum X7 + X5 is not complete. On the other hand,
show that if M is compact then every vector field X € X(M) is complete.
HiNnT: Show that if K C M is a compact set then there exists a > 0 such that
for every x € K the maximal integral curve through z exists for ¢ € [—a, a.

6. Let AC M. Callamap X : A — T'M a vector field along A if X, € T,M
for all p € A. Show that if A C O C M, with A closed and O open, then every
smooth vector field X along A can be extended to a smooth vector field in M
such that X, =0 for p & O.
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7. Let X € X(M) be a vector field without singular points. Show that the
integral curves of X form a foliation F of M of dimension 1. Conversely, show

that locally the leaves of a foliation of dimension 1 are the orbits of a vector
field. What about globally?

8. A Riemannian structure on a manifold M is a smooth choice of an inner
product ( , ), in each tangent space T, M. Here by smooth we mean that for
any vector fields X,Y € X(M), the function p — (X (p),Y(p)), is C*>°. Show
that every smooth manifold admits a Riemannian structure M.

11. Li1E BRACKET AND LIE DERIVATIVE

Definition 11.1. Let X,Y € X(M) be smooth wvector fields. The Lie
bracket of X andY is the vector field [X,Y]| € X(M) given by:

(X, Y](f) = X(Y(f) =Y (X(f), VfeC™(M)

Note that the formula for the Lie bracket [X, Y] shows that it is a differ-
ential operator of order < 2. A simple computation shows that [X,Y] is a
linear derivation of C'*°(M):

(X, Y](fg) = [X,Y](f)g + [IX,Y](9), Vf.geCF(M).

In order words, the terms of 2nd order cancel each other and we have in fact
that [X,Y] € X(M).

In a local chart we can compute the Lie bracket in a straightforward way
if we think of vector fields as differential operators. This is illustrated in the
next example.

EXAMPLE 11.2.
Let M = R? with coordinates (x,y, z), and consider the vector fields:

0 0
X—za—y—yaz,
9] 0
Y—:vaz—z%,
_,9_ .9
re Jy

Then we compute:

ey (2O (0 0N (0 aN( o o

A Z(?y V9. ) \"az T ‘o Yo:  “oux Z@y Yoz
0 0

Yoy Ty 7

We leave it as an exercise the computation of the other Lie brackets:

Y, Z] =X, [Z.X]=Y.
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Our next result shows that the Lie bracket [X, Y] measures the failure in
the commutativity of the flows of X and Y.

Proposition 11.3. Let X,Y € X(M) be vector fields. For each p € M, the
commutator

T(e) = 63V 0 65 0 87 0 6 ()
1s well defined for a small enough € > 0, and we have:

X, Y]y = +-%(e)

e=0t

P2 = ¢V (p1)

p1 = 6% (p)

Proof. Fix a local chart (U,z',...,z%), centered at p, and write:

X:Zd:Xi 0 Y:Ed:w' 0
— oxt’ — oxt’
The Lie bracket of X and Y is given by:
[X,Y](z") = X (V") = Y(X7).

Consider the points p;, po and p3 defined by (see figure above):
pi=0¥"(p), p2=¢Y (1), ps =0 (p2),

Then ~,(e) = qS;‘/E(pg), and Taylor’s formula (see Proposition [[0.11]), ap-
plied to each coordinate z?, yields:

Nl

vi(p1) = 2'(p) + VEX(p) + 3eX () (p) + O(c)
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Similarly, we have:

#(p2) = () + VEY (p1) + 56¥ () (p) + O

= 2i(p) + VEX(p) + X))+

(M3

)=

FVEY (1) + eV 2(a) () + O(e)
The last two terms can also be estimated using again Taylor’s formula:
Yi(p1) = Y0¥ (0) = Y(p) + VEX(Y))(p) + O(e)
Y2()(p1) = Y2(@) (0¥ () = Y2 () (p) + VEX(V2(a")) (p) + Oe)

hence, we have:
2 (p2) =2 (p) + VE(Y(p) + X' (p))+

w2 (512600 + X0 + X260 + 0t

(NI

)

Proceeding in a similar fashion, we can estimate x'(p3) and z*(7,(¢)), ob-
taining:

#(ps) = ' (p2) = VEX(p2) + 52X () ) + O(eH)
— 2i(p) + VY (p) + (X(Yixp) V(X)) + %W(ﬂ)@)) +0(e?)
P (p(€)) = 2 (p3) — VEY (ps) + 2eY2(a)(p) + O(e?)

2
= 21(p) + = (X(Y)(p) — Y(X)(p)) + O(?)

Therefore:

tim 0D =T _ iy )~y (X)) = [X, V] (o)

e—0t 15

O

The following proposition gives the most basic properties of the Lie bracket
of vector fields. The proof is elementary and is left as an exercise.

Proposition 11.4. The Lie bracket satisfies the following properties:
(i) Skew-symmetry: [X,Y] = —[Y, X];

(ii) Bi-linearity: [aX + bY, Z] = a[X, Z] + b]Y, Z], Va,b € R;

(iii) Jacobi identity: [X,[Y,Z]] +[Y,[Z, X]] + [Z,[X,Y]] = 0;

(iv) Leibniz identity: [X, fY] = X(f)Y + f[X,Y], Vf € C®(M).
Moreover, if ® : M — N is a smooth map, X andY € X(M) are ®-related
with, respectively, Z and W € X(N), then [X,Y] is ®-related with [Z, W].
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The geometric interpretation of the Lie bracket given by Proposition IT.3]
shows that the Lie bracket and the flow of vector fields are intimately related.
There is another form of this relationship which we now explain. For that,
we need the following definition:

Definition 11.5. Let X € X(M) be a vector field.

(i) The Lie derivative of a function f € C*°(M) along X is the smooth
function Lx f given by:

(Ex 1)) =T 3 (F(6k () — 1)

(ii)) The Lie derivative of a vector field Y € X(M) along X is the
smooth vector field LxY given by:

1 —t
(LxY)y = lim 7 (dox' - Yo iy~ Vo) -

One can “unify” these two definitions observing that a diffeomorphism
® : M — M acts on functions C°°(M) by:

(@ 1)(p) = F(®()),
and it acts on vector fields Y € X(M):
(@7Y)p = d™" - Yoy
Note that ®*Y = (®71),Y, so the two operations are related by:
OV (f) = Y (@) f).
It follows that the Lie derivative of an object P (a function or a vector field)

is given by:

d . .1 X
(11.1) LxP = —(d%) Pl =lms ((¢%)*P—P).

We will see later that one can take Lie derivatives of other objects using
precisely this definition.
Theorem 11.6. Let X € X(M) be a vector field.

(i) For any functions f € C*(M): Lxf = X(f).

(ii) For any vector field Y € X(M): LxY = [X,Y].

Proof. To prove (i), we simply observe that:

Lxf= Sfodk| = X =X().

t=0

To prove (ii), we note first that:

(LxY)(N) ) = lim  (d63 - Yy~ V) ()

t—0 t

= tim (Yo (f 0 65) ~ ()

t—0 t
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On the other hand, Taylor’s formula gives::

fooy =f—tX(f)+0@),

hence, using also (i), we find:

(ExY)(F) @) = lim + (Vi () — Vi i (X)) = Vi)

t—0

=l 7 (Yo () = Y5l) = Vo(X (1)

t—0

= X (Y(f)) = Y(X(f)) = [X, YI(f) (p)-

HOMEWORK.

1. Complete the computation of the Lie brackets in Example and show
that all 3 vector fields X,Y and Z are tangent to the sphere S* C R®. Show
that there are unique vector fields X, ¥ and Z on RP? such that 7, X = X,
Y = Y and Tl = 7 where 7 : S2 — RP? is the projection. What are the
Lie brackets between X, Y and Z?

2. Find 3 everywhere linearly independent vector fields X,Y and Z on the
sphere S? such that [X,Y]=Z,[V,Z] = X and [Z,X] =Y.

HINT: Recall that S3 can be identified with the unit quaternions.
3. Check the properties of the Lie bracket given in Proposition [IT.4l

4. In R? consider the vector fields X = 6% and Y = 3:8%. Compute the Lie
bracket [X,Y] in two distinct ways: (i) using the definition and (ii) using the

flows of X and Y, as in Proposition [[1.3]

5. Let X,Y € X(M) be complete vector fields with flows ¢% and ¢3.. Show
that [X,Y] =0 if and only if ¢% o ¢§ = ¢35 o ¢’ for all s and t.

NOTE: If the vector fields are not assumed complete then this still holds if the
last condition is replaced by ¢% o ¢5 (p) = ¢ o ¢ (p) for all p € M and all s
and ¢ sufficiently small (which may depend on p).

6. Let Xiq,..., Xk € X(M) be vector fields such that:
(a) {Xilp,...,Xk|p} are linearly independent, for all p € M;
(b) [XZ,XJ] = O, for all Z,j = 1, .. .,k.
Show that for each p € M there exists a neighborhood U of p and a unique
k-dimensional foliation F of U such that:

T,L = <X1|q,..., Xk|q>, Vq e U,
where L € F is the leaf containing q.
HiNT: Use the previous exercise to show that the leaf L is obtained by flowing

from ¢ along the flows of the vector fields X, ..., Xk.
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12. DISTRIBUTIONS AND THE FROBENIUS THEOREM

A vector field X € X(M) which is nowhere vanishing determines a parti-
tion of M into 1 dimensional submanifolds:

F={y({I):7v:1— M amaximal integral curve of X}.

By the Flow Box Theorem, this is a 1-dimensional foliation of M. Notice
that if Y € X(M) is another vector field such that ¥ = fX, for some
nowhere vanishing smooth function f € C°°(M), then Y determines the
same foliation of M. So this foliation only depends on the family of 1-
dimensional subspaces

M>pw—(X,) CT,M.
We will now generalize all this to higher dimensions.

Definition 12.1. Let M be a smooth manifold of dimension d and let 1 <
k < d be an integer. A k-dimensional distribution D in M is a map

M 3 p~ D, C T,M,

which associates to each p € M a subspace D, C T,M of dimension k. We
say that a distribution D is of class C*° if for each p € M there exists a
neighborhood U of p and smooth vector fields X1,..., X € X(U), such that:

D, = (Xilg,---, Xklg), VgeU.

If D is a distribution in M we consider the set of vector fields tangent
to D:

X(D) ={X eX(M): X, e D,Vpe M}
Note that X(D) is a module over the ring C°(M): if f € C*°(M) and
X € X(D) then fX € X(D).
EXAMPLES 12.2.

1. Every mowhere vanishing smooth vector field X defines a I1-dimensional
smooth distribution by:

D, := (X,) = {A\X, : A€ R}.

We have that Y € X(D) if and only Y = fX for some uniquely defined smooth
function f € C(M).

2. A set of smooth vector fields X1, ..., X which at each p € M are linearly
independent define a k-dimensional smooth distribution by:

D, = (Xi1lp,. .., Xklp)-
We have that a vector field X € X(D) if and only if
X =hHXi+ -+ fe X,

for uniquely defined functions f; € C°(M).
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For example, in M = R3, we have the 2-dimensional smooth distribution
D = (X1, X2) generated by the vector fields:

0 0
X, =—+22=
! 6:C+Z8y’
0 0
Xo=— +22—.
2 8y+z 0z

and every vector field X € X(D) is a linear combination X1+ bXa, where the
smooth functions a = a(z,y) and b =b(z,y) are uniquely determined.

8. More generally, a set of smooth vector fields X1, ..., Xs which at eachp € M
span a k-dimensional subspace define a k-dimensional smooth distribution by:

Dy = (X1lp, ..., Xslp)-
We have that X € X(D) if and only if
X =[HX1++ [ X,

for some smooth functions f; € C>°(M). The difference from the previous
example is that the functions f; are not uniquely defined. Moreover, we may
not be able to find k vector fields tangent to D which globally generate D.

For ezample, in M = R3—{0} consider the vector fields X, Y and Z defined
in BExample 1.2 The matriz whose columns are the components of the vector
fields X, Y and Z relative to the usual coordinates (x,vy,z) of R3 is:

0 —=z Y
z 0 —=z
—y T 0

and has rank 2 everywhere. Hence, we have the 2-dimensional distribution
D = (XY, Z). We leave it as an exercise to check that this distribution is not
globally generated by only 2 vector fields.

We can think of a distribution as a generalization of the notion of a
vector field. In this sense, the concept of an integral curve of a vector field
is replaced by the following:

Definition 12.3. Let D be a distribution in M. A connected submanifold

(N, ®) of M is called an integral manifold of D if:
dp®(T,N) = Dg ), Vp € N.

Note that if D is a k-dimensional distribution, its integral manifolds, if

they exist, are k-dimensional manifolds.

ExXaAMPLES 12.4.

1. Consider the 2-distribution of R® given in ExampleIZ2.2. The plane N =
{z = 0} is an integral manifold of this distribution, since it is a connected

submanifold and
> = T(z,y,O)N'
(,y,0)

0 0
D(zy,0) = <£

) Oy
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2. Consider the 2-distribution D of R3 — {0} defined by the vector fields X, Y
and Z in Example[I2.2.3. The spheres

S, ={(z,y,2) €ER® —0: 2% + 9% + 2% = ¢},
are integral manifolds of D: each sphere is a connected submanifold, has di-
mension 2 and:
Xp, Yy Zp €TpSe, Vpe€eS..
Since D has dimension 2, we have T,S. = Dy, for all p € S..

As suggested by the last example, given a smooth k-dimensional foliation
F of a manifold M, we associate to it a k-dimensional distribution d defined
by:

D, :=T,L,
where L € F denotes the leaf containing the point p € M. Henceforth, we
will denote this distribution by T'F and we will write T}, F instead of (T'F),,.
The existence of foliated charts shows that T F is a smooth distribution. A
vector field is tangent to T'F if and only if it is tangent to each leaf of the
foliation.

Definition 12.5. A smooth distribution D in M is called integrable if
there exists a foliation F in M such that D =TF.

A distribution D in M may fail to be integrable. In fact, there may
not even exist integral manifolds through each point of M. The following
proposition gives a necessary condition for this to happen:

Proposition 12.6. Let D be a smooth distribution in M. If there exists an
integral manifold of D through p € M, then for any X,Y € X(D) we must
have that [X,Y], € D,.

Proof. Let X,Y € X(D) and fix p € M. Assume there exists an integral
manifold (N, ®) of D through p and choose ¢ € N, such that ®(q) = p.
For any ¢’ € N, the map dy® : TyN — Tg(qyM is injective and its image
is Dg(q). By the local normal form for submanifolds, there exist smooth
vector fields X,Y € X(N) which are ®-related with X and Y, respectively.
It follows that [X,Y] is also ®-related with [X,Y] and we must have

(X, Y]p = dqoq)([Xa f/]q) € dq<1>(TqN) = Dp.
O

EXAMPLE 12.7.

For the smooth distribution D = (X1, X2) of R? given in Example [12.2.2, we
saw that the plane z = 0 is an integral manifold. On the other hand, we find
that:



If z # 0 this vector field is not tangent to the distrubution. Hence, the only
points through which there exist integral manifolds are the points in the plane
z=0.

For an integrable distribution D = TF we have an integral manifold
through every point. Hence, for any pair of vector fields X,Y € X(T'F) we
must have [X,Y] € X(TF). This suggests:

Definition 12.8. A smooth distribution D in M is called involutive if for
any X, Y € X(D) one has [X,Y] € X(D).

The following important result says that the lack of involutivity is the
only obstruction to integrability of a distribution:

Theorem 12.9 (Frobenius). A smooth distribution D is integrable if and
only if it is involutive. In this case, the integral foliation tangent to D is
unique.

Proof. Proposition show that one of the implications hold. To check
the other implication we assume that D is an involutive distribution.

We claim that, for each p € M, there exist vector fields Xi,..., Xy €
X(U), defined in an open neighborhood U of p, such that:

(a) D’U = <X1,... ,Xk>;
(b) [X;, X;] =0, for every i,j =1,...,k.

Then, by Exercise 6 in Section [T, we obtain an open cover {U;};c; of M,
such that for each i € I there exists a unique foliation F; in U; which
satisfies TF; = Dly,. By uniqueness, whenever U; N U; # 0, we obtain
Filvinv; = Fjluinu,;- Hence, there exists a unique foliation F of M such
that Fly, = F;.

To prove the claim, fix p € M. Since D is smooth, there exist vector
fields Y7,...,Y) defined in some neighborhood V' of p, such that D]y =
(Y1,...,Y). We can also assume that V' is the domain of some coordinate
system (x',...,x%) of M, so that

L0
Y;:Zailﬁv (Z:ka)7
=1

where a; € C*°(V). The matrix A(q) = [ail(q)]f’ld:l has rank k at p and
we can assume, eventually after some relabeling of the the coordinates, that
the k x k minor formed by the first k£ rows and k columns of A has non-zero

determinant in a smaller open neighborhood U of p. Let B be the k x k
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inverse matrix of this minor, and define vector fields X,..., X, € X(U) by:

k.d

0
]7121

d
0 0 .
8:17@—1_ Z Cil@v (2217"'7k)7
I=k+1
where ¢;; € C°°(U). On the one hand, we have that

D‘U: <Y17”’7Yk> = <X17---7Xk>7

so (a) is satisfied. On the other hand, a simple computation shows that:

d
ij O .
[Xjo] = Z dlj@7 (Z7] = 17"'7]{7)7
I=k+1

for certain functions dfj € C*°(U). Since D is involutive, this commuta-
tor must be a C°°(M)-linear combination of Xj,...,Xy. Therefore, the

functions dfj must be identically zero, so (b) also holds. O
The Frobenius Theorem establishes a one-to-one correspondence:

{involutive distributions D} PR {foliations F }
on M on M

This is an example of an integrability theorem: a distribution D is an infin-
itesimal object on M while a foliation F is a global object on M and the
integrability condition is the involutivity of D.

HOMEWORK.

1. Give an example of a smooth distribution D of dimension 1 on the cylinder
S! x R which is not globally generated by a vector field.

2. Show that the 2-dimensional distribution D in Example[I2.2]3 is not globally
generated by only 2 vector fields.
3. Show that the 2-dimensional distribution in R? defined by the vector fields

Xlzg, X2:87x§+2
Or

has no integral manifolds.

4. Consider the distribution D in R? generated by the vector fields:

— + cosT cosy— — —sinzsiny—.
6w+ TS Y g, Oy mEsys,

Check that D is involutive and determine the foliation F that integrates it.
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5. Consider the 3-sphere:
S? = {(z,y,z,w) e R*: 22 + 92 + 22 +w? =1}
Check that the vector field in R? given by:
0 0] 9] 0
= _y£+x8_y —w& —l—z%,

restricts to a nowhere vanishing vector field on S3, so determines a 1-dimensional
distribution D. Find the foliation F integrating this distribution.

X

13. LIE GROUPS AND LIE ALGEBRAS

The next definition axiomatizes some of the properties of the Lie bracket
of vector fields (see Proposition [[T.4)).

Definition 13.1. A Lie algebra is a vector space g with a binary operation
[, ]:9xg—g, called the Lie bracket, which satisfies:

(i) Skew-symmetry: [X,Y] = —[Y, X];

(ii) Bilinearity: [aX + bY, Z] = a[X, Z] + b[Y, Z], Va,b € R;

(iit) Jacobi identity: [ X,[Y,Z]| +[Y,[Z, X]| + [Z,[X,Y]] = 0.

We can also define Lie algebras over the complex numbers (g is a complex
vector space) or over other fields. Note also, that g can have infinite dimen-
sion, but we will be mainly interested in finite dimensional Lie algebras.

ExXaAMPLES 13.2.

1. R? with the zero Lie bracket [ , ] = 0 is a Lie algebra, called the abelian
Lie algebra of dimension d.

2. In R3, we can define a Lie algebra structure where the Lie bracket is the
vector product:
[0, W] = ¥ x .
3. If V is any vector space, the vector space of all linear transformations T :
V' — V is a Lie algebra with Lie bracket the commutator:

[T,8]=ToS—SoT.

This Lie algebra is called the general linear Lie algebra and denoted gl(V').
When V. = R™, we denote it by gl(n). After fizing a basis, we can identitify
gl(n) with the space of all n x n matrices, and the Lie bracket becomes the
commutator of matrices.

4. If g1,...,0k are Lie algebras, their cartesian product g1 X --- X gk s a Lie
algebra with Lie bracket:

(X1, Xk), (Y1, ..., Y] = (X1, Yalges - -5 [ Xk Yalgs)-

We shall see shortly that Lie algebras are the “infinitesimal versions” of

groups with a smooth structure:
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Definition 13.3. A Lie group is a group G with a smooth structure such
that its structure maps are smooth:

w:GxG— G, (g,h) — gh (multiplication),
1:G =G, g—g ' (inverse).
One can also define topological groups, analytic groups, etc.

ExaMPLES 13.4.

1.  Any countable group with the discrete topology is a Lie group of dimension
0 (we need it to be countable so that the discrete topology is second countable).

2. R? with the usual addition of vectors is an abelian Lie group. The groups of
all non-zero real numbers R* and all non-zero complex numbers C*, with the
usual multiplication operations, are also abelian Lie groups. Note that C* is
also a complex Lie group (thinking of C* as a complex manifold), but we will
restrict ourselves always to real Lie groups.

3. The circle St = {z € C : ||z|| = 1} C C* with the usual complex multiplica-
tion is also an abelian Lie group. The unit quaternions S, with quaternionic
multiplication, is a non-abelian Lie group. It can be shown that the only spheres
S?¢ that admit Lie group structures are d = 0,1, 3.

4. If V is a finite dimensional vector space, the set of all invertible linear
transformations T : V. — V is a Lie group with multiplication composition of
transformations. It is called the general linear group and denoted by GL(V').
If V. =TR" we can identify GL(V) with the group of all invertible n X n matrices
with matriz multiplication and we denote it by GL(n).

5. IfGi,...,Gy are Lie groups their cartesian product G X -+ X G is also a
Lie group. For example, the torus T? = S' x --- x S! is a (abelian) Lie group.

6. If G is a Lie group, its connected component of the identity, is a Lie group
denoted by G°. For example, the connected component of the identity of the
Lie group (R*, X) is the group of positive real numbers (Ry, X).

In a Lie group G, a left invariant vector field is a vector field X such
that:
(Lg)«X =X, Vgega,
where L, : G — G, h — gh denotes the left translation by g. One defines
analogously a right invariant vector field using the right translation
R, : G — G, h — hg. As a matter of choice, we use left invariant vector
fields, and we denote the set of all smooth left invariant vector fields by:

XLin(G) = {X € X(G) : (Ly), X = X, Yg € G}.

Proposition 13.5. Let G be a Lie group.
(i) Every left invariant vector field if smooth;
(ii) If X, Y € X1 ino(G) then [X,Y] € X1 inn(G);
(111) X1-ino(G) C X(G) is a finite dimensional subspace of dimension dim G.
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Proof. We leave the proof of (i) as an exercise. To check (ii), it is enough to
observe that if X, Y € X[ iu(G) then:

(L)X, Y] = [(Ly). X, (L) Y] = [X,Y], Vg eG.

Hence, [X,Y] € X1 inv(G).

Now to see that (iii) holds, it is clear from the definition of a left invariant
vector field that X1.iny(G) C X(G) is a linear subspace. On the other hand,
the restriction map

%L—inV(G) — TEG, X — Xe,

is a linear isomorphism: if v € T.G we can define a left invariant vector field
X in G with X, = v by setting

Xy=dLy-v.
Hence, the restriction Xy, iny(G) — TG is invertible. We conclude that:
dim X1 iy (G) = dim T,G = dim G.
O

This proposition show that for a Lie group G the set X1 _in(G) forms a
Lie algebra. We call it the Lie algebra of the Lie group G and denote it
by g. The proof also shows that g can be identified with T,.G.

ExXaAMPLES 13.6.

1. The Lie algebra of a discrete Lie group G is the zero dimensional vector
space g = R = {0}.

2. Let G = (R% +). A vector field in R? is left invariant if and only if it is
constant: X = Zle ai%, with a; € R. The Lie bracket of any two such

constant vector fields is zero, hence the Lie algebra of G is the abelian Lie
algebra of dimension d.

8. The Lie algebra of the cartesian product G x H of two Lie groups, is the
cartesian product g X b of their Lie algebras. For example, the Lie algebra of
S! has dimension 1, hence it is abelian. It follows that the Lie algebra of the
torus T? is also the abelian Lie algebra of dimension d.

4. The tangent space at the identity to the general linear group G = GL(n) can
be identified with gl(n). The restriction map g — gl(n), maps the commutator
of left invariant vector fields to the commutator of matrices (exercise). Hence,
we can identify the Lie algebra of GL(n) with gl(n).

Remark 13.7. The space X(M) formed by all vector fields in a manifold M

is a Lie algebra. One may wonder if the Lie algebra X(M) is associated with

some Lie group. Since this Lie algebra is infinite dimensional (if dim M >

0), this Lie group must be infinite dimension: it is the group Diff (M) of

all diffeomorphisms of M under composition. The study of such infinite
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dimensional Lie groups is an important topic which is beyond the scope of
this course.

We have seen that to each Lie group there is associated a Lie algebra.
Similarly, to each homomorphism of Lie groups there is associated a homo-
morphism of their Lie algebras.

Definition 13.8.

(i) A homomorphism of Lie algebras is a linear map ¢ : g — b

between two Lie algebras which preserves the Lie brackets:

¢([X7 Y]g) = [¢(X)7¢(Y)]h7 VX,Y € g.

(ii) A homomorphism of Lie groups is a smooth map ® : G — H
between two Lie groups which is also a group homomorphism:

d(gh™) = ®(g)®(h)™, Vg,hecG.

If ®: G — H is a homomorphism of Lie groups we have an induced map
O, :g— b if X € g, then &,(X) € b is the unique left invariant vector
field such that ¢, (X)|. = d® - X..

Proposition 13.9. If & : G — H is a Lie group homomorphism, then:

(i) For all X € g, ®,.X is ®-related with X ;

(ii) ®.: g — b is a Lie algebra homomorphism.

Proof. Part (ii) follows from (i), since the Lie bracket of ®-related vector
fields is preserved. In order to show that (i) holds, we observe that since ®
is a group homomorphism, ® o Ly = Lgy) o P. Hence:
D, (X)a(g) = deLa(g) - de® - X
= de(Lq>(g) o (I)) . Xe
=de(PoLy) - X,
=dg®-deLy- X =dg® - X,

ExamMpPLES 13.10.

1. Let T? = S! x S'. For each a € R we have the Lie group homomorphism
@, : R — T? given by:
D, (t) = (e, e').
If a is rational, the image ®, is a closed curve, while if a is irrational the

mmage is dense curve in the torus. The induced Lie algebra homomorphism
(®4)« : R — R? is given by:

(Do)« (X) = (X, aX).

2. The determinant defines a Lie group homomorphim det : GL(n) — R*. The
induced Lie algebra homomorphism is the trace tr = (det), : gl(n) — R.
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3. Each invertible matrix A € GL(n) determines a Lie group automorphism
®4 : GL(n) — GL(n) given by conjugation:

®,(B) = ABA™.

Since this map is linear, the associated Lie algebra automorphism (®a). :
gl(n) — gl(n) is also given by:

(®A)e(X)=AXATL

4. More generally, for any Lie group G we can consider conjugation by a fix
g€ G:iy:G— G, h ghg'. This is a Lie group automorphism and the
induced Lie algebra automorphism is denoted by Ady : g — g:

Ady(X) = (i,). X.

Let us continue our study of the Lie group/algebra correspondence. We
show now that to each subgroup of a Lie group G corresponds a Lie sub
algebra of the Lie algebra g of G.

Definition 13.11. A subspace b C g is called a Lie subalgebra if, for all
X,Y €b, we have [X,Y] € b.

ExaMPLES 13.12.

1. Any subspace of the abelian Lie algebra R® is a Lie subalgebra.

2. In the Lie algebra gl(n) we have the Lie subalgebra formed by all matrices
of zero trace:

sl(n) ={X € gl(n) : tr X =0},
and also the Lie subalgebra formed by all skew-symmetric matrices:
o(n) ={X cgln): X+ X7 =0}

3. The complex n X n matrices, denoted by gl(n,C), can be seen as a real Lie
algebra. It has the Lie subalgebra of all skew-Hermitean matrices:

u(n) ={X € gl(n,C) : X + X* =0},
and the Lie subalgebra of all skew-Hermitean matrices of trace zero:
su(n) = {X € gl(n,C): X + XT =0,tr X = 0}.

4. If ¢ : g — b is a homomorphism of Lie algebras, then its kernel is a Lie
subalgebra of g and its image is a Lie subalgebra of b.

A notion of a Lie subgroup is defined similarly:

Definition 13.13. A Lie subgroup of G is a submanifold (H,®) of G such
that:

(i) H is Lie group;
(ii)) ® : H— G is a Lie group homomorphism.
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As we discussed in Section [ we can always replace the submanifold
(H,®) by the subset ®(H) C G, and the immersion ® by the inclusion 1.
Since ®(H) is a subgroup of G, in the definition of a Lie subgroup we can
assume that H C G is a a subgroup and that @ is the inclusion. On the
other hand, since the induced map @, : h — g is injective, we can assume
that the Lie algebra of a Lie subgroup H C G is a Lie subalgebra h C g.

ExaMPLES 13.14.

1. In Ezample 13101, for each a € R we have a Lie subgroup ®,(R) of T?.
If a is rational, this Lie subgroup is embedded, while if a is irrational this Lie
subgroup is only immersed.

2. The general linear group GL(n) has the following (embedded) subgroups:
(i) The special linear group of all matrices of determinant 1:
SL(n)={A € GL(n) : det A =1}.

To this subgroup corresponds the Lie subalgebra sl(n).
(i) The orthogonal group of all orthogonal matrices:

O(n) ={A € GL(n) : AAT =T}.
To this subgroup corresponds the Lie subalgebra o(n).
(i) The special orthogonal group of all orthogonal matrices of positive
determinant:
SO(n) ={A € O(n):det A =1}.
To this subgroup corresponds the Lie subalgebra so(n) = o(n).

3. The (real) Lie group GL(n,C) has the following (embedded) subgroups:
(i) The unitary group of all unitary matrices:

U(n)={A € GL(n,C): AAT =T}.

To this subgroup corresponds the Lie subalgebra u(n).
(i) The special unitary group of all unitary matrices of determinant 1:

SU(n)={A€U(n):det A=1}.
To this subgroup corresponds the Lie subalgebra su(n).
4. Let ® : G — H is a Lie group homomorphism and let (®). : g — b the
induced Lie algebra homomorphism. Then Ker® C G and Im® C H are Lie

subgroups whose Lie algebras coincide with Ker(®), C g and Im (®), C b,
respectively.

HOMEWORK.

1. Show that in the definition of a Lie group, it is enough to assume that:
(a) The inverse map G — G, g — g~ ! is smooth, or that
(b) The map G x G — G, (g,h) — gh™!, is smooth.

2. Show that every left invariant vector field in a Lie group G is smooth and

complete.
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3. Show that the tangent space at the identity of GL(n) can be identified
with gl(n). Show also that, under this identification, the linear isomorphism
g — gl(n) takes the Lie bracket of left invariant vector fields to the commutator
of matrices.

4. Show that the tangent bundle T'G of a Lie group G is trivial, i.e., there exist
vector fields Xi,..., X4 € X(G) which at each g € G give a basis for T,G.
Conclude that an even dimension sphere S?" does not admit the structure of
a Lie group.

5. Show that the Lie algebra homomorphism induced by the determinant det :
GL(n) — R* is the trace: tr = (det), : gl(n) — R.

6. Consider S* C H as the set of quaternions of norm 1. Show that S, with
the product of quaternions, is a Lie group and determine its Lie algebra.

7. Show that S* and SU(2) are isomorphic Lie groups.

HINT: For any pair of complex numbers z,w € C with |z]? + |w|? = 1, the

matrix:
z
—W

8. Identify the vectors v € R? with the purely imaginary quaternions. For
each quaternion ¢ € S* of norm 1 define a linear map 7, : R* — R? by
v — qug~'. Show that T} is a special orthogonal transformation and that
the map S* — SO(3), ¢ — Ty, is a Lie group homomorphism. Is this map
surjective? Injective?

SRS
N—

is an element in SU(2).

9. Let G be a Lie group. Show that the connected component of the identity
is a Lie group GY whose Lie algebra is isomorphic to the Lie algebra of G.

10. Let G be a connected Lie group with Lie algebra g. Show that G is abelian
if and only if g is abelian. What can you say if G is not connected?

11. Show that a compact connected abelian Lie group G is isomorphic to a
torus T<.

12. Let (H,®) be a Lie subgroup of G. Show that ® is an embedding if and
only if ®(H) is closed in G.

13. Let A C G be a subgroup of a Lie group G. Show that if (A,7) has a
smooth structure making it into a submanifold of G, then this smooth structure
is unique and that for that smooth structure A is a Lie group and (A4,4) a Lie
subgroup.

HINT: Show that (A, ) is an initial submanifold.
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14. INTEGRATIONS OF LIE ALGEBRAS

We saw in the previous section that:

e To each Lie group corresponds a Lie algebra;
e To each Lie group homomorphism corresponds a Lie algebra homo-
morphism;

e To each Lie subgroup corresponds a Lie subalgebra.
It is natural to wonder about the inverse to these correspondences. We
have seen that two distinct Lie groups can have isomorphic Lie algebras
(e.g., R™ and T", O(n) and SO(n), or SU(2) and SO(3)). There are indeed
topological issues that one must take care of when studying the inverse
correspondences.

We start with the following result that shows that a connected Lie group

is determined by a neighborhood of the identity:

Proposition 14.1. Let G be a connected Lie group and U a neighborhood
of the identity e € G. Then,

e
n=1

where U" ={g1-+-gn:9; €U,i=1,...,n}.

Proof. U ' ={g7':gcU}and V=UNU"!, then V is a neighborhood
of the origin such that V = V1. Let:

H = [_le”C QU”.

To complete the proof it is enough to show that H = G. For that we note:
(i) H is a subgroup: if g,h € H, then g = ¢1...g, and h = hy ... hy,
with g;, h; € V. Hence,
gh™" =g1...gnhy" .. kTt € VT C H.

(ii) H is open: if g € H then gV C gH = H is an open set containing g.
(iii) H is closed: for each g € G, gH is an open set and we have

He= | gH.
g¢H
Since G is connected and H # () is open and closed, we conclude that
H=G. O

We can now prove:

Theorem 14.2. Let G be a Lie group with Lie algebra g. Given a Lie
subalgebra b C g, there exists a unique connected Lie subgroup H C G with
Lie algebra b.
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Proof. A Lie subalgebra b defines a distribution in G by setting:
D:g—Dy={X,: X €bh}.

This distribution is smooth and involutive: if Xi,..., X} is a basis for b,
then these vector fields are smooth and generate D everywhere, hence D is
smooth C*°. On the other hand, if Y, Z € X(D), then

k k
Y= aXi Z=) bX,
i=1 j=1

so using that b is a Lie subalgebra it follows that:

k
[K Z] = Z aibj[Xi,Xj] + aZXZ(bJ)X] — bJX](CLZ)XZ € %(D),
ij=1
proving that D is involutive.

Let (H,i) be the leaf of this distribution that contains the identity e € G,
where i : H < G denotes the inclusion. We claim that (H,1%) is the desired
Lie subgroup.

If g € H, then (H, L,-101) is also an integral manifold of D which contains
e, since:

dp(Lg-104)(ThH) = dpLy-1(Dp) = Dy-1p,.
Hence, L, 0i(H) C i(H), so we conclude that for all g,h € H, we have
g~ 'h € H, proving that H is a subgroup of G.

To verify that (H,i) is a Lie subgroup, it remains to prove that the map
v:HxH — H, (g,h) — g~ 'h, is smooth. For this we observe that the
map v : H x H — G, (g,h) — i(g)~ti(h) is smooth, being the composition
of smooth maps, so that the following diagram is commutative:

Hx HYZ @G

N

H

Since the leaves of any foliation are initial submanifolds, we conclude that
v:H x H— H is smooth.
Uniqueness follows from Proposition [[4.1] (exercise). O

The question of deciding if every finite dimensional Lie algebra g is asso-
ciated with some Lie group G is a much harder question which is beyond
these notes. There are several ways to proceed to prove that this is indeed
true. One way, is to first show that any finite dimensional Lie algebra is
isomorphic to a matrix Lie algebra. This requires developing the structure
theory of Lie algebras and can be stated as follows:

Theorem 14.3 (Ado). Let g be a finite dimensional Lie algebra. There
exists an integer n and an injective Lie algebra homomorphism ¢ : g — gl(n).
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Remark 14.4. A representation of a Lie algebra g in a vector space
V is a Lie algebra homomorphism p : g — gl(V'). A representation (V, p) is
called faithful if p is injective. In this language, Ado’s Theorem states that
every finite dimensional Lie algebra has a faithful representation.

Since gl(n) is the Lie algebra of GL(n), as a corollary of Ado’s Theorem
and Theorem we obtain:

Theorem 14.5. For any finite dimensional Lie algebra g there exists a Lie
group G with Lie algebra isomorphic to g.

The previous theorem gives a matrix group integrating any finite dimen-
sional Lie algebra. Note however, in spite of what Ado’s Theorem may
suggest, that there are Lie groups which are not isomorphic to any matrix
group. This happens because, as we know, there can be several Lie groups
integrating the same Lie algebra.

In order to clarify the issue of multiple Lie groups integrating the same
Lie algebra, recall that if 7 : N — M is a covering of a manifold M,
then there is a unique differentiable structure on N for which the covering
map is a local diffeomorphism. In particular, if M is connected then the
universal covering space of M, which is characterized as the 1-connected
(i.e., connected and simply connected) covering of M, is a manifold. For Lie
groups this leads to:

Proposition 14.6. Given a connected Lie group G its universal covering
space G has a unique Lie group structure for which the covering map 7 :
G — G is a Lie group homomorphism. Moreover, the Lie algebras of G
and G are isomorphic and kerm C Gisa discrete, normal, subgroup of the
center of G. In particular, 71(G) ~ ker  is abelian.

Proof. Recall that we can identify the universal covering space as:

G={l]7:10,1] = G~(0) =e},
TG — G, [y]—~(1),

where [y] denotes the homotopy class of the path v relative to end points.
We define a group structure in G as follows:

(a) The product [7][5] in G is the homotopy class of the path ¢ — y(£)n(t).

(b) The Identity € € G is homotopy class of the constant path based at the
identity v(t) = e.

(c¢) The inverse map 7 : G — G associated to an element [v] the homotopy

class of the path ¢~ ~y(t) 1.

It is clear that we these choices the covering map 7 : G — Gisa group
homomorphism.
We consider on G the unique smooth structure for which the covering

map is a local diffeomorphism. To check that G is a Lie group, we observe
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that the map o : GxG— é, (g9,h) — g~'h, is smooth since it fits into a
commutative diagram:

GxGLlsa

GXGV—>G

where the vertical arrows are local diffeomorphisms and v is differentiable.
Since 7 : G — G is a local diffeomorphism it induces an isomorphism be-
tween the Lie algebras of G and G.

Uniqueness follows, because the condition that 7 : G — @ induces an
isomorphism between the Lie algebras of G and G implies that 7 is a local
diffeomorphism, so both the smooth structure and the group structure are
uniquely determined.

We leave as an exercise the remaining statements in the theorem. O

EXAMPLE 14.7.

The special unitary group SU(2) is formed by the matrices:
b
a

SU(2) = {( _“5

Therefore SU(2) is isomorphic as a manifold to S, hence it is 1-connected.
In fact, by an exercise in the previous section, SU(2) is isomorphic, as a Lie
group, to the group S* consisting of the quaternions of length 1.

The Lie algebra of SU(2) consists of the skew-hermitean matrices of trace

), a,be(C,|a|2+|b|2:1}.

zero:
5u(2)_{< iaB _éa ) :aeR,ﬂeC}.
Setting v = %, Y= Fieff, z= %, we obtain identifications
i 153 0 -z y
( B —ia ) — T 0 -z —  (z,y,2),
-y oz 0

gives Lie algebra isomorphisms su(2) ~ s0(3) ~ R® where on R3 the Lie
bracket is given by the vector product.

Let us consider on su(2) the inner product arising from this identification
with R3 with the standard euclidean inner product. Then for each g € SU(2)
we have the linear transformation Ady : su(2) — su(2) (see Example 13101 3),
and we leave it as an exercise to check that:

(a) The linear transformation Ad, preserves the inner product and the usual
orientation, hence determines an element in SO(3).
(b) Ad: SU(2) — SO(3) is a surjective group homomorphism with kernel the
group Zs = {+I}.
It follows that Ad : SU(2) — SO(3) is a covering map. Since SU(2) =~
S3 is 1-connected, we conclude that SU(2) is the universal covering space of
SO(3). The covering map identifies the antipodal points in the sphere, so we
can identify SO(3) with the real projective space RP* and 71(SO(3)) = Zs.
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Let us consider now the question of integrating homomorphisms of Lie
algebras to homomorphisms of Lie groups. Notice that again there are
topological obstructions. For example, the identity ¢ : R — R is a Lie
algebra isomorphism between the Lie algebras of the Lie groups S! and
(R, +). However, the only Lie group homomorphisms ® : S! — R is the
trivial one because the image ®(S!) is a compact subgroup of (R, +), and {0}
is the only such subgroup. Therefore, there is no Lie group homomorphism
@:Sl—ﬂRwithCI)*:qﬁ.

The problem in this example is that S' is not simply connected. In fact,
we have:

Theorem 14.8. Let G and H be Lie groups with Lie algebras g and b. If
G is 1-connected then for every Lie algebra homomorphism ¢ : g — b there
exists a unique Lie group homomorphism ® : G — H such that ®, = ¢.

Proof. Let £ = {(X,¢(X)) : X € g} C g x h be the graph of ¢. Since ¢ is
a Lie algebra homomorphism, ¢ is a Lie subalgebra of g x hh. Hence, there
exists a unique connected Lie subgroup K C GG x H with Lie algebra €. Let
us consider the restriction to K of the projections on each factor:

KCcGxH
/ \
G H

The restriction of the first projection m|, : K — G gives a Lie group
homomorphism such that:

(m1)+(X, (X)) = X.

Hence, the map (7| )« : € — g is a Lie algebra isomorphism and it fol-
lows that m1|, : K — G is a covering map (see the Exercises). Since G
is 1-connected, we conclude that mi|; is a Lie isomorphism. Then, the
composition

d=mo(m|g) G- H

is a Lie group homomorphism and we have that:

()(X) = (m2)s 0 (m1] ) H(X)
= (m2)«(X, 9(X)) = ¢(X).

We leave the proof of uniqueness as an exercise. O

We summarize the previous results in the following statements, sometimes
known as Lie’s Theorems:

Theorem 14.9 (Lie I). If G is a connected Lie group with Lie algebra g,
there is a unique (up to isomorphism) 1-connected Lie group G with Lie

algebra g and a surjective Lie group morphism ® : G — G.
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Theorem 14.10 (Lie II). Let G and H be two Lie groups, with Lie alge-
bras denoted g and by, respectively. If G is 1-connected, then a Lie algebra
morphism ¢ : g — b integrates to a unique Lie group morphism ® : G — H.

Theorem 14.11 (Lie III). Any finite dimensional Lie algebra g is integrable.

Note also that, given a finite dimensional Lie algebra g, we can obtain
any connected Lie group G integrating it (up to isomorphism) as follows:

(i) Construct the 1-connected Lie group G integrating g;
(ii) Find a discrete normal subgroup N of the center of G;
(ili) G = G/N is a connected Lie group integrating g.

If one drops the condition of G being connected this problem is not solvable
since it would include as a special case the classification of all finite groups,
a problem which is well-known not to have any reasonable solution.

HOMEWORK.

1. Let ® : G — H be a Lie group homomorphism between connected Lie
groups G and H such that (®), : g — b is an isomorphism. Show that @ is a
covering map.

2. Complete the proof of Theorem [[4.2] by showing that the integrating Lie
subgroup is unique.

3. Let G be a Lie group and let 7 : H — G be a covering map. Show that H
is a Lie group.

4. Let SL(2,C) be the group of complex 2 X 2 matrices with determinant 1.
Show that SL(2,C) is 1-connected.
(HINT: Show that a matrix in SL(2,C) can be written uniquely as a product
AB, where A € SU(2) and B is upper triangular with determinant 1.)

5. Show that any homomorphism of Lie algebras ¢ : sl(2) — gl(n) integrates
to a unique homomorphism of Lie groups ® : SL(2) — GL(n).
(HiNT: Consider the complexification ¢° : s[(2,C) — gl(n,C) of ¢ and use the
previous exercise.)

6. Let G be a connected Lie group and let D C G be a discrete normal sub-
group. Show that D is contained in the center of G, so in particular it must be
abelian. Conclude that the any connected Lie group has abelian fundamental

group.

7. Find all (up to isomorphism) connected Lie groups integrating the abelian
Lie algebra g = R<.

8. Find all (up to isomorphism) connected Lie groups integrating the Lie alge-
bra s0(3).
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15. THE EXPONENTIAL MAP

We will now construct the ezponential map for Lie groups/algebras, which
generalizes the exponential of matrices.
Let G be a Lie group with Lie algebra g. Given a left invariant vector
field X € g, the map
ox R—g, t—1tX,
is a Lie algebra homomorphism. Since R is 1-connected it follows that there
exists a unique Lie group homomorphism

xR — G, with (Px)* = ¢x.
We note that

(I)X(O) =€
(I)X(t + S) = (I)X(t)q)x(s) = L<I>X(t)(I)X(3)7
d d
&@X(t) = &@X(t‘i‘ S) -
d
=deLoy@) - 3, Px(s) -

= deLay() - Xe = Xox():

This means that ¢ — ®x(t) is actually the integral curve of X through
e € G. Recalling that ¢’ denotes the flow of the vector field X, we have:

Definition 15.1. The exponential map exp : g — G is the map

exp(X) = ¢ (e).
The following proposition lists the main properties of the exponential
map. Its proof is left for the exercises.

Proposition 15.2. The exponential map exp : g — G satisfies:
(i) exp((t + $)X) = exp(sX) exp(tX);
(ii) exp(—tX) = [exp(tX)]~";
(iii) exp is a smooth map and dgexp = I;
(iv) For any Lie group homomorphism ® : G — H the following diagram

15 commutative:
o

G——H
expT Wexp
g—%—>b

Property (iii) implies that that the exponential is a diffeomorphism from a
neighborhood of 0 € g to a neighborhood of ¢ € G. In geral, the exponential
exp : g — G is neither surjective, nor injective. Also, it may fail to be a
local diffeomorphism at other points of G. There are however examples of
Lie groups/algebras in which some of these properties do hold (see also the
exercises).
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EXAMPLE 15.3.

Recall that the Lie algebra of G = GL(n) can be identified with gl(n). If
A € gl(n), the left invariant vector field associated with the Lie algebra element
A= (aij) 18:

P 0
A= Z xikakjaTij-
ijk
Hence, the integral curves if this vector field are the solutions of the system of

ode’s:
Ti5 = inkakja
k
These are given by:
2ij(t) =Y wir(0) (e )y,
k

where the matriz exponential is defined as usual by:
—+oo
A’Il
A _ el
€= Z nl’
k=0
We conclude that the exponential map exp : gl(n) — GL(n) coincides with the
usual matrix exponential.

By item (iv) in Proposition[I5.2] it follows from the previous example that
if h C gl(n) is a Lie subalgebra and H C GL(n) is the associated connected
Lie subgroup, then the exponential map exp : h — H also coincides with
the matrix exponential.

Note, however, although Ado’s Theorem states that every Lie algebra is
isomorphic to a Lie algebra of matrices, there are Lie groups which are not
isomorphic to any group of matrices. Hence one needs the abstract definition
of the exponential map. As an application of the integration of morphisms
we given an example of such Lie group.

EXAMPLE 15.4.
Consider the special linear group

SL(2)_{(Z 2>:ad—bc_1}.

To exhibit its topological structure, it is convenient to perform the change of
variables (a,b,c,d) — (p,q,r,s) defined by

a=p+q, d=p—qb=r+s,c=r—s.
Then

ad—bc=1 <<=p?+s>=¢"+r>+1.
Hence we see that we can also describe SL(2) as:

SL(2) = {(p,q,r,5) eR* 1 p* +5° = ¢° + 1% + 1}

so we conclude that SL(2) is diffeomorphic to R* x St. In particular,

™ (SL(Q)) = T (Sl) =7Z.
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Let SL(2) be the universal covering group of SL(2). We claim that SL(2)
18 mot isomorphic to any group of matrices. By an exercise in the previous
section, we have:
e Given a Lie algebra morphism ¢ : s5(2) — gl(n), there exists a unique Lie
group morphism ® : SL(2) — GL(n) such that ®, = ¢.
Now assume that, for some n, there exists an injective Lie group homomor-
phism:

P 515\(?) — GL(n).
This leads to a contradiction. Indeed, ® induces a morphism of Lie algebras
¢ = (D), : sl(2) — gl(n), so there exists a unique Lie group homomorphism
®: SL(2) = GL(n) such that @, = ¢ and we obtain a commutative diagram:

SL(2) —2~ GL(n)

| A7

SL(2)

In this diagram the morphism 7 is not injective, while the morphism o is
injective, which is a contradiction.

The exponential map is very useful in the study of Lie groups and Lie
algebras since it provides a direct link between the Lie algebra (the infini-
tesimal object) and the Lie group (the global object). For example, we have
the following result whose proof is left as an exercise:

Proposition 15.5. Let H be a subgroup of a Lie group G and let h C g be
a subspace of the Lie algebra of G. If U C g is a neighborhood of 0 which is
diffeomorphic via the exponential map to a neighborhood V- C G of e, and

exp(hNU)=HNYV,
then, for the relative topology, H is a Lie subgroup of G with Lie algebra §.
Using this proposition one can then proof the following important result:

Theorem 15.6. Let G be a Lie group and H C G a closed subgroup. Then
H, with the relative topology, is a Lie subgroup.

Sketch of the proof. The idea of the proof is the consider the set:
h:={X €g:exp(tX) € H,Vt € R}

and apply the previous proposition.
Clearly, the set b is closed under multiplication by scalars. On the other
hand, if X,Y € g one shows that:

lim (exp(%X) eXp(%Y)>n = exp(t(X +Y)),

n——+00

and then it follows that b is also closed under addition, since H is a closed
subset. Hence, b is a linear subspace.
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Finally, arguing by contradiction using again that H is closed in G, one
shows that there exists neighborhoods U C g of 0 and V' C G of e, such that
exp : U — V is a diffeomorphism and:

exp(hNU)=HNV.
(]

EXAMPLE 15.7.

The previous results allows one to check quickly if subgroups of GL(n) are
Lie subgroups and to determine their Lie algebras. For example, consider the
subgroup SL(n) C GL(n). It is a closed subgroup, so by Theorem it is
a Lie subgroup. To find its Lie algebra, one observes first that the set sl(n)
of matrices of trace zero is a subspace of gl(n) and second that we have the
well-known formula:

det(e®) = T ¥,
Hence, we see that exp(X) € SL(n) if and only if tr X = 0. By Proposition
153, we conclude that the Lie algebra of SL(n) is sl(n).

HOMEWORK.
1. Verify the properties of the exponential map given in Proposition [15.2]
2. Show that the exponential map exp : gl(2) — GL(2) is not surjective.

3. Let N C GL(n) be the subgroup formed by all upper triangular matrices
with diagonal elements all equal to 1. Show that N is a Lie subgroup, find its
Lie algebra n and prove that the exponential map exp : n — N is a bijection.

4. Let G be a compact Lie group. Show that exp : g — G is surjective.
(HINT: Use the fact, to be proved later, that any compact Lie group has a bi-
invariant metric, i.e., a metric invariant under both right and left translations.)

5. Let G and H be Lie groups. Show that:
(a) Every continuous homomorphism ® : R — G is smooth;
(b) Every continuous homomorphism ® : G — H is smooth;
(¢) If G and H are isomorphic as topological groups, then G and H are
isomorphic as Lie groups.

6. Let G be a Lie group with Lie algebra g and let H C G be a Lie subgroup
with Lie algebra h C g. Show that X € g belongs to b if and only if exp(tX) €
H for all t € R.

7. Prove Proposition [15.5]
(HINT: Show that H has a smooth structure compatible with the relative
topology making (H, ) a submanifold of G, by considering the charts:

{(HNhV,exp *oLy):h e H}.
Then check that multiplication in H is smooth and use the previous exercise

to complete the proof.)
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16. GROUPS OF TRANSFORMATIONS

Let G be a group. Recall (Section [0) that we denote an action of G on
aset M by amap ¥ : G x M — M, which we write as (g,p) — ¢ - p, and
satisfies:

(a) e-p=p, for all p € M;
(b) g-(h-p)=(gh)-p, forall g,h € G and p e M.

An action can also be viewed as a group homomorphism ¥ from G to the
group of bijections of M. For each g € G' we denote by ¥, the bijection:

Vo:M— M, p—g-p

When G is a Lie group, M is a smooth manifold and the map ¥ : G x M —
M is smooth, we say that we have a smooth action. In this case each
U, : M — M is a diffeomorphism of M, so one also says that G is a group
of transformations of M. Note that for a smooth action, for each p € M,
the isotropy subgroup

G,={9e€G:g-p=n}

is a closed subgroup, hence it is an (embedded) Lie subgroup of G (see
Theorem [15.6)).

The results in Section [ concerning smooth structures on orbits spaces
of discrete group actions extend to arbitrary smooth actions of Lie groups.
First, we call a smooth action ¥ : G x M — M a proper action if the
map:

GXM—)MXMa (gup)H(phqp%
is proper.

ExaMPLES 16.1.

1. The action by translations of a Lie group G on itself, G x G — G, (g, h) —
gh, is always proper.

2. Smooth actions of compact Lie groups on manifolds are always proper. Also,
for any proper action G x M — M the isotropy groups G, are all compact. So,
for example, the action of O(n) on R™ by matriz multiplication is proper (since
O(n) is compact), while the action of SL(n) on R™ by matriz multiplication is
not proper (since the isotropy group of 0 is SL(n) which is not compact).

3. Given a smooth proper action G x M — M and a closed subgroup H C G,
the restricted action H x M — M is still a smooth proper action. For example,
restricting the action by translations of (R™,+) on itself, we obtain the smooth
proper action of (R,+) on R™ given by:

te(xh, . 2" = (2t 22, 2",

Next, recall that an action is free if the isotropy groups G, are trivial,
for all p € M. We leave as an exercise to check that:
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Lemma 16.2. Given a smooth free action G x M — M and p € M the
map

V,:G—M, g~ g-p
s an injective immersion. In particular, the orbits of a smooth, free action
G x M — M are submanifolds of M diffeomorphic to G.

Note that, in general, the orbits are not embedded submanifolds: for
example, the irrational lines on the torus T? are the orbits of a free, smooth,
action of (R, +). We will see later that the orbits of any action are immersed
submanifolds.

For proper actions the geometry of the orbits is much nicer. In particular,
for proper and free actions we have:

Theorem 16.3. Let ¥ : G x M — M be a smooth action of a Lie group
G on a manifold M. If the action is free and proper, then G\M has a
unique smooth structure, compatible with the quotient topology, such that
m: M — G\M is a submersion. In particular,

dim G\M = dim M — dim G.

In particular, the orbits of a smooth, proper and free action of G are embed-
ded submanifolds diffeomorphic to G.

Proof. We apply Theorem to the orbit equivalence relation defined by
the action. This means that we need to verify that its graph:

R={(p,g-p):peM,ge G} C M x M,

is a proper submanifold of M x M and that the restriction of the projection
pi|r : R — M is a submersion.
Let us consider the map:

®:GxM—-MxM, (g9,p) (p,g-p),

whose image is precisely R. Since the action is assumed to be free, we see
that @ is injective. The differential d(,,)® : ToG x T, M — T, M x Ty, M is
given by:

(v,w) = (w,d¥, - v+d¥, - w).

Since this differential is injective we conclude that ® is an injective immer-
sion with image R. Since, by assumption, ® is proper, it follows that R is a
proper submanifold of M x M.

To verify that p1|g : R — M is a submersion, it is enough to show that
the composition p1o® : G x M — M is a submersion. But this composition
is just the projection (g,p) — p, which is obviously a submersion. O

EXAMPLE 16.4.
Consider the action of S' = {w € C: |w| = 1} on the 3-sphere S® = {(21, 22) €
C2%: |21)? + |22]? = 1}, defined by:

w - (21,22) = (w21, wz2).
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This action is free and proper. Hence, the orbits of this action are embedded
submanifolds of S® diffeomorphic to S'. The orbit space S'\S?® is a smooth
manifold. We will see later that this manifold is diffeomorphic to S2.

Let G be a Lie group and consider the action of G on itself by left trans-
lations:
GxG—G, (g,h)— gh.

This action is free and proper. If H C G is a closed subgroup, then H is a
Lie subgroup and the action of H on G, by left translation is also free and
proper. The orbit space for this action consist of the right cosets:

H\G ={Hg:g € G}.
From Theorem [I6.3] we conclude that:

Corollary 16.5. Let G be a Lie group and let H C G be a closed subgroup.
Then H\G has a unique smooth structure, compatible with the quotient topol-
ogy, such that m: G — H\G is a submersion. In particular,

dim H\G = dim G — dim H.

Remark 16.6. So far we have discussed left actions. We can also discuss
right actions M x G — M, (m,g) — m - g, where axioms (a) and (b) are
replaced by:

(a) p-e=p, for all p € M;

(b) (p-h)-g=p-(hg), for all g,h € G and p € M.
Given a left action (g,m) — g - m one obtains a right action by setting
(m,g) = g~!-m, and conversely. Hence, every result about left actions
yields a result about right actions, and conversely. For example, if G is a
Lie group and H C G is a closed subgroup, the right action of H on G by
right translations is free and proper. Hence, the set of left cosets

G/H ={gH : g € G},
also has a natural smooth structure.

Given two G-actions, G x M — M and G x N — N, a G-equivariant
map is a map ¢ : M — N such that:
®(g-p)=g-2(p), VgeG,peM.

We say that we have equivalent actions is there exists a G-equivariant
bijection between them.
Given any action ¥ : G x M — M, for each p € M the map

V,:G—=M, g~ g-p,

induces a bijection \Tlp between G//G,, and the orbit through p. Notice that
G acts on the set of right cosets by left translations:

G x G/Gy— G/Gy, (h,gGp) — (hg)Gy.
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The map ¥, is a G-equivariant bijection between the set of right cosets
G/G, and the orbit through p.

If we have a smooth action ¥ : G x M — M we can use the results above
with H = G, to conclude that G/G, has a smooth structure and that the
map:

V,:G/Gp — M, gGp+—g-p,
is an injective immersion. Since the image of this map is the orbit through
p, we conclude that:

Theorem 16.7. Let ¥ : G x M — M be a smooth action of a Lie group G
on a manifold M. The orbits of the action are initial submanifolds of M.
Moreover, for every p € M, the map

U, :G/Gp — M, gGprg-p,
is a G-equivariant diffeomorphism between G /G, and the orbit through p.

Proof. Since G, is a closed subgroup, by Corollary [[6.5, G/G), has a smooth
structure. The map:

U, : G/G, — M, gGprg-p,

is an injective immersion whose image is the orbit through p. This makes
the orbit an immersed submanifold and we leave it as an exercise to show
that it is initial.

This smooth structure on the orbit does not depend on the choice of
p € M: two points p,q € M which belong to the same orbit have conjugate

isotropy groups:

g=g9p = Gg=9Gp "

It follows that ® : G/G, — G/G,, hG, — ghg 'G,, is an equivariant
diffeomorphism which makes the following diagram commute:

Since ¥, : M — M, m + g-m, is a diffeomorphism, it is clear that the two
immersions give equivalent smooth structures on the orbit. O

A transitive action ¥ : G x M — M is an action with only one orbit.
This means that for any pair of points p,q € M, there exists g € G such
that ¢ = ¢g-p. In this case, fixing any point p € M, we obtain an equivariant
bijection G/G, — M. When the action is smooth, this gives an equivariant
diffeomorphism between M and the quotient G/G)p. In this case, one also
calls M a homogeneous space.

The homogeneous G-spaces are just the manifolds of the form G/H where
H C @G is a closed subgroup. In the homogenous space G/H we have the
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natural G-action, induced from the action of G on itself by left transla-
tions. Homogenous spaces are particularly nice examples of manifolds. The
next examples will show that a manifold can be a homogeneous G-space for
different choices of Lie groups.

ExXAMPLES 16.8.

1. Let S? be the unit quarternions. Identifying R3 with the purely imaginary
quaternions, we obtain an action of S® on R3:

q-v=quqg "

It is easy to see that the orbits of this action are the spheres of radius r and
the origin. Let us restrict the action to S2, the sphere of radius 1. An easy
computation shows that the isotropy group of p = (1,0,0) is the subgroup St =
(S*), C'S? formed by quaternions of the form qo+iq1 +0j+0k. It follows that
the sphere is diffeomorphic to the homogeneous space S3/S'. The surjective
submersion 7 : S* — S%, ¢~ ¢ - (1,0,0), whose fibers are diffeomorphic to S*,
1s known as the Hopf fibration.

2. Let O(d+1) xR4T — R+ be the standard action by matriz multiplication:
(A, V) — Av.

The orbits of this action are the spheres ()% +-- -+ (%)% = r? and the origin.
Again, we consider the sphere ST of radius 1 and we let py = (0,...,0,1) € §¢,
the north pole. The isotropy group at pn consists of matrices of the form:

B 0 € 0(d+1),

0 1
so we can identify it with O(d). It follows that the map
O(d+1)/0(d) =S¢, A O(d) — A-pn,

is a diffeomorphism. A similar reasoning shows that S is also diffeomorphic
to the homogeneous space SO(d + 1)/SO(d).

3. Let RP? be the real projective space and denote by m : R4 — {0} — RP?
the map
L Sl AL

)

The action SO(d + 1) x R4t — R by matriz multiplication, induces a
smooth transitive action SO(d 4+ 1) x RP? — RPY. The isotropy subgroup of

the point [0 : -+ : 0 : 1] consist of matrices of the form:
B O | eso@+1),
0 | det B

so we can identify it with O(d). We conclude that RP? is diffeomorphic to the
homogeneous space SO(d + 1)/0(d).
A similar reasoning shows that the complex projective space CP? is diffeo-
morphic to the homogeneous space SU(d+1)/U(d).
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4. Let Gx(R?) denote that set of all linear subspaces of R of dimension k.
The usual action of the orthogonal group O(d) on R? by matriz multiplication
induces an action O(d) x Gr(RY) — GR(RY): an invertible linear transfor-
mation takes linear subspaces of dimension k to linear subspaces of dimen-
sion k. It is easy to check that given any two k-dimensional linear subspaces
S1, 85 C R? there exists A € O(d) mapping Sy onto Sa. This means that the
action O(d) x Gg(RY) — G1(R?) is transitive.

We fix the point Sy € G (RY) to be the subspace RF x {0} C R?, then

O(d)s, = {(%) €0(d): A€ O(k),BeO(d— k)} .

so we have a bijection
O(d)/O(k) x O(d — k) = Gi(V).

On G (R9) we can consider the unique smooth structure for which this bijection
becomes a diffeomorphism. This gives Gi(R?) the structure of a manifold of
dimension k(d — k) = dim O(d) — (dim O(k) + dim O(d — k)). One can show
that this smooth structure is independent of the choice of base point Sy. The
manifold G (R?) is called the Grassmannian manifold of k-planes in RY.

Since Lie groups have infinitesimal counterparts, it should come as no
surprise that Lie group actions also have an infinitesimal counterpart. Let
VU :Gx M — M be a smooth action, which we can view as “Lie group”
homomorphism:

U : G — Diff(M).
We think of Diff (M) as a Lie group with Lie algebra X(M ), then there must
exist a homomorphism of Lie algebras

~

Y= (¥),:g9— X(M).
In fact, if X € g and p € M, the curve
t— exp(tX) - p,

goes through p at t = 0, and it is defined and smooth for ¢ € R. We define
the vector field ¢(X) in M, by:

d
V(X)p = gy exp(tX) - p
t=0
The proof of the following lemma is left as an exercise:
Lemma 16.9. For each X € g, ¥(X) is a smooth vector field and the map
Vg — X(M) is linear and satisfies:
T;Z)([va]g) = —[TZJ(X),TZJ(Y)], VX7Y €g
Remark 16.10. An anti-homomorphism of Lie algebras is a linear map
¢ : g — b which satisfies:

¢([X7 Y]) = _[¢(X)7¢(Y)]7 VX,Y €g.
115



The appearance of a minus sign in the lemma is easy to explain: with
our conventions, where the Lie algebra of a Lie group is formed by the
left invariant vector fields, the Lie algebra of the group of diffeomorphisms
Diff (M) is formed by the vector fields X(M) with a Lie bracket which is
the simmetric of the usual Lie bracket of vector fields. One can see this,
for example, by determining the 1-parameter subgroups of the group of
diffeomorphims. We could have defined the Lie bracket of vector fields with
the opposite sign, but this would lead to the presence of negative signs in
other formulas.

The lemma above suggests the following definition:

Definition 16.11. An infinitesimal action of a Lie algebra g on a man-
ifold M is an anti-homomorphism of Lie algebras 1) : g — X(M).

ExaMPLE 16.12.

The Lie algebra s0(3) has a basis consisting of the skew-symmetric matrices:
0 0 O 0 0 -1 0 1 0
X=(0 0 1|, Y={00 01|, Z=]-1 0 0
0 -1 0 1 0 0 0 0 0

In this basis, we have the following Lie bracket relations:
X,)Y|=-2, [V,Z]=-X, [Z,X]=-Y.

For the usual action of SO(3) on R? by rotations, we can compute the infini-
tesimal action as follows. First, we compute the exponential

1 0 0
exp(tX)=| 0 cost sint
0 —sint cost
Then:
Y(X) = —exp(tX) - (z,y, 2) *zg— 9
(z,y,2) — d p 'Y o ay yaz
Similarly, we compute:
0 0 0 0
Y = _— = Z— Z —_— Y— — T —

The vector fields {1(X),¥(Y),¥(Z)} are called the infinitesimal generators
of the action. Using that v is an anti-homomorphism of Lie algebras, one
recovers the Lie brackets of Example I1.2.

A smooth action ¥ : G x M — M determines an infinitesimal action
¥ : g — X(M). The converse does not necessarily hold, as shown in the
next examples.

ExXAMPLES 16.13.

1. Consider the infinitesimal Lie algebra action of s0(3) on R3 given in Ex-
ample[I6.12. We can restrict this action to M = R3 — {po} by taking for each
X € g, the restriction of ¥(X) to M. This defines an infinitesimal action of
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50(3) on M which, if po # 0, is not induced from a Lie group action of SO(3)
in M.

2. Any non-zero vector field X on a manifold M determines an infinitesimal
action of the Lie algebra g = R on M by setting ¥ () := AX. This infinitesimal
action integrates to a Lie group action of G = (R,+) on M if and only if the
vector field X is complete. The Lie group S' also has Lie algebra R, but even
if the vector field is complete, there will be no action ¥ : S' x M — M with
U, =, since the orbits of X may not be periodic.

Obviously, for any infinitesimal Lie algebra action ¢ : g — X(M) which
is induced from a Lie group action G x M — M the infinitesimal generators
P(X) € X(M) are all complete vector fields. If we assume that G is 1-
connected, the converse also holds but the proof is beyond the scope of
these notes:

Theorem 16.14. Let ¢ : g — X(M) be an infinitesimal Lie algebra action
such that (X)) is complete, for all X € g. Then there exists a smooth action
U : G — Diff (M) with W, = 1, where G is the 1-connected Lie group with
Lie algebra g.

For example, if M is a compact manifold then every infinitesimal Lie
algebra action ¢ : g — X(M) integrates to a smooth Lie group action
U :G x M — M, where G is the 1-connected Lie group with Lie algebra g.

EXAMPLE 16.15.

A representation of a Lie group G in a vector space V is a Lie group
homomorphism U : G — GL(V). Since GL(V) C Diff(V'), this is the same as
a smooth linear action ¥ : G xV — V.

A wvector field X on a vector space V is called a linear vector field if for
any linear function | € V* the function X (I) is a also linear. A linear vector
field X determines a linear map X : V* — V*, so its transpose is an element
of gl(V)). The converse also holds, so linear maps T : V. — V are in 1:1
correspondence with linear vector fields Xp € X(V') and one has:

Xr(l)=1oT,
for any linear function l:V — R. You should check that:
[XT1 ’ XT2] = _X[Tl,T2]7

so the inclusion gl(V') — X(V') reverses the sign of the Lie brackets.

A representation of a Lie algebra g is a Lie algebra homomorphism
p:g— gl(V). Composing p with the natural inclusion gl(V) — X(V), we
obtain an anti-Lie algebra homomorphism ¢ : g — X(V'), whose image consists
of linear vector fields. Conversely, every Lie algebra homomorphism ¢ : g —
X(V) whose image consists of linear vector fields arises from a Lie algebra
representation p : g — gl(V).

We conclude that a representation UG- GL(V) is the same thing as
a linear action of G. It yields by differentiation a Lie algebra representation
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U, : g — gl(V) which is the same thing as an infinitesimal Lie algebra action
P :g— X(V) by linear vector fields.

Conversely, since a linear vector field on a vector space is complete, any
Lie algebra representation g — gl(V') integrates to a Lie group representation
G — GL(V) of the 1-connected Lie group G with Lie algebra G.

HOMEWORK.
1. Prove Lemma [16.2)

2. Let U :Gx M — M be a proper and free smooth action and denote by B =
G\M its orbit space. Show that the projection = : M — B is locally trivial,
i.e., for any b € B there exists a neighborhood b € U C B and diffeomorphism

o:m ' (U) = GxU, q~ (x(q),7(q)),

such that:
o(g-q) = (9x(q).7(q)), Vgern '(U),g€q.

3. Show that the orbits of a smooth action are initial submanifolds.

4. Let G be a connected Lie group and H C G a closed connected subgroup.
Show that:
(a) H is a normal subgroup of G if and only if its Lie algebra h C g is an
ideal, i.e.,

VX eg,Yebh [X,Y]eb.

(b) If H is normal in G, then G/H is a Lie group and 7 : G — G/H is a Lie
group homomorphism.

5. Let G be a Lie group and let H C G be a closed subgroup. Show that if
G/H and H are both connected then G is connected. Conclude from this that
the groups SO(d), SU(d) and U(d) are all connected. Show that O(d) and
GL(d) have two connected components.

6. Let U :GxM — M be asmooth transitive action with M connected. Show
that:
(a) The connected component of the identity G also acts transitively on M;
(b) For all p € M, G/G" is diffeomorphic to G,/(G, N G°);
(c) If Gy is connected for some p € M, then G is connected.

7. For any Lie group G, recall that its adjoint representation Ad : G —
GL(g), g — Adg, is defined by Ad, := dciy, where iy : G — G is given by
ig(h) = ghg™'. Show that the induced Lie algebra representation ad : g —
gl(g) is given by:

adx(Y)=[X,Y], VX,Y eg.
8. Find the orbits and the isotropy groups for the adjoint representations of

the 3 dimensional Lie groups SL(2), SO(3) and SU(2).
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9. For a vector space V of dimension d denote by Sk (V') the set of all k-frames
of V:

Sk(V)y={(vi,...,vi) €V x -+ x V :vy,..., v are linearly independent}.

Show that S (V') is a homogenous space of dimension dk. S(V) is called the
Stiefel manifold of k-frames of V.

(HINT: Fix a base of V' and consider the action GL(d) in V' by matrix multi-
plication.)

10. Give a proof of Lemma [16.9
(HINT: If G is a Lie group with Lie algebra g, for each X € g denoted by
X € X(G) the right invariant vector field in G which takes the value X, at
the identity. Show that:

[X,Y]=—-[X,Y], VX,Y €y,

and express the infinitesimal action ¢ : g — X(M) in terms of right invariant
vector fields.)

11. Let ¥ : G x M — M be a smooth action with associated infinitesimal
action ¢ : g — X(M). If G, is the isotropy group at p, show that its Lie
algebra is the isotropy subalgebra:

gp = {X €g:9(X), =0}

12. Let ¥ : G x M — M be a smooth action with associated infinitesimal
action ¢ : g = X(M). We call pg € M a fixed point of the action if:

g-po=po,Vg €G.
Show that if pg is a fixed point of the action then:
(a) U induces a representation Z : G — GL(T},, M);
(b) v induces a representation & : g — gl(Tp, M);
(¢) The representation = of G integrates the representation £ of g: (2), = &.
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Part 3. Differential Forms

Differential forms are the objects that can be integrated over a manifold.
For this reason, they play a crucial role when passing from local to global
aspects of manifolds. In this third part of the sections, we will introduce
differential forms and we will see how effective they are in the study of global
properties of manifolds.

The main concept and ideas that we will introduce in this round of sections
are the following:

e In Section 17: the notion of differential form and, more generally,
of tensor fields. The elementary operations with differential forms:
exterior product, inner product and pull-back.

e In Section 18: the differential and the Lie derivative of differential
forms, which give rise to the Cartan calculus on differential forms.

e In Section 19: the integration of differential forms on manifolds and
Stokes Theorem.

e In Section 20: the de Rham complex formed by the differential forms
and its cohomology, an important invariant of a differentiable mani-
fold.

e In Section 21: the relationship between de Rham cohomology and
singular cohomology, which shows that de Rham cohomology is a
topological invariant.

e In Section 22: the basic properties of de Rham cohomology: homo-
topy invariance and the Mayer- Vietoris sequence.

e In Section 23: applications of the Mayer-Vietoris sequence to de-
duce further properties of cohomology like finite dimensionality and
Poincaré duality. How to define and compute the Fuler characteris-
tic of a manifold.

e In Section 24: the degree of a map and the index of a zero of a vector
field.
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17. DIFFERENTIAL FORMS AND TENSOR FIELDS
For a finite dimensional vector space V', we denote the dual vector space
by V*:
V*={a:a:V — Ris a linear map}.

Its tensor algebra is:
+00
RV =Petv
k=0

and is furnished with the tensor product ® : @*V* x @V* — @FHV*,
Its exterior algebra is:

d
AV =P nFve
k=0

and is furnished with the exterior product A : AFV* x AlV* — AR,
If ay,...,a € V¥ and vq,...,vE € V, our convention is that:

ag A ANag(vy, .., vg) = det(ai(vj))f,jzl'

It maybe worth to recall that one can identify ®FV* (respectively, AFV*)
with the space of k-multilinear (respectively, k-multilinear and alternating)
maps V x--- xV = R.

IfT:V — W is a linear transformation between two finite dimensional
vector spaces, its transpose is the linear transformation 7% : W* — V*
defined by:

T*a(v) = a(Tv).
Similarly, there exists an induced application T* : AFW* — AFV* defined
by:
T*w(vi,...,vk) = w(Tvy,...,Tvg).
This is the restriction of a similarly defined map 7% : *W* — @FV*.

Let now M be a smooth manifold. If (z',...,2%) are local coordinates
around p € M, we know that the tangent vectors
0
| (i=1,...,d),
oz*|,

form a base for T, M. Similarly, the forms
dpz’ (i=1,...,d),

form a base for 77 M. These basis are dual to each other. If we take tensor
products and exterior products of elements of these basis, we obtain basis
for ®kTpM, /\kTpM, ®kT;M, /\kT;M, etc. For example, the space /\kT;M
has the base
dpxil /\---/\dpa:ik (11 < -+ <ig).
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As in the case of the tangent and cotangent spaces, we are interested
in the spaces ®kTpM, /\kTpM, ®kT;M, /\kT;M, etc., when p varies. For
example, we define

ANT*M = | ) ATy M.
peEM
and we have a projection 7 : AFT*M — M. We call A¥T*M the k-exterior

bundle of M. We leave as an exercise to check that, just like the case of
the tangent bundle, one has a smooth structure on this bundle.

Proposition 17.1. There exists a canonical smooth structure on AFT*M
such that the canonical projection in M is a submersion.

One has also smooth structures on the bundles A*TM, QFT*M, @*T M,
QFTM @° T*M, etc.

For any map m : E — M a section is a map s : M — FE such that
mos(p)=p, for all pe M.

Definition 17.2. Let M be a manifold.

(i) A differential form of degree k is a section of w: AFT*M — M.
(ii) A multivector field of degree k is a section of ™ : NFTM — M.
(i) A tensor field of degree (k,s) is a section of m: QT M ®° T*M —

M.

We will consider only smooth differential forms, smooth multivector fields
and smooth tensor fields, meaning that the corresponding sections are smooth
maps. Note that A*T'M and AFT*M are submanifolds of @*TM ®° T*M,
so a multivector field of degree k and a differential form of degree k are
examples of tensor fields of degree (k,0 and (0, k), respectively. Of course,
there are tensor fields of degree (k,0 and (0, k) which are not alternating:
for example, a Riemannian metric is a tensor field of degree (0,2) which is
symmetric, rather than alternating.

If (U,¢) = (U,z",...,2%) is a chart then a tensor field § of degree (k, s)
takes the local expression:

yein O 0 , .

= RIRRLE ... j

H‘U B ) Z ) Hjly---yjs 8$i1 ® ® 8;17% & da’? ® (= dal*.
15tk J1se00]s

It should be clear that 6 is smooth if and only if for any open cover by charts
the components 9;1;’; are smooth function in C*°(U).

On the other hand, a smooth differential form w of degree k can be written
in a local chart in the forms:

wly = Z wil...ikdiﬂil/\"'/\dl‘ik
i1 <<
— i..dil < Adgte
_'Z k!w“...,k [ ARVAN ANdx'*,
i1l
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where the components wj,...;, € C°°(U) are alternating: for every permuta-
tion o € Si one has

W iy)-oliy) = (1) Twiy gy -

Similarly, a smooth multivector field 7 of degree k can be written in a local
chart in the forms:

0 0
_ 210
7T|U— E T k8$i1/\“'/\8;pik

i1 <<,

— Z lﬂ-lllki A A i
N k! Ozt Ox’

i1-ig

where the components 71 € C*°(U) are alternating.

If (U, ¢) = (U,z',...,z% and (V,9¥) = (V,y',...,y?) are two local charts,
then we have two local coordinate expressions for a differential form w €
QF(M):

wly = Z wil...ikdznil A« Ada'®
11 < <dp,
wly = Z Wy Ayt A Adylh
J1<<Jk
If UNV # (), the transformation formulas that we obtain before;
i

ox ;
J
jdy .

d ; d
0 oy’ 0 -
2= aann A=)
ox = ox' Jy =

then lead to transformations for the components of the forms on the overlap
U NV of the two charts:

o(x* ...
@iy-i (¥) = | > | Wiy -wip, (@ © ¢_1(y))W(y)-
211 <1

The symbol in the right side of this expression is an abbreviation for the
minor consisting of the rows 4q,...,7; and the columns ji,...,j; of the
Jacobian matrix of the change of coordinates poyy=t : (UNV) — ¢(UNV).

We leave it as an exercise to determine the formulas of transformation of
variables for multivector fields and tensor fields.

Remark 17.3. One maybe intrigued with the relative positions of the in-
dices, as subscripts and superscripts, in the different objects. The convention
that we follow is such that an index is only summed if it appears in a formula
repeated both as a subscript and as a superscript. With this convention,
one can even omit the summation sign from the formula, with the agree-
ment that one sums over an index whenever that index is repeated. This
convention is called the Einstein convention sum.
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From now on we will concentrate on the study of differential forms. Al-
though other objects, such as multivector fields and tensor fields, are also
interesting, differential forms play a more fundamental role because they are
the objects one can integrate over a manifold.

We will denote the vector space of smooth differential forms of degree k
on a manifold M by QF(M). Given a differential form w € Q¥(M) its value

at a point w, € AT » M can be seen as an alternating, multilinear map
wp : TpyM x - x T,M — R.
Hence, if X1,..., X} € X(M) are smooth vector fields M we obtain a smooth
function w(Xy,...,X) € C°(M):
p = wp(Xilp, s Xilp)-
Therefore every differential form w € QF(M) can be seen as a map
w:X(M)x- - xX(M)— C™®(M).

This map is C°°(M)-multilinear and alternating. Conversely, every C°°(M )-
multilinear, alternating, map X(M) x --- x X(M) — C°°(M) defines a
smooth differential form. This is usually the simplest way to specify a
smooth differential form.

We consider now several basic operations with differential forms.

Exterior product of differential forms. The exterior (or wedge) product A
in the exterior algebra AT;M induces an exterior (or wedge) product of
differential forms

A QF(M) x Q5 (M) — QFF5(M), (w A7)y = wp Anp.

If we consider the space of all differential forms:

d
QM) = P F ().
k=0

where we convention that Q°(M) = C*®°(M) and fw = f A w, the exterior
product turns Q(M) into a Grassmann algebra over the ring C°(M),
i.e., the following properties hold:

(a) (fw+gn) ANO=fwNbO+gnAb.

(b) wAn = (—1)degwdegny Ay,

(c) (wWAN) ANO=wA (nNb).
Moreover, if aq,...,a; € QY (M) and X1,..., X} € X(M), according to our
conventions we have:

(d) a1 A Aa(Xy, ..o, X) = det [0 (X))]] ;-
These 4 properties is all that we need to know to compute exterior products

in local coordinates, as we illustrate in the next example:
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EXAMPLE 17.4.
In R*, with coordinates (z,y, z,w), consider the differential forms of degree 2:

w= (z+w?)dz Ady + e*dz A dw + cos zdy A dz,
n=xdy ANdz — e*dz A dw.
Then:
wAn=—(z+w?)e*dr Ady Adz Adw + ze*dr Adw Ady A dz

= —w?e*dx A dy A dz A dw.

Also, if we would like to compute, e.g., n on the vector fields X = y% — 8%

and Y = eza% we proceed as follows:
N(X,Y) =2dy Adz(X,Y) — e*dz Adw(X,Y)
dz(X) dz(Y)

| w0 w )

dz(X) dz(Y) dw(X) dw(Y)
o -1 0 z Y o 2z

=z . 0 }—e B e

Pull-back of differential forms. Let ® : M — N be a smooth map. For each
p € M, the transpose of the differential
induces a linear map
(dp®)* : AFTg ()N = ATy M.
The pull-back of differential forms ®* : QF(N) — QF(M) is defined as:
(@w)(X1, -+, Xy = (@) w) (X s Xily)
= w¢(p)(dp<1> : X1|p, ce ,dpq) : Xk|p)

This defines a C°°(M )-multilinear, alternating, map X(M) x --- x X(M) —
C° (M), hence ®*w is a smooth differential form of degree k in M.

It is easy to check that for any smooth map ® : M — N, the pull-back

o* : Q(N) — Q(M) is a homomorphism of Grassmann algebras, i.e., the
following properties hold:

(a) ©*(aw + bn) = a®*w + bP*n, a,b € R;

(b) ®*(w An) = P*w A P*n;

(c) ®*(fw) = (f o ®)Pw, f € C=(M);
Note that if f: N — R is a smooth function then the differential df can be
viewed as a differential form of degree 1. The chain rule and the definition
above also gives:

(d) @*(df) =d(fo®).
These properties is all that it is needed to compute pull-backs in local coor-
dinates, as we illustrate in the next example:
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EXAMPLE 17.5.
Let ® : R? — R* be the smooth map:

9 1

(I)(’LL,’U):(’U,-F’U,U—’U,’U 71—}-—11,2

).
In order to compute the pull-back under ® of the form:
n = xdy Adz — e*dz A dw € Q*(RY),

we proceed as follows:

*n = (xo®)d(y o ®) Ad(z0®) — e**Pd(z 0 ®) Ad(w o )

1
= d(u—v) Ad@?) — e d(v?) Ad(-——
()~ ) A d(0) — ¢ d(0?) A A=)

—2ud
:(u+v)du/\2vdv—2vev2dv/\ﬁ

2
4uve?

= <2v(u +v) — 7(1 n u2)2> du A dv.

In other words, to compute the pull-back ®*n, one replaces in n, the coordinates
(x,y, z,w) by its expressions in terms of the coordinates (u,v).

Remark 17.6. When (N, i) is a submanifold of M the pull-back of a dif-
ferential form w € QF(M) by the inclusion map i : N < M is called the
restriction of the differential form w to N. Often one denotes the
restriction w|y instead of i*w.

For example, for the sphere

S% = {(z,y,2) € R® : 2% + ¢y + 22 =1},
we can write
w = (xzdy Adz + ydz A dz + zdz A dy)|s2,

meaning that w is the pull-back by the inclusion i : S < R3 of the differ-
ential form xdy A dz + ydz A dz + zdx A dy € Q(R?). Sometimes, one even
drops the restriction sign.

One should also notice that if ® : M — N and ¥ : N — @ are smooth
maps, then o ® : M — (Q is a smooth map and we have:

(Tod)'w=P*(¥w).

In categorical language, we have a contravariant functor from the category of
smooth manifolds to the category of Grassmann algebras, which to a smooth
manifold M associates the algebra Q(M) and to a smooth map ® : M — N
associates a homomorphism ®* : Q(N) — Q(M).
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Interior Product. Given a vector field X € X(M) and a differential form
w € QF(M), the interior product of w by X, denoted ixw € QF (M), is
the the differential form of degree (k — 1) defined by:

in(Xl, . 7Xk—1) = w(X,Xl, . 7Xk—1)-

Since ixw : X(M) x --- x X(M) — C®(M) is a C*°(M )-multilinear, alter-
nating, map, it is indeed a smooth differential form of degree k — 1.
It is easy to check that the following properties hold:
(a) ix(fw+g0) = fixw + gix0;
(b) ix(wA0) = (ixw) A0+ (= 1)deewy A (ix0);
(¢) ipx4gv)w = fixw + givw;
(d) ix(df) = X(f).
Again, these properties is all that it is needed to compute interior products
in local coordinates.

EXAMPLE 17.7.
Let w = e®dz Ady +e*dy Adz € Q?(R?), and X = xa% —yZ € X(R3). Then:

%(dx/\dy) (zadx)/\dy—dx/\(iady):dy,
%(dx/\dy) (Zad)/\dy—dx/\(iaid)
6i(dy/\dz) (61 )/\dz—dy/\(iaid) 0,
a(dy/\dz) (63 )/\dz—dy/\(iaid) dz.
Hence, we conclude that:
ixw = —ze’dr — ye*dy + re*dz.

Remark 17.8. One can extend the interior product in a more or less obvious
way to other objects (multivector fields, tensor fields, etc.). For these objects
it is frequent to use the designation contraction, instead of interior product.
For example, one can define the contraction of a differential form w of degree
k by a multivector field w of degree | < k, to be a differential form 7,w of
degree k — I. In a local chart (U, 2", ..., z9), if

' , 0 0
wly = Z Wipoiy ™ Ao Adat, wly = Z il e A A et
et v
then:
(irw)|lo = Z wil...ikﬂil“'”dxil“ A Adat®

iy

As a first application of differential forms, we are going to formalize the
notion of orientation of a manifold.

Recall that if V is a linear vector space of dimension d and p € A%(V*) is
a non-zero element, then for any base {vy,...,v4} of V we have

p(vi,...,va) # 0.
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This implies that g splits the ordered basis of V' into two classes: a base
{Vv1,..., vy} has positive (respectively, negative) p-orientation if this number
is positive (respectively, negative). Hence, u determines a orientation for V.

EXAMPLE 17.9.
Let V. = R? then we have a canonical element py € AHRY)*, namely the
determinant:

po(Vi,...,va) = det[v{]} ;.
The standard basis of R? is positively oriented for this canonical choice. Note
also that |po(v1, ..., va)| represents the usual volume of the parallelepiped span
by the vectors vi,...,vq. For an arbitrary vector space V there is no such

canonical choice of orientation and one needs to choose an element p € AN(V*)
to orient its bases.

Definition 17.10. For a smooth manifold M of dimension d, we call a
differential form p € QY(M) a volume form if p, # 0, for allp € M. A
manifold M is said to be orientable if it admits a volume form.

Notice that if p € Q% M) is a volume form then any other differential
form of degree d in M is of the form fu for a smooth function f € C*°(M).
In particular, if g, puo € Q%(M) are two volume forms then there exists a
unique smooth non-vanishing function f € C°°(M) such that pe = fuq.

Let M be an orientable manifold of dimension d. If 1, s € Q4(M) are
volumes forms we say that p; and po define the same orientation if for all
p € M and any ordered base {vy,...,vq} of T,M, one has:

(V1 V(v V) > 0.

Note that if 11 and uo define the same orientation, then a base is pi-positive
if and only if it is pe-positive. We leave the proof of the following lemma as
an exercise:

Lemma 17.11. Let M be manifold of dimension d. Two volume forms
w1, o € QUDM) define the same orientation if and only if s = fu1 for a
smooth everywhere positive function f € C(M).

The property “define the same orientation” is an equivalence relation on
the set of volume forms in an orientable manifold M.

Definition 17.12. An orientation for an orientable manifold M is a
choice of an equivalence class [p]. A pair (M, [u]) is called an oriented
manifold.

Notice that an orientation [u] for a manifold M (if it exists!) amounts to
a choice of orientation for each tangent space T, M varying smoothly with
p. Note also that a connected orientable manifold has two orientations.
More generally, an orientable manifold with & connected components has 2%
orientations.
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ExaMPLES 17.13.

1. The euclidean space R¢ is orientable. The canonical orientation of R? is
the orientation defined by the volume form da' A--- Adx?. For this canonical
orientation, the canonical base of Tde ~ R? has positive orientation.

2. A Lie group G is always orientable. If {a1,...,aq} is a base of left invariant
1-forms then = a1 A - A aq a left invariant volume form.

3. The sphere S¢ is an orientable manifold. A volume form is given by:

d+1
w= Z(—l)ixidxl Ao Adazt A A dad
i=1 sd

We leave it as an exercise to check that this form never vanishes.

4. The real projective space RP? is not orientable. To see this let p € QQ(RIP’Q)
be any differential 2-form. If w : S* — RP? is the quotient map, then the pull-
back 7 is a differential 2-form in S?. It follows from the previous example
that

Tp= fw,
for some smooth function f € C>°(S?).
Let ® : S? — S? be the anti-podal map: p — —p. Since 7o ® =7, we have:
Q¥ (m ) = (mo @) p=m"p.
On the other, it is easy to check that ®*w = —w. Hence:

fo=7"p=20"(r"p)
= ¢ (fw) = (fo ®)®*(w) = =(f 0 P)w.
We conclude that f(—p) = —f(p), for all p € S®. But then we must have
f(po) = 0, at some py € S®. Hence, ©*u vanishes at some point. Since T is

a local diffeomorphism, we conclude that every differential form p € Q2 (RP?)
vanishes at some point, so RP? has no volume forms, and it is non-orientable.

Let (M, [par]) and (N, [un]) be oriented manifolds. We say that a diffeo-
morphism ® : M — N preserves orientations or that it is positive, if

[®*un] = [pum]-

EXAMPLE 17.14.
Let [dz' A- - -Adz?] be the standard orientation for R%. Given a diffeomorphism

¢:U =V, where U,V are open sets in R?, we have:
¢*(dzt A+ Ada?) = det[¢ (x)]dat A - A dad

Hence ¢ preserves the standard orientation if and only if det[¢' (x)] > 0, for
all x € R?.

One can also express the possibility of orienting a manifold in terms of

an atlas, as shown by the following proposition.
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Proposition 17.15. Let M be a manifold of dimension d. The following
statements are equivalents:

(i) M s orientable, i.e., M has a volume form.
(i) There exists an atlas {(U;, ¢;)yier for M such that for all i,j € I the
transition functions preserve the standard orientation of RY.

In particular, if [un) is an orientation for M, then there exists an atlas
{(Us, ¢i)Yier for M such that each chart ¢; : Uy — R? is positive, where in
R? we consider the canonical orientation.

The proof is left as an exercise.

HOMEWORK.

1. Construct the natural differentiable structure on AFT*M, for which the
canonical projection 7 : A¥T*M — M is a submersion.

2. Determine the formulas of transformation of variables for multivector fields
and tensor fields.

3. Show that a Riemannian structure on a manifold M (see Exercise 8 in
Section [T0]) defines a symmetric tensor field of degree (0,2).
NoOTE: In a chart (U, z%), a symmetric tensor field of degree (0,2) is written as

gl = Zgijdxi ® da?,
4,J
where the components g;; € C*(U) satisfy ¢i; = gji-

4. Prove the basic properties of the pull-back and interior product of differential
forms.

5. Let ® : M — N be a smooth map and let X € X(M) and Y € X(N) be
®-related smooth vector fields. Show that
O (iyw) =ixP'w, VYw e Q(N).

6. Prove Proposition [17.15

7. Show that for any orientable manifolds M and N the product M x N is
orientable. Conclude that the torus T? is orientable. Give an example of a
volume form in T¢.

8. Show that the real projective space RP? is orientable if and only if d is odd.
9. Verify that the Klein bottle (see Example[Z.84) is a non-orientable manifold.

10. Show that every oriented manifold (M, [u]) has an atlas whose transition
functions preserve the standard orientation of R
HiNT: If (U, ¢) = (U,z",...,2%) is a negative chart, then
(U7 (ZB) = (U7 _xlu :E27 R 7xd)

is a positive chart.
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11.
(a)

(b)

12.

Let (M, g) be a Riemannian manifold of dimension d. Show that:
For each p € M, the map T, M — T M, v g(v,-), is an isomorphism,
so the inner product on the tangent space T}, M induces an inner product
on the cotangent space 17 M.
For each p € M, there exists a neighborhood U of p and orthonormal
smooth vector fields X,..., X4 € X(U):

(Xi, X;) = di; (Kronecker symbol).

The set {X1,...,Xq} is called a (local) orthonormal frame.
For each p € M, there exists a neighborhood U of p and orthonormal
differential forms a4, ...,aq € Q1 (U):

(o, o) = 045 (Kronecker symbol).

The set {aq,...,aq} is called a (local) orthonormal coframe.
Assume further that (M, [p]) is oriented. Show that there exists a volume
form po € Q4(M) such that:

polu = a1 A+ Aayg,

for every local orthonormal coframe as, ..., aq € QF(U) which is positive
(i.e., a1 A+~ Ay is positive). One call pg the canonical volume form
of the oriented Riemannian manifold (M, g, [u]).

Let (M, g,[p]) be an oriented Riemannian manifold of dimension d. Show

that there exists a unique linear map * : Q¥(M) — Q4=*(M) such that for
every local orthonormal coframe «;, . .., ag which is positive (i.e., a1 A+ Ay
is positive) the following properties hold:

()
(b)

xl=a3 A - ANag and *(ag A+ Aag) = 1;
x(ag A Aag) = Qg1 A Aag.

Show also that:

* 18

* kW = (—1)k(d_k)w, where k = degw.

called the Hodge star operator.

18. DIFFERENTIAL AND CARTAN CALCULUS

We will introduce now two important differentiation operations on differ-

ential
the L
fields.

on differential forms that we studied in the previous section, are the basis of

forms: the differential of forms, which is an intrinsic derivative, and
ie derivative of differential forms, which is a derivative along vector
These differential operations together with the algebraic operations

a calculus on differential forms on which is usually called Cartan Calculus.
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Let w € QF(M). The differential of w is the differential form of degree
k + 1, denoted dw, defined by:

k
(18.1) dw(Xo,.... Xp) = > (1) X;(w(Xo,..., Xi, ..., Xi))+

i=0
+ > ()X, X X, X X X,
0<i<j<k

for any smooth vector fields Xj,..., X € X(M). This formula defines a
C°°(M)-multilinear, alternating, map X(M) x --- x X(M) — C*(M), so
that dw is indeed a smooth differential (k+1)-form.

A smooth function f € C*°(M) is a degree 0 form. In this case, formula
([IRI) gives:

df(X) = X(f).

Therefore this definition matches our previous definition of the differential
of a smooth function.

Our next result shows that the differential is the only operation on the
forms which extends the differential of functions in a reasonable way:

Theorem 18.1. The differential
d:Q*(M) — QM)
is the only operation on forms satisfying the following properties:
(i) d is R-linear:
d(aw + bd) = adw + bd#.
(ii) d is a derivation:
d(w A ) = (dw) A G + (—1)%8%w A (d6).
(iii) d extends the differential of smooth functions: if f € C°°(M), then
df(X) = X(f),VX € X(M).
(iv) d®> = 0.
Moreover, if ® : M — N is a smooth map, then for every w € QF(N):
P*dw = dP*w.
Proof. We leave it for the exercises to check that d, as defined by (I81]),
satisfies properties (i) through (iv). To prove uniqueness, we need to check
that given w € QF(M), then dw is determined by properties (i)-(iv).
Since d is a derivation, it is local: if w|y = 0 on an open set U then

(dw)|y = 0. In fact, let p € U and f € C°°(M) with f(p) > 0 and supp f C
U. Since fw = 0, we find that:

0=d(fw)=df ANw+ fdw.

If we evaluate both sides of this identity at p, we conclude that f(p)(dw), =
0. Hence dw|y = 0, as claimed.
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Therefore, to prove uniqueness, it is enough to consider the case where
w € QF(U), where U is the domain of some local chart (z!,...,z%). In this

case we have:
w = g Wiy da™ Ao A dat®.

i< <i,
Using only properties (i)—(iv) we find:
dw= > d(wj.da’ A---Ada's) (by (1))
i1 <<
= Z Ad(wiyooiy) A da™ Ao Ada'® (by (ii) and (iv))
iy <<
awil..,ik i i i
= Z Zde Adz"t A--- Adx™  (by (iii)).
i<<ig v

The last expression defines a differential form of degree k£ + 1 in U. Hence,
dw is completely determine by properties (i)—(iv), as claimed.

The proof that the differential commutes with pull-backs also follows if
one proves it for every local chart. We leave the (easy) computation to the
O

exercises.
As this proof shows, one can compute the differential of a form in local
coordinates using only properties (i)—(iv). This is often much more efficient
than applying directly the formula (I81]).
EXAMPLE 18.2.
Let w = e¥dx A dz + e*dy A dz € Q%(R3). Using properties (i)—(iv), we find:
dw = d(e¥dz A dz + e*dy A dz)
= (de?) Adz Adz+d(e*) Ady Adz
=eVdyAdx Adz + e*dz Ady Adz = —eYdx A dy A dz.

The operation d : Q*(M) — Q*TY(M) is also referred to as exterior
differentiation, since it increases the degree of a form. There is another type
of differentiation of a form which preserves the degree:

Definition 18.3. The Lie derivative of a differential form w € QF(M)
along a vector X € X(M) is the differential form Lxw € QF(M) defined by:

_ d T \* I K 1 to\x,
Lxw = &(Cbx) w o _%Ef% : ((¢X) w W)-

EXAMPLE 18.4.
Let w = e¥dx Adz + e*dy Adz € Q%(R?) and X = xa% € X(R®). The flow of
X is gien by ¢% (z,y,2) = (x,y + tz,z). Hence, we find that:
(P )*w = VT dx Adz + e*d(y + tz) Adz
=¥ dx Adz + e*dy Adz + te*dx A dz
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Then:

d *
Lxw = &(éf’fx) w

t=0

—| (evTdz Adz + e*dy Adz + teda A dz)
dt 1=

=ze¥dx Adz + e*dx A dz.

In most examples, it is impossible to find explicitly the flow of a vector
field. Still the basic properties of the Lie derivative listed in the next propo-
sition allow one to find the Lie derivative without knowledge of the flow.
The proof is left as an exercise:

Proposition 18.5. Let X € X(M) and w,n € Q*(M). Then:
(i) Lx(aw +bn) = alxw+ bLxn for all a,b € R.

(1)) Lx(wAn) =LxwAn+wALxn.

(i) Lx(f) = X(f), if f € QM) = C>(M).

(iv) Lxdw = dLxw.

EXAMPLE 18.6.
Let us redo Example using only properties (i)-(iv) in the previous propo-
sition:
Lxw = Lx(eYdz Ndz + e*dy Adz)
=Lx(e¥)dz ANdz + eYLx(dx) Adz + e¥dz A Lx(dz)+
+ Lx(*)dy ANdz + e*Lx(dy) Adz + e*dy A Lx(dz)
= X(e¥)dz Adz+ e*dX (y) ANdz
= ze¥dx ANdz + e*dx A dz.

There is still another efficient way to compute the Lie derivative, by ap-
plying a formula which relates all three basic operations on forms: Lie deriv-
ative, exterior differential and interior product. This “magic” formula often
plays an unexpected role.

Theorem 18.7 (Cartan’s Magic Formula). Let X € X(M) and w € Q(M).
Then:

(18.2) Lxw=1ixdw +dixw.

Proof. By Proposition I85] Lx : QM) — Q(M) is a derivation. The
properties of d and ix give that ixd + dix : QM) — Q(M) is also a
derivation. Hence, it is enough to check that both derivations take the
same values on differential forms of the type w = f and w = dg, where
f.g € C(M).

On the one hand, the properties in Proposition I8.5] give:

Lx(f)=X(f), Lx(dg)=dLxg=d(X(g))
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On the other hand, the properties of d and ix yield:

(ixd +dix)f =ixdf = X(f),
(ixd +dix)dg = d(ixdg) = d(X(g))-

EXAMPLE 18.8.
Let us redo Example using Cartan’s Magic Formula:

Lxw=ixdw + dixw
=ix(—eYdz Ady A dz) 4+ d(ze®dz)
= zeVdx ANdz + e*dx A dz.

HOMEWORK.

1. Show that d defined by formula (I8, satisfies properties (i)—(iv) in Theo-
rem [[8.]

2. Let ®: M — N be a smooth map. Show that for any form w € Q*(M):
O*dw = dP*w.

3. Let I C Q(M) be an ideal generated by k linearly independent differen-
tial forms aq,...,a, € Q1(M) (i.e., such that {a1|p,...,qxl,} is a linearly
independent set for every p € M). Show that the following statements are
equivalent:

(a) I is a differential ideal, i.e., if @ € T then do € I

(b) da =3, wij A ay, for some 1-forms w;; € QY (M);

(¢) fw=as A+ Aag, then dw = a A w, for some 1-form a € Q' (M).
(d) The distribution D = ﬂle ker «; is involutive.

4. Prove the properties of the Lie derivative given in Proposition [18.5]

5. Let X,Y € X(M) be vector fields and w € Q(M) a differential form. Show
that:

E[ny]w =Lx(Lyw) — Ly (Lxw).

6. Let ® : M — N be smooth. Show that if X € X(M) and Y € X(N) are
®-related vector fields, then

" (Lyw) = Lx(P*w),
for every differential form w € Q(N).

7. Let X € X(M) and w € Q*(M). Show that:

(183) Lx(w(X1,..., Xp)) = Lxw(X1,..., Xp) + Y w(X1,...,LxXi,..., Xp).



8. Let M be a manifold equipped with a volume form u. Given a vector field X,
the divergence of X is the unique function div,(X) € C°°(M) that satisfies:

Lxp = div,(X)p.

Show that:
(a) a complete vector field X € X(M) is divergence free (i.e., div,(X) = 0)
if and only the flow of X preserves the volume form u, i.e., if and only if:

(65%)*m=mp, VteR.

(b) if p =da' A--- Ada? is the canonical volume form on M = R? then for

a vector field X = Z'Z:l Xt a?ci one has:

i

0X
oxt’

d
div, (X) = Z

(c) if (M, g,[p]) is an oriented Riemannian manifold with associated volume
form p and Hodge-star operator * (see Exercises[I711 and [[7112), then:

div,(X) =*d=* X,

9. Let (M,g) be a Riemannian manifold. Given a function f € C°°(M) one
defines its gradient to be the unique vector field grad f € X(M) satisfying:

g(grad f,v) = df(v), Yve TM.

If (M,g,[u]) is also oriented, one defines the laplacian of f : M — R to be
the function Af : M — R given by:

Af := —div(grad f).

Let M = R? with its canonical Riemannian structure and canonical orienta-
tion. Find the gradient, the divergence and the laplacian in cylindrical and in
spherical coordinates.

10. In a smooth manifold M denote by X*(M) the vector space of multivector
fields of degree k. Show that there exists a unique R-bilinear operation [, | :
XPHL(M) x X9TH (M) — XPFT9T1 (M) which coincides with the usual Lie bracket
of vector fields when p = ¢ = 0 and satisfies:

(a) [P,Q] = —(~1)[Q, P}
(b) [P.QAR]=[P,Q] AR+ (~1)P“"VQ A [P, R];
Verify that this bracket satisfies the following Jacobi type identity:

(=P[R [Q, Rl + (=1)?[Q, [R, P]| + (=1)"[R, [P, Q]] = 0.

In all these identities, P € XP™1 (M), Q € X971 (M) and R € X"T(M).
NoOTE: This operation is known as the Schouten bracket and is the counter-
part for multivector fields of the exterior differential for forms. It is an example
of a graded Lie bracket.
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19. INTEGRATION ON MANIFOLDS

Ultimately, our interest on differential forms of degree d lies in the fact
that they can be integrated over oriented d-manifolds, as we now explain.

Let us start with the case where M = RY, with the usual orientation. If
U C R? is open, then every differential form w € Q4(U) can be written as:

w=fdzt A---Adx?,  (f € CP()).
We say that w is integrable in U and we define its integral by:

/w:/f(xl,...,xd)dajl'udxd,
U U

provided the integral in the right hand side exists and is finite.
The usual change of variable formula for the integral in R? yields the
following result:

Lemma 19.1. Let ® : U — R? be a diffeomorphism defined in an open
connected set U C R, If w is a differential form integrable in ®(U), then

®*w is integrable in U and
/ w = :l:/ d*w
(V) U

where + is the sign of det(®'(p)) for any p € U.

Therefore, as long as we consider only orientation preserving diffeomor-
phisms, the integral is invariant under diffeomorphisms. For this reason, we
will only consider the integral of differential forms over oriented manifolds.
It is possible to define the integral over non-oriented manifolds, but this
requires introducing densities, which generalize the notion of volume form.

We will also assume, in order to avoid convergence issues, that the differ-
ential forms w € Q¥(M) to be integrated have support

suppw = {p € M : w, # 0},

a compact set. We will denote by QF(M) the smooth differential forms of
degree k with compact support.

Definition 19.2. If M is an oriented d-manifold and w € Q4(M) has com-
pact support, we define its integral over M as follows:

e Ifsuppw C U, where (U, @) is a positive coordinate chart, then:

Ju= L

e More generally, we consider an open cover of M by positive charts
(Uas o) and a partition of unity {pa} subordinated to this cover,

and we define:
w= Paw.
=2,
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We remark that the sum in this definition is finite, since we assume that
suppw is compact. It is easy to check that the definition is independent of
the choices of covering by positive charts and of partition of unity. We leave
it to the exercises the check of all these details.

It is also easy to check, that the integral satisfies the following basic
properties:

(a) Linearity: 1f w,n € Q4(M) and a,b € R, then:

/M(aw—i-bn) :a/Mw+b/Mn.

(b) Additivity: If M = M; U My and w € Q4(M), then:

/w:/ w—i—/ w,
M M, Mo

provided that M; N Ms has zero measure.

Moreover, we have:

Theorem 19.3 (Change of Variables Formula). Let M and N be oriented
manifolds of dimension d and let ® : M — N be an orientation preserving
diffeomorphism. Then, for every differential form w € Q4(N), one has:

/w:/ d*w.
N M

Proof. Since @ is a diffeomorphism and preserves orientations, we can find
an open cover of M by positive charts (Uy,, do), such that the open sets
®(U,) are domains of positive charts v, : ®(U,) — R? for N. Let {pa}
be a partition of unity for N subordinated to the cover {®(U,)}, so that
{pa © @} is a partition of unity for M subordinated to the cover {U,}. By
Lemma [19.1] we find:

| o= [ @)= [ (paowpe,
CI>(Ua) a «

Hence, we obtain:

oo

= / (pa 0 )P"w

= Za: /M(pa 0 ®)d*w = /M Pw.
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The computation of the integral of differential forms from the definition
is not practical since it uses a partition of unity . The following result can
often be applied to avoid the use of partitions of unity :

Proposition 19.4. Let M be an oriented manifold of dimension d and
let C C M be a closed subset of zero measure. For any differential form

w € QYN), we have:
[o=] o
M M-C

Proof. Using a partition of unity we can reduce the result to the case where
M is an open subset of R?. For an open set U C R%, the result reduces to

the equality:
/fd:nl...d:nd:/ fdz'. .. dz?,
U Uu-C

where f : U — R is smooth and bounded. This result holds, since C' has
Zero measure. U

EXAMPLE 19.5.
Given a volume form p is a compact manifold M, we can define the volume
of M relative to i to be the positive number:

vol, (M) := /M 4,

where the integral is relative to the orientation [u).
For example, consider on the sphere S? the standard orientation defined by
the volume form p € Q*(S?):

w=1i"(zdy Adz + ydz A da + zdz A dy).

By the proposition above, we have that:

VOIH(SQ):/ uz/ 1,
S2 S2—p

for any p € S?. Let us take the north pole p = pn. Then the stereographic
projection mn : S* — {pn} — R? defines a global chart for S* — {pn} whose
inverse is the parameterization:

N (u,v) = (2u, 2v,u? + 0% —1).

u? 402 +1
We then compute:

(my ) = (iomy") (zdy Adz + ydz Adz + zdz A dy)

4
=———— —dundw.
(u? +v2+1)2 unav

Which shows that mn is a negative chart. Therefore:

4
= ——————du A dv.
/§2 H /]R2 (U2 + 1)2 + 1)2 Y v
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The integral on the right can be computed using polar coordinates, and the final
result is:
) +oo 27 4,,,
1,(58%) = = ————dfdr =4
@)= =[] G =i

Our next aim is to generalize Stokes Theorem to differential forms.
Let M be a manifold with boundary and p € OM. In a boundary chart
U,z ... ,a;d) centered at p, a tangent vector v € T,M can be written in

the form:
d
=3
i=1

and the tangent vectors in T),(0M) are exactly the tangent vectors whose
last component vanishes:

T,(OM) = {v € T,M : v = 0}.

0
oz’

p

We will say that a tangent vector is exterior to M if v < 0. It is easy to
see that this condition is independent of the choice of boundary chart.

We can use this remark to construct the induced orientation on dM,
whenever (M, [u]) is an oriented manifold with boundary: if p € OM, the
orientation of T,(OM) is, by definition, [iyp,] where v € T, M is any exterior
tangent vector to M. Is easy to see that this definition is independent of
choice of exterior tangent vector so we have a well defined orientation [Ou]
for OM. Henceforth, whenever M is an oriented manifold with boundary,
we will always consider the induced orientation on OM.

Theorem 19.6 (Stokes Formula). Let M be an oriented manifold with
boundary of dimension d. If w € QI=1(M) then:

/ dw:/ w.
M oM

Proof. We divide the proof into several cases.

The case M = R?: In this case, we can write:
d —_
w:Zfidxl/\---/\dmi/\---/\dxd,
i=1

where f; are compactly supported functions. We find its differential to be:

d
dw = Z:(—l)Fl%dgn1 Ao Adaxd
B dx’t ’
i=1

By Fubini’s Theorem:

‘ -1 O N1 T d
/Rddw:Z(—l) /]Rdl (/_Oo ({hidx)d:n coodat - da® = 0.

1=1
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where we used that f; has compact support. Since IR? = (3, Stokes Formula
for R¢ follows.

The case M = H®: We proceed as in the case of R", but this time we
obtain

d
dwzZ(—l)i_l/ﬂﬂd%dxl/\---/\dxi/\---/\dzpd

) +oo ; ) —
= (—1)2_1/ </ %dx’) dat. .- dai- .- dad+

+0o0
+ (=1)%! /Rdl </0 %dxd> dgt- - dzdt

= [l a0 et
Rd-1
On the other hand, OH? = {(z!,... %) : 2¢ = 0}, hence
/ w = fa(zt, . . 24t 0)dat Ao A dadtL
o OH

In OH? = R%! we must take the induced orientation from the canonical
orientation [u] = [da' A --- A dz?] in H?. The induced orientation is given
by: [(—1)4da! A --- A dz?1] so we conclude that:

/ wz(—l)d/ fa(xt, . 2?71 0)dat - - - dad L
Ol ORd—1

Therefore, Stokes Formula also holds for the half space H¢.

The case of general M: We fix an open cover of M by positive charts
(Uq, o) and we choose a partition of unity {p,} subordinated to this cover.
We can also assume that the charts have been chosen so that ¢o(Uy) is
either R? or H%. The forms pow have compact support contained in Uy:

SUpPP pPaw C supp pq Nsuppw C Uy,.

and since each U, is diffeomorphic to either R? or to H?, by the change of
variable formula, we already know that:

d(paw) = / Pt
Ua AU,

Notice that OU, = U, N OM, and so by the linearity and the additivity of
the integral, we obtain:

/M dw = Za: /M d(paw) = Za: /Ua d(paw)
N za:/amaMpaw N /(’)M%:paw B /é)Mw‘
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Corollary 19.7. Let M be an oriented, manifold without boundary of di-
mension d. For any w € Q=1 (M):

dw = 0.
M
HOMEWORK.

1. Show that the integral of differential forms is linear and additive relative to
the region of integration.

2. InH9 consider the standard orientation [u] = [dz'A- - -Adz?]. Show that the
induced orientation in 9H? = R4~ is given by [Ou] = [(—1)%da! A--- Adz?71].

3. Consider the n-torus T" as an embedded submanifold of R?":
T = {(z*, ..., 2", y", .. .,y") e R*™ : () + ()2 =1,i=1,...,n},
and let w € Q"(T™) be the form
w=(daz' A+ Ada")|pn.

Compute the integral f,ﬂ,n w for an orientation of your choice, in the following
ways:

(a) using the definition, and

(b) using Stokes formula.

4. Find the volume of S? for the standard volume form on the sphere:
d+1 —
= Z(—l)”lxzdxl Ao Adzt A A dad
i=1

Sd

5. Let (M,g,|[u]) is an oriented Riemannian manifold with boundary, and with
associated volume form p and Hodge-star operator x. If f : M — R is a
smooth, compactly supported function, define the integral of f over M by:

=],

If X is any vector field, prove the classical Divergence Theorem:
/ div, X = X -n,
M oM
where n : OM — Typr M is the unit exterior normal vector field along OM .

6. Let M be an oriented Riemannian manifold with boundary. For any smooth
function f : M — R denote by g—fz the function n(f) : 9M — R, where n is
the unit exterior normal vector field along OM. Verify the following Green
identities:

99 _ _
o= [ tedsgradg) - [ 1,

dg af
/BM (f% —g%> = /M(gAf - fAg),

where f,g € C(M).
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7. Let G be a Lie group of dimension d.
(a) Show that if w,w’ € Q4(G) are left invariant and [w] = [w'], then

/fw—a/fw vf e C=(G),

for some real number a > 0.
Fix an orientation p = [w] for G defined by a left invariant form w € Q%(G).
Define the integral of f : G — R relative to this orientation by:

oL

(b) Show that the integral is left invariant, i.e., for every g € G is valid the

identity:
/foLg:/ I
G G

(¢) Give an example of a Lie group where the integral is not right invariant.
For each g € G, the differential form Rjw is left invariant, hence

Ryw = AMg)w,

for some smooth function A : G — R. The modular function ) : G — Ry is
defined to be A(g) = |A(g)].
(d) Show that the integral is right invariant if and only if G is unimodular,
ie, A=1.
(e) Show that a compact Lie group is unimodular.

8. Let G be a compact Lie group and let ® : G — GL(V) be a representation
of G. Show that there exists an inner product { , ) in V such that this
representation is by orthogonal transformations:

<(I)(g) : V,(I)(g) ! W> = <V,W>, \V/g €aqG.

(HINT: Use the fact that a compact Lie group is unimodular.)

9. Let G be a compact Lie group. Show that G has a bi-invariant Riemannian
metric, i.e., a Riemannian metric which is both right and left invariant.
(HINT: A left invariant Riemannian metric in G is also right invariant if and
only if the inner product ( , ) induced in g ~ T, G satisfies:

(Ad(g)- X,Ad(g) - Y)=(X,Y), VgeG,X,Y €g.

20. DE RHAM COHOMOLOGY

The equation d?> = 0, which so far we have made little use, has in fact
some deep consequences, as we shall see in the next few sections.

Definition 20.1. Let w € QF(M).
(i) w is called a closed form if dw = 0.
(ii) w is called an exact form if w = dn, for some n € QF=1(M).
We will denote by Z*(M), respectively B¥(M), the subspaces of closed, re-

spectively exact, differential forms of degree k.
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In other words, the closed forms form the kernel of d, while the exact forms
form the image of d. The pair (Q2(M),d) is called the de Rham complez of
M and we will often represent it as:

= QFL(M) d_>Qk(M) _d>Qk+1(M) o

The fact that d?> = 0 means that every exact form is closed:
B*(M) c ZF(Mm).

One should think of (2(M),d) as a set of differential equations associ-
ated with the manifold M. Finding the closed forms, means to solve the
differential equation:

dw = 0.

On the other hand, the exact forms can be thought of as the trivial solutions
of this equation. We are interested in the space of all solutions modulus the
trivial solutions, and this is called the de Rham cohomology of M:

Definition 20.2. The de Rham cohomology space of degree k is the
vector space:

H*(M) = Z¥(M)/B*(M).

In general, the computation of the cohomology spaces H*(M) directly
from the definition is very hard. In the next sections we will study several
properties of the de Rham cohomology spaces which can be used to compute
them. For now we list some easy consequences of the definition and we give
a very simple example.

Proposition 20.3. Let M be a smooth manifold. Then:

(i) HO(M) = R!, where [ is the number of connected components of M ;
(is) H(M) = {0}, if k <0 or k > dim M.

Proof. We have Q°(M) = C°°(M) and if f € C°°(M) satisfies df = 0, then
f is locally constant. Hence:

Z(M) =R,

where [ is the number of connected components of M. Since B%(M) = {0},
we have that H°(M) = R!. On the other hand, since QF(M) = {0} if
k > dim M, the result follows. O

EXAMPLE 20.4.
Let M = S' = {(z,y) € R? : 2% + y? = 1}. Since S is connected, it follows
that:
HO(SY =R.
Now to compute H'(S), we consider the 1-form —ydz+zdy € Q' (R?). This

form restricts to a 1-form in S* which we will denote by w. Since dimS! =1,
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w is closed. On the other hand, consider the parameterization o :)0,2mw[—
St —{(1,0)}, given by o(t) = (cost,sent). Then:

J= o
St 0271'[

27
= / (—sint)dcost + costdsint = / dt = 27.
10,27 0

By the corollary to Stokes Formula, we see that w is not exact, so it represents
a non-trivial cohomology class [w] € H(SY).

The form w has a simple geometric meaning: since c*w = dt, we have that
w =df in St — {(1,0)}, where 6 : S' — {(1,0)} — R is the angle coordinate
(the inverse of the parameterization o). Sometimes one denotes w by d6, in
spite of the fact that this is not an exact form.

We claim that [w] is a basis for HY(S'). Given a form a € Q' (S') we have
that o = fw, for some function f:S* — R. Let

27
! L[ po)a0

C = — o= —
21 Js 2m

and define g : R — R by:
ot) = [ (a—a) - / (/(6) — c)do.

Since:

t+27
g(t+27) = /0 (f(0) —c)db
t t+2m
- / (f(6) - )6 + / (/(6) — )6
0 t
27
—g(t) + / ((6) — )b = g(1),

we obtain a C*° function g : S — R. In St — {(1,0)}, we have that
dg = f(0)d8 — cdf = o — cw.

Hence, we must have dg = a— cw in S* so that [a] = c[w]. This shows that [w]
generates H'(S') so we conclude that:

H'(S') ~R.

The wedge product A : QF(M) x QY(M) — QF(M) induces the cup
product in the de Rham cohomology of M which is defined by setting:

[a] U[B] :=[aAf].

We leave it as an exercise to check that this definition is independent of the
choice of representatives of the cohomology classes. With this product the

space:

M) =P H¥ (M)
keZ
becomes a Z-graded ring (in fact, a Z-graded algebra).
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If ®: M — N is a smooth map, then pull-back map gives a linear map
o* : Q*(N) — Q*(M) which commutes with the differentials:

P dw = d(P*w).

Therefore, ®* takes closed (respectively, exact) forms to closed (respectively,
exact) forms, and we have an induced map in cohomology:

®*: H*(N) —» H*(M), [w] — [®*w].
The induced map ®* : H*(N) — H*(M) is a ring homomorphism:
&*(jo] + [8]) = B[a] + "8 *([o] U []) = &*[a] U (7[3]
Moreover, we have:

(i) f ®: M — N and ¥ : N — @ are smooth maps, then the composi-
tion (¥ o ®)*: H*(Q) — H*(M) satisfies (Vo ®)* = ®* o U*;
(ii) The identity map M — M induces the identity linear transformation
H*(M) — H*(M).
One can summarize (i) and (ii) as follows: the assignment which associates
to a differential manifold M its de Rham complex (Q2(M),d) and to each
smooth map ® : M — N the pull-back ®* : Q*(N) — Q*(M) is a con-
travariant functor from the category of differential manifolds to the category
of cochain complexes. In particular, when ® : M — N is a diffeomorphism,
the induced linear map ®* : H*(N) — H®(M) is an isomorphism in coho-
mology. Hence, we have:

Corollary 20.5. The de Rham cohomology ring is an invariant of differen-
tiable manifolds: if M and N are diffeomorphic, then H*(M) and H®*(N)
are isomorphic Tings.

Remark 20.6 (A Crash Course in Homological Algebra - part I). The de
Rham complex (Q°(M),d) and the compactly supported de Rham com-
plex (Q2(M),d) are examples of cochain complexes. In general, one calls a
cochain complex a pair (C,d) where:

(a) C is a Z-graded vector space, i.e., C = @®pczCO" is the direct sum of
vector spaces [1;

(b) d : C — C is a linear transformation of degree 1, i.e., d(C*) c CF+1,
such that d? = 0.

One represents a complex by the diagram:

d

i ook ok A okt

The transformation d is called the differential of the complex.
For any cochain complex, (C,d) one defines the subspace of all cocycles:

zZFC)={z e CF:dz =0},

3More generally, one can consider complexes formed by Z-graded modules over commuta-

tive rings with unit (e.g., abelian groups). Most of the following statements are valid for

the category of modules over commutative rings with unit, with obvious modifications.
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and the subspace of all coboundaries
BF(C)={dz: z e CF1}.

Since d? = 0, we have that B¥(C) C Z¥(C). The cohomology of (C,d) is
the direct sum H*(C) = ®pezHF(C) of all the cohomology spaces of degree
k, which are defined by:
_Z¥0)
- BMO)

Given two cochain complexes (4,d4) and (B,dp), a cochain map of
degree d is a linear map f : A — B such that:
(a) f shifts the grading by d, i.e., f(A*) c B¥*,
(b) f commutes with the differentials, i.e., fdq = dpf.

One represents a cochain map by a commutative diagram:

H*(C)

da da

Ak—l Ak Ak—l—l

(R T

. pktd-1 - Bh+d - Bhtd+l .
B B

It should be clear that a cochain map f : A — B takes cocycles to cocycles
and coboundaries to coboundaries. Hence, f induces a linear map in coho-
mology, denoted by the same letter: f: H*(A) — H*T(B). Most often we
consider cochain maps of degree 0, so we will omit mentioning the degree.

The cochain complexes and cochain maps form a category, and their study
is one of the central themes of Homological Algebra.

Notice that the differential d takes a compactly supported form to a com-
pactly supported form, so we have another complex (Q.(M),d).

Definition 20.7. The compactly supported de Rham cohomology space
of degree k is the vector space:
HE (M) = ZE(M)/BE (M),

where ZF(M) C QF(M), respectively B¥(M) C QF(M), denotes the sub-
spaces of closed, respectively exact, compactly supported forms of degree k.

Obviously, H*¥(M) = HF(M) if M is compact. In general, the inclusion
QF(M) c QF(M) gives a linear map in cohomology:

HE(M) — H*(M).

Notice that this map, in general, is neither injective nor surjective:

(i) given a closed form w € Q¥(M) one may not be able to find a coho-
mologous form w + dn with compact support, and
(ii) given an exact form w = dn € QF(M) one may not be able to find
another primitive n’ with compact support.
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Hence, H¥(M) and H*(M) can be very different. This can be seen already
in degree 0:
Proposition 20.8. Let M be a smooth manifold. Then:
(i) H)(M) = R?®, where s is the number of compact connected components
of M;
(ii) HF(M) = {0}, if k <0 or k > dim M.
Proof. If f € C°(M) satisfies df = 0, then f is constant in the compact
connected components of M and is zero in the non-compact connected com-
ponents. Since BY(M) = {0}, we conclude that
HY(M) =R,
where s is the number of compact connected components of M. O

Similar to what we saw before, the wedge product of forms induces a cup
product:

Ut HE (M) x Hy(M) — HEY(M), o] U[B] = [anf],
so we have a Z-graded ring (in fact, a Z-graded algebra):
H (M) = D HE(M).
keZ

The pullback by a smooth map ® : M — N of a form w with compact
support is a form ®*w that may fail to have compact support. However, for
a proper map ®, we do have an induced map in cohomology:

®*: HY(N) — H*(M).

This defines a functor from the category of differential manifolds and smooth
proper maps to the category of cochain complexes, which assigns to a dif-
ferentiable manifold M its compactly supported de Rham complex.

HOMEWORK.

1. Show that H'(T?) = R?, using the definition of the de Rham cohomology.
(HINT: Show that a basis for H'(T?) is given by {[d6:],...,[df,]}, where
(61,...,04) are the angles on each S! factor.)

2. Consider the 2-sphere S? = {(z,y,2) € R : 2% + y? + 22 = 1}.
(a) Show that every closed 1-form w € Q1(S?) is exact.
(b) Show that the 2-form in R? given by

w = xdy Ndz + ydz A dx + zdz A dy.

induces by restriction to S? a non-trivial cohomology class [w] € H?(S?).
(HINT: For (a), you can use the fact that a closed 1-form in R? is always
exact.)

3. Use de Rham cohomology to prove that T? and S? are not diffeomorphic
manifolds.
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4. Show that if M is a compact, orientable, d-manifold, then H% (M) # 0.

5. Show that the wedge product A : Q¥(M) x QY(M) — QFF(M) induces
a well-defined product U in the de Rham cohomology of M, which makes
H(M) = ®,H*(M) into a ring (actually, an algebra over R).

6. A symplectic form on a manifold M of dimension 2n is a 2-form w € Q?(M)
such that dw = 0 and A"w is a volume form. Show that if M is compact and
admits some symplectic form, then H2*(M) # 0 for k =0,...,n.

(HINT: Use the ring structure of H*(M).)

21. THE DE RHAM THEOREM

We saw in the previous section that de Rham cohomology is an invariant
of differential manifolds. Actually, de Rham cohomology is a topological
invariant. This is a consequence of the famous de Rham Theorem, which
shows that for any smooth manifold its singular cohomology with real coef-
ficients is isomorphic with its de Rham cohomology. Our aim in this section
is to present the ingredients and the statement of this result. Several proofs
will be left open, since they go beyond the scope of this notes and require
more advanced material.

Singular Homology. We recall the definition of the singular homology of a
topological space M. Although we will continue to use the letter M, the
following discussion only uses the topology of M.

We denote by AF ¢ RF*! the standard k-simplex:

k
AF = {(to, ... ty) €RFFL Y "t =1,¢; > 0}

i=0
Note that A% = {1} has only one element.
—.—0—0
A Al A?

Definition 21.1. A singular k-simplex in M is a continuous map o :
AF — M. A singular k-chain is o formal linear combination

P
c= E a;04,
i=1

where a; € R and the o; are singular k-simplices.
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We will denote by Si(M;R) the set of all singular k-chains. It is a real
vector space. In fact, formally, Si(M;R) is the free vector space generated
by the set of all singular k-simplices. One can also consider other abelian
rings as coefficients besides R, but here we will consider only real coefficients,
since this is the case of interest to relate to differential forms.

We define the i-face map of the standard k-simplex, where 0 < i < k,
to be the map €’ : A¥~1 — AF defined by:

Ei(to, ‘o 7tk—1) = (to, ‘o 7ti—17 0, ti, ‘o ,tk_l).
These face maps of the standard k-simplex induce face maps ¢; of any sin-
gular k-simplex o : A¥ — M by setting:
gi(0) =0coé&.
These clearly extend by linearity to any k-chain, yielding linear maps
g - Sk(M, R) — Sk_l(M; R),
and these lead to the following definition:

Definition 21.2. The boundary of a k-chain c is the (k — 1)-chain Oc

defined by
k

dc=> (—1)'ei(c).
i=0
The geometric meaning of this definition is that we consider the faces
of each simplex with a certain choice of signs, which one should view as
some kind of orientations of the faces. We illustrate this choice in the next
example.

EXAMPLE 21.3.
The boundary of the standard 2-simplex o =id: A®> — R? is the chain:
do =¢eo(0) —e1(0) + e2(0),
where €9, €1 and €2 are the 1-simplices (faces) given by:
eo(o)(to, t1) = (0,0, t1),
e1(o)(to, t1) = (to,0,t1),
ea(0)(to,t1) = (to,t1,0).

We can represent this choice of signs by including orientations on the faces of
the simplex, as shown schematically by the following figure:
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Also, the 1-simplices €9, €1 and €2 have boundaries the 0-chains:
deo(0)(1) = €0(0)(0,1) — £0(0)(1,0) = (0,0,1) — (0,1,0),
9e1(0)(1) = €1(0)(0,1) — £1(0)(1,0) = (0,0,1) — (1,0,0),
D22(0)(1) = £2(0)(0, 1) — £2(e)(1,0) = (0,1,0)  (1,0,0).

Note that:

0*c = 0(00) = Dz¢(0) — Oe1(0) + Oez(a) = 0.

We noticed in this example that 9%¢ = 0. This is actually a general fact
which is a consequence of the judicious choice of signs and parameterizations
of the faces. We leave its proof as an exercise:

Lemma 21.4. For every singular chain c:
d(0c) = 0.
In this way we obtain a complex S(M;R) = @rezSip(M;R):

e Sp 1 (M;R) <2 S (M R) <2 Sy (M R) ~—— -

One calls (S(M;R),0) the complex of singular chains in M. The ho-
mology of the complex (S(M;R),d) is called the singular homology of M
with real coefficients, and is denoted

o ZE(M;R)
HMR) = 5 or Ry
Remark 21.5 (A Crash Course in Homological Algebra - part II). In the
cochain complexes that we studied related to de Rham cohomology the
differentials increase the degree, while for the singular chains the differential
decreases the degree.
We call a complex C' = @pc7C), where the differential decreases the degree

1o} 1o}
e O L G =Y Gy ——
a chain complex. We say that z € C} is a cycle if 0z = 0 and we say
that z is a boundary if z = 9b (ﬁ) In this case, one defines the homology
of the complex C' to be the direct sum H(C) = @®rezHi(C) of the vector
spaces:

where Zj,(C) is the subspace of all cycles and By (C) is the subspace of all
boundaries. Note also the position of the indices.

“4Notice that given a complex (C, 0) where the differential decreases one can define a new
complex (C,d) setting C* = C_j and d = 0, obtaining a complex where the differential
increases the degree. Therefore, these conventions are somewhat arbitrary.
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If ® : M — N continuous map, then for any singular simplex o : AF — M,
we have that ®,(c) = oo : AF — N is a singular simplex in N. We extend
this map to any chain ¢ =) ; a0 requiring linearity to hold:

D, (c) = Zaj(q) 00;).
J
It follows that ®, : S(M;R) — S(N;R) is a chain map:

o S 1 (M5 R) < — Sp(M;R) <= Sppy (M;R) <— - -
@l @l @l
o S 1 (N} R) <2 Sp(N;R) <" Sjy1 (N5 R) <— - -
Therefore, ®, induces a linear map in singular homology:
O, : Ho(M;R) — Hqe(N;R).
One checks easily that this assignment has the following properties:
(i) f ®: M — N and ¥ : N — @ are continuous maps, then:
(Pod), =V, 0d,;
(ii) The identity map id: M — M induces the identity map in homology:
id, =id: He(M;R) — He(M;R).
It follows that singular homology is a topological invariant:

Proposition 21.6. If M and N are are homeomorphic spaces then He(M,R) =~
H,(N,R).
Smooth Singular Homology. Assume now that M is a smooth manifold. The

chain complex (S¢(M;R), d) has a subcomplex (S¢°(M;R), 9) formed by the
smooth singular k-chains:

p
SE(M;R) = {Z a;o; o : AF — M is smooth}
i=1
This is a sub complex because if ¢ € S°(M;R) is a smooth k-chain, then
so is dc € Sp°(M;R).

Remark 21.7. Even when c¢ is smooth, the use of the term “singular” is
justified by the absence of any assumption on the differentials of the maps
o;: in general, a smooth k-simplex does not parameterize any submanifold
and its image may be a rather pathological subset of M.

One has the following important fact:

Proposition 21.8. The inclusion Sg°(M,R) < S¢(M,R) induces an iso-
morphism in homology:
H(SF(M,R)) ~ H(Se(M,R)).

This proposition says that:
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(i) every homology class in He(M;R) has a representative ¢ which is a
C° cycle, and
(ii) if two C° cycles ¢ and ¢’ differ by a continuous boundary (¢ — ¢’ = 9b),
then they also differ by a C*° boundary b’ (¢ — ¢ = 9b').
Hence, smooth singular homology and singular homology coincide. The
proof of the previous proposition is beyond the scope of these notes.

Singular Cohomology. Dually, one defines the singular cohomology of M
as follows. First, one defines the space of singular k-cochains with real
coefficients to be the vector space dual to Si(M.R)

SF(M;R) := Hom(S(M;R),R).
We have a singular differential obtained by transposing the singular
boundary operator:
d: S*(M;R) — SFL(M;R), (d)(c) =1(dc), Ve e Sp(M;R).

It follows that d?> = 0, so we have a cochain complex (S*(M;R),d). The
corresponding cohomology is called the singular cohomology of M with
real coefficients and is denoted by H®(M;R).

Remark 21.9. A more explicit form of the singular differential is as follows.
Since the k-simplices form a basis for the vector space Si(M,R) a linear
map ! : Sg(M,R) — R amounts to a collection of real numbers [ = (I,),
indexed by all singular simplices (so I, = I(0)). Then the singular differential
dl € S¥*1(M;R) is given by the collection ((dl),) indexed by k + 1-simplices

defined by:
k+1

(Ao =D (1)l (o)

i=0
If & : M — N we can transpose the map ®, : Sp(M;R) — Sg(N;R),
obtaining a linear map ®* : S*(N;R) — S¥(M;R) which is a cochain map:
o*d = do*.
Therefore, we have an induced linear map in singular cohomology ®* :

H*(N;R) — H*(M;R), which satisfies the obvious functorial properties,
and hence we also have:

Proposition 21.10. If M and N are homeomorphic spaces then H®(M,R) ~
H*(N,R).
Of course, one can also consider smooth singular k-cochains:
Sk (M;R) := Hom(S5°(M;R),R).
which form a complex (S3 (M;R),d). There is an obvious restriction map
SH(M;R) — S5 (M;R), 1= lgk (vm)s

which is easily checked to be a cochain map. So we have an induced map in
cohomology and one can prove:
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Proposition 21.11. The restriction map S*(M;R) — SE (M;R) yields an
isomorphism in cohomology:

H(S*(M;R),d) ~ H(S3,(M;R),d).
For this reason, in the sequel we will not distinguish between these coho-

mologies.

Singular Cohomology vs. de Rham Cohomology. We now take advantage of
the fact that singular cohomology and differentiable singular cohomology
coincide to relate it with the de Rham cohomology. For that, we start by
explaining that one can integrate differential forms over singular chains.

First, we observe that we can parameterize the standard k-simplex A* by
the map ¢ : A]g — A* where:

k
Ak = {(zh,. .. 2F): 2t ZO,in <1}
i=1

k
(b(azl,...,xk) =(1- Zmi,xl,...,xk),
i=1

Hence, if w € QF(U) is a k-form which is defined in some open set U C RF*!
containing the standard k-simplex A*, we can write:

$'w=f(@',..., )zt Ao A dat,

/ w = fdzt- - dat.
Ak Ak

Next, given any differential form w € QF(M) in a smooth manifold M,
we define the integral of w over a smooth simplex o : A¥ — M to be

the real number:
/w::/ ofw.
o Ak

We extend this definition to any smooth singular k-chain ¢ = Z?:l a;jo; by

linearity:
P
[o=a [
C ]:1 O'j

Notice that, unlike the case of integration over manifolds, there is now no
assumption about orientation and M may very well be non-oriented.

We leave it to the exercises the proof of the following version of Stokes
formula for chains:

Theorem 21.12 (Stokes II). Let M be a smooth manifold, w € Q¥Y(M) a
(k — 1)-differential form, and ¢ a smooth singular k-chain. Then:

/dw:/ w.
c dc
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Now we can define an integration map I : Q*(M) — S (M;R):
I(w)(0) = /w, w e QF(M), o € S°(M;R).

and we have:

Proposition 21.13. The integration map I : (Q°*(M),d) — (S (M;R),d)
s a chain map:
I(dw) = dI(w).

Proof. This follows from the following computation:
(I(dw)) (o) :/dw:/ w
= I(w)(00) = (dI(w))(0),

where we used Stokes formula for chains and the fact that the singular
differential is the transpose of the singular coboundary operator. U

It follows that we have an induced linear map in cohomology:
I:H*M)— H*(M;R).

Theorem 21.14 (de Rham). For any smooth manifold the integration map
I:H*(M)— H*(M;R) is an isomorphism.

There is also cup product in singular cohomology and one can show that
the integration map is actually a ring isomorphism (see the exercises). The
proof of this result is beyond the scope of these notes.

An important consequence of the de Rham Theorem is that the de Rham
cohomology is actually a topological invariant of smooth manifolds, i.e., if M
and N are homeomorphic smooth manifolds then their de Rham cohomolo-
gies are isomorphic. For example, the different exotic smooth structures on
the spheres all have the same de Rham cohomology!

HOMEWORK.
1. Show that for every singular chain ¢ one has 9(d¢) = 0.

2. Give a proof of Stokes Formula for singular chains, by showing the following:
(a) Tt is enough to prove the formula for chains consisting of a singular sim-
plex.
(b) It is enough to prove the formula for the standard k-simplex A§ C RF.
(c) It is enough to prove the formula for (k — 1)-differential forms in R* of
the type:

w=fdz! A Adai A AdaF

/ dwz/ w,
Ak Ak

where w is a differential form of the type (c).
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3. In the torus T? =S x --- x S! consider the 1-chains cy,...,cq : [0,1] — T¢
defined by:

(1,...,e2™ 1) (j=1,...,d).

¢;(t)
Show that:
(a) The ¢;’s are 1-cycles: Oc; = 0;
(b) The ¢;’s are not 1-boundaries;
(c) The classes {[c1],...,[ca]} € H1(T% R) form a linearly independent set.

HINT: Use Stokes formula.

4. The de Rham Theorem, shows that the exterior product induces a product
U: HY(M;R) x H(M : R) — H*(M;R),

so that H*(M;R) becomes a ring. This product is called the cup product.
Here is one way of constructing it directly:
(a) Show that for I < k and 0 < iy < --- < 4; < k one has maps €, :
Al — AF | defined by:

Sl:(), iflg{io,...,il}

si; = tj, otherwise.

(b) Show that if ¢; € S¥(M;R) and ¢y € S'(M;R) the formula:

(c1Uc2)(0) :=ci(ooer,  k)ca(0 0k, kti),

defines an element ¢; U co € SF+H(M;R).
(c) Show that for any chains ¢; € S¥(M;R) and co € S'(M;R) one has:

d(Cl U Cg) = (dcl) Ueco + (—1)kcl U (dCQ).
It follows that one can define U : H*(M;R) x H'(M : R) — H*T!{(M;R) by
[c1] U [e2] :=[e1 U cq].

Note that for the integration map I : Q¥(M) — Sk (M), in general, I(w A7) #
I(w) U I(n). However, show that this equality holds in cohomology:

I(w) A o)) = I([w) UI([),  [w] € Hip(M), [1] € Hyp(M).

5. Let Sp(M,Z) C Sk(M,R) be the abelian group consisting of all integral
singular k-simplex, i,e, all formal linear combinations

p
c= E nioj,
=1

where n; € Z and the o; are singular k-simplices (so Si(M,Z) be the free
abelian group generated by the set of all singular k-simplices).

(a) Show that Sk(M,Z) C (Skx(M,R),0) is a subcomplex of abelian groups.
The corresponding homology groups are denoted Hy (M, Z) and are called
integral singular homology groups of M.

(b) Dually, define the complex of singular integral cochains (S*(M,Z),d) by:

S*(M,Z) := Hom(Sy(M,Z),Z), dc(o) := c¢(do).
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Denoting by Hy(M,Z) corresponding integral singular cohomology
groups, show that there is a group homomorphism:

i: H*(M,Z) — H*(M,R).

6. Let (S°(M,Z),0) be the complex of smooth integral singular chains and
let (S5 (M,Z),d) be the complex of smooth integral singular cochains (see
previous problem). It is a fact that these complexes still yield the integral
singular homology and cohomology:

H;,(S°(M,Z),0) = Hy(M,Z), H"(S%(M,Z),d) = H*(M,Z).
Assuming this, show that:
(a) There is a homomorphism of abelian groups:
I:HYM,z) — H*(M).
(b) For a closed form w € Q*(M) the set:

partw)i= { [wild € m(sz(00.2).0) | c R,

c

is an additive subgroup. It is called the group of periods of w,
(c) A cohomology class [w] € H*(M) belongs to the image of the homomor-
phism I : H*(M,Z) — H*(M) if and only if Per(w) C Z.

22. HOMOTOPY INVARIANCE AND MAYER-VIETORIS SEQUENCE

We shall now study some properties of de Rham cohomology which are
very useful in the computation of these rings in specific examples.

The Poincaré Lemma. We start with the simplest example of manifold,
namely M = R?. In order to compute its cohomology we will compare the
cohomology of M and the cohomology of M x R, for an arbitrary smooth
manifold M.

Proposition 22.1. If M is a smooth manifold, consider the projection map
m: M xR — M and the inclusion map i : M — M x R given by:

M xR

The induced maps i* : H*(M xR) — H*(M) and 7* : H*(M) — H®*(M xR)
are inverse to each other.
Since H°(R?) = R and H*(R®) = 0 if k # 0, repeated use of the proposi-

tion gives the cohomology of euclidean space:
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Corollary 22.2 (Poincaré Lemma).
R ifk=0,
HHRY) = HHR) =
0 ifk#0.

In other words, in R% every closed form of positive degree is exact.

We now turn to the proof of Proposition 22,1l For that it is useful to
recall a bit more of homological algebra.

Remark 22.3 (A Crash Course in Homological Algebra - part III). In order
to prove this proposition we will use the notion of homotopy operator. Given
two cochain complexes (A,d) and (B,d) and cochain maps f,g: A — B a
homotopy operator is a linear map h : A — B of degree —1, such that

f—g=+(dh+ hd)

(the choice of signs is irrelevant). In this case, we say that f and g are
homotopic cochain maps and we express it by the diagram:

Y = N S N7 S B

v i

___)Bk—1_>Bk_>Bk+1_>___

Since £(dh =+ hd) maps closed forms to exact forms, it is induces the zero
map in cohomology. Hence. if f and g are homotopic chain maps, they
induce the same map in cohomology:

fo =g, : H(A) — H*(B).

Proof of Proposition [221]. Note that moi =id, hence i*on* =id. To complete
the proof we need to check that 7*oi* =id. For this we construct a homotopy
operator h : Q*(M x R) — Q*~1(M x R) such that:

id — 7" 0i* =dh + hd.

To construct h, we leave as an exercise to check that any differential
k-form @ € QF(M x R) can be expressed as locally finite sum:

0
where each 6; € QF(M x R) is of one of the following two kinds:
fi(z, t)m w,
falz, t)dt A m*wo,

with wy and wy differential forms in M of degree k and k — 1, respectively,
and f,g : M xR — R smooth functions. So we define the homotopy operator
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in each of these kinds of forms by:

. fl(x,t)ﬂ*wl — O,

’ {fg(x,t)dt A T wg — fot fo(z, 8)ds m*wa,
and then we extend it by linearity to all forms. We now check that h is
indeed a homotopy operator, i.e., that we have:

(22.1) (id — 7* 0i*)8 = (dh + dh)#.
Let ) = fi(x,t)m*w; € QF(M x R) be a form of the first kind. Then:
(id— 7% 0i")0; = 01 — 7" (fi(x,0)w1) = (f1(z,t) — fi(z,0)) 7" w;.
On the other hand,
(dh + hd)#; = hdb;
h((dfi Am*wi + fim*dwr)

0
=h < a‘};ldtl N T w1>

= 88‘);1 (z,8)ds 7wy = (f1(z,t) — f1(z,0))7 ws.
0

Hence, for any form 61 formula 22T holds.
Let now 0y = fo(x,t)dt A 7wy be a differential form of the second kind.
On the one hand,
(id — 7" 0 i%)fy = 65.
On the other hand, in any local coordinates (U, z?) for M, we find:

(dh + hd)6s /fgxstng +h<zaf2d /\dt/\ﬂwg—fgdt/\ﬂdw2>
= fo(z,t)dt A m*we + Z/ a—ﬁds da’ A 7 ws +/ fa(x, s)ds dm*wy

_Z/(‘) “ds da’ Aﬂwg—/fga;s)dSdeg

= fg(x,t)dt A mrwe = 05,
Therefore, for any form 6y of the second kind formula 22.1] also holds. [

Homotopy Invariance. Proposition 22.1] is actually very special case of a
general property of cohomology: if a manifold can be continuously deformed
into another manifold then their cohomologies are isomorphic. In order to
formulate a precise statement, we make the following definition.

Definition 22.4. Let &,V : M — N be smooth maps. A smooth homo-
topy between ® and ¥ is a smooth map H : M Xx R — N such that

d(p) ift <0,
H(p,t) =

U(p) ift>1.
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Often one defines a smooth homotopy between ® and ¥ to be a smooth
map H : M x [0,1] — N such that:

H(p,0) =®(p), H(l,p)=¥(p), peM.

It is easy to see that two definitions are equivalent. Less obvious, one can
show that:

(i) two smooth maps are smooth homotopic iff they are C°-homotopic;
(ii) any continuous map between two smooth manifolds is C°-homotopic
to a smooth map.

Theorem 22.5 (Homotopy Invariance). If &, ¥ : M — N are smooth
homotopic maps then ®* = ¥* : H*(N) — H*(M).

Proof. Denote by m : M x R — M the projection and ig,i1 : M — M x R
the sections:

io(p) = (p,0) and i1(p) = (p,1).
By Proposition Z2Z.1] i and 4] are linear maps which both invert 7*, so they
must coincide: ig = 4].
Now let H : M x R — N be a homotopy between ® and ¥. Then
& =Hoigand ¥ = H oi;. At the level of cohomology we find:

O* = (H oig)* =i H*,
U* = (Hody)* =it H*.

Since i = 4], we conclude that ®* = W™,
O

We say that two manifolds M and N have the homotopy type if there
exist smooth maps ® : M — N and ¥ : N — M such that ¥ o & and
® o ¥ are homotopic to idp; and idy, respectively. A manifold is said to be
contractible if it has the same homotopy type as a point (i.e., R?).

Corollary 22.6. If M and N have the same homotopy type then H®(M) ~
H*(N). In particular, if M is a contractible manifold then:

R ifk=0,
H*(M) =
0 ifk#D0.
EXAMPLES 22.7.

1. An open set U C R? is called star shaped if there exists some xo € U such
that for any x € U, the segment tx+ (1 —t)xq lies in U. We leave it as exercise
to show that a star shaped open set U is contractible, so that

R ifk=0,
HWU%—{
0 ifk#£0.
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2. The manifold M = R0 has the same homotopy type as S®: the inclusion
i: S e R — 0 and the projection 7 : R9T — 0 — S, 2+ z/||z||, are
homotopic inverses to each other. Hence:

H*(SY) = H* (R - 0).

Notice that we don’t know yet how to compute H®(RYt1 —0)!

Mayer-Vietoris Sequence. Let us discuss now another important property
of cohomology, which allows to compute the cohomology of a manifold M
from a decomposition of M into more elementary pieces of which we already
know the cohomology.

Theorem 22.8 (Mayer-Vietoris Sequence). Let M be a smooth manifold
and let U,V C M be open subsets such that M = U UV. There exists a long
exact sequence:

—  H¥(M) ——= H*U) & H*(V) —= HYU NV) 2= H+1(M) —

Remark 22.9 (A Crash Course in Homological Algebra - part IV). A se-
quence of vector spaces and linear maps

e L L S W
is called exact if Im fr_1 = Ker fr. An exact sequence of the form:

f g

0 A B c 0

is called a short exact sequence. This means that:
(a) f is injective,
(b) Im f = Kerg, and
(c) g is surjective.
A basic property of exact sequences is the following: given any exact
sequence ending in trivial vector spaces

0 Co ck ol 0

the alternating sum of the dimensions is zero:

d
> (1) dimC" = 0.
i=0
We leave the (easy) proof for the exercises.
Note that a short exact sequence of complexes:

0—— (A% d) = (B*,d) -2~ (C*,d) —=0
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can be represented by a large commutative diagram where all rows are exact:

0 s Ak+1 I Bk+1 9 okt 0
d d d

0 Ak gk 9 ok 0
d d d

0 Ak-1 f_pgk-1_9 COk—1 0

We have the following basic fact: given a short exact sequence of complexes
as above there exists an associated long exact sequence in cohomology

!

— > H*B) -*

- —— H*(4A) e HN(C) —2 HF Y (A) —— -
where 6 : H*(C) — H*+1(A) is called the connecting homomorphism. The
fact that Im f = Ker g follows immediately from the definition of short exact
sequence. On the other hand, the identities Im g = Kerd and Im§ = Ker f
follow from the way ¢ is constructed, and which we now describe.

For the construction of § one should keep in mind the large commutative
diagram above. Given a cocycle ¢ € C* so that de = 0, it follows from the
fact that the rows are exact that there exists b € B* such that g(b) = c.
Since the diagram commutes, we have

g(db) = dg(b) =dc=0.

Using again that the rows are exact, we conclude that there exists a unique
a € AF! such that f(a) = db. Note that:

f(da) = df(a) = d* =0,

and since f is injective, we have da = 0, i.e., a is cocycle. In this way, we
have associated to a cocycle ¢ € C* a cocycle a € AR

This association depends on a choice of an intermediate element b € C*.
If we choose a different ¥’ € C* such g(V') = ¢, we obtain a different element
a' € AFt1. However, note that

g(b =) =g(t)) —g(b) =c—c=0,
so there exist @ € A* such that f(a) = b—b'. Hence, we find
fla—d) = f(a) = f(d') = db—dV' = df(a) = f(da).

Since f is injective, we conclude that a — a’ = da. This shows that different
intermediate choices lead to elements in the same cohomology class.
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Finally, note that this assignment associates a coboundary to a cobound-
ary. In fact, if ¢ € CF is a coboundary, i.e., ¢ = d¢/, then there exists
¥ € C*~1 such that g(b') = ¢. Moreover,

g(b—db') = g(b) —dg(t') =c—dd =0.
Therefore, there exists a’ € A* such that f(a’) = b — db', and:
fla—dd) = f(a) —df(a’) = db—db+ d% = 0.

Since f is injective, we conclude that a = da’ is a coboundary, as claimed.
This discussion shows that we have a well-defined linear map

§: HH(C) — H*(A), [¢] = [a].
We leave it as an exercise to check that this definition leads to Im g = Ker §
and Im ¢ = ker f.
Proof of Theorem [22.8. We claim that we have a short exact sequence:
0—=Q'(M) —=Q*U)aQ*(V)—=Q*(UNV)—=0
where the first map is given by:
w = (W, wlv),
while the second map is defined by:

(0,m) = Oluav — nluav-
Since M = U UV, the first map is injective. Also, it is clear that the image
of the first map is contained in the kernel of the second map. On the other
hand, if (6,n) € Q*(U) & Q2*(V) belongs to the kernel of the second map,
then
Olunv = nlunv.
Hence, we can define a smooth differential form in M by:
0, ifpel,
wp =
np ifpeV.
Therefore the image of the first map coincides with the kernel of the second
map. Finally, let « € Q*(U N'V) and choose a partition of unity {py, pv}
subordinated to the cover {U,V}. Then pya € Q*(U) and pya € Q*(V)
and this pair of forms is transformed by the second map to

(pva, —pya) = pya+ pya = a.
Therefore, the second map is surjective and we have a short exact sequence

as claimed. The corresponding long exact sequence in cohomology yields
the statement of the theorem. O
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ExXAMPLE 22.10.
Let us use the Mayer-Vietoris sequence to compute the cohomology of S* for
d > 2 (we already know the cohomology H®(S'); see in Example [20.F).

Let py € S be the north pole and let U = S* — py. The stereographic
projection Ty : U — R? is a diffeomorphism, so U is contractible. Similarly if
ps € S is the south pole, the open set V. = S?—pg is contractible. On the other
hand, we have that M = U NV and the intersection U NV is diffeomorphic
to R — 0 (via any of the stereographic projections). We saw in Ezample [22.7]
that R? — 0 as the same homotopy type as S*1.

We have all the ingredients to compute the Mayer- Vietoris sequence:

o if k> 1, the sequence gives:

s 0@ 0 — HF(S) L gR+(sd) 00
Hence, H*1(S%) ~ H*(S?1). By induction, we conclude that:
Hk(Sd) ~ Hk—l(Sd—l) ~.o~ HY (Sd—k-i-l)'

e On the other hand, since U, V and U NV are connected, the first terms
of the sequence are

O—>R—>R@R—>R—6>H1(Sd)—>0—>---

It follows that dim H(S?) = 0 if d > 2, since the alternating sum of the
dimensions must be zero.
Since H'(S') = R, we conclude that:

R ifk=0,d,
H*(S%) =
0 otherwise.

Compactly supported cohomology. As we saw in the previous section, com-
pactly supported cohomology does not behave functorialy under smooth
maps. Still this cohomology behaves functorialy under proper maps and,
because of this, compactly supported cohomology still satisfies properties
analogous, but distinct, to the properties we have studied for de Rham co-
homology.

Proposition 22.11. Let M be a smooth manifold. Then:
H*(M xR) ~ H*Y(M).

Proof. Note that if 7: M x R — M is the projection and w # 0 then 7*w
does not have compact support. Instead, one has “push-forward” maps

e QL (M x R) — Q8(M),
ex: Q2 (M) — QSTHM x R).

which are cochains maps, homotopic inverse to each other.
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We start by constructing . Note that every compactly supported k-form
in M x R is a locally finite sum of forms of two kinds:

fi(z, t)mrwy,
fa(z, ) we A dt,

where w1 € QF(M), w; € QF (M) and f1, fo : M x R — R are compactly
supported smooth functions. The map 7, is given by:

filz, t)(m*wy) — 0,
+o0
fo(z, )T wa A dt — / fo(z, t)dt wo.

and it is known as integration along the fibers.
On the other hand, in order to construct e, one chooses some 1-form
0 = g(t)dt € QL(R) with [, 0 =1 and sets:

€r: W— TWAL.
It follows from these definitions that:
Ty 06, =1id, dme = med, e,d = de,.

To finish the proof, we check that e, o 7, is homotopic to the identity. We
leave it as an exercise to check that the map h : Q8(M x R) — Q21 (M x R)
defined by:

filz, t)(m*wy) — 0,

t —+o0 t
folie, Oy A dt ( | hesis— [ pess | g(s)ds> s,
is indeed a homotopy from e, o 7, to the identity. O

The proposition shows that compactly supported cohomology is not in-
variant under homotopy. On the other hand, the proposition shows that the
Poincaré Lemma must be modified as follows:

Corollary 22.12 (Poincaré Lemma for compactly supported cohomology).

R ifk=d,
H;(R?) =
0 ifk#d.
Next we construct the Mayer-Vietoris sequence for compactly supported
cohomology. Notice that if U,V C M are open sets with U UV = M, the

inclusions U,V «— M, UNV < U and UNV — V give a short exact
sequence

0<—QM)=—RU)sR(V)=—RUNV)<—0

where the first map is:

(6,m) — 6+,
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while the second map is:
w (—w,w).
Hence, it follows that

Theorem 22.13 (Mayer-Vietoris sequence for compactly supported coho-
mology). Let M be a smooth manifold and U,V < M open subsets such
that M = U UV. There exists a long exact sequence

~— HF(M) ~—— HF(U) © H}V) <—— HNU N V) <2— HF (M) ~—

We leave the details of the argument for the exercises.

Notice that in the Mayer-Vietoris sequence for compact supported coho-
mology the inclusions U,V — M, UNV — U and U NV < V induce
maps in the same direction, while for the ordinary de Rham cohomology the
inclusions are reversed in the sequence. In the next section we will relate
these two cohomology theories, and this will explain all the differences of
behavior that we have just discussed.

HOMEWORK.

1. Let h:QF(M x R) — Q¥ (M x R) be the homotopy operator used in the
proof of Proposition22.11 Show that h can be written in either of the following
more invariant forms:

(a) If E =tZ € X(M xR) is the Euler vector field and ¢* : M xR — M xR
the family of maps ¥*(x,t) = (z, st), then:

1
h(6) = /0 é(w)*iEo ds,

(b) If E is the Euler vector field and ¢%(z,t) = (z, et) its flow, then:

0
no) = / (63)%ip0 ds,

— 00
(c) Use the second expression and Cartan Calculus to prove that h verifies
2.T)).

(HINT: The flow ¢% of a vector field X satisfies: < (¢%)*w = (¢% )" Lxw.)
2. Show that a star shaped open set is contractible.

3. Let i : N — M be a submanifold. We say that a map r : M — N is a
retraction of M in N if roi =idy and that N is a deformation retract of
M if there exists a retraction r : M — N such that 7 o r is homotopic to idy.
Show that:

(a) If N is a deformation retract of M, then H*(N) ~ H*(M).

(b) Show that S? is a deformation retract of R® — 0.

(c) Show that T?, viewed as a submanifold of R3 as in Example [T82, is a
deformation retract of R3 — {L U S} where L is the z-axis and S is the
circle in the zy-plane of radius R and center the origin.

4. In Remark[22.9] show that the connecting homomorphism in the long exact
sequence satisfies Im g = Kerd* and Imd* = ker f.
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5. Given a long exact sequence of vector spaces
0 P e Cck-1 Cck e cd 0
show that:

d

> (-1)'dimC* =0.

i=0
6. Compute the cohomology of T2 and RP?.

7. Complete the construction of the Mayer-Vietoris sequence for compactly
supported cohomology, by showing that:

0<—MM)=—QRU)R(V)<—RUNV)<—0
is a short exact sequence of complexes.

8. Compute the compactly supported cohomology of R? — 0.
(HINT: Apply the Mayer-Vietoris sequence to M = S U = §? — py and
V =8%—ps.)

23. COMPUTATIONS IN COHOMOLOGY

In the previous section we constructed the Mayer-Vietoris sequence re-
lating the cohomology of the union of open sets with the cohomology of
its factors. This sequence leads to a very useful technique to compute co-
homology by induction, which also allows to extract many properties of
cohomology. In order to apply it, we need to cover M by open sets whose
intersections have trivial cohomology.

Definition 23.1. An open cover {U,} of a smooth manifold M is called a
good cover if all finite intersections Uy, N --- N Uy, are diffeomorphic to
Re. We say that M is a manifold of finite type if it admits a finite good
cover.

Proposition 23.2. Every smooth manifold M admits a good cover. If M
is compact then it admits a finite good cover.

Sketch of proof. B Let g be a Riemannian metric for M. In Riemannian
geometry one shows that each point p € M has a strong geodesically convex
neighborhood Uy, i.e., a neighborhood such that for any two points ¢, ¢’ € U,
there exists a unique (length minimizing) geodesic in U, which connects ¢
and ¢’. Then one checks that:

(i) a strong geodesically convex open set is diffeomorphic to R, and
(ii) the intersection of two strong geodesically convex open sets is a strong
geodesically convex open set.

5This proof requires some knowledge of Riemannian geometry. If you are not familiar
with the notion of geodesics, you may wish to skip the proof and admit the result as valid.
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It follows that a cover {U,}penm by strong geodesically convex open neigh-
borhoods is a good cover of M.

If M is compact, then any good cover has a finite subcover which is also
good. O

Finite dimensional cohomology. We can use good covers and the Mayer-
Vietoris sequence to show that the cohomology is often finite dimensional:

Theorem 23.3. If M is a manifold of finite type then the cohomology spaces
HE(M) and HF(M) have finite dimension.

Proof. For any two open sets U and V', the Mayer-Vietoris sequence:
i HYUNV) 2= HR U U V) — % HRU) & HY (V) — ..

shows that:
H¥(UUV)~Imdé®Imr

Hence, if the cohomologies of U, V and U NV are finite dimensional, then
so is the cohomology of U U V.

Now we can use induction on the number of open sets in a cover, to
show that manifolds which admit a finite good cover have finite dimensional
cohomology:

e If M is diffeomorphic to R? the Poincaré Lemma shows that M has
finite dimensional cohomology.

e Now assume that all manifolds admitting a good cover with at most
n open sets have finite dimensional cohomology. Let M be manifold
which admits a good cover with n+ 1 open sets {Uy,...,Ups1}. We
observe that the open sets:

Un+17
U,u---uU,, and
(Ul J---u Un) NUpt1 = (Ul N Un+1) J---u (Un N Un+1),
all have finite dimensional cohomology, since they all admit a good

cover with at most n open sets. Hence, the cohomology of M =
Uy U---UUp41 is also finite dimensional.

The proof for compactly supported cohomology is similar. O

Poincaré duality. Recall (see the exercises in Section 20]) that the exterior
product induces a ring structure in cohomology:

U: HYM) x H(M) — H*(M), [w]U[n] = [w A7)

Obviously, if n has compact support then w A i also has compact support,
hence we obtain also a “product”:

U: HY(M) x HY(M) — H¥ (0.
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Stokes formula shows that the integral of differential forms descends to
the level of cohomology. Hence, if M is an oriented manifold of dimension
d we obtain a bilinear form

(23.1) HE(M) x HEF(M) > R, (], [1]) — /Mw A,

Theorem 23.4 (Poincaré duality). If M is an oriented manifold of finite
type the bilinear form (231)) is non-degenerate. In particular:

H*(M) ~ HEF (0>,
Remark 23.5 (A Crash Course in Homological Algebra - part V). For the
proof of Poincaré duality we turn once more to Homological Algebra.

Lemma 23.6 (Five Lemma). Consider a commutative diagram of homo-
morphisms of vector spaces:

Af1Bf2Cf3Df4E

A—-pB 20 2D 25 F
where the rows are exact. If o, B, § and € are isomorphisms, then ~y is also
an isomorphism.

The proof of this lemma is by diagram chasing and is left as an easy
exercise.

Proof of Theorem [23.4) Let us start by observing that the bilinear form
@300 gives always a linear map H*¥(M) — HIk(M)*. If U and V are
open sets, one checks easily that the Mayer-Vietoris sequence for 2° and
2, give a diagram of exact sequences:

— = HNUUV) H*(U) & H*(V) HYUNV) — HH+ (U UV) —

| ! | |

~ HIHU OV = HEMU) @ HENV ) = HEHUn V) S HER (U0 V)

which commutes up to signs: for example, we have

/ w/\59:j:/ ow A T.
unv Uuv

If we apply the Five Lemma to this diagram, we conclude that if Poincaré
duality holds for U, V and U NV, then it also holds for U U V.

Now let M be a manifold with a finite good cover. We show that Poincaré
duality holds using induction on the cardinality of the cover:

o If M ~ R%, the Poincaré Lemmas give:
R ifk=0, R if k=d,
HY(R) = HE(R) =
0 ifk#0. 0 ifk+#d.
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Also, (-,-) : HY(R%) x HYR?%) — R is non-zero, so the bilinear form
is non-degenerate in this case.

e Now assume that Poincaré duality holds for any manifold admitting
a good cover with at most n open sets. If M is a manifold which
admits an open cover {Uy,...,U,4+1} with n+ 1 open sets, we note
that the open sets:

Upy1, U1 U---UU,, and
(Ul U---u Un) NUpy1 = (U1 N Un+1) U---u (Un N Un+1),

all satisfy Poincaré duality, since they all admit a good cover with at
most n open sets. It follows that M = U; U--- U U,y also satisfies
Poincaré duality.

O

If M is a compact manifold, we have H? (M) = H*(M). Hence:
Corollary 23.7. If M is a compact oriented manifold then:
H*(M) ~ H7F ().

Remark 23.8. One can show that Poincaré duality still holds for oriented
manifolds which do not admit a finite good cover: when the cohomology of
M is not finite dimensional, one still has an isomorphism:

H*(M) = (H{™*(M))*".

However, in general, one does not have a dual isomorphism HY%(M) ~
HF(M)*. The reason is that while the dual of direct product is a direct
sum, the dual of an infinite direct sum is not a direct product. We discuss
an example in the exercises.

Because of the previous remark, in the next corollary we omit the as-
sumption that M has a finite good cover.

Corollary 23.9. Let M be a connected manifold of dimension d. Then:

R if M is orientable,
Hg(M) ~
0 if M is not orientable.

In particular, if M is compact and connected of dimension d, then M 1is
orientable if and only if HY(M) ~ R.

Proof. By Poincaré duality, if M is a connected orientable manifold of di-

mension d, then (HY(M))* ~ H°(M) ~ R. We leave the proof of the

converse to the exercises. (]
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Triangulations and Euler’s formula. As another application of the Mayer-
Vietoris sequence, we show how the familiar Euler’s formula for regular
polygons can be extended to any compact manifold M admitting a trian-
gulation, i.e., a nice decomposition of M into regular simplices as we now
explam(ﬁ

A regular simplex is a simplex o : A% — M which can be extended to
a diffeomorphism & : U — 6(U) C M, where U is some open neighborhood
of A%, We have defined before the (d — 1)-dimensional faces of a simplex
o : A% — M. For a regular simplex, these are regular (d — 1)-simplices
gi(o) : A1 — M of dimension (d — 1). By iterating this construction
we obtain the d — k-dimensional faces of a simplex, which are regular
(d — k)-simplices €, .. i, . (0) : Aty v/

Definition 23.10. A triangulation of a compact manifold M of dimension
d is a finite collection {o;} of reqular d-simplices such that:
(i) the collection {o;} covers M, and
(ii) if two simplices in {o;} have non-empty intersection, then there inter-
section o; N o is a face of both simplices o; and o;.

The next figure illustrates condition (ii) in this definition for dimensions
2 and 3.

%Miﬂ

Notice that on the top the condition is satisfied while on the bottom the
condition fails.

If M is a manifold with finite dimensional cohomology (e.g., if M is com-
pact) one defines the Euler characteristic of M to be the integer x (M)
given by:

x(M) = dim H*(M) — dim H' (M) + - - - + (—1)% dim H(M).
Applying Poincaré duality, we have that:
6Ac‘511ally, one can show that every smooth compact manifold can be triangulated. This

result is very technical and we will not discuss it in these notes.
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Corollary 23.11. If M is a compact oriented odd dimensional manifold
then x(M) = 0.

For other manifolds the Euler characteristic, in general, is non-zero and
can be computed using a triangulation:

Theorem 23.12 (Euler’s Formula). If M is a compact manifold of dimen-
sion d, for any triangulation we have:

(—1)(M) = 70— 11+ -+ (~1)ry,
where r; denotes the number of faces of dimension i of the triangulation.
Proof. Let us fix a triangulation {01, 09, ...,0,,} of M and define open sets:
Vi := M — {k-faces of the triangulation}.
We claim that for 0 < k < d — 1 we have:
(28.2) (M) = x(Vi) + (=1%o — 4 + -+« + (= 1)Fry).

Assuming this claim, since

Td

Vi1 = U int(O'j),

=1

and each open set int(o;) is contractible, we have H*(V;_1) = 0, for k > 0.
Hence:

X(Vae1) = dim H(Vy_1) = rq.
This identity, together with ([23.2)), show that Euler’s formula holds.

Lets us start by verifying ([23.2)) for k£ = 0. For each 0-dimensional face we
can choose disjoint open neighborhoods Uy 1, ..., Uy ,, each diffeomorphic
to the open ball Bf = {z ¢ R? : ||z|| < 1}.




We set

70

UO = U U()J'.
i=0
Notice that Vo U Uy = M. Since each Up; is contractible, we have:
T, if k= 0,
dim H*(Uy) =
0, if K #0.

On the other hand, the intersection Vy N Up; deformation retracts in Sé-1,
hence
ro, if k=0,d — 1,
dim H*(Vo N Up) =
0, if k#£0,d—1.

We can apply the Mayer-Vietoris argument to the pair (U, Vp): if d > 2,
this sequence gives the following information:

(i) The lowest degree terms in the sequence are:
0 —> HO(M) — HO(Up) & H(Vy) —= H°(Uy N V) —
—— H'(M) —=0® H' (V) —=0
so it follows that:
dim H(M) — dim H®(Up) — dim H°(Vp)+
+ dim H(Uy N Vp) — dim H' (M) + dim H'(Vp) = 0.
Since M and V| have the same number of connected components we find
dim H°(M) = dim H°(V}).

On the other hand, the number of connected components of Uy and Vy N Uy
are also the same, hence we conclude that:

dim HY(M) = dim H(V}).
(ii) For 1 < k < d — 1, the Mayer-Vietoris sequence gives:
0 — H¥(M) —= 0@ H* (V) —=0

Hence:
dim H*(M) = dim H*(V}).

(iii) Finally, the last terms in the sequence give:
0 — H"Y (M) — 06 H™ (Vo) — H™ Uy N Vg) —

—= HY(M) —= 0 H(Vp) —=0
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Since dim H¥1(Uy N Vp) = 7y, we conclude that:
dim (M) — dim H* (Vo) + dim H* (Vo) — dim HY(M) = —ro.

When d = 2, we obtain exactly the same results except that we can
consider the whole sequence at once. In an any case, we conclude that:

d

d
= Z(—l)i dim H'(Vp) + (=1)%0 = x(Vo) + (—=1)r.

which yields (23.2)) if £ = 0.
In order to prove ([23.2]) when k = 1, we can proceed as follows: for each
1-face we choose open disjoint neighborhoods Uj 1, ..., U; », of the (1-faces)-

0-faces), diffeomorphic to (int A1) x B¢, and we define the open set:
1

r1
U =J U
=0

1 . \ N
\\ 0 RNt PN
\ A\ - N0
) \ [
A\ S
- W\ L
| =~ Lo
W\ ~_ v,
. N - \v S
\ -2 o
1 =
v\ ) A
\ /]
/
v
/
O

We have that Vo = U; U Vj. Moreover, U; is a disjoint union of rq
contractible open sets, while U; N V; as the same homotopy type as the
disjoint union of (d — 2)-spheres This allows one to show, exactly like in the
case k = 0, that the Mayer-Vietoris sequence yields:

x(Vo) = x(V1) + (=1)% .

In general, for each k, we choose open disjoint neighborhoods Uy, 1, ..., U r,
of {k-faces} —{(k—1)-faces}, diffeomorphic to (int A*)x B¢=* and we define
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the open set:
Tk

Ur = | Uk
i=0
We have that Vip_1 = U, U Vi, where Uy is a union of r; contractible open
sets, while U, N V;, as the same homotopy type as the disjoint union of
(d — k — 1)-spheres. The Mayer-Vietoris sequence then shows that:

X(Vie1) = x (Vi) + (=1) 7 Fry..
This proves ([23.2]) and finishes the proof of Euler’s formula. O

HOMEWORK.
1. Given an example of a connected manifold which is not of finite type.

2. Prove the Five Lemma and find weaker conditions on the maps «, 3, € and
d, so that the conclusion still holds.

3. Check the commutativity, up to signs, of the diagram of long exact sequences
that appears in the proof of Poincaré duality.

4. Let M be a connected manifold of dimension d, which is not orientable.
Prove that
HY(M) =0,
by proceeding as follows. Let M denote the set of orientations for all the
tangent spaces T, M:

M= {(p, [p)) : [1p) is an orientation for T, M }.

One calls M the orientation cover of M. Show that:
(a) M is a connected orientable manifold of dimension d;
(b) The map:
T M= M, (p,[m]) = p,

is a double cover, i.e., each p € M has a neighborhood U such that
7Y (U) = V4 UV, (disjoint) and 7]y, : V; — U is a diffeomorphism;

(¢) The map ® : M — M, (p, [p]) — (p, —[up)) is a diffeomorphism that
changes orientation and satisfies:

T=7m0o® dod=id;
(d) Given & € Q%(M), there exists w € Q¥ (M) such that & = 7*w if and only
if *0 = w;
(e) Conclude that one must have HZ(M) = 0.

5. Let My, Ms,, ..., be orientable manifolds of finite type of dimension d and
consider the disjoint union of the M;:
+oo
M= M.
i=1
Show that:

(a) H*(M) =T[5 H*(M;);
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(b) HE(M) =@ HE(M:);
(c) Conclude that there exists an isomorphism: H*(M) ~ (HI=F(M))*;

(d) Give an example of an orientable M with H3~*(M) not isomorphic to

6. Compute H*(M) and HF(M) for the following manifolds:
(a) Mobius band;
(b) Klein bottle;
(¢) The d-torus;
(ANSWER: dim H*(T?) = ({).)
(d) Complex projective space;
(ANSWER: dim H?*(CP?) =1 if 2k < d, and 0 otherwise.)

7. Consider the following two subdivisions of the square [0, 1] x [0, 1]:

(a) Verify that only one of these subdivisions induces a triangulation of the
2-torus T?;
(b) Compute 7o, 71 and 7o for this triangulation.

8. Let M and N be connected compact manifolds of dimension d. Let M#N
be the connected sum of M and N, i.e., the manifold obtained by gluing M
and N along the boundary of open sets U C M and V' C N both diffeomorphic
to the ball {z € R?: ||z|| < 1}. Show that the Euler characteristics satisfy:

X(M#N) = x(M) + x(N) — x(§%).

M#N

Conclude that the Euler characteristic of a compact, oriented, surface of
genus ¢ (i.e., with g holes) is 2 — 2g.
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24. THE DEGREE AND THE INDEX

We saw in the previous section that a connected manifold M of dimension
d is orientable if and only if H%(M) ~ R. Notice that a choice of orientation
for M determines a generator of H?(M). In fact, in this case, integration
gives an isomorphism HZ(M) ~ R by:

d w Ww.
HI(M) - R, | ]b—>/M

By the way, this isomorphism is just Poincaré duality, since M being con-
nected H°(M) is the space of constant functions in M. In the sequel, we
will often use the same symbol s to denote the orientation of M and the
generator py; € HY(M) that corresponds to the constant function 1.

Let ® : M — N be a proper map between connected, oriented manifolds
of the same dimension: dim M = dim N = d. The canonical isomorphisms
HY(M) ~ R and HY(N) ~ R give a representation of the induced map in
cohomology

" : HY(N) — HA(M)
as a real number which one calls the degree of the map. In other words:

Definition 24.1. Let ® : M — N be a proper map between connected,
oriented manifolds of the same dimension d. The degree of ® is the unique
real number deg ® such that:

/q)*w:deg@/w,
M N

for every differential form w € Q4(N).

Our aim is to give a geometric characterization of the degree of map,
which allows also for its computation. For simplicity, we will consider only
the case where both manifolds are compact. You may wish to try to extend
these results to any proper map. We start with the following property:

Proposition 24.2. Let ® : M — N be a smooth map between compact,
connected, oriented manifolds of the same dimension d. If ® is not surjective
then deg ® = 0.

Proof. Let gy € N — ®(M). Since ®(M) is closed, there is an open neigh-
borhood of gg such that U € N — ®(M). Let w € Q%(N) have its support
in U be such that [ w # 0. Then:

O:/ q)*w:deg@/w,
M N

hence deg ® = 0. O

We can now give a geometric interpretation of the degree of a map. This
interpretation also shows that the degree is always an integer, something
which is not obvious from our definition of the degree.
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Theorem 24.3. Let ® : M — N be a smooth map between compact, con-
nected, oriented manifolds of the same dimension d. Let ¢ € N be a regular
value of ® and for each p € ®~1(q) define

1 ifdy®:T,M — T;N preserves orientations,
sgn, ¢ =
-1 ifdp®: T,M — T,N switches orientations.

Then [1:
deg ® = Z sgn,, @.
pEDP1(q)
In particular, the degree is an integer.

Proof. Let q be a regular value of ®. If ®~!(q) is empty, then ® is not
surjective and the result follows from the previous proposition. On the other
hand, if ®71(g) is non-empty then it is a discrete subset of M which, by
compactness, must be finite: ®~1(q) = {p1,...,pn}. We need the following
lemma:

Lemma 24.4. There exists a neighborhood V of q and disjoint neighbor-
hoods U1, ..., Uy of p1,...,pNn such that

(I)_l(V):UlU-”UUN.

Assuming that this lemma holds, let V and Uy, ..., Uy be as in its state-
ment. Since each p; is a regular point, we can assume, additionally that
V is the domain of a chart (y',...,y%) in N and that the restrictions
|y, : Uy — V are diffeomorphisms.

Let:

w=fdyt An---Ady? € QYN),

where f > 0 has supp f C V. Obviously, we have
supp®*w C Uy U---UUp,

N
P*w = / P*w.

Since each @[y, is a diffeomorphism, the change of variables formula gives:

/@*w:i/w:i/w,
U 1% N

where the sign is positive if ®|y, preserves orientations and negative other-
wise. Since ®|y, preserves orientations if sgn, ® > 0 and switches orienta-
tions if sgn,, ® < 0, we conclude that

N
O*w = sgn _<I>/ w.
/M ; e

r; ®~1(g) is empty then q is a regular value and we convention that the sum is zero.
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To finish the proof it remains to prove the lemma. Let O1,...,Opn be any
disjoint open neighborhoods of p1,...,pn, and W a compact neighborhood
of q. The set W C M defined by:

W=a&"W)—(0;U---UOy),

is compact. Hence, ® (W) is a closed set which does not contain ¢q. Therefore,

there exists an open set V. C W —® (W), containing ¢, and we have ®~1 (V) C
O1U---UOy. If we let U; = O;n®~Y(V), we see that the lemma holds. [

The degrees of two homotopic maps coincide, since homotopic maps in-
duce the same map in cohomology. This is a very useful fact in computing
degrees, and can be explored to deduce global properties of manifolds. A
classic illustration of this is given in the next example.

EXAMPLE 24.5.
Consider the antipodal map ® : S — S, p— —p. For the canonical orienta-
tion of the sphere ST defined by the form

d+1
w= Z(—l)iJrl:Eidxl Ao Adat A A da?HL
i=1
we see that ® preserves or switches orientations if d is odd or even, respectively.
Since ®~1(q) contains only one point, we conclude that

deg ® = (—1)471

By the way, we could also compute the degree directly from the definition, since

we have
/ *w = (—1)d71/ w.
Sd sd

We claim that we can use this fact to show that every vector field on a
even dimensional sphere vanishes at some point. In fact, let X € X(S%*?) be
a nowhere vanishing vector field. Then for each p € S*¢ there exists a unique
semi-circle 7y, joining p to —p with v,(0) = X|,. It follows that the map
H :S% % [0,1] — S%¢ given by

H(p, t) = Vp(t)a
is a homotopy between ® and the identity map. Hence,
—1=deg® = deg(id) =1,

a contradiction.
You should notice that, in contrast, any odd degree S>*~ C R4 admits the
vector field:

0 0 0 0
_ .2 1 2d 2d—1
K= g T T g T g
which is a nowhere vanishing vector field.
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As another application of degree theory, we will introduce now the index
of a vector field, which will eventually lead to a geometric formula for the
Fuler characteristic of a manifold, known as the Poincaré-Hopf Theorem.

Consider first a vector field X defined in an open set U C R? which has
an isolated zero at g € U. We can view it as a map X : U — R? which
vanishes at xo and is non-zero in a deleted neighborhood V' — {zp}. Let
D.(xzg) C U be a closed disk of radius e centered at xy which does not
contain any other zero of X and let S; be the sphere of radius € centered at
xZo:

Se := 0D¢(xp).
We define the Gauss map G, : S. — S ! by:
X(z)
Ge(2) = ———.
: X ()]
The index of X at x( is the degree of the Gauss map:
ind;, X = degG.,

where on both spheres we consider the induced orientation from R?.
Our next result states that the degree is independent of € and is a diffeo-
morphism invariant:

Proposition 24.6. Let U C R? be open and let X € X(U) a vector field
with an isolated zero at xg.

(i) Any two Gauss maps Ge, and G, have the same degree.
(it) If ® : U — U’ a diffeomorphism and X' = ®, X then

indxo X = indq,(xo) X,.

Proof. We leave (i) as an exercise. To prove (ii), we can assume that ®(zg) =
zo = 0 and that U is star shaped with center 0.
Assume first that ® preserves orientations. Then the map

1®(tw), ift>0,
H(t,x) =
dO(I)(a:), if t =0.

is a homotopy between ® and do®, consisting of diffeomorphisms that fix
the origin. Since dg® is homotopic to the identity, via diffeomorphisms that
fix the origin, we see that there exists a homotopy, via diffeomorphisms that
fix the origin, between ® and the identity. Hence, the Gauss maps of X and
X' are homotopic, so that the indices of X and X’ coincide.

Now, the case where ® switches orientations follows if we can prove the
case where ® is a reflection. In this case ® is a linear map, so:

X' =9, X=00Xod L.
The corresponding Gauss maps are then related by:
G.L=0o0G. 007!

and, hence, their degrees coincide. O
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The proposition allows us to define the index for any vector field:
Definition 24.7. If X € X(M) is a vector field with an isolated zero py,
the index of X at pg € M, is the number

indp, X = indp ¢« (X|v),
where (U, @) is any coordinate system centered at pg.

In some simple cases it is possible to determine the index of a vector field
from its phase portrait, even if the zeros are degenerate. The pictures in
the next page illustrate some examples of planar vector fields with a zero

and the value of its index. You should try to check that the degree of the
corresponding Gauss maps is indeed the integer in each figure.

B

ind,, X = -1 indp, X =0
indp, X =1 indp, X =2

In general, it maybe hard to compute the index, but there is a method
for so-called non-degenerate zeros of vector fields, as we now explain.

Let X be a vector field in a manifold M and let pg € M be a zero of X.
The zero section Z C T'M and the fiber T,y M C T'M intersect transversely
at 0 € T, M, i.e., we have:

To(TM) =Ty Z & TPO(TPOM) ~ Ty M & Ty M,
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where the isomorphism arises from the differential d,,7 of the projection
w: TM — M. Under this decomposition, the differential of the vector field:

dpy X 2 Ty M — To(T M).

has first component the identity (since w o X =idj;), while the second com-
ponent is a linear map T, M — T,,M. This linear map will be denoted
also by d,, X, and is called the linear approximation to X at the zero po.
Notice that we can also view d,, X as a linear vector field on the tangent
space Ty, M.

In a chart (U,z',...,2%) centered at py the vector field has a represen-
tation X = Z?Zl Xt a‘; where X?(0) = 0. The linear approximation is the

linear map d,, X whose matrix relative to the basis {% |100 Yoy % |p0} is:

axi ¢

dpy X = [ 7 (0)]

If we prefer to view d,,, X as a linear vector field in 7}, M, it has the expres-
sion:

1,7=1

d .
0X" o,
X = > 5507 55
ij=1 Po

Definition 24.8. A zero pg of X € X(M) is called non-degenerate if the
linear approximation d,, X : Tp, M — T,y M is invertible.

Non-degenerate zeros are always isolated and their indices can be com-
puted easily:

Proposition 24.9. Let pg € M be a non-degenerate zero of a vector field
X € X(M). Then pg is an isolated zero and:

+1,  if detdp, X >0,
ind,, X =
=1, if detdp, X <O.

Proof. Choose local coordinates (U, ¢) centered at pg. The vector field
#+«(X|y) has an associated Gauss map G : S. — S?! which is a diffeo-
morphism. Moreover, this diffecomorphism preserves (switches) orientations
if and only if det d,,, X > 0 (respectively, < 0). Hence the result follows from
Theorem [24.3] (]

ExXAMPLE 24.10.
Consider R® with coordinates (x,vy,z). The vector field

0 9]
X=y— —2-— € X(R®
Yar "oy © (R%),
is tangent to the sphere S* = {(x,y,z) : 2® + y* + 2% = 1} and hence defines
a vector field X € X(S?), with exactly two zeros: the north pole py and the
south pole pg.
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<D
N

The projection ¢ = (u,v) : (x,y, z) — (x,y) restricts on the upper and lower
hemispheres to system of coordinates on S? centered at py and ps. We have:

0 0
X = UV— — U—.
¢ Ju v
The matriz representation of the linear approzimation to X at py and ps

relative to the basis {%, 6%} is then given by:

0 1
X =gx=[ 0 1],

We conclude that pn and ps are non-degenerate zeros and:

indy,, X =ind,s X =1.

In the previous example, the sum of the indices of the zeros the vector field

X € X(S?) equals 2, so it coincides with the value of the Euler characteristic
of S2. This is an illustration of the following famous result:

Theorem 24.11 (Poincaré-Hopf). Let X € X(M) is a vector field on a

compact manifold with a finite number of zeros {p1,...,pn}. Then:
N
X(M) = Zindpi X.
i=1

This beautiful theorem connects the topology of M with its smooth struc-

ture, i.e., its tangent bundle. The proof will be given in the next chapter
where we will study bundle theory.

1.

2.

HOMEWORK.
Let ® : C — C be a polynomial map of degree d. Find deg ®.

Show that for a smooth manifold M of dimension d > 0 the identity map
M — M is never homotopic to a constant map. Use this fact to prove that there
is no retraction of the closed unit disk D¢ ¢ R? on its boundary S%~! = 9D,

HINT: If there was such a retraction r : D — S?~! consider the map H(z,t) =
r(rx).
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3. Let A = Z Z ) be a 2 x 2 matrix with integer entries. Identifying

T? = R?/Z2, consider the map ® : T? — T? defined by:
®([2,y]) = [ax + by, cx + dy].
Determine deg .

4. Let X : R - R be a vector field with an isolated zero at x = 0 and
associated Gauss map G.. Define G. : S¥~1 — S?~! to be the composition of
G.: S. — S¢-1 with the map St 5 S,z ex.

(a) Show that deg G, = deg Gk;
(b) Show that for any €g,e1 > 0 the maps éso and CNJEI are homotopic;
(¢) Conclude that the degree of the Gauss map G. is independent of .

5. Identify M = R? with the field of complex numbers C. Show that the
polynomial map z +— z* defines a vector field in R? which has a zero at the
origin of index k. How would you change z + z* to obtain a vector field with
a zero of index —k7

6. Find the index of the zeros of the following vector fields in R?:
1o} 9 .
(a) I% + y8_y7
(b) (#%y +9*) 5% — (@® + 2y®) 35

7. Show that a vector field on a compact, oriented, surface of genus g must
have at least one zero if g # 1.

8. Consider the vector field X € X(S??) obtained by restriction of the vector
field in R24+1:
0 9] 0 0
X — xQ@ —11@ + "'+$2daxzd71 _ p2d 1@'
Show that there is a vector field X in RP?? such that m, X = X and apply
the Poincaré-Hopf theorem to compute the Euler characteristic of RP??. What
can you say about the Euler characteristic of RP?¢+1?
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Part 4. Fiber Bundles

We have seen already several examples of fiber bundles, such as the tan-
gent bundle, the cotangent bundle or the exterior bundles. So far, we have
used the concept of a bundle in a more or less informal way. We will see now
that one can understand many global properties of manifolds by studying
more systematically fibre bundles and their properties.

The main notions and concepts to retain from the next series of sections
are the following:

Section 25: The notion of a vector bundle and the basic constructions
with these bundles, such as the sum, tensor product and exterior
product, etc.

Section 26: Two import invariants of vector bundles that measure
how twisted they are: the Thom class and the Fuler class. The rela-
tionship between the Euler class of the tangent bundle and the Euler
characteristic and, as a consequence, the Poincaré-Hopf Theorem.
Section 27: A fundamental construction with vector bundles, which
allows to move between different base manifolds: the pullback of
vector bundles. The homotopy invariance of pullbacks.

Section 28: The classification of vector bundles, which shows that
every vector bundle is the pullback of a universal vector bundle.
Section 29: The concept of a connection in a vector bundle, which
allows one to differentiate sections of the vector bundle along vector
fields in the basis and hence compare different fibers.

Section 30: The curvature of a connection and the holonomy of a
connection, which allows to characterize the global structure of flat
vector bundles.

Section 31: The Chern- Weil homomorphism associating to a vector
bundle cohomology classes in a functorial way.

Section 32: The theory of characteristics classes of real vector bun-
dles (Pontrjagin classes) and complex vector bundles (Chern classes).
Section 33: The abstract notion of a fibre bundle and of a principal
fibre bundle. The constructions of the associated bundles.

Section 34: The classification of principal bundles, connections in
principal bundles and characteristic classes of principal bundles.
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25. VECTOR BUNDLES

A vector bundle is a collection {E,},cn of vector spaces parameterized
by a manifold M. The union of these vector spaces is a manifold £ and the
map 7 : E — M, n(E,) = p must satisfy a local trivialization condition.
You should be able to recognize all these properties in the tangent bundle
or in the cotangent bundle of a manifold.

T E,
™~ T

/\—/ M

p

In order to formalize this concept, let 7 : E — M be a smooth map
between differentiable manifolds. A trivializing chart of dimension r for
7 is a pair (U, $), where U C M is open and ¢ : 7~ 1(U) — U x R" is a
diffeomorphism, such that we have a commutative diagram:

T L(U) i U x R"
x /
U

In this diagram, 71 : U x R” — U denotes the projection in the first factor.
Let E, = 7 !(p) be the fiber over p € U. We define a diffeomorphism
¢P : B, — R" as the composition:

& By —2> [p} x R —=R" .
Hence, if v € E,, we have

o(v) = (p,9"(v)).
Notice that since each ¢” is a diffeomorphism, we can use ¢P to transport
the vector space structure of R" to E,. Given two trivializing charts whose
domains intersect we would like that the induced vector space structures on

the fibers coincide. This leads to the following definition:
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Definition 25.1. A wvector bundle structure of rank r over a manifold
M is a triple § = (7w, E, M), where m : E — M is a smooth map admitting
a collection of trivializing charts C = {(Uy, ¢o) : @ € A} of dimension r,
satisfying the following properties:

(i) {Ua : a € A} is an open cover of M: \J,cq Ua = M;

(i) The charts are compatible: for any o, € A and every p € U, N Ug,
the transition functions g.s(p) = ¢h o (gbg)_l :R™ — R" are linear
isomorphisms;

(iii) The collection C is mazimal: if (U, @) is a trivializing chart of dimen-
sion r with the property that for every o € A, the maps ¢P o (¢h)~!
and ¢h o (¢P)~! are linear isomorphisms, then (U, ¢) € C.

We call § = (w, E, M) a vector bundle of rank r.

For a vector bundle £ = (7, E, M) we will use the following notations:

e F is call the total space, M is called the basis space, and 7 the
projection of &.

e A collection of charts satisfying (i) and (ii) is called an atlas of the
vector bundle or a trivialization of &.

An atlas of a vector bundle defines a vector bundle, since every atlas is
contain in a unique maximal atlas. As we have already remarked, (ii) implies
that the fiber F, has a vector space structure such that for any trivializing
chart (U, ¢) the map ¢P : £, — R" is a linear isomorphism.

In the definition above of a vector bundle all maps are C'*°. Of course,
one can also define C*-vector bundles over C*-manifold or even topological
manifolds. Also, one can define complex vector bundles over smooth man-
ifolds by replacing R™ by C" and where the the base is still a real smooth
manifold. In these notes, we will consider mainly real C* vector bundles,
but we will see that complex vector bundles will also be important.

Let & = (m, E, M) be a vector bundle and U C M an open set. A map
s: U — FE is called a section over U if m o s = Idy. The sections over U
form a real vector space which we denote by I'ty(E). When U = M we call a
section over M a global section of £ and we write I'(E) instead of 'y (E).
If rank & = r a collection si, ..., s, of sections over U is called a frame over
U if, for every p € U, the sections {s1(p),...,s,(p)} form a basis for E,,.
Definition 25.2. Let & = (71, By, My) and & = (w9, B2, M) be two vector
bundles. A morphism of vector bundles is a smooth map V : Fy — F»
which maps the fibers of &1 linearly in the fibers of &, i.e., ¥ covers a smooth
map ¥ : My — Ms:

E,—YsE,

ml ml
M 2, Mo
and the map of the fibers WP = W|p) : (E1)p, = (E2)yp) 18 a linear

transformation for each p € M;.
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In this way we have the category of all vector bundles. Often we will
be interested in vector bundles over a fized base manifold M and morphisms
over the identity ¢ = Idy; : M — M. These form the category of vector
bundles over M.

Two vector bundles & = (w1, F1, M;) and & = (me, Ea, Ms) are called:

e equivalent if there exist morphisms W : & — & and V' : & — &
which are inverse to each other. This means that ¥ is an isomor-
phism in the category of vector bundles: it covers a diffeomorphism
Y+ My — Mz and each fiber map WP : (E1), — (E2)y(p) is a linear
isomorphism.

e isomorphic if M; = My = M and there exist morphisms ¥ : & —
&9 and V' : & — &1, covering the identity which are inverse to each
other. This means that ¥ is an isomorphism in the category of vector
bundles over M: it covers the identity ¢ = Idy; and each fiber map
WP : (Eq)p — (E2), is a linear isomorphism.

ExXaAMPLES 25.3.

1. Obwviously, for any smooth manifold M, we have the associated vector bun-
dles TM, T*M, NFT*M, @ TM ®° T*M, etc. The sections of these bun-
dles are the vector fields, the differential forms and general tensor fields, that
we have studied before. If U : M — N is a smooth map, its differential
dU : TM — TN is a morphism of vector bundles (note, however, that the
transpose (d;W)*, in general, is not a vector bundle morphism).

2. The trivial vector bundle of rank r over M is the vector bundle €}, =
(m, M x R", M), where m : M x R" — M is the projection in the first factor.
The global sections of €}, can be identified with C°(M;R"). In general, a
vector bundle & over M of rank r is said to be trivial if it is isomorphic to
ey It is easy to see that a vector bundle is trivial if and only if it admits a
global frame.

A parallelizable manifold is a manifold M for which TM is a trivial
vector bundle. For example, any Lie group G is parallelizable, but S? is not
parallelizable (actually, one can show that S is parallelizable if and only if
d=0,1,3 and 7).

8. A r-dimensional distribution D in a manifold M, defines a vector bundle
over M of rank r. The fibers are the subspaces D, C T,M. A section of this
vector bundle is simply a vector field tangent to the distribution.

4. A wector bundle of rank 1 is usually refer to as a line bundle. For example,
any non-vanishing vector field X € X(M) defines a line bundle which is always
trivial. More generally, a rank 1 distribution defines a line bundle which is
trivial if and only if the distribution is generated by a single vector field.

5. Consider the manifold formed by pairs ([x],v), where [z] is a line through
the origin in Rt and v is a point in this line:

E={([z],v) € RP? x R*™ . v = Az, for some \ € R}.
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The map 7 : E — RP? given by 7([z],v) = [x] satisfies the the local triviality
condition. To see this, given an open set V. C S such that if * € V then
—x &V, denoted by U = {[z] : € V} C RP? the corresponding open set in
real projective space. Then the map defined by:

Y :UxR =71 U), (z],t) = ([z],tz),Vz €V,

is a diffeomorphism, and its inverse ¢ = ¥ ~' defines a trivializing chart over
U. The family of all such charts (U, @) is an atlas of a vector bundle over
RP?. This vector bundle is called the canonical line bundle over RP? and
s denoted Wé.

One way of describing vector bundles is through transition functions.
Let £ = (m,E,M) be a rank r vector bundle. If (U, ¢s) and (Ug, ¢3)
are trivializing charts, the corresponding transition function is the map
gap : Ua NUg — GL(r) given by

P gap(p) = o% o (¢)
so that:
¢Oc © (éﬁ)_l(p7 V) = (pagaﬁ(p) : V)’
The transition functions satisfies the following fundamental identity:
(25.1) 9a8(P)98y(P) = gary(p), (P € Ua NUzNUy).
If & = B = ~, this condition reduces to:
goea(p) =1, (pE Ua)a
and when 7 = o we obtain:
95a(P) = 9as(®) ™", (p € Ua N Up).

The family {g.g} depends on the choice of trivializing charts. However,
we have:

Lemma 25.4. Let £ and n be vector bundles over M with trivializations
{pa} and {¢),} subordinated to the same open cover {Uy}. Denote by {gas}
and {g(’lﬁ} the corresponding collections of transition functions. If & is iso-
morphic to n, then there exist smooth maps Ay : Uy — GL(r) such that:

(25.2) Ios(P) = Aa(P) - 9as(0) - A5' (p),  (p € Ua N Up).

Proof. Let ¥ : £ — 1 be an isomorphism. For each U, we define smooth
maps A, : Uy, = GL(r) by:

Aa(p) = ¢ o Wo (¢h) ™"
If p e Uy NUg, we have:

Iop(P) = ¢'0 0 (¢5) 7" = Aalp) 0 95 0 (05) " o (As(p) ™
= Aa(P) © gas(p) 0 Ag(p) ™"
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Given a manifold M and an open cover {U,}aca we call a family of maps
gap : Ua NUz — GL(r) satisfying ([25.1) a cocycle subordinated to the
cover. Two cocycles {gag} and {g,5} subordinated to the same cover are
said to be equivalent if they are related by (25.2)) for some family of smooth
maps Ay : Uy — GL(r).

We saw above that (i) a trivialization of a vector bundle determines a
cocycle and that (ii) two trivializations of isomorphic vector bundles subor-
dinated to the same cover determine equivalent cocycles. If two cocycles are
subordinated to different covers we can refine the covers and obtain cocycles
subordinated to the same cover. Moreover, we have the following converse:

Proposition 25.5. Let {go3} be a cocycle subordinated to an open cover
{Us} of M. There exists a vector bundle § = (w,E, M), that admits a
trivialization {¢o} for which the transition functions are the {gog}. Two
equivalent cocycles {gop} and {9:15} determine isomorphic vector bundles
so there is a 1:1 correspondence:

vector bundles £ = (m, E,M) | _ | cocycles {gap : Us NUg — GL(r)}
up to isomorphism up to equivalence and refinement

Proof. Given a cocycle {gns}, subordinated to the cover {U,} of M, we
construct the manifold F as the quotient:

E = U(UaxR’")/N

acA

where ~ is the equivalence relation defined by:

p=q and
(p,v) ~ (g, w) iff
Ja,B€A: gap(p) - v=w.
The quotient topology on E turns this space into a 2nd countable, Hausdorff,
topological space. We also have the obvious projection 7 : E — M:

7([p, v]) =p.
For each chart (V%) for M and each a such that Ua NV f) we construct a
chart for E:
7 (VN Us = R?7 [(p,v)] = (4(p), V).

This make F into a local euclidean topological space, and it is easy to see that
the corresponding change of charts are smooth, so E is a smooth manifold
such that 7 is a smooth map.

The maps ¢ : 7 H(Uy) — Uq x R” defined by:

¢a([p,V]) = (p,V).

give trivializing charts for # : £ — M and the corresponding transition

functions are exactly the {gos}. Denote this vector bundle by & = (7, E, M)
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If {g;,5} is another cocycle equivalent to {gas} through the family {\,}
and §' = (7', E', M) denotes the vector bundle associated with {g/ 5}, we

have a vector bundle isomorphism ¥ : ¢ — ¢ defined on each open set
7 1(U,) by:

U([p, v]) = [p, Aalp) - v].
(]

Let us now turn to constructions with vector bundles. We have the fol-
lowing general principle:

e For every functorial construction with vector spaces there is a similar
construction with vector bundles.

This principle can actually be made precise. However, instead of following
the abstract route we will describe explicitly the constructions that are most
relevant for us.

Subbundles and quotients. Every vector bundle ¢ = (7, E, M) can be re-
stricted to a submanifold N C M. The restriction £y is the vector bundle
with total space:

EN:{EprGN},

and projection 7wy : Eny — N the restriction of m to En. The restriction is
an example of a vector subbundle:

Definition 25.6. A vector bundle n = (7, F, N) is called a vector subbun-
dle of a vector bundle & = (n,E, M) if F is a submanifold of E, and the
inclusion F' — E is a morphism of vector bundles.

If U :n — £is a morphism of vector bundles covering the identity, in
general, its image and its kernel are not vector subbundles: these are made
of vector spaces of varying dimension. This can be fixed if we assume that
U has constant rank £, i.e., if all linear maps WP : F,, — F}, have the same
rank k. For a constant rank morphism we can define the following vector
subbundles over M:

e The kernel of ¥ is the vector subbundle Ker ¥ C E whose total
space is {v € E: ¥(v) = 0};

e The image of V¥ is the vector subbundle Im ¥ C F whose total space
is{U(v) e F:veE}

e The co-kernel of ¥ is the vector bundle coKer ¥ whose total space
is the quotient F'/ ~, where ~ the equivalence relation wy ~ wy if
and only if wq — wg = ¥(v), for some v € E.

Note that if ¥ is a monomorphism (i.e., each WP is injective) or if ¥ is an
epimorphism (i.e., each WP is surjective) then ¥ has constant rank. There-
fore, the kernel, image and cokernel of monomorphisms and epimorphisms
are vector subbundles.
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The notions associated with exact sequences can be easily extended to
vector bundles and morphisms of constant rank. For example, a short exact
sequence of vector bundles is a sequence of vector bundle morphisms

0 e—2on2og 0

where ® is a monomorphism, ¥ is an epimorphism and Im® = Ker ¥. In
this case, we have vector bundle isomorphisms ¢ ~ Ker ¥ and 6 ~ coKer V.
We say that 6 is the quotient vector bundle of the monomorphism .

For a concrete example, consider a vector subbundle € = (7, F, M) C n =
(m, E,M). The inclusion is a monomorphism of vector bundles, hence we
can form its quotient, which we denote by n/£. Notice that the fibers of /£
are the quotient vector spaces E,/F),.

EXAMPLE 25.7.

Let M be a manifold and N C M a submanifold. The tangent bundle TN is a
vector subbundle of Ty M. The quotient bundle v(N) = TnM/TN is usually
called the normal bundle to N in M.

More generally, let F be a foliation of M. Then F gives rise to the vector
subbundle TF C TM. The quotient bundle v(F) = TM/TF is usually called
the normal bundle of F in M. If L is a leaf of F the restriction of v(F) to
L is the normal bundle v(L).

Direct sums and tensor products. Let §& = (m, E, M) and n = (1, F, M) be
vector bundles over the same manifold M. The Whitney sum or direct
sum of £ and 7 is the vector bundle £ @ 1 whose total space is:

EeF =ExyF={(v,w)e ExF:n(v)=1(w)},
and whose projection is:
E®F — M, (v,w) — w(v) =7(wW).

Note that the fiber of { ©n over p € M is the direct sum E, @ F},. The local
triviality condition is easily verified: if {¢,} and {1, } are trivializations of £
and 7, subordinated to the same covering, with corresponding cocycles {gn3}
and {hqp}, then we have the trivialization of { ®n given by {(¢q X0 )|EarF},
to which corresponds the cocycle defined by:

0
M@W:P?MA’

Similarly, we can define:

e The tensor product {®n: the fibers are the tensor products E,®F),
and the transition functions are gog ® hag.
e The dual vector bundle {*: the fibers are the dual vector spaces E,
and the transition functions are the inverse transpose maps (gag)_T.
e The exterior product AF¢: the fibers are the exterior products
/\kEp and the transition functions are the exterior powers /\kgag.
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e The Hom({,n)-bundles: the fibers are the space of all linear mor-
phisms Hom(E,, F,). We leave as an exercise to show that there is
a natural isomorphism Hom(&,7n) ~ £* @ n.

Orientations. A vector bundle £ = (mw, E, M) of rank r is called an ori-
entable vector bundle if the exterior product A"¢ has a section which
never vanishes. Note that this section corresponds to a smooth choice of an
orientation in each vector space F,. We call an orientation for { an equiv-
alence class [s], where two non-vanishing sections s1, s2 € I'(A"€) are equiv-
alent if and only if sy = fs; for some smooth positive function f € C*(M).
We leave as an exercise to check that £ is orientable if and only if it admits
a trivialization {¢q} for which the associated cocycle {gns} takes values in
GL™(r), the group of invertible r x r matrices with positive determinant:

9op : Ua NUg — GLT(r) C GL(r).

For a manifold M, the notion of orientation that we studied before corre-
sponds to the notion of orientation of the vector bundle T'M. For a vector
bundle £ = (m, E, M), the possible orientations for £, E and M are related
as follows:

Lemma 25.8. Let £ = (m,E,M) be a vector bundle. If two among the
vector bundles TM, TE and & are orientable so is the third one.

The proof is left as an exercise.

Riemmanian structures. A Riemann structure in a vector bundle £ =
(r,E, M) is a choice of an inner product ( , ) : E, x E, — R in each
fiber which varies smoothly, i.e., for any sections sj,se € I'(E) the map
p — (s1(p), s2(p)) is smooth. This condition is equivalent to say that the
section of the vector bundle ®2¢* defined by (, ) is smooth.

It is easy to see, using a partition of unity, that a vector bundle always
admits a Riemann structure. Given a trivialization {(U,, ¢o)}, one chooses
a partition of unity {p,} subordinated to the cover {U,} and defines a
Riemmanian structure by:

(v, w) =) pa(®)(Gh(V), b (W) (v, W € Ep).

On the other hand, it is not hard to see that a vector bundle has a Riemann
structure if and only it it admits a trivialization {¢,} whose associated
cocycle {gqp} take values in the orthogonal group O(r):

Jop 1 Ua N U3 — O(r) C GL(r).

The fact behind the existence of such a trivialization is the polar decompo-
sition:

GL(r) = O(r) x {positive definite symmetric matrices}.
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If £ = (7w, E, M) is a vector bundle and ( , ) is a Riemann structure in &,
then for any vector subbundle n = (7, F, N) we can define the orthogonal
vector bundle 7 over N as the subbundle of ¢ with total space F-, where

Fpl ={veE,:(v,w)=0,Yw e Fp,}.
When M = N, we obtain:
E=nomn.
in this case n ~ ¢/n, since the natural projection & — &/n restricts to an
isomorphism on 7.
HOMEWORK.

1. Show that a vector bundle is trivial if and only it admits a global frame.

2. Let G,(R?) be the Grassmannian manifold of r-planes in R?. Consider the
submanifold F C G,.(R?) x R? defined by:

E ={(S,z) : S is a subspace of R? and z € S},
and the smooth map 7 : E — G,.(R?) given by:
m(S,z) = S.

Show that 7% = (7, E, G,.(R%)) is a vector bundle of rank r. It is called the
canonical bundle over G, (R?).

3. Let ¥ :n — £ be a morphism of vector bundles which covers the identity.
Show that the kernel and the image of ¥ are vector subbundles if the rank of
the linear maps WP is constant. Give counterexamples when the rank is not
constant.

4. Let { = (m, E,M) and n = (7, F, M) be vector bundles.
(a) Show that there exists a vector bundle Hom(¢,n) whose fibers are the
vector spaces Hom(E,, F).
(b) Find the transition function of Hom(&,n) in terms of the transition func-
tions of ¢ and 7.
(¢) Find an isomorphism Hom(&,n) ~ £* @ n.

5. Given a vector bundle £ show that there exists a trivialization of £ for which
the transition functions take values in O(r).

6. Consider a short exact sequence of vector bundles

0 & &2 &3 0

v

Show that:
(a) Such a short exact sequence always splits, i.e., there exists a morphism of
vector bundles ® : {5 — &3 such that ¥ o ¢ = Id;
(b) There is an isomorphism of vector bundles:

§2o =& B E&s.
(¢) If two among the vector bundles &1, & and &3 are orientable, so is the
third one.
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7. Let £ = (m,E, M) be a vector bundle. Show that:
(a) There exists a natural isomorphism of vector bundles

TmE ~&&TM;

(b) If two among the vector bundles T'M, TE and ¢ are orientable so is the
third one.

8. For a vector bundle ¢ show that the following statements are equivalent:
(a) & is orientable;
(b) There exists a trivialization of ¢ for which the transition functions take
values in GL™ (r);
(c¢) There exists a trivialization of £ for which the transition functions take
values in SO(r).

26. THE THOM CLASS AND THE EULER CLASS

The homotopy invariance of de Rham cohomology relied crucially on the
isomorphism:

H*(M x R") ~ H*(M).
One can interpret this isomorphism as relating the cohomology of the total

space of the trivial bundle with the cohomology of its base. More generally,
we have:

Proposition 26.1. For any vector bundle £ = (m, E, M):
H*(E) ~ H*(M).

Proof. Let s : M — FE be the zero section. Its image is a deformation retract
of E. Therefore, by homotopy invariance we see that s* : H*(E) — H*(M)
is an isomorphism. O

One may guess that the corresponding statement for compactly supported
cohomology:

H}(M xR")~ H>"(M),

can also be generalized to vector bundles. The following example shows that
one must be careful.

EXAMPLE 26.2.
Consider the canonical line bundle v over RP! = S'. The total space E of
this bundle is the Mébius band, a non-oriented manifold of dimension 2, so we

have H2(E) = 0. On the other hand, for the base:
H2Y(SY = HY(SY) ~ R #0.

On other hand, under a orientability assumption we do have:
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Proposition 26.3 (Thom Isomorphism — first version). Let & = (7, E, M)
be a vector bundle of rank r, where E is orientable and M is of finite type.
Then:

H(E)~H*"(M).
Proof. Since M is of finite type, so is E. Hence, F is both orientable and of
finite type and we can apply Poincaré duality to conclude:
H(E) ~ H*""*(E) (by Poincaré duality for E),
~ HHT=*(M) (by Proposition 26.T]).
O

The isomorphism behind the Thom isomorphism can be described explic-
itly. It relies on a push-forward map

T QN(E) — Q" (M)

called integration along the fibers. For the case of the trivial line bundle
this map appeared in the proof of Proposition B2IT1 Using a local trivi-
alization, we ca extended the description given in that proof to any vector
bundle. We start by covering M by trivializing oriented charts (U,, ¢,) for
the vector bundle &, where each U, is the domain of a chart (z!,... ,a;d) of
the base M. This yields a chart (x!,... cad ot ,t") for the total space F
with domain 7=1(U,), where (t!,...,#") are linear coordinates on the fibers.
If w e Q2(F), then wy = w|;-1(y,) is a linear combination of two kinds of
forms:

fi(z, )T 0 At A - Adt', with k <7
fo(z, )T Oy AdtE A - A dt”

where 6; are differential forms in M and the functions f;(x,t) have compact
support. Integration along the fibers 7, : Q2 (E) — Q*~"(M) is given by:

fi(z, )T 6 AdtT A - AdtR — 0, (k<T)

fo(z, ) (m*O) ANAtEA - At — By [ fo(x,th, ... ") det - de”.
R'r

One checks that this definition is independent of the choices made. Using
this explicit description one can check that fiber integration satisfies the
following properties:

Proposition 26.4. If m, : Q2(E) — Q*7"(M) denotes integration along the
fibers, then:

(i) 7« is a cochain map: dm.w = mdw;

(i) Projection formula: for any 6 € Q*(M) and w € Q2(E):

(26.1) (T 0 ANw) = 0 A mow.
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(iii) If U : & — & is a vector bundle map covering a map b : My — Ma,
which is a fiberwise isomorphism and preserves orientations, then for
any w € Q2 (E):

(26.2) (1) T* = 9% (72).

Remark 26.5 (Differential forms with compact vertical support). The de-
scription above of integration along the fibers shows that:

(i) The definition of fiber integration ., only requires that the vector
bundle ¢ is oriented, so the base and/or the total space can be non-
orientable;

(ii) Fiber integration 7, can be defined for any differential form w in E with
compact vertical support, i.e., such that suppw N 7~ (K) is compact
for every compact set K C M.

The space QF,(F) of differential forms with compact vertical support is a
subcomplex of the de Rham complex and gives rise to a cohomology H¢, .

The general version of the Thom isomorphism states that:

Proposition 26.6 (Thom Isomorphism). Let £ = (w, E, M) be an oriented
vector bundle of rank r over a manifold of finite type. Then there is an
isomorphism:

H:(E)~ H* " (M).

Proof. For a trivial vector bundle, the proof is the same as the proof of
Proposition BZ.111

Using a partition of unity argument, one sees that the cohomology H?, (E)
satisfies the Mayer-Vietoris sequence property. Then, given open sets U,V C
M, one obtains a commutative diagram of Mayer-Vietoris sequences:

— HE(Elvuv) — HE,(Elv) ® HE(Ely) — HE,(Bluny) —> HEP (Bluoy) —

~ H--"(UUV)* = H"(U)* @ HF"(V)* = H"(UNV)* £ HH+1" (U V) —

If the vector bundle £ is trivial over U and V, then in the previous diagram
one obtains that m, is an isomorphism for U, V and U N V. By the Five
Lemma, it follows that 7, is an isomorphism also over U U V. Then the
proof proceeds by an induction argument over the number of elements of a
good cover, as in the proof of Poincaré duality. O

We can now introduce a cohomological invariant of a vector bundle:

Definition 26.7. The Thom class of an oriented vector bundle § = (m, E, M)
of rank v is the image of 1 under the Thom isomorphism H°(M) ~ H' (E).
We will denote this class by U € H,(E).

The Thom class allows one to write, in a more or less explicit way, the
inverse to the integration along fibers m, : H3 (E) — H*7"(M). In fact,
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since m,U = 1, the projection formula (26.I]) shows that the linear map
H*(M) — H3"(F) defined by:

(m) 7 ([w]) = [Tw] U U.

is an inverse to .
The following result gives an alternative characterization of the Thom
class:

Theorem 26.8. The Thom class of an oriented vector bundle § = (w, E, M)
is the unique class U € H[,(E) whose pullback to each fiber E,, is the canon-
ical generator of H](E)), i.e.,

/ U =1, Vpe M,
Ep

where i : E, — E 1s the inclusion.

Proof. Since m,U = 1, we see that the restriction i*U to each fiber F, is a
compactly supported form with f E, U = 1.

Conversely, let U’ € H. (F) be a class such for each p € M the restriction
i*U' € H!(E,) is the canonical generator. By the projection formula (26.1]),
we obtain

T (T ONU ) =0 AT U =60, Vo€ H*(M).
Hence, 6 — 7*0 A U’ inverts m,. The image of 1, which is U’, must then
coincide with the Thom class. O

From now on, to simplify the presentation, we will assume that M is
compact so that it is of finite type. Moreover it follows that for a vector
bundle £ = (w, E, M) we have H. (E) = H.(E).

The Thom class of a vector bundle £ = (w, E, M) is an invariant of the
bundle, but it lies in the cohomology of the total space. We can use a global
section to obtain an invariant which lies in the cohomology of the base. For
that observe that given a section s : M — E we have the induced map in
cohomology

s*:HY(E) — H e (M).

Notice that we can view this map has the composition of two maps:
H*(E) — H*E) —~= H*(M) .
On the other hand, any two sections sg, $1 : M — E are homotopic:

H(p,t) = ts1(p) + (1 —t)so(p)

From the homotopy invariance of cohomology, we conclude that the maps
induced in cohomology by any two section are identical:

so=s1:HYE)— He(M).

Therefore, the following definition makes sense:
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Definition 26.9. Let £ = (m, E, M) be an oriented vector bundle of rank r
over a compact manifold M. The Euler class of § is the class e(§) € H" (M)
defined by:

e(§) = 5",
where U is the Thom class of £ and s : M — E is any global section of &.

Note that, in particular, we can define the Euler class by pulling back
along the zero section. The following proposition lists some properties of
the Euler class. We leave its proof for the exercises:

Proposition 26.10. Let £ = (w, E, M) be an oriented vector bundle of rank
r over a compact manifold M. Then:
(i) If U : n — £ is a vector bundle map covering a map b : M; —
My, which is a fiberwise isomorphism and preserves orientations, then:
e(n) = v'e(€).
(ii) If £ denotes the vector bundle & with the opposite orientation then
e(§) = —e(§).
(iii) If rank r is odd, then e(§) = 0.
(i) If ¢ = (x', E', M) is another oriented vector bundle of rank r' over M,
then e(§®&) = e(§)Ue(E), where EBE' has the direct sum orientation.

The Euler class of a vector bundle is an obstruction to the existence of a
non-vanishing global section. In fact, we have:

Theorem 26.11. Let £ = (w, E, M) be an oriented vector bundle over a
compact manifold M. If & admits a non-vanishing section then e(§) = 0.

Proof. Let s : M — FE be a non-vanishing section. If w € QL(F) is a
compactly supported form representing the Thom class, then there exists
¢ € R such that the image of the section cs does not intersect suppw.
Hence:
e(§) = (es)*U = [(es)*w] = 0.
O

Note, however, that the converse to this result does not hold: there are
examples of vector bundles £ with e(§) = 0 and for which every global section
has a zero.

EXAMPLE 26.12.

Consider an oriented vector bundle & = (w, E, M) of rank 2. We fiz some
Riemannian metric on & and cover M by charts {(Uy, x%,)} over which we have
a positive orthonormal frame {s$,s5}. These define coordinates (7*z%,, 74, 04)
on

(E = {0mDlv,, = Ua x (R* — {0})
where (rq,0,) are polar coordinates on R? —{0}. On an overlap U, NUg the
radial functions coincide ro = g, while the angles differ by a rotation:

ea—HBZW*QDQIg, gDa,@:UaﬁUﬂ—>Sl.
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Note that on triple intersections U, N Ug N U, we have:

Pap T Psy = Pay-
Let {pa} be a partition of unity subordinated to the cover {Uy}. If we let:
Eq i= prdgao,y e QY (UL),
&

we obtain a 1-form on each open U, whose differentials on a double intersection
U, NUg satisfy:

dpas =Y pydpas = D py(dpay — dppy) = €0 — 5.
v v
Hence, it follows that we have a well-defined 2-form e € Q*(M) such that:
elu, = deq.
On the the other hand, on (E — O)|v,nu, we have:
db, — dbg = m*dpap = Teq — TER.
Hence, we also have a global “angular form” ¢ € Q*(E — 057) such that:
¢p=d0, —meq on (E—0um)|u,-
Notice that:
dp = —7*e.

Finally, let 6 > 0 and choose a smooth function p : R — R which is non-
decreasing, p(r) = —5= for t <4, p(r) =0 for t > 1 and [ p'(r)dr = 5=. We
can promote it to a function p: E — R of the radius:

p(v) = p(llvll) (v € E).
Then we define the 2-form:

u:=d(pp) =dp A ¢ —pr*e.
A priori this form is only defined outside the zero section, but the second expres-
sion shows that it extends smoothly to E, since p is constant in a neighborhood
of Oar. The restriction of u to a fiber E, is the compactly supported 2-form
(dp A @)|E,, which is positively oriented and has integral 1. Hence, U = [u] is
the Thom class of the bundle £&. Moreover, if we pullback u by the zero section
so : M — E we obtain:

squ = —p(0)sym*e = gy

So we conclude also that e(§) = 5=[e].

The name FEuler class is related with the special case where & = T'M.
Let M be an oriented, connected, manifold with dim M = d and denote the
orientation by u. The corresponding canonical generator in cohomology will
also be denoted by p € H?(M): it is the class represented by any top degree
form w € QZ(M) such that:

/ w=1.
M

202



If we assume that M is of finite type, then p is the image of 1 under Poincaré
duality H(M) ~ H%(M). Recalling the notion of index of an isolated zero
of a vector field from Section 24]), we have:

Theorem 26.13. Let M be an oriented, compact, connected manifold of
dimension d. For any vector field X € X(M) with a finite number of zeros
{p1,...,pN}, one has:

N

e(TM) = (Z ind,, X) pe HY(M),

i=1
where p € HE(M) is the class defined by the orientation of M.

Proof. Let w € Q4(TM) be a compactly supported form representing the
Thom class. We need to show that:

N
/ X'w= <ZindpiX) .
M i=1

Choose coordinate systems (U;, ¢;) centered at p; and denote by D; the
closed balls:

Di=¢; ' ({z € R?: ||z]| < 1}).
Consider the identification TU; ~ U; x R? provided by the charts, and denote
by p : TU; — R% the projection on the second factor. Using a partition

of unity argument, it follows from Theorem 26.8] that we can choose the
representative w so that on each coordinate system U; we have:

w|rp, = p*dd  where / 0 =1.
Sd-1

For any ¢ > 0 the vector fields X and ¢X have the same zeros and the
same indices. Hence, by choosing ¢ sufficiently large we can assume that:

N
X, ¢suppw, Vp¢ | D
i=1

Therefore,

N
/MXw:; DiX w,

and so it is enough to verify that:
/ X*w =1ind,, X.
D;

Recall that ind,, (X) = degG; where the Gauss map G; is obtained using
the identification TU; ~ U; x R? provided by the charts:
X

X‘Ui : UZ — TUZ7 p= (puXZ(p))7 Gz = ||X|| : 8DZ — Sd_l C Rd,
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Since the maps X; : 0D; — R% and G; : 9D; — R% are homotopic, we find:

X w :/ d(X*p*0) = X0

:/ Gf@z(degG,-)/ 6 = ind,, (X).
6D1' §d-1

An immediate corollary is:

Corollary 26.14. Let X andY be vector fields with a finite number of zeros
on an oriented, compact, connected manifold M. The sum of the indices of
the zeros of X coincides with the sum of the indices of the zeros of Y.

We must have already guessed that we have:

Theorem 26.15 (Poincaré-Hopf). Let M be an oriented, compact, con-
nected manifold of dimension d. Then for any vector field X € X(M) with
a finite number of zeros {p1,...,pN}, we have:

N
X(M) = ind,, X.
=1

In particular, e(TM) = x(M)u, where p € HY(M) is the orientation class.

Remark 26.16. As we remarked before, there exists vector bundles with
e(§) = 0, but where every section has a zero. However, in the case of the
tangent bundle one can show that e(T'M) = 0 if and only if there exists
a non-vanishing vector field in M — see the Exercises at the end of this
section. This result admits a “dual result” due to Thurston: a compact,
oriented manifold admits a codimension 1 foliation if and only if e(T'M) = 0.
Thurston’s Theorem is much harder to prove.

Proof. By the corollary above it is enough to construct a vector field X in
M, with a finite number of zeros, for which the equality holds. For that,
we fix a triangulation {o1,...,0;} of M, and we construct a vector field X
with the following properties:

(a) X has exactly one zero p; in each face of the triangulation.

(b) The zero p; is non-degenerate and

ind,, X = (~1)¥,
where k is the dimension of the face containing p;.
Hence, if r;, is the number of faces of dimension k, we have
N
Zindpi X=rg—r1 4+ (=1,
i=1
so the result follows from Euler’s Formula — see Theorem 23121 We construct

X by describing its phase portrait in each face of the triangulation:
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e In each face of dimension 0, the vector field X has a zero.

e In each face of dimension 1, we put a zero in the center of the face and
connect it by orbits to the zeros in the vertices, as in the following
figure:

> o =@

e In each face of dimension 2, we put a zero in the center of the face
and connect it by heteroclinic orbits to the zeros in the faces of
dimension 1, as in the following figure:

Then we complete the phase portrait of X in the face of dimension
2, so that the zero in its interior becomes an attractor of the vector

field restricted to the face:

KT

e In general, once one has constructed the phase portrait in the faces
of dimension k — 1, we construct the phase portrait in a face of
dimension k, putting a zero in the center of the face and connecting
it by heteroclinic orbits to the zeros in the faces of dimension k — 1.
We then complete the phase portrait so that the new zero is an
attractor of the vector field restricted to the face of dimension k.

The vector field one constructs in this way has exactly one zero in each
face. Moreover, we can assume that they are non-degenerate zeros. For a
zero p; in the face of dimension k, the linearization of the vector field at p;
is a real matrix with k eingenvalues with negative real part, corresponding
to the directions along the face, and n — k eingenvalues with positive real
part, corresponding to the directions normal to the face. The sign of the
determinant of this matrix is (—1)*. Hence, we have that:

ind,, X = (—1).

This shows that the vector field X satisfies (a) and (b) and completes the
proof of the Poincaré-Hopf Theorem. O
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HOMEWORK.
1. Prove the properties of fiber integration given in Proposition [26.4]

2. Let F1 — M and Fs — M be oriented vector bundles over a compact
manifold M. Consider their Whitney sum with the the direct sum of the
orientations. Denoting the projections:

B, ® By
PN
B Es
show that the Thom classes of F1, Fo and E1 @ Es are related by:
Ug,gp, = ™1 Ug, ANT3UR,.
Use this property to prove that
e(€@g) =e(§)Ue().

3. Let & = (m,E,M) and n = (7, F,N) be oriented vector bundles of rank
r over compact manifolds M and N. If U : n — £ is a morphism of vector
bundles covering a map @ : N — M, which preserves orientations and is a
fiberwise isomorphism, show that:

Use this property to conclude that:
(a) e(§) = —e(&), where £ denotes the vector bundle & with the opposite
orientation.

(b) e(¢) = 0 whenever rank ¢ is odd.

4. Let M = CP! ~ S? embedded in CP? as the submanifold:
CP' < CP?, [z:y]— [z:y:0].

Find the Euler class of the normal bundle v(CP") and conclude that this vector
bundle is non-trivial.

5. Consider the canonical complex line bundle v}(C) over CP?, defined analo-
gously to the canonical real line bundle v} over RP?. Show that it is orientable
and that is Euler class is non-trivial.

6. Let M be a compact manifold of dimension d. One can show that:
(a) If p1,...,pn € M there exists an open set U C M, diffeomorphic to the
ball {z € R?: ||z|| < 1}, such that py,...,p, € U.
(b) If ¢ : S4=1 — S9! is a map with degree zero, then it is homotopic to the
constant map.
Use these facts to show that if x(M) = 0, then there exists a nowhere vanishing
vector field in M.
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27. PULLBACKS OF VECTOR BUNDLES
The following pullback construction for vector bundles plays a crucial role.

Definition 27.1. Let ¢ : M — N be a smooth map and § = (7, E,N) a
vector bundle over N of rank r. The pullback of & by 1 is the vector bundle
V& = (m,*E, M) of rank r, with total space given by:

V'E={(p,v) € M x E:9(p) =7(v)},
and projection defined by:
TiY*E — M, (p,v)+— p.

Note that the fiber of ¥*¢ over p is a copy of the fiber of £ over ¥ (p).
Therefore the pullback of £ by 1 is a vector bundle for which we take a copy
of the fiber of & over g for each point in the preimage 1~!(q).

We still need to check that the construction in the definition above does
indeed produce a vector bundle. First of all, note that

VB = (Y x7)(A),

where A C N x N is the diagonal. Since 7 : E — N is a submersion, we
have that (¢p x ) M A, so v*E C M x E is a submanifold. To cheek local
triviality of ¥*¢, let {(Uy, @)} be a trivialization of £. Then we obtain a

trivialization {(¢¥ "1 (Uy), ¢a)} for *¢, where
Go : T YTHUL)) = ¢ H(Us) x R
(p.v) — (0. 05 (v)).

Moreover, if {gas} is the cocycle of ¢ associated with the trivialization
{(Ua, 9a)}, then {¢p*gap} = {gap o 1} is the cocycle of 1*¢ associated with
the trivialization {(¢ " (Uq), ¢a)}-

Notice that the map

V=& (p,v) = v,

is a morphism of vector bundles covering 1. Hence, the pullback construc-
tion allows to complete the following commutative diagram of morphisms of
vector bundles:

In fact, we have the following universal property which characterizes the
pullback up to isomorphism:

Proposition 27.2. Let v : M — N be a smooth map, n = (1,F, M)

and §& = (m,E,N) vector bundles and ® : n — £ a morphism of vector

bundles covering 1. Then there exists a unique morphism of vector bundles
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P : n — Y&, covering the identity, which makes the following diagram
commutative:

Moreover, ® is an isomorphism if an only if P : Fy, = Eyp) is an isomor-
phism for all p € M.

Proof. The map & : n — Y*¢ is given by:
®(w) = (1(w), ®(wW)).
We leave the details as an (easy) exercise. (]

One can also pullback morphisms covering the identity: if £ = (7w, E, N)
and n = (7, F, N) are vector bundles and ® : £ — 7 is a morphism covering
the identity, then for any smooth map ¢ : M — N we define a morphism of
vector bundles ¢*(®) : ¥*¢ — *n by:

Y*(@)(p,v) = (p, 2(v)).

Obviously, this morphism makes the following diagram commute:

. v (@) .
VE— L F
\E ® \F

!

M M
S~

We list some basic properties of the pullback which are immediate from
the definitions:

Proposition 27.3. Let ¢y : M — N and ¢ : Q — M be smooth maps, &, 1
and 0 vector bundles over N, and ® : & — n and V : n — 6 morphisms of
vector bundles over the identity. Then:

(i) ¥*(Idg) = Idy=¢;

(i) * (¥ o @) = p* (V) 0 p*(P);
(iit) Y* () = €hys
(iv) (Id)*¢ =¢&;

(v) (Yo )&= ¢*(¥*E).
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Remark 27.4. Some of the equalities in this proposition are actually iso-
morphisms. However, they are canonical, i.e., they do not depend on any
choices. So we still use the symbol “=" instead of “~” to ease the notation.
This same remark applies to many of the “equalities” that follow.

The previous result shows that if we fix a smooth map ¥ : M — N, then:

e The pullback defines a covariant functor from the category of vector
bundles over N to the category of vector bundles over M.

On the other hand, if we denote by Vect, (M) the set of isomorphism classes
of vector bundles of rank r over a manifold M, there is a distinguish point
in Vect,(M): the class of the the trivial vector bundles. Given a smooth
map 1t : M — N, the pullback ¢* : Vect,(N) — Vect, (M) preserves this
distinguished point, so we also have:

e The pullback defines a contravariant functor from the category of
smooth manifolds to the category of sets with a distinguished point.
All the functorial constructions with vector bundles are preserved under
pullbacks. For example, one finds that:
(i) ¥7(€ @) = V"€ D Yo
(i) ¥*(&") = (&)
(ii)) ¥*(ARE) = AFypre.
One can also commute the operation of restriction with pullbacks, provided

the map v : M — N is transverse to the submanifold Q C N so that
¥~ HQ) C M is a submanifold. One then has:

Y (€lq) = v (E)lyp-1q)-

There is also an operation of pullback of sections, taking sections of a
vector bundle £ = (7, E, N) to sections of the pullback ¢¥*¢ = (&, ¢*E, M):

v

V'E E
¢*s< lw Wl >S ¥s(p) := (p, s(6(p)))-
M N

In particular, if rank & = r, then ¥* A" £ = A"Y*¢, and the pullback of a
non-vanishing section of A"¢ is a non-vanishing section of A"y*¢. It follows
that the pullback 1*¢ of an oriented vector bundle £ has a natural pullback
orientation. This gives rise to another property of pullbacks: it preserves
fiber integration. We state it and leave the proof as an exercise:

Proposition 27.5. Let ¢ : M — N be a smooth map, let £ = (7w, E,N) be
an oriented vector bundle and consider *§ = (7t,y*E, M) with the pullback
orientiation. For any form w € Q% (E):

T 0w = ¥ mw,

where U : Y*& — & is the canonical vector bundle map covering .
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Another fundamental property of the pullback of vector bundles is:

Theorem 27.6 (Homotopy invariance). If1 and ¢ : M — N are homotopic
maps and & is a vector bundle over N, then the pullbacks ¥*& and ¢*& are
isomorphic vector bundles.

Proof. Let H : M x [0,1] — N be an homotopy between ¢ and ¢. We have:
¢*§ = Hy& = H | prx {0y
V' = Hi§ = H | pxqy-

Hence, it is enough to show that for any vector bundle n over M x [0, 1], the

restrictions 7|ysx g0y and 7|prx 1y are isomorphic. Note that H is only CO,
but one can show that:

(a) a vector bundle morphism of class C° covering a map of class C* can
be approximated by a morphism of classe C* covering the same map.

(b) a vector bundle morphism which is close enough to an isomorphism is
also an isomorphism.

Hence, it is enough to proof that for any vector bundle n = (7, E, M x [0, 1]),
there exists a C’-morphism of vector bundles A : 17 — 7, covering the map
d: M x[0,1] = M x [0,1], (p,t) — (t, 1),
and such that the induced maps in the fibers are isomorphisms. In order to
construct A, we use the following lemma, whose proof is left as an exercise:

Lemma 27.7. Letn be a vector bundle over M x [0,1]. There exists an open
cover {Ua}taca of M such that the restrictions 0|y, x[0,1) are trivial vector
bundles.

Now choose a locally finite countable open cover {Uy }ren of M such that
each 7|y, x[o,1] 1s trivial. Let us denote the trivializing maps ¢y, by:

¢ r
Elu, x[o,1] - (Up x [0,1]) xR

\ /
Uk X [0, 1]
Denote by {pk }ken an envelope of unity subordinated to the cover {Uy } ke nn,

i.e., a collection of continuous maps pr : M — R such that 0 < p, < 1,
supp pr C Uk and, for all p € M,

max{pk(p) : k € N} = 1.

Such an envelope of unity can be constructed starting with a partition of
unity {0y} and defining:

Or(p)
max{0x(p) : k € N}

For each k£ € N we define vector bundle morphisms Ay : n — 7 by:
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(a) Ay cover the map 6 : M x [0,1] — M x [0, 1] given by:

(5k(p,t) = (p7 max(pk(p),t)).
(b) In 771 (U, x [0,1]), Ay, is defined by:

Aw(d (p,t,v)) = ¢ ' (p, max(pi(p), ), v),

and Ay, is the identity outside 7= (U}, x [0, 1]).
Finally, one defines A : 7 — 7 by:

A=---0Apo---0A;.

Since each p € M has a neighborhood which intersects a finite number of
open sets Uy, this is a well-defined vector bundle morphism A : n — n
which locally is an the composition of vector bundle which isomorphisms
on the fibers. Hence, A is a vector bundle isomorphism which covers ¢ :
M x [0,1] — M x [0, 1]. O

Corollary 27.8. Any vector bundle over a contractible manifold is trivial.

Proof. Let & = (w, E, M) be a vector bundle and let ¢ : M — {x} and
¥ : {*x} = M be smooth maps such that 1) o ¢ is homotopic to idy;. The
theorem above shows that:

£ (Yo g)'E~ " (YrE).

Since ¥*¢ is a vector bundle over a set which consist of a single point, it is a
trivial vector bundle. Hence £ ~ ¢*(¢*¢) is also a trivial vector bundle. [

Hence, when M is contractible the space Vect, (M) consisting of isomor-
phism classes of vector bundles of rank r over M has only one point.

EXAMPLE 27.9.

Given a line bundle £ = (7, E,S'), we can cover St by the two contractible open
sets U =S'—{pn} and V = S' —{ps}. By the corollary, over each open set U
and V the vector bundle trivializes: ¢y : Ely ~U xR and ¢y : Ely ~V x R.
Therefore, the line bundle is completely characterized by the transition function
guv :UNV = R, so that:

oy o¢51 :UxR =V xR, (p,v) = (p,guv(p)v).

The intersection U NV has two connected components, and we leave it as an
exercise to check that if guv (z) has the same sign in both components, then &
is trivial, while if guv(x) has the opposite signs in the two components then
the line bundle is isomorphic to the line bundle whose total space is the Mobius
band. In other words, the space Vect1(S') consisting of isomorphism classes of
line bundles over S has two elements.

For a general manifold, up to isomorphism, a line bundle & over M is
uniquely determined by its first Stiefel-Whitney class wi(£) € HY (M, Zs),
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which can be defined as follows. Define a group homomorphism wy(§) : m (M) —
Zo by setting:
0 ify*& — St is trivial,
w1 (§)(]) =
1 if v ¢ — St is not trivial.

Since Zg is abelian, any commutator in m (M) must be in the kernel of this
group homomorphism. Hence, w1(§) descends to a group homomorphism:

wl(g) : Hl(M,Z) — ZQ,

i.e., we have an element wy(§) € HY(M,Zs). We leave as an exercise to check
that wy gives a bijection:

wy : Vecty (M) ~ HY (M, Zs).

For example, for the real projective space one has Hl(RPd,Zg) = Zs. So
Vectl(RPd) has two elements: the class of the trivial bundle and the class of
the canonical line bundle ).

HOMEWORK.

1. Give a proof of the universal property of pullbacks (Proposition27.2). Show
that this property characterizes the pullback of vector bundles up to isomor-
phism.

2. Verify the properties of the pullback of vector bundles given by Proposition
27.3

3. Let ¥ :n — £ be a vector bundle map covering a map ¢ : M — N. Show
that if ¥ is a fiberwise isomorphism then 7 is isomorphic to ¢*n. Use this to
conclude that Proposition 27.5] follows from Proposition [26.4]

4. Let ¢ : M — N be a submersion and denote by F the foliation of M by the
fibers of ¢. Show that the normal bundle v(F) is naturally isomorphic to the
pulback bundle ¢*T'N.

5. Let & be a vector bundle over M x [0,1]. Show that there exists an open
cover {Uq }aca of M such that the restrictions |y, x[o,1) are trivial.
HINT: Show that if £ is a vector bundle over M X [a, ] which is trivial when
restricted to both M x [a,b] and M x [b,c], for some a < b < ¢, then £ is a
trivial vector bundle.

6. Complete the details of Example 27.9] showing that Vect (S') ~ Zs.

7. For a line bundle ¢ denote by wy(§) € HY(M,Zs) its first Stiefel-Whitney
class.
(a) Given a class ¢ € H'(M,Zs) show that there exists a line bundle £ whose
first Stiefel-Whitney class is wy(§) = ¢;
(b) Conclude that there is a bijection:

wy : Vecty (M) ~ HY (M, Zs);
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(¢) Show that the tensor product makes Vecty (M) into a group. What is the
group structure induced on H'(M,Zs)?

8. Determine Vecty (T9).

9. Denote by Pic(M) is the space of isomorphism classes of complex line bun-
dles over a manifold M. Show the tensor product turns Pic(M) into a group,
called the Picard group of M. Find Pic(S?).

28. THE CLASSIFICATION OF VECTOR BUNDLES

The problem of determining Vecty (M) can be reduced to a problem in
homotopy theory. We will only sketch this briefly since this topic belongs
to the realm of algebraic topology.

Recall that v, denotes the canonical bundle over the Grassmannian
G, (R™) (Section 28] Exercise 2): the total space of 4] is defined by:

E ={(S,z): S C R" is r-dimensional subspace and = € S},

and the projection 7 : E — G,(R") is given by (S, z) = S. The canonical
bundle is a subbundle of the trivial vector bundle ¢, (Rn)-

There is another important vector bundle over the Grassmannian, called
the universal quotient bundle and denoted 7n;,. We can define it as the
vector bundle of rank r over G,,_,(R™) whose total space is:

F={(S,z+S5):5 CR"is (n — r)-dimensional subspace and x € R"},

and the projection 7 : F' — G,.(R"™) is given by 7(S,z + S) = S. In other
words, the fiber over S is the normal space to S in R"™.
These vector bundles are related via the short exact sequence of vector

bundles:

—>7]£—>0

n—r n
0 Tn €Gr(R?)

In particular, choosing n global sections of the trivial bundle Egn,r.(Rn) yields

n global sections of 7], which at each point S generate the fiber R"/S.
The reason for the name universal is justified by the following proposition:

Proposition 28.1. Let & be a rank r vector bundle over a manifold M. If

& admits n global sections s1, ..., s, which generate I, for all p € M, then
there exists a smooth map v : M — Gp—_(R™) such that:

§ =" (ny,)
Proof. Let

V.= @RSZ’,

i=1



so V ~ R". Since the sections s; generate E,, for each p € M, there exists
a linear surjective map

|y R—

The kernel Ker ev,, of this map is a subspace of V' of codimension r.
Define a smooth map:

M — Gu_r(V), p— Kerev,.
Then we have a vector bundle map:
o, v (7(v),evyl, (V).

This is a fiberwise isomorphism covering the identity, so it is a vector bundle
isomorphism. After choosing a basis for V', we obtain the desired classifying
map ¢ : M — Gp—(R"). O

A map ¢ : M — G,—(R™) such that £ ~ ¢*n) is called a classifying
map for the vector bundle £&. We leave as an exercise to check that any such
classifying map arises from the choice of n global sections sq,...,s, € T'(¢)
generating each fiber F,, as in the previous proof.

The next result shows that given a vector bundle over a manifold of finite
type one can always find a classifying map by taking n sufficient large.

Proposition 28.2. Let & be a rank r vector bundle over a manifold M. If
M admits a finite good cover with k open sets, then for n > rk:

(i) There exist classifying maps ¥ : M — G (R™) for &;
(i) Any two classifying maps are homotopic.

Proof. (i) We claim that £ admits global sections s, ..., s, which generate
E,, for all p € M, so (i) follows from Proposition To see this, let
Uq,...,Us be a finite good cover of M. Since each U; is contractible, the
restriction |y, is trivial. Hence, we can choose a basis of local sections
{st,...,st} for T'(¢|y,). Note that there are open sets V4, ..., Vi, with V; C
U; which still cover M. If we choose smooth functions f; : U; — R such that
filv. = 1 and f; = 0 outside U;, then {f;s%,..., f;st :i = 1,...,k} are the
desired global sections.

(ii) Let v : M — Gp—(V) and ¢ : M — Gp—- (V') be two classify-
ing maps constructed from two choices of global sections {s1,...,s,} and
{s},...,s),}, as in the proof of the previous proposition. Then we have a
canonical identification between V and V' and also between G,,_,(V) and
Gn—r(V'). Tt follows that the classifying map is well-defined up to a choice
of identification V' ~ R™. If we fix this choice, then we conclude that two
classifying maps ¢ : M — Gp,—(R") and ¢ : M — G,,—.(R™) differ by the
action of an element A € GL(n):

W = Ao
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Note that A can be chosen to have positive determinant. Since GL™(n) is
connected, we can choose a continuous path A; € GL™(n) with 4; = A and
Ay = 1, so that the map:

Y= Apop: M — Gp—r(R"),
is a homotopy between v and 1)’ O

Denote by [M, N] the set of homotopy classes of maps ¢ : M — N. We
obtain:

Theorem 28.3 (Classification of vector bundles). Let M be a manifold
which admits a good open cover with k open sets. For every n > rk, there
exists a bijection:

Vect, (M) ~ [M,Gp—(R™)].

Proof. We saw above that the homotopy class of a classifying map for ¢ is
determined by the isomorphism class of £, so we have a well-defined map:

Vect, (M) — [M : G,—r(R")].

On the other hand, by the homotopy invariance of the pullbacks, we conclude
that the pullback of the universal bundle induces a map

[M : Gp—r(R™)] = Vect,. (M), ¥ — ¢*n,.

We leave as an exercise to show that these maps are inverse to each other,
so the result follows. O

This result reduces the classification of vector bundles to a homotopy
problem. We illustrate this in the next example, which assumes some knowl-
edge of homotopy theory.

EXAMPLE 28.4.
Recall that if X is a path connected topological space then the free homotopies
and the homotopies based at vo € X are related by:

(X, z)/m (X, 2) ~ [SF, X],
where the right-hand side is the orbit space for the natural action of 7 (X, x)
in T (X, x). Therefore, we have:
VectT(Sk) = [Ska Grn—r(R")] = mp(Grr (R™)) /71 (Gr—r (R™)),

for n large enough. On the other, since the Grassmannian is a homogeneous
space:
Gn—r(R") = O(n)/(O(n — 1) x O(r)),
and 7 (O(n)/O(n —r)) = 0, if n is large enough, the long exact sequence in
homotopy yields:
Tk (Gn—r(R")) = me 1 (O(r)).
Hence, we conclude that:

Vectr(Sk) = mp—1(0(r)) /7o (O(1)) = m—1(0(1)) ) Z2.
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In order to understand this quotient, one needs to figure out the action of
m0(O(r)) on m—1(O(r)). If g € O(r), the action by conjugation i, : O(r) —
O(r), ig(h) = ghg™", induces an action in homotopy:

(ig)s : me-1(O(r)) = 71 (O(r)).

If g1 and go belong to the same connected component, then (ig, )« = (igy)s-
Hence, we obtain an action of mo(O(r)) = Za on wr—1(0(r)), which is precisely
the action above.

For example, if r is odd then —1I represents the non-trivial class in mo(O;.).
Since the action by conjugation of —I is trivial, we conclude that

Vect, (S¥) = m._1(O(r)), if r is odd.
For instance, we have:
Vect3(84) = 7T3(SO(3)) = 7T3(S3) =7Z.

On the other hand, when r is even, the action maybe non-trivial. Take for
instance r = 2, so we have 71 (0(2)) = Z. The action of 7o(O2) = Zg in Z is
just £1-n = +n. Hence, we have
Z]7s if k=2,

Vecty(S¥) = me—1(0(2))/Za = mp—1(S") ) Zy = {0 if k> 3.

Remark 28.5. If a manifold is not of finite type, there still exists a classi-
fication of vector bundles over M. In this case, we need to consider the the

space:
[e.e]

R = PR,
d=0

which is the direct limit of the increasing sequence of vector spaces:
CRdCRd+1 CRd+2 C .-

This is an example of a so-called profinite manifold, a class of infinite dimen-
sional manifolds sharing many properties with the class of finite dimensional
manifolds.

In R*° we can still consider the Grassmannian:

G (R®) = Goo—r(R*™®) = {S C R* : linear subspace of codimension 7}.

Over this infinite dimensional Grassmannian there is a tautological vector
bundle n5, = (7, E, G, (R*)), called the universal bundle of rank r. It
has total space:

E = {(S,z): S C R*™ subspace of codimension r, z € R*/S},
and projection: .
m: E— Gp(R®), (S,z) — S.
One can show that every vector bundle of rank r over a manifold M is
isomorphic to a pullback ¢*n._ for some classifying map

Y M — G (R®).
216



Has before, any two classifying maps are homotopic, and one obtains for
any manifold M a bijection:

Vect,. (M) ~ [M, G, (R*®)].

This approach, via infinite dimensional Grassmanian, has the advantage
of avoiding any reference to “large enough n”, as we did before in the case
of a manifold of finite type. On the other had, it forces one to deal with
vector bundles over infinite dimensional manifolds.

HOMEWORK.

1. Let & = (m,E, M) be a vector bundle and N C M a closed submanifold.
Show that every section s : N — E over N, admits an extension to a section
5:U — FE definided over an open set U D N.

2. Let v : M — Gp—.(R™) be a classifying map for a vector bundle ¢ =
(m, E,M). Show that ¢ is obtained from the choice of n global sections
81, ..., s, € ['(€) generating each fiber E,, as in the proof of Proposition

3. Let M admit a finite good cover with k& open sets and let n > kr. Show
that the map

Vect (M) — [M : Gn—r(R")], [€] = f,
associating to an isomorphism class of a vector bundle £ the homotopy class
of a classifying map f, and the map

[M : G (R™)] = Vect,. (M), ¢ — p™n;,

are inverse to each other.

4. Determine Vect,.(S'), Vect,.(S?) and Vect,.(S?).

29. CONNECTIONS AND PARALLEL TRANSPORT

In general, there is no natural way to differentiate sections of a vector
bundle. The reason is that there is no canonical way of comparing fibers of
a vector bundle over different points of the base. This can be fixed with the
following notion:

Definition 29.1. A connection on a vector bundle £ = (w, E, M) is a
map

V:X(M)xT'(E) - T(E), (X,s)— Vxs,
which satisfies the following properties:
(i) VXi4x58 = Vx;8+ Vx,s;
(ii) Vx(sl + s92) = Vxs1 + Vxsg;
(’i’i’i) VfXS = fVXS;

(iv) Vx(fs)= fVxs+ X(f)s.
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Properties (iii) and (iv) show that a connection V can be restrict to any
open set U C M, yielding a connection in &|y. On the other hand, the
map X — Vx is C°°(M)-linear, hence, for any section s definided in a
neighborhood U of p € M and any v € T, M, we can define

Vys = Vxs(p) € Ep,

where X is any vector field defined in a neighborhood of p such that X, = v.
Note, however, that Vs depends on the values of s in a neighborhood of p,
not only on s(p) (property (iv) in the definition).

Let U C M be an open set where ¢ trivializes, so we can choose a basis
of sections {s1,...,s,} for £|y. Given any section s € I'(§) we have that:

sly = flsi 4+ fTsp.

for unique smooth functions f* € C*°(U). The connection V on the open
set U is then completely determined by its effect on the sections s;: for any
vector field X € X(M), by property (iv), we have:

T

(Vxs)lu =D (F*Vxsa+ X(f*)sa)

a=1

We can write the local section V xs, in terms of the local basis as
T
Vxsg = Z Wg(X)Sb,
b=1

where, by properties (i) and (iii), w® € QY(U). One calls the matrix of
1-forms w = [wj] the connection 1-form. It determines completely the

connection on U:

(Vxs)lo = <Z Flof(X) + X(f“)) Sa-

a=1 \b=1

Exercise 3, in the Homework, discusses how the connection 1-form depends
on the choice of trivializing sections.

Assume, additionally, that U is the domain of a chart (z!,...,z%). Then
there exists unique functions I'?. € C*°(U) such that:

a

T
V.o sq= Zr?asb.
b=1

ozt

The functions T'%, are called the Christoffel symbols of the connection
relative to the coordinate systems and basis of local sections. They are
related to the connection 1-form by:

T
wh = Thda'.
i=1
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then the local form for the connection becomes:

IfX = ZZ 1XZ8 7,

(Vxs)|lu = ZZ <ZbeT +Xlaf ) Sa-

a=1 i=1

EXAMPLE 29.2.

Recall that the vector bundle & = (m, E, M) of rank r is trivial if and only if
it admits a basis of global sections {s1,...,s,}. For each such choice of basis,
we can define a connection in € by setting:

Vxsq:=0, (a=1,...,7).

Note that this connection depends on the choice of trivializing sections.

The collection of all connections on a fixed vector bundle £ has an affine
structure: if p € C°°(M) is any smooth function, V; and V3 are connections,
then the affine combination

pV1i+ (1 —p)Va,
also defines a connection in £. This fact that allows us to show that:
Proposition 29.3. Every vector bundle £ = (m, E, M) admits a connection.

Proof. Let {Uy} be an open cover of M by trivializing open sets. The
previous example shows that in each U, we can choose a connection V<.
We define a connection V in M “gluing” these connections: if {p,} is a
partition of unity subordinated to the cover {U,}, then

V=) V"

defines a connection in &. O

If one starts with vector bundles with a connection, the usual construc-
tions lead to vector bundles with connections. The proofis left as an exercise.

Proposition 29.4. Let & and £ be vector bundles over M, furnished with
connections V and V'. Then the associated bundles € ®E', € and NFE, have
induced connections satisfying:
Vx(s1 @ s2) = Vxs1 @ Vxsa,
Vx(siA---Asg) =VxsiA---Asg+---+s1 A AVxsg
X((s,m) = (Vxs,n) + (s, Vx).

If vy : N — M is a smooth map, then ¥*& has a connection induced from V
such that:

(Vx¥*s)(p) = (0, Va,p(x,)8), Yp € N,s € T(§).
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Connections can be used to compare different fibers of a vector bundle.
Let £ = (7, E, M) be a vector bundle with a connection V. If ¢: [0,1] — M
is a smooth curve then the pullback bundle ¢*£ has an induced connection
which we still denote by V. Notice that a section s of the bundle ¢*¢ is
just a section of £ along ¢, i.e., a smooth map s : [0,1] — FE such that
m(s(t)) = ¢(t), for all t € [0, 1].

Definition 29.5. The covariant derivative of a section along a curve ¢
1s the section along c given by:
D.s=Vas.
dt
A section along c is called a parallel section if it has vanishing covariant

derivative: D.s =0

The operation of covariant derivative enjoys the following properties:
(1) De(s1+ s2) = Dest + Deso;
(ii) Dc(fs) = (f oc)Des+df(¢)s.

Choose local coordinates (U, z', ..., 2%), admitting trivializing sections {sy, ...

over U. Given a curve c(t) in U we set ¢*(t) = 2°(c(t)). Any section s along
c can be expressed as s(t) = >, v*(t)sq(c(t)), and then the covariant deriv-
ative along ¢ has components:

(29.1)  (Des)* = d;’: 6+ %(t) a ()’ (1), (a=1,...,r).
ib

Remark 29.6. One can define the covariant derivative alternatively as fol-
lows. Given a section s(t) along a curve c(t) one chooses a time-dependent
section §; € I'(E) such that:

S¢(c(t)) = s(t), Vtel.
Then:

(292) Dcs(t) = vc(tgt + %@(p) .
p=c(t)

One can show that this is independent of the choice of extension §;, either
by working in a local chart or by showing that it coincides with our first
definition.

Notice, in particular, that even for a constant curve ¢(t) = po the covariant
derivative along ¢ may not be zero! In fact, in this case, a section along c is
just a curve s : [0,1] — E, in the fiber over py and the covariant derivative

is the usual derivative of this curve.

Lemma 29.7. For any curve ¢ : [0,1] — M and any vy € E. (), there exists
a unique parallel section s along ¢ with initial condition s(0) = vg.

Proof. Since an interval is contractible, the pullback bundle c¢*¢ is trivial.
This means that we can find sections {si,...,s,} along ¢ such that any
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section s along ¢ can be uniquely written as s(t) = >, _, v*(t)sq(t), for
some smooth functions v* : [0,1] — R. In particular, if we define wj(t) by:

Desy(t) = > wi(t)sa(t),
a=1

we find that:

Hence, the parallel sections along c are the solutions of the system of ODEs:

B () = — Spy wi(tb(D),

Hence the lemma follows from the well-known results about existence and
uniqueness of solutions of ODEs with time dependent coefficients. O

Under the conditions of this lemma, we say that the vectors s(t) € E)
are obtained by parallel transport along the curve c. We denote the opera-
tion of parallel transport along ¢ by:

Tt - Ec(O) — Ec(t)7 Tt(?]()) = S(t).

The next result shows that parallel transport contains all the information
about the connections V:

Proposition 29.8. Let £ = (m, E, M) be a vector bundle with a connection
V and let ¢ : [0,1] = M be a smooth curve. Then:

(i) Parallel transport T : Ecg) — E.) along c is a linear isomorphism.
(i4) If v.=c/(0) € Ty0)M, then for any section s € T'():

1
Vs = lim & (77 (s(c(0))) — s(c(0)) .

Proof. Since the differential equation defining parallel transport is linear,
it depends linearly on the initial conditions, so 7 is linear. On the other
hand, 7; is invertible, since its inverse is parallel transport along the curve
¢:[0,t] = M, given by ¢(e) = c(t — ¢).

For the proof of (ii), first we use Lemma to produce {s1,...,8,}
sections along ¢ that at each point ¢(t) generate the fiber E(t)- Then there
are functions v® : [0,1] — R such that

s(e(t) = 320" ()salt),
a=1
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and we find that:

i 77 () = o(e0) = i 3§ (0077 ul0) ~ " 0150 0)
=iy D2 5 (0°0) — 070 520
-y d;’: (0)54(0) = De(> " 0%54)(0) = Vs
a=1 a=1
where in the last line we have used (29.2]). O

Consider now the tangent bundle ¢ = T'M of a manifold M. For a
connection V in T'M , the notions above have a more geometric meaning. For
example, in M = R, there is a canonical connection V in TR¢ = R? x R¢,
which corresponds to the usual directional derivative. A vector field X (i.e.,
a section of T'M) is parallel for this connection along a curve ¢(t) if and only
if the vectors X,(;) are parallel in the usual sense.

For a connection in the tangent bundle T'M there are additional notions
that do not make sense for connections on a general vector bundle. This is
because a connection in T'M differentiates vector fields along vector fields,
so we have a more symmetric situation. Here is a first example:

Definition 29.9. Let V be a connection in TM. A geodesic is a curve
c(t) for which its derivative ¢(t) (a vector field along c(t)) is parallel, i.e.,
we have:

D.é(t) = 0.
If we choose local coordinates (U, x!,...,z?%), we have trivializing vector
fields {8%1, cee %} for TM]U, and we can write:

Bacl 8:17? Z g 8:17’f

The equations for the components c'(t) = x%(c(t)) of a geodesic c(t) in local
coordinates are:

d2ck(t t) ded (¢
dt2 Zr )%, (k=1,...,n).

Using these equations, it should be clear that given po € M and v € T,,, M,
there exists a unique geodesic ¢(t) such that ¢(0) = pp and ¢(0) = v. This
geodesic is defined for 0 < t < ¢, and if we choose v sufficiently small we
can assume that £ > 1. In this case, we set::

exp,, (V) = ¢(1).
In this way, we obtain the exponential map exp, : U — M, which is

defined in an open neighborhood U C T),, M of the origin.
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Another notion which only makes sense for connections V in T'M is the
torsion of a connection: this is the map 7' : X(M) x X(M) — X(M)
defined by:

T(X,Y)=VxY —VyX — [X,Y].

One checks that T is C°° (M )-linear in both arguments, so it defines a mor-
phism of vector bundles T : TM ® TM — TM. One calls T the torsion
tensor of the connection. A symmetric connection is a connection V
whose torsion is zero.

The next proposition gives a characterization of the torsion in terms of the
covariant derivative. For that we choose a smooth map ¢ : [0,1] x[0,1] — M
which one can think as a parameterized surface. Denoting the parameters
by (z,y) we have maps [0, 1] x [0,1] — T'M covering ¢ defined by:

9 8. 96 0

One can think of these as vector fields along ¢. If one fixes y, they give
vector fields along the curve ¢t — ¢(t,y), and similarly if one fixes . So we
may consider the covariant derivatives:

° ng—f; = covariant derivative along the curve t — ¢(t,y) at t = x;
° Dy% = covariant derivative along the curve t — ¢(x,t) at t = y;

Proposition 29.10. Consider a parameterized surface ¢ : [0,1] x [0,1] —
M. The torsion of a connection V in T M satisfies:

9¢ 99 _ (00 09
m@‘%a—ﬁme'

Proof. The proof is similar (but simpler!) to the proof of Proposition B0.2
below, and so is left as an exercise. O

The most classical example of a connection is the Levi-Civita connection
in the tangent bundle of a Riemannian manifold, which we now describe.
We start with a definition:

Definition 29.11. Let £ be a vector bundle over M with a fiber metric { , ).
A connection in £ is said to be compatible with the metric if

X ((s1,52)) = (Vxs1,82) + (51, Vxsa),
for every vector field X € X(M) and every pair of sections s1,s9 € T'(§).
For a Riemannian manifold we have a natural choice of compatible metric:

Proposition 29.12. Let (M, (, )) be a Riemannian manifold. There exists
a unique symmetric connection in T M compatible with the metric.
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Proof. Let X,Y,Z € X(M) be vector fields in M. The compatibility of V
with the metric gives:

XY, Z) = (VxY,Z) + (Y, Vx2Z),
Y (2, X) = (Vy 2, X) + (Z,Vy X),
Z - <X,Y> = <V2X,Y> + <X, V2Y>

Adding the first two equations and subtracting the third one, gives:

X-(Y,2)+Y - (Z,X)— Z-(X,Y) =2(VxY, Z)
- <X7 [Zv Y]> - <K [ZvXD - <Zv [Xv Y]>v

where we have used the symmetry of the connection. This relation shows
that the two conditions completely determine the connection by the formula:

(VxY,Z) :%(X-(Y,Z>+Y-<Z,X> ~ZAX, YY)

+ X2 YY) + (2, X)) + (2 X, Y]).

2
On the other, one checks easily that this formula does define a connection
in T'M which is symmetric and compatible with the metric. O

The connection in the proposition is known as the Levi-Civita connec-
tion of the Riemannian manifold. This allows to define parallel transport,
geodesics, exponential map, etc., for a Riemannian manifold. The fact that
this connection comes from a metric leads to additional properties of these
concepts. We will not go into any deeper discussion of Riemannian geometry
and refer the reader to any standard text on the subject.

HOMEWORK.

1. Let £ and £ be vector bundles over M, furnished with connections V and V’.
Show that the associated bundles £ ® ¢, £€* and AFE, have induced connections
satisfying:

Vx(s1 @ s2) =Vxs1 D Vxsa,
Vx(Sl/\"'/\Sk):szl/\"'/\Sk+"'+81/\"'V)(/\Sk
X((s,m) = (Vxs,m) + (s, Vxn).

Determine the connection 1-form of these connections in terms of the original
connection 1-forms.

2. Let & be a vector bundle over M with a connection V. If ¢ : N — M is a
smooth map, show that ¥*¢ has a connection induced from V such that:

(Vop*s) = 9" (Vq,pw)s), Yve€T,N,seT(E).

Determine the connection 1-form of the pullback connections in terms of the
connection 1-form of the original connection.
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3. Let {s1,...,s-} and {s},...,s.} be two basis of local sections for a vector
bundle £ = (7, E, M) over a common open set U C M. Denote by A = (a?) :
U — GL(r) the matrix of change of basis so that s; =}, als;. Show that the
corresponding connection 1-forms w and w’ are related by:

W =ATwA + ATdA.

4. Deduce formula (29.0)) for the local expression of the covariant derivative of
a connection.

5. Show that the covariant derivative of a section s(t) along a curve c(t) as
given in Definition 29.5] can be computed by choosing a time-dependent section
extending s and applying formula ([29.2)). In particular, conclude that this
formula does not depend on the choice of extension.

6. Let £ be a vector bundle over M with a fiber metric g := (, ). Viewing the
metric as a section g € I'(®2E*), verify that the condition that the connection
V is compatible with the metric g is equivalent to:

Vxg=0, VXex(M).

Show that one can always find such a compatible connection V.

7. Let & = (7, E, M) be a vector bundle with a fiber metric {( , ). For a
connection V in £, show that the following are equivalent:
(i) V is compatible with the metric.
(ii) Parallel transport 7 : E.) — E(+) along any curve c is an isometry.
(iii) For any basis of orthonormal trivializing sections the connection 1-form
w = [w!] is a skew-symmetric matrix.

8. Let M C R" be an embedded submanifold so that 7T, M C R™ has the inner
product induced from the standard inner product on R™. Show that these yield
a Riemannian metric g in M, whose associated Levi-Civita connection is given
by:

(VXY)(Z’) =Prr,m (de(Xp)),
where prp 5, @ R" — T, M denotes the orthogonal projection and we view
YeX(M)asamapY : M — R™.

30. CURVATURE AND HOLONOMY

A trivial vector bundle carries natural connections defined in terms of
trivializing sections s;, for which Vs; = 0. In general, for an arbitrary
connection V on a vector bundle £ = (7, E, M), it is not possible to choose
a basis of local sections s; such that Vs; = 0. The obstruction is given by
the curvature of V, which is the map

R:X(M) x X(M) x T(§) = T(£)
defined by:

R(X,Y)S = Vx(VyS) - Vy(VXS) - V[X’y}s.
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A simple computation shows that R is C°°(M)-linear in all the arguments,
so we can think of R as a vector bundle map R: TM ® TM ® E — E. For
this reason one also calls R the curvature tensor.

The local expression for the curvature over a chart (U, z°) where one has
a basis of sections {s1,...,s,} for &, is:

B )5 = 32 oo

where the components R” can be expressed in terms of the Christoffel

a
symbols Pm by:
or’ arb d
joa = Ozt I ey Z <cmargc Fjargc> :
We can also codify the curvature in terms of a matrix of differential forms:

Z Rmadaji A da,
1<J

and Q = [Q%] is called the curvature 2-form of the connection. This
matrix-valued 2-form is independent of the choice of local coordinates, and
it can also be defined from the relation:

T
R(X,Y)sa = (X, Y)s,
b=1
The dependence of 2 on the choice of trivializing sections is discussed in the
Homework.

Theorem 30.1. For a connection in a vector bundle &, the connection 1-
form w and the curvature 2-form ) associated with some trivializing sections,
are related by the structure equations:

ngdw2+2w§/\w2 = Q=dw+wAuw,
C

and one has the Bianchi’s identity:

ng:Z(QgAwQ—ngQg’) = dO=QAw-wAQ.

Proof. Direct computation. O

Let us turn now to the geometric interpretation of curvature in term of
parallel transport. For that we choose a smooth map ¢ : [0,1] x [0,1] — M
which one can think as a parameterized surface. Denoting the parameters
by (z,y) we have maps [0, 1] x [0,1] — T'M covering ¢ defined by:

x x Yy Yy
One can think of these as vector fields along ¢. If one fixes y, they give

vector fields along the curve t — ¢(t,y), and similarly if one fixes z. Given
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a section s of the vector bundle £ along ¢, we can introduce the covariant
derivatives:

e D, s(x,y) = covariant derivative along the curve t — ¢(t,y) at t = x;
e Dys(x,y) = covariant derivative along the curve t — ¢(x,t) at t = y;

We have:

Proposition 30.2. For any section s of & along a parameterized surface
¢ :10,1] x [0,1] = M, the curvature of the connection satisfies:

_ (99 09
DyDys — DyDys = R(a, %)s.
Proof. Choose (z,y)-dependent vector fields X, ,,Y,, € X(M) extending
9¢ 9.
oz and a—y

Xoy(0(00)) = 5280 Vaylo(a.) = Fola.y).

We will need the following result whose proof we leave as an exercise:
Lemma 30.3.
d d
2x,, -2y, )( — X, .
<dy S da Y gy Koy, Yoyl é(z,y)
We choose also a (z,y)-dependent section s, , € I'(£) extending s:

Szy(0(z,y)) = s(z,y).
Using Remark 29.6] we can compute the covariant derivatives:

Dys(z,y) = (Vxx,ys%y + %sx,y) ‘(Z)(x,y)’

Dys(z,y) = (ngyysx,y + %sx7y> ‘(ﬁ(@y).

It follows that:

dsg d2sm7y> ‘

dy — dazdy /ey’
dsz,y dzs%y) ‘

dx dydx / lp(a,y)

d
D,Dys(x,y) = <VXznyyz’ysx,y + EVyz’ysx,y +Vx,,

d
DZJDZ'S('Z'7 y) = <Vﬁz,vax,y3xyy + d_vax,nyyy + Vyx,y

Taking the difference of these two equations, we obtain:
D,Dys(x,y) — DyDys(z,y) =

= (VXw,yvyr,nyvy - Vyr,yvxx,ysxvy + V%Yx,y_%—xx,y Sx7y> ‘

$(z.y)
Using the lemma above, we obtain the result:
DmDyS(x7 y) - Dnys(x, y) =
_ _ (99 99
- (R(Xm,yy Ym,y)sx,y) ‘(ﬁ(x,y) - R(%a %)5(377 y)
O
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A flat connection is a connection for which the curvature tensor van-
ishes. We will often refer to a vector bundle with a flat connection as a
flat bundle. Clearly, if around each point one can choose coordinates and
trivializing sections for which the Christoffel symbols vanish, the connection
is flat. The converse is also true, as a consequence of the following local
normal form for flat bundles:

Corollary 30.4. Let £ = (m,E, M) be a vector bundle of rank r with a
flat connection V. For each p € M, there exists a base of local sections
{s1,...,8:} definided in a neighborhood U of p, such that

Vxsi=0, VX €X(M).

Hence, &|y is isomorphic to the trivial vector bundle ef; with the canonical
flat connection.

Proof. See Exercise 3 in the homework at the end of this section. O

In the case of Riemannian manifolds, Corollary [30.4] takes the following
more geometric meaning:

Corollary 30.5. Let (M,(, )) be a Riemannian manifold with vanishing
curvature tensor: R =0. For each p € M, there exists a neighborhood U of
p which is isometric to an open in R furnished with the Fuclidean metric.

Proof. See Exercise 5 in the homework at the end of this section. O

The previous results describe flat connections locally. To describe what
happens with a flat connection globally, we need to introduce the notion of
holonomy of a connection. Given a vector bundle { = (w, E, M) of rank
r with a connection V fix a base point pg € M. For each a closed path
v :10,1] — M based at pg, so v(0) = (1) = po, parallel transport along the
curve (t) gives a linear isomorphism called the holonomy of ~:

Hy, (v) =7 Ep, = Ep,.

If we extend this definition, in the obvious way, to closed paths which are
piecewise smooth, it is clear that:

Hpo('yl : ’72) = Hpo('yl) © Hpo(’72)’

where 71 - 79 denotes the concatenation of the two paths:

72(2t) fo<t<i,
1 - y2(t) =
n@2t—-1) ifF<t<l
When the connection is flat we also have:

Proposition 30.6. Given a flat connection, any two path-homotopic closed
curves v and vy, have the same holonomy: H,,(vo0) = Hpy(71).
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Proof. One can show that two smooth curves which are C° path-homotopic
are also smooth path-homotopic. So denote by 7 : [0,1] x [0,1] — M a
path-homotopy between ~y and ~;:

7(t7 0) = /70(t)7 /7(757 1) = Vl(t% /7(07 5) = /7(17 5) = Po-
Fixing vy € Ej,, we define a section s : [0,1] x [0,1] — E along ~ : [0,1] x
[0,1] — M, by:

() | parallel transport of vy along
s(t,e) =7, (vo) = { s+ v(s,e) with s € [0,1].

Notice that, by construction, for each fixed e:
Dys = D, s =0.

We claim that for each fixed ¢ one also has:
Des:= Dy.ys =0.

Indeed, since v(0,e) = 0 and s(0, &) = vy, we have:
d
D.s(0,¢) = Dy 9,)5(0,¢) = £S(O,€) = 0.

On the other hand, using Proposition B0.2], we find:
0y 0y
ot de
Hence, D.s is parallel along the curve ¢t — ~(t, e) so we must have D.s(t,e) =

0, as claimed.
Now, applying our claim, and the fact that (1, ) = pg, we conclude that:

DyD.s = R( ) 4 D.Dys = 0.

0= D.s(1,¢) = %s(l,s).

Hence,
TYO(UO) =5(1,0) = s(1,1) = iﬂ (vo)-
Since vy € Ep, was an arbitrary vector, we conclude that Hy, (7o) = Hp,(71)-
O

Since every element in (M, pg) has a smooth a representative, we con-
clude that for a flat connection, one has a group homomorphism

Hpo : 7T1(M,p0) — GL(EPO),

called the holonomy representation of V with base point pg. If ¢ € M
is a different point in the same connected component of M, we can choose a
smooth path ¢ : [0,1] — M with ¢(0) = pg and ¢(1) = qo. Parallel transport
along c(t) gives an isomorphism 7 : E,, — E4, and

Hgy =70 Hpy, 0 T
Hence, the holonomy representations of different points in the same compo-
nent are related by conjugacy.
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Theorem 30.7. Let M be a connected manifold with base point pg € M,
there is a 1:1 correspondence:

isomorphism classes of

flat vector bundles of rank v over M <— Hom(m1 (M, po), GL(r)) /GL(r).

where GL(r) acts on Hom(m1 (M, py), GL(r)) by conjugation.

Proof. We already know that a flat vector bundle (£, V) induces a represen-
tation of the fundamental group, namely the holonomy representation:

Hy, : m(M,po) = GL(E,,).
Fixing a basis for the fiber £, , we obtain a group homomorphism:
H,, : m(M,po) — GL(r).

Two different basis for E,,, are related by conjugation of an element of GL(r).
It follows that isomorphic vector bundles induce homomorphisms which are
related by conjugation too, so one can associate to an isomorphism class of
vector bundles an element in the quotient

Hom(m (M, po), GL(r))/GL(r).

Conversely, given a representation H : m(M,pg) — GL(r) representing
some element in this quotient, we construct a flat vector bundle as follows:
on the one hand, the representation gives an action of (M, pg) in R". On
the other hand, the fundamental group 71 (M, pg) acts in the universal cover
M by deck transformations: identifying M with the set of homotopy classes
of paths [c] with initial point ¢(0) = pg, the action of w1 (M, pg) in M is given
by concatenation:

m1(M,po) x M — M, ([y],[c]) = [v- .

Since this action is proper and free, the resulting diagonal action of 71 (M, pg)

in M x R" is also proper and free. Hence, the quotient space E = (M x
R")/m1 (M, pp) is a manifold, and we have the projection

m: E— M,|[[c],v] = ¢(1).
The triple £ = (7w, E, M) is a vector bundle. Moreover, the canonical flat

connection in M x R" induces a connection in ¢ for which the holonomy
with base point pg is precisely H : w1 (M, pg) — GL(r). Finally, one checks
that given two homomorphisms Hg, Hy : m1(M,pp) — GL(r) in the same
conjugacy class this construction produces isomorphic flat vector bundles.

O

Remark 30.8. The space appearing in the previous result is an example
of a character variety. More general, given a Lie group G and a finitely
generated group m, the G-character variety of 7 is the space of equivalence
classes of group homomorphisms:
Hom(m, G)/G.
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HOMEWORK.

1. Show that the connection 1-form and the curvature 2-form of a connection
satisfy the structure equations and Bianchi’s identity of Theorem [30.1]

2. Prove Lemma [30.3]

3. Let {s1,...,s-} and {s},...,s.} be two basis of local sections for a vector
bundle £ = (7, E, M) over a common open set U C M. Denote by A = (a?) :
U — GL(r) the matrix of change of basis so that s; =3 _; alsj. Show that the
corresponding curvature 2-forms € and €’ are related by:

Q' =A1QA.

4. Show that if V is a flat connection on a vector bundle & = (r, E, M), then
around every point p € M one can find a local basis of flat sections for &.
HiNnT: Using Exercise 3 in the previous section and the previous exercise, show
that the condition w’ = 0 defines an integrable distribution in U x GL(r), so
one can apply Frobenius.

5. Let G be a connected Lie group with Lie algebra g. Show that there exists a
unique connection V in T'G, which is invariant under left and right translations,
and under inversion. Show that V satisfies the following properties:

(a) For any left invariant vector fields X,Y € g:
1
VxY = 3 [X,Y].
(b) The torsion of V vanishes and its curvature is given by:
1
R(va)Z:Z[[XaY]vz]a VXaYaZEE)

(¢) The exponential map of V at the identity exp, coincides with the Lie
group exponential map exp : g — G.
(d) Parallel transport along the curve c(t) = exp(tX), X € g, is given by:

Tt(V) = chxp(%X) . dchp(%X) -V, Vv € T.G.

(e) The geodesics are translations of the 1-parameter subgroups of G.

6. Let (M,(, )) be a Riemannian manifold whose curvature tensor vanishes:
R = 0. Show that for each p € M, there exists a neighborhood U isometric to
an open in R¢ with the Euclidean metric.

31. THE CHERN-WEIL HOMOMORPHISM

We saw in the previous section that a flat vector bundle is globally char-
acterized by its holonomy representation. We will now study the non-flat
case, a situation that is more complicated but more interesting. Eventually,
we will see that one can use a connection on a vector bundle to construct
cohomology classes which are invariants of the vector bundle, and which
characterize certain properties of the vector bundle up to isomorphism.
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Let 7 : E — M be a vector bundle. We consider differential forms in M
with values in E, which we denote by

Q°(M;E) :=T(\'T*M @ E).

So a differential form of degree k with values in E is a C°°(M )-multilinear
alternating map:
w:X(M) X xX(M)—T(E).
k-times
In particular, QY(M; E) is the space I'(E) of global sections of the vector
bundle 7 : £ — M. Notice that we also have:
Q' (M;E)=Q*(M)®T'(E),

where ® denotes here the tensor product of C°°(M)-modules. This last
interpretation shows that we have a well-defined wedge product w A n €
QUM E), for any w € QF(M) and n € Q/(M; E).

A choice of connection V in 7 : E — M allows us to take the differential

of E-valued differential forms as follows. Such a connection determines an
operator dy : Q°(M; E) — QY(M; E) through the formula:

(dvs)(X) = Vxs.
The map dy is R-linear and satisfies the Leibniz identity:
dv(fs) = df ® s+ fdvs.

Remark 31.1. Conversely, any R-linear map dy : Q°(M; E) — QY(M; E)
that satisfies the Leibniz identity determines a unique connection V. So this
gives an alternative approach to the theory of connections F.

One can extend dy to arbitrary forms by requiring that for any form
w € Q°M) and section s € T'(E) the following general Leibniz identity
holds:

(31.1) dy(w ® s) = dy(w) ® s + (—1)98%w A dy (s).
In fact, one has:

Proposition 31.2. Given a connection V and w € Q¥(M; E) define dyw €
QFY(M; E) by:

k+1
(31.2) de(XQ, ce ,Xk) = Z(_l)iin(w(Xm e ,5(:2', ce ,Xk))

i=0
+ Z(—l)i+jw([Xi,Xj],X0, e ,Xi, e ,Xj, e ,Xk)
i<j
Then dy : Q*(M; E) — Q*YY(M; E) is the unique operator satisfying:
(i) For any 0-form s € T'(E), one has (dys)(X) = Vxs;

(ii) dy is R-linear and satisfies the Leibniz identity (31.I]).
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Proof. One checks easily that the operator dy defined by ([BL2]) satisfies (i)
and (ii). Since any E-valued k-form 7 can be written as a linear combination:

!
n= Zwi ®@s; (w; € Q¥M), s; € T(E)),
i=1

it is clear that (i) and (ii) determined completely dy. O

Note that, in general, d2V # 0, so dy is not a differential. In fact, the
curvature of V can be seen as the failure in dy being a differential.

Proposition 31.3. Let V be a connection on a vector bundle { = (w, E, M)
with curvature R. Then:

(i) For any 0-form s € I'(E)

dFs(X,Y) = R(X,Y)s, (X,Y € X(M));
(ii) Viewing the curvature as a 2-form R € Q*(M,End E), for the connec-
tion on End(FE) induced by V:
(31.3) dvR = 0.
Proof. Using the definition of dy that:
ds(X,Y) = Vx(dys(Y)) — Vy(dys(X)) — dys([X, Y]))
= Vx(VYS) — Vy(VXS) — V[X,Y]S = R(X,Y)S.

The proof of (ii) is left as an exercise.. O

Remark 31.4. The previous result shows that dy is a differential if and only
if the connection is flat. In this case, one calls the cohomology of the complex
(Q*(M; E),dv) the de Rham cohomology of M with coefficients in
E and denotes it by H®(M; E). Notice that the usual de Rham cohomology
corresponds to the case where E = M x R is the trivial flat line bundle.

The Bianchi identity can be used to define certain cohomology classes.
For that we need first to recall that for a finite dimensional vector space
V' one has a canonical identification between the homogeneous polynomials
and the multilinear symmetric functions:

(i) Every k-multilinear symmetric map P : V x --- x V — R determines

a homogeneous polynomial P:V > Rof degree k, by the formula:

P:vs P(v,...,0).

(ii) Conversely, every homogeneous polynomial P:V = R of degree k

determines a k-multilinear symmetric map P : V x --- xV — R by
polarization:
10 0
Pvy,...,vx) = —=— -+ —P(tiv1 + - - - + tpux .
( ) k! Oty Oty ( ) ==t =0
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These correspondences are inverse to each other, and the usual product of
polynomials corresponds to the product of k-multilinear, symmetric maps,
defined by:

ProPy(vi,...,vp41) =

1
m Z Py (UU(1)7 s 7U0(k))P2(UU(k+1)7 s 7U0(k+l))'

O'ESk+l

EXAMPLE 31.5.
If one fizes a base EL, ... € for V*, then one can think of polarization of the
polynomial P :V — R as follows: one can write the polynomial:

P)= > ai.i, M (v)-E%(v),

i1t =1

where the coefficients ai, ..., are symmetric in the indices. Then the corre-
sponding k-multilinear, symmetric map P :V x --- xV — R is given by:

P(vy,...,05) = Z Wiy iy €7 (V1) -+ - €% ().

i1eip=1
For example, let V = R® with linear coordinates (z,y, z). The homogeneous
polynomial of degree 2:

~ 1
B(a,y,2) =a® + oy + 2% = 2® + S (zy +ya) + 2%,

corresponds to the bilinear symmetric map:

1
P(v,w) = viwy + §(v1w2 + vown ) + vaws.

We are interested in the case where V = g is the Lie algebra of a Lie
group G. We will denote by I*(G) the space of k-multilinear, symmetric
maps P :g X --- x g — R which are invariant under the adjoint action:

P(Adg-vy,...,Adg-vg) = P(v1,...,v), Vg€G, v1,...,0; €g.

and we let
1(G) = P I*(G).
k=0

Note that I(G) is a ring with the symmetric product. Under the corre-
spondence above, we can identify I(G) with the algebra of polynomials in g
which are Ad-invariant.

For now, we are only interested in the case where G = GL(r), so that
g = gl(r) is the space of all r x r-matrices. In this case the adjoint action is
given by matrix conjugation:

AdA-X = AXA™' AcGL(r), X €gl(r).
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Then the invariance condition is just invariance under conjugation:
PAX AT AXGATY) = P(Xq, . X)) (X, X € gl(r),
which must hold for any invertible matrix A € GL(r).
EXAMPLE 31.6.
Invariant polynomials on gl(r) can be obtained by taking traces of powers:
X = tr(X%).

Actually, these polynomials generate the ring of Adgr ry-invariant polynomials.
We will came back to this issue in the next section.

Returning to the discussion of vector bundles with connection, the key
remark is now the following:

Proposition 31.7. Let & = (w,E, M) be a rank r vector bundle with a
connection V. Every element P € I*(GL(r)) determines a map

(31.4) P:Q*(M;®"End(E)) — Q*(M), ww~ Pow,

which satisfies:
dP = Pdy.

Proof. Note that if s1,...,s, is a base of local of sections of I then for any
section A € I'(End(F)), we have:

r
ASZ': E AgSj,
J=1

for some functions Ag . Given a P € I*(GL(r)), we define a map P :
I'(®@FEnd(E)) — C®(M) by:
P(A1 @+ ® Ay) = P([(ADI], -+ [(Ap)])).

The invariance condition shows that this expression is independent of the
choice of base of local of sections, so this map is well-defined. A degree [
form w € QY (M; ®* End(E)) can be seen as an [-multilinear alternating map

w:X(M) x - x X(M) = I'(®" End(E)),
so composing with P determines an [-multilinear alternating map
Pow:X(M) X - xX(M) — C®(M).

Hence, P(w) € Q/(M) and an elementary computation using the definitions
of d, dy and the fact that P is multilinear, shows that dP = Pdy. O

Now let R denote the curvature of the connection V. The k-symmetric
power of R is an element RF € Q% (M;®F End(E)) defined by:

Rk(Xb' .. 7X2K) =

1 g
(2k)! Z (=17 R(Xo(1), Xo(2)) @ -+ @ R(X;(2k-1), Xo(om))-

o€Ssoy
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Therefore, if P € I*(GL(r)), we obtain a differential form P(RF) € Q2*(M).
If one fixes some local basis of sections {s1,...,s,} and lets Q = [Q%] denotes
the curvature 2-form of the connection relative to this basis, this form is
given explicitly by:

(31.5) P(RF)(Xy,..., Xox) =
1 g
w Z (_1) P(Q(XU(1)7X0(2))7 s 7Q(XU(2k—1)7Xo(2k)))‘
’ o€Ssy
Using the previous expression, one checks that if P; € I*(GL(r)) and
P, € I'(GL(r)), then:
Py o Py(RFHY = Py (RF) A Py(RY) € Q2*HD ().
On the other hand, the Bianchi identity (BL3]) gives:
dP(RF) = P(dyRF) = kP(R*1dyR) = 0,
so P(R*) € Q%*(M) is a closed form. Now, we have:

Theorem 31.8 (Chern-Weil). Let V be a connection in a vector bundle
m: E — M of rank r, with curvature R. The map I(GL(r)) — H(M)
defined by:

I*(GL(r)) — H*(M), P+ [P(R")],
is a ring homomorphism. This homomorphism is independent of the choice
of connection.

Proof. All that it remains to be proved is that the homomorphism is inde-
pendent of the choice of connection. For that we claim that if V° and V! are
two connections in 7w : E — M, then for all P € I*(GL(r)) the differential
forms P(R%O) and P(R%l) differ by an exact form.

To prove the claim, consider the projection p : M x [0,1] — M. The
pullback bundle p*E carries a connection V defined by requiring that on
pullback sections:

Vop's=0,  Vxp's:= tp*(Vis) + (1 —t)p*(V%s), (X € X(M)).
On the other hand, we have integration along the fibers of p:

/1 L QM x [0,1]) = Q1 (M),
0

which is explicitly given by:
1

1w (X1,...,X11) = w Q,Xl,...,Xl_l dt.
0 0 ot

Then one defines the Chern-Simons transgression form by setting

(31.6) P(Vy, V1) = k/ol P(RE) € Q2*~Y(M).
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and one checks by direct computation that:
dP(Vo, V1) = P(Rg,) — P(Rg,).
This proves the claim, showing that [P(R’%l)] = [P(R’%O)] c H*(M). O
The ring homomorphism given by the previous result:
CWIE] : I(GL(r)) — H*(M),

is called the Chern-Weil homomorphism ¢ = (7, E, M). This homomor-
phism depends only on the isomorphism class of the vector bundle &:

Proposition 31.9. Let ) : N — M be a smooth map and let { = (w, E, M)
be a vector bundle of rank r. For every P € I*(GL(r)),

V*P(RY) = P(R.y),

where V is any connection in £. Hence, the Chern-Weil homomorphisms of
& and Y*E fit into a commutative diagram.:

H* (M)

I(GL(r)) ¢
CWIg*¢]
H*(N)
We leave the proof for the Homework.
HOMEWORK.

1. Let V be a connection in a vector bundle 7 : E — M with curvature R.
Prove Bianchi’s identity:

dvR =0.

2. Let 7 : E — M be a vector bundle of rank r. Given P € I*(GL(r)),
show that the map P : Q*(M;®* End(E)) — Q°*(M) given by (BL4) satisfies:
dP = Pdy.

3. Show that the Chern-Simons transgression form B1.0]), satisfies:
dP(Vo, V1) = P(RY,) — P(RY,).

4. Let ¢p : N — M be a smooth map and & = (7, E, M) a vector bundle of
rank 7 with a connection V. Show that for all P € I*(GL(r)),

V' P(Ry) = P(Rj-v).
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32. CHARACTERISTIC CLASSES

A cohomology class in the image of the Chern-Weil homomorphism is
called a characteristics class of £. There are certain canonical charac-
teristic classes that arise from natural choices of elements in the ring of
invariant polynomials I(GL(r)).

We have already observed that traces of powers yield invariant polynomi-
als in gl(r). One can show that any homogeneous polynomial P € I*(GL(r))
can be written as a R-linear combination of invariant polynomials of the
form:

X > tr(XF)tr(XR), k44 ks =k

However, these are not algebraically independent.
Theorem 32.1. The coefficients of the characteristic polynomial

det M +X) =N+ (X)N T+ 4o, (XA + 0, (X) (X €gl(r)),
are algebraically independent and generate the ring I(GL(r)).

Remark 32.2. The coefficients oy, : gl(r) — R can be expressed using the

elementary symmetric functions. Recall that if z1,...,x, denote r indeter-
minates then for polynomial p(xz) = [[i_;(z + x;) with coefficients in the
field of fractions R(z1,...,z,), we have:

T
p(z) = H(JE +x) =a" + s s+ sy,
i=1
where the coefficients are the elementary symmetric functions:

S1 = E i, S9 = E l‘il‘j, Sp = X1 Tp.
7

i<j
Applying this to the characteristic polynomial, one obtains:

o1(X) =tr X,

o9(X) = % ((trX)2 —ter),

o (X) = det X.

One can show that the field R(z1, ..., z,) is a Galois extension of the field
R(s1,...,s,) with Galois group the symmetric group S,,. In other words, any
symmetric expression in the indeterminates 1, ..., z, is a polynomial in the
elementary symmetric functions si,...,s,.. Applying this to the invariant
polynomials, one obtains the theorem above. Note that in this discussion
one can replace R by C, or any other field of characteristic zero.

The previous discussion suggest to apply the Chern-Weil homomorphism
to the invariant polynomials oi,...,0,.. Before we do that, let us recall
that one can equip any vector bundle £ with a fiber metric, and then one
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can choose a connection V compatible with the metric. We leave as an
exercise to check that for such a connection the curvature 2-form relative to
an orthonormal frame is always skew-symmetric:

0=-0T.

On the other hand, it follows from the above discussion that if X is skew-
symmetric then

O'2k+1(X) = 0.

Hence, by (BL3), we have ogp1(R**!) = 0 for such a connection. This
explains why in the following definition we only consider even dimensional
classes.

Definition 32.3. Let £ = (w,E, M) be a vector bundle of rank r. For
k=1,2,..., the Pontrjagin classes of ¢ are:

pr(§) = [0% ((%Rykﬂ c H* (M),

where R is the curvature of any connection V in . The total Pontrjagin
class of the vector bundle & is:

p(§) =1+pi(§) + -+ pp/g ),
where [r/2] denotes the largest integer less or equal to /2.

Remark 32.4. The normalization factor % is included so that the Pontr-
jagin classes belong to the image of the natural homomorphism:

H*(M,7) — H*(M).

The next proposition lists basic properties of the Pontrjagin classes. The
proof follows from the construction of these classes and is left as an exercise.

Proposition 32.5. Let M be a smooth manifold, & and n vector bundles
over M. The Pontrjagin classes satisfy:

(i) p(§ & n) = p(§) Up(n);
(ii) p(y*€) = Y*p(€), for any smooth map ¢ : N — M;
(iii) p(§) =1, if & admits a flat connection.

The Pontrjagin classes p; = p;(T'M) of the tangent bundle of a manifold
M give an important invariant of a smooth manifold. Although, from its
definition it seems that these classes are only invariants of diffeomorphism
type, Novikov proved that these classes are in fact topological invariants:
two smooth manifolds which are homemorphic have the same Pontrjagin
classes p;. Here it is important that we are dealing with classes in de Rham
cohomology. Using classifying bundles, one can also define Pontrjagin classes
leaving in integral cohomology and the integral Pontrjagin classes of T'M are
not topological invariants.
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Over a compact oriented manifold of dimension dim M = 4m one can
also define Pontrjagin numbers of £. One chooses non-negative integers
at,...,ap /9 such that:

d(ar + 2az + - -- + [r/2]ay /o) = 4m,

and defines a Pont rjagin number:

The Pontrjagin numbers of M, where M is compact, oriented, of dimen-
sion 4m are, by definition, the Pontrjagin numbers of its tangent bundle. For
example, a compact, oriented manifold of dimension 4 has only one Pontr-
jagin number f 7 P1 while in dimension 8 there are two Pontrjagin numbers:

/ i, / po.
M M
EXAMPLES 32.6.

1. Let M = S% — R and denote by v(S?) = TgaRYH/TS? the normal
bundle of S®. Notice that the Whitney sum

TS @ v(S?) = TsaRT,

is the trivial vector bundle over S. On the other hand, the normal bundle v(S?)
is also trivial, for it is a line bundle which admits a nowhere vanishing section.
By properties (i) and (iii) in the Proposition we conclude that p(TS?) = 1.
Note that S has trivial tangent bundle only for d =1,3,7.

2. Let M = CP?. Recall that we have CP? = S?+1/S! where S>4+1 ¢ C4+1
and S' acts by compler multiplication: 0 - z = €. The Euclidean metric
in C¥1 = R242 induces a Riemannian metric in S**1 which is invariant
under the S'-action. Hence, this induces a Riemannian metric in the quotient
CP? = §24+1 /S called the Fubini-Study metric.

One can use the connection associated with the Fubini-Study metric to com-
pute the Pontrjagin classes p(T(C]Pd). For exzample, in the Homework we sketch
how in the case of CP* one finds that CP? with its canonical orientation (the
one induced from the standard orientation of S°) has Pontrjagin number

/p1:3.
M

So far, all our vector bundles were real vector bundles. One can also
consider complex vector bundles { = (7, E, M), where the fibers E,
are now complex vector spaces of complex dimension r and the transition
functions are maps:

9ap : Ua NUg — GL(r,C).
Every complex vector bundle of rank r can be viewed as a real vector bundle

of rank 2r equipped with a complex structure J, i.e., an endomorphism of
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(real) vector bundles J : ¢ — ¢ such that J? = —id. The complex structure
J and the complex structure in the fibers are related by:

(a+ib)v=av+0bJ(v), VveE.

On a complex vector bundle £ one can consider C-connections, i.e.,
connections V such that for each vector field X € X(M) the map s +— Vxs
is C-linear:

Vx(As) = AVyxs, VYA eC,s e(§).

Using the endomorphism J, this condition can be expressed as
Vx(Js)=JVxs, Vsel(§)), X € X(M).

Hence, a C-connection is an ordinary connection which is compatible with
the complex structure J:
VJ =0.
Any complex vector bundle admits a C-connection.
The connection 1-form w and the curvature 2-form € of a C-connection
V relative to any local C-basis of sections defined over an open U C M are
matrices of complex-valued forms:

w =[] € QYU,gl(r,C)), Q=[Q°] e Q(U,gl(r,C)).

Hence, using a C-connection, one defines the Chern-Weil homomor-
phism much the same way as in the real case, obtaining now a ring ho-
momorphism into the complex de Rham cohomology:

I(GL(r,C)) — H*(M,C).

Again, the ring of invariant polynomials I(GL(r,C)) is generated by the
elementary invariant polynomials now viewed as polynomials o1,...,0, in
gl(r,C):

det AT+ X) = N + o1 (XN 4+ o1 (XN +0,.(X), X €gl(r,C).
These allow us to define:

Definition 32.7. Let £ = (w, E, M) be a complex vector bundle of rank r.
For k=1,...,r we define the Chern classes of £ by:

cx(§) = [ak <<%R)k>] e H2* (M),

where R is the curvature of any C-connection V in £&. The total Chern
class of & is sum:

c)=1+ca§)+ - +c (&) € HM).

Note that, a priori, the Chern classes are cohomology classes lying in
complez de Rham cohomology H*® (M, C). However, the normalization factor
makes them real cohomology classes. To see this, we use the following lemma
which is the complex analogue of the fact that real vector bundles admit fiber
metrics and compatible connections. The proof is left as an exercise.
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Lemma 32.8. Every complex vector bundle £ = (w, E, M) admits a fiber
hermitian metric h = (-,-) and a compatible C-connection: Vh = 0.

Choosing a connection as in the lemma, for any orthonormal C-basis of
local sections {si,...,s,} of F, the connection 1-form w and the curvature
2-form (2 take values in:

u(r) = {X € gl(rnC): X + X' =0).

Then the eigenvalues of €2 are purely imaginary, so i) has real eigenvalues.
It follows that o ((iR/2m)¥) is a real form, showing that the Chern classes
are real cohomology classes, as claimed.

Similar to the real case, the Chern classes enjoy the following properties:

Proposition 32.9. Let M be a smooth manifold, & and n complex vector
bundles over M. The Chern classes satisfy:
(i) c(§®mn) = c(§) Ucln);
(ii) c(¢v*&) = ¥*c(§), for any smooth map ¢ : N — M;
(iii) c(§) =1, if & admits a flat C-connection;
(iv) c(v]) =1 — pu where u denotes the canonical orientation of CP!.

Remark 32.10. One can show that properties (i)—(iv) above determine
completely the Chern class.

Proof. We leave the proof of properties (i)—(iii) to the exercises in the home-
work. To prove (iv), we define a C-connection V on the canonical (complex)
line bundle v over CP! = S? as follows. First, 7; is a subbundle of the
trivial bundle:

i c CP* x C2,

so a section of 4] can be viewed as map s : CP' — C2. Then we set:

(Vxs)(p) = prg, (dps(X)),
where E, C C? is the fiber over p, and pr B, " C? - E, denotes the projection
relative to the standard hermitian inner product on C2.

The bundle trivializes on the open set:
Uy = {[Z() : 2’1] € (C]P)l 120 75 O}

The non-vanishing section s : Uy — 1 defined by:

S(1: =) = (11, 2], (1, 2)),
is a C-basis of sections over Up. Defining local coordinates (x,y) on Uy by
z = x+1y, a straightforward computation gives the corresponding C-valued
connection 1-form w defined by Vxs = w(X)s is given by:

1
YT 21y
It follows from the structure equations that the curvature 2-form is:
2i
——————dx Ady.
(1+ a2 +y?)? Y
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The 1st Chern class is then:

ci() = [;79] = - [W(ljﬁ@ iyy2)2] € H(CP?).

Now (iv) follows by observing that, since Uy is an open dense set and
(Uo, (x,y)) is a positive chart, we find:

1
dzd
/Mcl(%) /Rzﬂl—l-x2+y) Ty

2T +oo +00
// _rdr d0——/ _rdr
(1 +7r?) 0 (1+17r2)2

One natural way of obtaining complex vector bundles is to start with a
complex manifold M. Such a manifold is specified by an atlas {(Uq, ¢a)},
where the charts are homeomorphisms

bo Uy = C4 2 (zi(x), e ,zg(x))

O

and the transition functions are holomorphic maps
b0 dat : (U NUs) — ¢3(Us N Us),

defined on open subsets of C%. Such charts are called holomorphic charts.
Notice that if we write 2% = xX + iy% then the charts (z%,y%) : U, — R?*
yield a real smooth structure on M of dimension 2d.

For a complex manifold M the tangent bundle T'M is a complex vec-
tor bundle over M (viewed as a real manifold). This can be seen either
by construction local C-trivializations, using the holomorphic charts, or by
observing that there is a well defined endomorphism J : TM — TM with
k— x’; —I—iy’gé is given by:

J? = —Id, which in local holomorphic coordinates z*
0 0 0 0
a) =5 7(5g) = —ar
Similarly, the cotangent bundle and all the associated bundles are also com-
plex vector bundles over M. Hence, one can define the Chern classes of

these bundles. For example, you are asked to show in the homework that
for complex projective space the total Chern class is

¢(TCPY) = (1 4 o)™,

where a € H? ((C]P’d) is an appropriate generator.

Notice that since a holomorphic map preserves the canonical orientation
of C%, every complex manifold has a canonical orientation. Hence, for a
compact complex manifold M of (complex) dimension d, one can define
Chern numbers by:

ail a2 aq
/Cl /\62 /\"'/\Cd,
M
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where ¢; = ¢;(T'M) and aq, ..., aq are any non-negative integers such that:
2(a1 +2a2 + -+ - + dag) = 2d.

Another class of examples of complex vector bundles arises by complexi-
fication of a real vector bundle. If £ = (7, E, M) is a real vector bundle of
rank r we can form its tensor product with the trivial real rank 2 vector
bundle M x C — M. The resulting bundle, denoted £ ® C, is a real vector
bundle of rank 2r admitting the endomorphism J : ¢ ® C — £ ® C given by:

J(v®N) i =vRiA\
Since J? = —Id, this defines a complex structure in £ ® C. One calls the

resulting complex vector bundle £ ® C the complexification of £.

Proposition 32.11. Let & be a real vector bundle. Then the Pontrjagin
classes of & and the Chern classes of £ ® C are related by:

(&) = (=1)Fear (€ ® C).
Proof. Immediate from the formulas defining them! O

Our discussion of the Pontrjagin classes suggest that the odd classes
Cok+1(E®C) vanish. To see this, given a complex vector bundle { = (m, E, M)
its complex conjugate is the complex vector bundle £ which, as a real vec-
tor bundle, coincides with &, but where the complex structure is the opposite:
J¢ = —J¢. Notice, e.g., that the identity map id: § — € satisfies:

id(A\v) = A id(v), ¥ve E,XeC.

Proposition 32.12. Let § = (m, E, M) be a complex vector bundle. The
Chern classes of & and & are related by cp(€) = (—1)*ci(€) so that:

c(§) =1—ci1(§) +e2(8) — -+ (=1)"cr ().

Proof. Let V be a C-connection in §. It defines also a C-connection in 3
which we denote by V. If one fixes local trivializing sections {si, ..., s,} for
&, then we have:

Vxsq = ZwZ(X)sb, Vx8q= ZGZ(X)sb.
b b

Hence, the curvature 2-forms of these two connections relative to this basis
are related by:

QV(X7 Y) =Qv(X,Y),
and it follows that:

() - ()

so that ¢ (&) = (—1)%cx(€). O
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Remark 32.13. The complexification £ ® C and its conjugate complex
vector bundle £ ® C are isomorphic complex vector bundles. An explicit
isomorphism is given by the complex conjugation map:

ERC—oERC, VA VR
Hence, by Proposition B2.12] we conclude that
ck(E®C) =0, if k is odd.

This gives another explanation for why the Pontrjagin classes of a real vector
bundle are concentrated in degree 4k.

Different choices of invariant function lead to other interesting charac-
teristic classes. For example, the invariant function y : gl(r,C) — C given
by:

X(X) :=tr (eXp(X)),
gives rise to the Chern character of the vector bundle:

ch(€) = M%R)] e H*(M).

The Chern character is a semi-ring homomorphism:
ch(& @ &) = ch(&) +ch(&2), ch(& @ &) = ch(&) Uch(&),

and for this reason it is important in K-theory. Other examples of char-
acteristic classes include the Todd class of a complex vector bundle, that
appears in the Hirzebruch-Riemann-Roch formula in algebraic geometry, or
the L-class of a real vector bundle that appears in Hirzebruch’s signature
formula in differential topology.

The presence of extra data on a vector bundle can also lead to special
characteristic classes. For example, the Euler class of an oriented vector
bundle ¢ = (7, E, M) can be viewed as a characteristic class. For that,
fix a fiberwise metric g and a connection V compatible with the metric g.
Then for any local positive orthonormal basis of sections {s1,...,s,} the
corresponding connection 1-form w takes values in the Lie algebra so(r)
consisting of all skew-symmetric matrices. If we change to a new basis of
sections {s},...,s.} the two bases are related by:

sy=3 Absy,  A=[A}]:U - SO(r).
b=1

Hence, we now look for invariant functions in I(SO(r)) to produce charac-
teristic classes.

The restriction of the elementary invariant polynomials o to so(r) give
obvious elements in I(SO(r)). When r is odd, one can show that these gen-
erate all invariant polynomials, but when r is even, this is not true anymore
and one needs to add an extra polynomial to obtain a set of generators.
This can already be seen for r = 2.
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EXAMPLE 32.14.
The Lie algebra

50(2) = {< _Ox 3 ) :xeR} C gl(2,R)

s abelian, so the invariance condition is empty. The elementary polynomial
01(X) = tr X restricts to zero, while o2(X) = det X restricts to a perfect
square:

det(X) = 22
We also have the degree 1 invariant polynomial Pf : s0(2) — R defined by:
Pf(X) = =,

which is not generated by {o1,02}.

An analogous invariant polynomial Pf can be defined for any r > 2 as
follows. Any skew-symmetric matrix X € so(2m) is conjugate to a block
diagonal matrix:

S1

T 52
X =ADAT, D=

where Sy is a 2x2 matrix of the form:
Sp = ( _(;k o >
It follows that the determinant is a perfect square:
det(X ( det(A H azk) .
and one defines the Pfaffian of X to be the functlon given by:
Pf(X) := det(A H Tk

That this is well-defined degree m polynomlal follows from the following
explicit formula, whose proof is left as an exercise:

1 - T
Pf(X) = oM Z (—1) H Xo(2k—1)o(2k)'
’ k=1

o€Sam

Also, when B € SO(2m), so that B~ = BT and det B = 1, we find that:

Pf(BXB™') = det(BA) [ [ zx = det(A) [ [ = = PE(X
i=1 =
Hence, Pf € I™(SO(2m)). One can show that the invariant polynomial

{oar, Pt} generate I(SO(2m)).
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The characteristic class corresponding to the Pfaffian is the Euler class:

Theorem 32.15. Let £ = (w, E, M) be an oriented vector bundle of rank
r =2m. Then its Euler class e(§) is represented by the form:

Pt ((2iR>m> € Q2 (M),

s
where R the curvature tensor of any connection V compatible with a fiberwise
metric.

We will not give a proof of this result. It can be thought of as a somewhat
more involved exercise.

HOMEWORK.

1. Show that every complex vector bundle £ = (7, E, M) admits a C-connection
V compatible with a fiber hermitian metric h = (-,-) (i.e., such that Vi = 0).

2. Prove the properties of the Pontrjagin classes and the Chern classes stated
in Propositions 2.5 and [32.9

3. Let & = (m, E, M) be a complex vector bundle. Show that its C-dual £* =
Hom(¢, C) is a complex vector bundle and that their Chern classes are related
by:

cr(€7) = (=1)"ex(9).

(HINT: Use a fiber hermitian metric.)

4. Let v} be the canonical complex line bundle over CP?. Show that:
C(’Yé) =1- a,

where a € H?>(CP) is an appropriate generator.

5. Denote by Eflc;;j = CP? x C4*+! — CP? the trivial complex vector bundle

equipped with the standard hermitian inner product h on the fibers. Let

(vHt c 6(551;11 denote the h-orthogonal bundle to the canonical complex line

bundle v}, so that:
eemd =74 ® (V)™
(a) Show that there is an isomorphism of complex vector bundles:
TCP =~ Home (74, (74)")-
(b) Show that there are isomorphisms of complex vector bundles:

TCP! @ egpa =~ Home (v, efcl}fdl) = Homc (74, e¢pa @ -+ B Egpa)-
(¢) Conclude that the total Chern class of the tangent bundle to CP? is:
¢(TCPY) = (1 + a)?*1,

where a € H 2((C]P"’l) is an appropriate generator.

6. Let & = (m, E, M) be an oriented vector bundle of rank r. Show that:
(€)% = pry(8).
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7. Prove that if a compact, oriented, manifold M of dimension 4m can be
embedded in R*"™*+! then all its Pontrjagin classes must vanish: p(TM) = 1.
(HINT: The normal bundle v(M) is trivial.)

8. Two oriented manifolds M7 and My are said to be cobordant if dim M; =
dim M> and there exists an oriented manifold with boundary N such that, as
oriented manifolds,

ON = My — Ms,

where —M> denotes Ms with the opposite orientation. Show that if M; and
M> are compact oriented cobordant manifolds of dimension 4m then they must
have the same Pontrjagin numbers.

(HINT: Show first that if M = N, where N is compact, oriented, then the
Pontrjagin numbers of M must vanish. For this, choose a connection V on N
with the property that VxY is tangent to 9N whenever X and Y are tangent
to ON)

33. FIBER BUNDLES

Bundles with fiber which are not vector spaces also occur frequently in
Differential Geometry. We will study them briefly in these last two sectionrs.

Let m : E — M be a surjective submersion. A trivializing chart for
7w with fiber type F' is a pair (U, ¢), where U C M is an open set and
¢ : 7 1(U) = U x F is a diffeomorphism such that the following diagram
commuttes:

~Y(U) ¢ UxF
\ U/

where 71 : U x F' — U denotes the projection in the first factor. If E, =
7~ 1(p) is the fiber over p € U we obtain a diffeomorphism ¢ : E, — F as
the composition of the maps:

¢
P E,——{p}x F——F.

Hence, if v € E,, we have ¢(v) = (p, ¢"(v)).
Given two trivializing charts (Un, ¢o) and (Ug, ¢g) have the transition
map:

Pa0 by’ (UaNUp) X F = (Ua NUp) X F, (p, ) =+ (p, % 0 (¢5) 71 ())-
This defines the transition functions g, : U, N Ug — Diff(F), where
9ap(p) = ¢h o (6) .

If one is given a covering of M by trivializing charts {(Ua, ¢a) : @ € A},
this leads to a cocycle {go3} with values in the group Diff (F'). We would
like this to determine the fiber bundle, and recover the bundle from the

cocycle. However, Diff (F) is infinite dimensional, so this may pose some
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difficulties. For this reason, we will restrict our attention to fibre bundles
for which the transition functions take values in a finite dimensional Lie
group G C Diff (F'):

G : Ua NUs — G C Diff(F).

Equivalently, we assume that the we have an effective action of a Lie group
G on F and that the transition functions take the form:

¢ 0 (¢5) () = gap(p) - 1,

for a map go,8 : Uo NUg — G. Our formal definition of a G-fiber bundle is
then the following:

Definition 33.1. Let G be a Lie group and G X F' — F a smooth, effective,
action. A G-fiber bundle over M with fiber type F is a triple § = (w, E, M),
where m : E — M is a smooth map admitting a collection of trivializing
charts C = {(Uqa, ¢o) : o« € A} with fiber type F, satisfying the following
properties:

(i) {Ua : a € A} is an open cover of M: |J,cq Ua = M;

(ii) The charts are compatible: for any o, € A there are smooth maps

9ap : Ua NUg — G such that the transition functions take the form:

(0, f) = (P, 9as(P) - f);

(iii) The collection C is mazimal: if (U, @) is a trivializing chart of fiber type
F with the property that for every o € A, there exist go : UNU, — G
such that

¢ o (B)(f) =galp)- f, VfEPF
then (U, ¢) € C.

We shall use the same notation as in the case of vector bundles, so we
have the total space, the base space, and the projection of the G-bundle.
Also, one calls G the structure group of the fiber bundle. Given a G-fiber
bundle & a subcollection of charts of C which still covers M is called an
atlas of fiber bundle or a trivialization of £. We define a section over
an open set U in the obvious way and we denote the set of all sections over
U by I'y(E). Although a fiber bundle always has local sections, it may fail
to have global sections.

Among the most important classes of G-bundles we have:

e Vector bundles: In this case the fiber F' is a vector space and
the structure group is the group of linear invertible transformations
G = GL(V). These are precisely the bundles that we have studied
in the previous sections.

e Principal G-bundles In this case the fiber F' is itself a Lie group
G and the structure group is the same Lie group G acting on itself
by translations G x G — G, (g, h) — gh. We shall see that principal
bundles play a central role among all G-bundles.
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A morphism of G-fiber bundles can be defined in a fashion similar to the
definition of a morphism of vector bundles, where we replace GL(r) by the
structure group G.

Definition 33.2. Let { = (m, E, M) and & = (7', E', M') be two G-bundles
with the same fiber F' and structure group G. A morphism of G-bundles
is a smooth map V : E — E' mapping fibers of £ to fibers of &', so W covers
a smooth map ¢ : M — M':

E-Y.p

1

MY

and such that for each p € M, the map on the fibers
VP =g, B, — B, (q=v¢(p))
satisfies
¢'hoWPo(¢h) ! €@,
for any trivializations {¢o} of & and {¢'5} of €.

In this way, we have the category of fiber bundles with fiber type F
structure group G. Just like in the case of vector bundles, we shall also
distinguish between equivalence and isomorphism of G-bundles, according
to wether the base map is the identity map or not.

The set of transition functions associated with an atlas of a G-fiber bundle
completely determined the bundle. The discussion is entirely analogous
to the case of vector bundles. First, if £ = (7, E, M) is a G-bundle the
transition functions g.g : Uy, N Ug — G, relative to some trivialization
{(Uq, o)}, satisfy the cocycle condition:

9ap(P)957(P) = Gar(p), (P € Ua NUgNU,).

We say that two cocycles {gas} and {g[3} are equivalent if there exist
smooth maps A, : U, — G such that:

9o (0) = Aa(D) - 9ap(0) - A5 ' (p),  (p € Ua NUp).
One checks easily the following analogue of Proposition

Proposition 33.3. Let M be a manifold and G a Lie group acting on
another smooth manifold F. Given a cocycle {gag} with values in G, sub-
ordinated to a covering {Uy,} of M, there exists a G-bundle & = (m, E, M)
with fiber type F' which admits an atlas {¢a}, for which the transition func-
tions give the cocycle {gap}. Two equivalent cocycles determine isomorphic
G-bundles.

Let & = (m, E, M) be a G-fiber bundle with fiber type F' and let {g.g}
be a cocycle associated with a trivialization {¢,} of . If H C G is a Lie
subgroup, we say that the structure group of £ can be reduced to H
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if the cocycle is equivalent to a cocycle {gfxﬁ} where the transition functions
take values in H:

g;B:UaﬂUB%HCG.
We will see later how to describe this notion independently of choice of
trivializations. The next examples illustrate how the structure group (and

its possible reductions) are intimately related with geometric properties of
the bundle.

EXAMPLES 33.4.

1. A G-fiber bundle £ = (w, E, M) with fiber type F and is called trivial if it
s isomorphic to the trivial bundle pr : M x F — M. This is the case if and
only if its structure group can be reduced to the trivial group {e}.

2. We saw before that a vector bundle of rank r is orientable if and only if its
structure group can be reduced to GLY(r). Similarly, a vector bundles admits
a fiber metric if and only if its structure group can be reduced to O(r) (and by
the polar decomposition, this can always be achieved). A further reduction of
its structure group to SO(r) amounts to an additional choice of an orientation
for the bundle (which may or may not be possible).

Remark 33.5. The specification of the structure group is crucial. For
example, a G-cocycle may take values in a subgroup H C G and be trivial as
a G-cocycle, but not as an H-cocycle. An example is given in the Homework
at the end of this section.

Notice that the cocycles associated with a G-fiber bundle, as well as the
notion of equivalence of cocycles, does not make any use of the G-action on
F'. For this reason principal G-bundles play a fundamental role among all
G-bundles. In fact:

e Given a principal G-bundle £ = (7, P, M), a trivialization {¢,} of
¢ determines a cocycle {gog} with values in G. If G acts in F' we
obtain a G-fiber bundle {r = (7, E, M) with fibre type F.

e Conversely, given a G-fiber bundle (g = (7, E, M) and fixing a trivi-
alization {¢} of {p, the associated cocycle {g,3} takes values in G.
Since G acts on itself by translations this cocycle defines a principal
G-bundle & = (mw, P, M).

To make this more explicit, we observe that principal G-bundles can also
be described more succinctly:

Proposition 33.6. A fiber bundle & = (w, P, M) is a principal G-bundle if
and only if there exists a right action P x G — P satisfying the following
properties:

(i) The action is free and proper;

(i) M is diffeomorphic to P/G and under this identification w : P — M ~

P/G is the quotient map;
(11i) The local trivializations (U, ¢) are G-equivariant: ¢P(v - g) = ¢P(v)g.
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Proof. Given a principal G-bundle ¢ = (w, P, M) one constructs a right
action P x G — P working on trivializing charts (U, ¢): the action of G on
77 1(U) is defined by

u-g:=¢"(p,d"(u)g), (p=m(u)).

One checks easily that this definition is independent of the choice of trivial-
ization. The rest of the statements are left as an exercise. O

Conversely, by an exercise in Section [I6, if one is given a free and proper
right action P x G — P, one obtains a principal G-bundle £ = (w, P, M)
by setting M = P/G and letting m : P — M be the quotient map. So
principal bundles amount simply to free and proper right actions — which
will be called principal actions.

If one is given a principal action P x G — P and an action G X F' — F' one
can form the associated fiber bundle ¢ = (7p, E, M) with total space

E:=P xag F s
the quotient space for the action of G on P x F' defined by:

(u, f)-g=(u-g,9g7" f)

(recall that G acts on the right in P and on the left in F'). The projection
wp: E— M is given by: wp([u, f]) = 7(u).

These descriptions of principal G-bundles and the associated bundles al-
lows one to give many examples of G-fiber bundles.

EXAMPLES 33.7.

1. For any Lie group G, we have the trivial principal G-bundle M x G — M .
Sections of this bundle are just smooth maps M — G. Moreover, if G acts on
some space I, then the associated bundle is also the trivial bundle M x F' — M.

2. For any Lie group G and any closed subgroup H C G the right action of
H on G is principal, so the quotient G — G/H is a principal H-bundle. For
example, if we let S* be the group of unit quaternions and let S' C S be the
subgroup of unit complex numbers, then we obtain a principal S*-bundle, which
is easily seen to be isomorphic to the Hopf fibration.

3. Ifm: M — M is the universal covering space of a manifold M, the triple
(ﬂ',M,M) is a principal bundle with structure group the fundamental group
w1 (M) (the topology in w1 (M) is the discrete topology). More generally, if
H C m(M) is a normal subgroup then the covering space P := M/H - M
with group of deck transformations G := 71 (M)/H is also a principal G-bundle.

4. Let M be a smooth manifold of dimension d. The frame bundle is the
principal bundle 7 : F(M) — M with structure group GL(d) whose fiber over
p € M consists of the set of all ordered basis of T, M :

F(M), ={(v1,...,va) : V1,...,Vq is a basis of T,M}.
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The group GL(d) acts on the right on F(M): if u = (v1,...,vq) is a frame
and A = (a}) is an invertible matriz, then u- A = (w1,...,Wq) is the frame:

d
wi:Zagvj, (i=1,...,d).
j=1

This is a proper and free action, hence F(M) is a principal bundle with struc-
ture group GL(d).

The group GL(d) acts (on the left) in R? by matriz multiplication. Hence,
F(M) has an associated fibre bundle with fiber R?, i.e., a vector bundle. We
leave it as an exercise to check that this bundle is canonically isomorphic to the
tangent bundle T(M). Similarly, one obtains the cotangent bundle, exterior
bundles, tensor bundle, etc., if one considers instead the induced actions of
GL(d) in (R?)*, AFR?, @FRY, etc.

More generally, for any (real) vector bundle m : E — M of rank r, one can
form the frame bundle F(E), a principal bundle with structure group GL(r).
For the usual action of GL(r) on R" one obtains an associated bundle to F(E)
with fiber R", which is canonically isomorphic to the original vector bundle
7 : E — M. Similarly, one can obtained as associated bundles E*, \FE, @FE,
etc.

An entirely similar discussion is valid for complex vector bundles and the
bundle of complex frames where GL(d) is replaced by GL(d,C).

If ¢ = (m, P, M) is a principal G-bundle and Gx F' — F' is a smooth action,
then one should expect that any functorial construction in the associated
bundle & = (m, E, M) should be expressed in terms of & and F. As an
example of this principle, for the sections of £x we have

Proposition 33.8. Let £ = (w, P, M) be a principal G-bundle and G x F —
F' a smooth action. The sections of the associated bundle (g = (m, E, M)
are in one to one correspondence with the G-equivariant maps h: P — F'.

Proof. The total space of the associated bundle is
E=PxgF=(PxF)/G.

An element v € E), is an equivalence class in P, xg F', which can be written
as:

v=[(uhy()]. Vue Py,
for a unique map h, : P, — F' which is G-equivariant:
hp(u-g) =g~ " - hy(u).
Hence, a section s : M — E can be written in the form:
s(p) = [(u, h(u))], Vu € P com m(u) = p,

where h : P — F'is a G-equivariant map. Conversely, a G-equivariant map
h: P — F determines through this formula a section of {p. O
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Note that a G-fiber bundle {p = (7, E, M) may not have any sections and
even if has a section it may not be trivial (e.g., vector bundles). However, it
is not hard to see that a principal G-bundle is trivial if and only if it admits
a section. Another important general fact, which we will not prove, is the
following:

Theorem 33.9. Let {p = (m, E, M) be a G-fiber bundle with contractible
fiber . Then £p admits a section and any two sections of Eg are homotopic.

In order to understand the issue of reduction of the structure group with-
out referring to cocycles, it is convenient to enlarge the notion of morphism
of principal bundles as follows:

Definition 33.10. Let ¢ = (x/,P',M’) be a principal G'-bundle, & =
(m, P, M) a principal G-bundle and ¢ : G' — G a Lie group homomorphism.
A ¢-morphism U : &' — £ is a map ¥ : P’ — P such that

U(u-g)=VY(u)p(g),Yue P ge .

A ¢-morphism of principal bundles ¥ : ¢ — £ takes fibers to fibers so it
covers a smooth map v : M’ — M:

p-Y.p

J

M —— M
(4

IfU:P — Pand ¢ : G' — G are both embeddings, one can identify P’ and
G’ with its images W(P’) C P and H := ®(G’) C G. We then say that &' is
a subbundle of the principal bundle £&. When M’ = M and v =id we say
that ¢ is a reduced subbundle of £. You should check that this matches
the notion of reduction of the structure group from G to H that we have
introduced before in terms of cocycles.

EXAMPLE 33.11.
If M carries a Riemannian structure, then we can consider the orthogonal
frame bundle whose fiber is:

OF(M)p, ={(v1,...,V4): V1,...,Vq is an orthonormal basis of TpM}.

This is a principal O(d)-bundle, which is a reduced subbundle of F(M), ob-
tained by reduction of the structure group from GL(d) to O(d). In general, a
reduction of F(M) to a closed subgroup G C GL(d) is called a G-structure
on M. We leave the details as an exercise.

HOMEWORK.

1. Show that & = (w, P, M) is a principal G-bundle principal if and only if
there exists a right action P x G — P satisfying the following properties:
(i) The action is free and proper;
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(ii) The quotient P/G is a manifold, M ~ P/G and 7 : P — P/G ~ M is
the quotient map;
(iii) The local trivializations (U, ¢) are G-equivariant: ¢P(g-v) = g- ¢P(v).

2. Give a proof of Proposition B3.3]

3. Consider the covering of M = S' by the open sets:
Us = {(z,y) e R? 1 2® + ¢ =1} — {(£1,0)}.
Define a cocycle {gag} relative to this covering by

I if(z,y) ey >0,
g+ (z,y) =
—I if (z,y) €y <O.
where I is the 2 x 2 identity matrix Show that:
(a) This cocycle defines a G-bundle with fibre type S! and structure group
S! = S0(2) which is isomorphic (as an S'-bundle) to the trivial bundle.
(b) This cocycle defines a G-bundle with fibre type S' and structure group
Zs = {I,—I} which is not isomorphic (as a Zs-bundle) to the trivial
bundle.

4. Show that a principal bundle is trivial if and only if it has a global section.
(NoTE: This exercise is a very special case of the next exercise.)

5. Let & = (m, P, M) be a principal G-bundle and H C G a closed subgroup.
Note that G acts in the quotient G/H hence there is an associate bundle
¢q/a = (', P xg (G/H),M). Show that this bundle can be identified with
the quotient (n’, P/H,M), where «’ : P/H — M is the map induced in the
quotient by 7 : P — M. Show that the following statements are equivalent:

(a) The structure group of £ can be reduced to H.

(b) The associated bundle £z, has a section, i.e., there exists a map s :
M — P/H such that 7’ o s =id.

(¢) There exists a G-equivariant map h: P — G/H.

6. Let M be a Riemannian manifold and let 7 : OF (M) — M be the principal
O(d)-bundle formed by the orthogonal frames:

OF (M), ={(v1,...,Vs): Vvi,...,V, is an orthonormal base of T,M}.

Show that OF (M) is the reduced bundle from F (M), which corresponds to
the reduction of the structure group from GL(d) to O(d).

34. PrINCIPAL FIBER BUNDLES

Let ¢ : N — M be a smooth map and let £ = (7, P, M) be a principal G-
bundle. Similar to the case of vector bundles, we have a pullback principal
bundle ¥*&: it is the the principal G-bundle over N with total space:

WP = {(q,u) € N x P: (q) = w(u)}.
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The G-action on the right of this space is given by (¢,u)-g = (¢, u-g), which
is clearly a principal action.

We also have a morphism of principal bundles ¥ : ¢*¢ — £, given by
U(q,u) = u, which allows to complete the diagram:

The pullback of principal bundles satisfies properties analogous to those
of the pullback of vector bundles, such as the universal property, homotopy
invariance, etc., which we leave as an exercise to state (and to prove!).

Let us look briefly at the classification of principal bundles. Let £ =
(m, P, M) be a principal G-bundle and let E be a space with a right G-
action. If we make the right action into a left action, we can form the
associated fiber bundle

¢p = (m, P xg E,M).

We make the following assumptions on the G-space:

(i) E is contractible: By Theorem [B3.9] the bundle {r admits sections
and any pair of sections sg,s1 of £g are homotopic. By Proposition
338l a section s : M — P xg E corresponds to a G-equivariant map
® : P — E. So we conclude that the there exists G-equivariant maps
and any two such maps are G-equivariantly homotopic.

(ii) Action is free and proper: We have a principal G-bundle n = (pr, E, E/G)
with projection the quotient map

pr: E— E/G.
Also, any G-equivariant map ® : P — FE is injective and covers a map
¢: M — E/G:
P—2-E
R
M ——E/G
¢

The map ® : £ — n is a morphism of principal G-bundles and yields
an isomorphism of principal G-bundles:

=, u (m(u), P(w).

Since the homotopy class of the map ¢ : M — E/G is unique and indepen-
dent of the choice of section, one is lead to:
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Theorem 34.1 (Classification of Principal Bundles). Let E be a contractible
space with a free and proper action of G. The isomorphism classes of prin-

cipal G-bundles over M are in one to one correspondence with the homotopy
classes of maps [M : E/G].

The space Bg = E/G is usually called the classifying space of principal
G-bundles, while the principal G-bundle Eq — Bg, where Eg = E, is called
the classifying bundle. The classifying space and bundle are far from being
unique, but one can show that the homotopy type of Bg is unique. Also, if
G is non-trivial, it is never possible to choose F¢ (and hence Bg) to be a
finite dimensional manifold. However, Bg can be chosen to be a simplicial
manifold and this is enough to talk about differential forms, vector fields,
etc., on Bg. We will not go into the differential geometry of Bg in these
notes.

EXAMPLES 34.2.
1. The infinite sphere S is the direct limit of the finite dimensional spheres
oSt stttositR e

It can be identified with the unit sphere in R furnished with the inner product:

<($n)7 (yn)) = Z TnlYn

(note that in this sum only a finite number terms is non-zero) so that:

S = {(z,,) € R*: an =1}

We leave as exercise to check that S*™ is a contractible space. On the other
hand, the antipodal action of the group Zs on S*° is free and proper, so we
conclude that:

Eyz, =S, By, = RP™.
2. Consider the space of r-frames in R*>:
F.(R*®) ={¢:R" = R : ¢ is linear injective map}.

This space 1is contractible and the right action of GL(r) on F.(R*) by pre-
composition is proper and free. The quotient is the infinite Grassmannian
G, (R*). We conclude that:

Eary = Fr(R%), Bariy = Gr(R™).

Since vector bundles of rank r can be thought of as the associated bundles of
principal bundles with structure group GL(r) — see Example[33.7.4 — it follows
that the set [M : G.(R*)] is also in bijection with the isomorphism classes of
vector bundles of rank r over M.

We studied before connections on vector bundles. By our general prin-

ciple, there must exist a notion of connection on a principal GL(r)-bundle
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which induces a vector bundle connection on any associated bundle. Actu-
ally, one can define a general notion of connection for any principal G-bundle:

Definition 34.3. Let & = (w, P, M) be a principal G-bundle. A principal
bundle connection in & is a distribution H C TP such that:

(i) H is horizontal: for every u € P,
T.P = H, ®kerd,m;
(i) H is G-invariant: for all g € G and u € P,
Hyy = (Rg)*Hua
where Ry : P — P is the translation by g: Ry(u) =u- g = ug.

Let £ = (m, P, M) be a principal G-bundle with a connection H. Given
u € P, we call V,, = ker d,m — the tangent space to the fiber containing u —
the vertical space and H, the horizontal space. An arbitrary tangent
vector v € T, P has a unique decomposition:

v ="h(v)+wv(v), where h(v) € H,,v(v) € V,.

Any vector field on the total space X € X(P) also splits into an horizontal
vector field h(X) and a vertical vector field v(X).

The next example shows how a vector bundle connection V determines a
principal bundle connection H.

EXAMPLE 34.4.

Let M be a smooth manifold and & = (7, E, M) a vector bundle over M
furnished with a connection V. Denote by & = (m, F(E), M) the bundle of
frames of &p: it is a principal bundle with structure group GL(r), where
r =rankép. Ifu = (vi,...,v,) € F(E) is a frame and ¢ : I — M is a
curve with ¢(0) = m(u), then the vector fields X1,..., X, along c(t) obtained
by parallel transport of v1,...,v,, determine a curve u(t) = (X1(¢),..., X (¢))

in F(F). We consider all the curves u(t) obtained in this way, and we define
the subspace:

H, = {u/'(0) e T,F(E) : for all curves u(t)}.

It is not hard to see that the distribution v — H, is C°° and satisfies conditions
(i) and (ii) of the definition of a principal bundle connection. Hence, every
connection V in a vector bundle determines a principal bundle connection H
in the corresponding bundle of frames.

Let £ = (w, P, M) be a principal G-bundle. The G-action on P induces
an infinitesimal Lie algebra action 1 : g — X(P). We denote by X™* = ¢(X)
the vector field in P determined by the element X € g. This vector field is
vertical, i.e., it is tangent to the fibers of P. Moreover, for each u € P, the
map X — X gives a linear isomorphism g ~ V,,.
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Let us fix now a principal bundle connection H in P. Its associated
connection 1-form is the g-valued 1-form w € Q'(P;g) defined by:

w(v)=X, ifveT,P and X € gissuch that X, = v(v).

Note that w(v) = 0iff v is a vertical vector, so w determines the distribution.
Indeed, the connection 1-form completely characterizes the connection, as
stated in the following proposition, whose proof is left as an exercise:

Proposition 34.5. Let £ = (w, P, M) be a principal G-bundle. Given a
principal bundle connection H on P its connection 1-form w satisfies:

(i) w(X*) =X, for all X € g;

(i) (Rg)ww = Ad(g)w, for all g € G.
Conversely, if w € QY(P; g) satisfies (i) and (ii), there exists a unique prin-
cipal bundle connection H in P whose connection 1-form is w.

The description of principal bundle connections in terms of connections
1-forms also allows to give a simple proof of existence of connections on any
principal bundle using a partition of unity.

In order to define the curvature of a connection H on a principal G-
bundle £ = (m, P, M), we introduce the exterior covariant derivative to be
the differential operator D : Q%(P;g) — QF+1(P; g) by setting:

The curvature 2-form of H is the g-valued 2-form Q € Q?(P, g) given by:
Q= Duw.

Given a trivialization {(Uy, ¢4 )} of the principal G-bundle £ = (7, P, M),
we have local sections s, : Uy, — P, p — ¢, '(p,e), where e € G is the
identity element. The connection 1-form w determines a family of local
connection 1-forms w, € Q'(U,;g) by:

wWa = (84) w.

On the other hand, the curvature 2-form €2 determines a family of local
curvature 2-forms €, € Q?(U,; g) by:

Qo = (80)™ Q.
We leave as an exercise to check how the local forms are related on overlaps.

EXAMPLE 34.6.

We saw in Example that a connection V on a vector bundle m : E — M
determines a principal bundle connection H on the principal GL(r)-bundle of
frames m 1 F(E) — M. The associated connection 1-form and curvature 2-
form takes values in the Lie algebra gl(r).

A trivialization {(Uy, ¢a)} for the vector bundle m : E — M yields also
a trivialization for the bundle of frames m : F(E) — M. The matrices of
connection 1-forms w, = W8] and curvature 2-forms Q. = [Q8] associated
with V defined in Section 22, are the same as the local connection 1-form and
curvature 2-form of the principal connection H.
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Just like in the case of connections on vector bundles, we have:

Theorem 34.7. Let H be a connection in a principal G-bundle £ = (7, P, M),
with connection 1-form w and curvature 2-form ). Then the following hold:
(i) Structure equation: Q = dw + 3w, w].
(ii) Bianchi’s identity: DY = 0.
Note that in item (i) of the statement, we have used the bracket of g-
valued 1 forms 71,72 € Q' (P, g): it is the g-valued 2-form given by

[m,me](X,Y) == [m(X), n2(Y)] = [m(Y),n2(X)]  (X,Y €TP).

The notion of parallel transport can also be introduced for a connection
H in a principal G-bundle ¢ = (w, P, M). First, if X € X(M) is a vector
field on the base M, there exists a unique vector field X in the total space
P such that:

(a) X is horizontal: X, € H, for all u € P;
(b) X is m-related to X.
One calls X € X(P) the horizontal lift of X € X(M). The next results

states the most important properties of the horizontal lift, and follows im-
mediately from the definitions:

Proposition 34.8. Let X,Y € X(M) and f € C*°(M). Then:
(i) X +Y s the horizontal lift of X +Y ;

(ii) (w*f))? 1s the horizontal lift of fX;

(iii) h([X,Y]) is the horizontal lift of [X,Y].

Notice that, by property (iii), the vector field
[X,Y] - [X,Y],
is vertical. This leads to a geometric interpretation of curvature, whose
proof we leave as an exercise:

Theorem 34.9. Let H be a connection in a principal G-bundle § = (mw, P, M),
with curvature 2-form Q € Q%(P;g). For any local section s : U — P and
vector fields X,Y € X(U) we have:

(X, V) = (IX.¥]-[X.¥]) -

A flat connection is a connection whose curvature vanishes identically:
Q = 0. Since the horizontal lifts X of vector fields X € X(M) generate the
horizontal distribution of the connection, we obtain:

Corollary 34.10. A connection is flat if and only if the horizontal distri-
bution s integrable.

In order to define parallel transport we need to define the horizontal lift
of curves ¢ : I — M: a curve u : I — P is called a horizontal lift of the
curve c(t) if w(u(t)) = ¢(t) and u(t) is an horizontal curve (i.e., is tangent
to the horizontal distribution).
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Proposition 34.11. Let H be a connection in a principal G-bundle & =
(nr,P,M). Ifc: I — M is a curve and ug € 7~ (c(0)) there exists a unique
horizontal lift u : I — P of ¢(t) with u(0) = uyp.

Proof. Local triviality of the bundle, shows that we can always lift ¢(t) to a
curve v : I — P, such that v(0) = up and 7(v(t)) = ¢(¢). The horizontal lift
u : I — P through wuy, if it exists, takes the form:

u(t) = v(t)g(t),
for some curve g : I — G with g(0) = e. If w denotes the connection 1-form
of H, differentiating this expression we obtain:

w(a(t)) = Ad(g(t)Hw(0(t) + 9() 71 9(t),
where t — g(t)"1g(t) = dgt)Lg)-19(t) is a curve in the Lie algebra g. The
curve u(t) will be horizontal iff g(t) satisfies the equation:

g(t)"Hg(t) = — Ad(g(t) " w(0(t).

Hence, the proposition follows from the following lemma, whose proof is left
as an exercise:

Lemma 34.12. Let G be a Lie group with Lie algebra g. If t — X(t) is
a curve in g, then there exists a unique curve g : I — G, with g(0) = e,
satisfying:
g(t)1g(t) = X(t), (t€[0,1]).
O

Therefore, given a curve ¢ : I — M, we can proceed to define parallel
transport along c to be the map 7 : P,g) — P given by

Te(ug) := u(t),

where u(t) is the unique horizontal lift v : I — P of ¢(t) such that u(0) = uyg.
Note that we can also define parallel transport along curves which are only
piecewise smooth, by making parallel transport successively along its smooth
components.

Parallel transport is an isomorphism between fibers, since we have:

Proposition 34.13. Parallel transport along a piecewise smooth curve c :
I — M commutes with the G-action:

TtORg:RgOTt, VQEG
Moreover:
(i) 71 is an isomorphism whose inverse is parallel transport along the curve
ct)y=c(1—1).
(i) If c1 and c2 are piecewise smooth curves and c¢1(1) = c2(0), then parallel
transport along the concatenation cy - co coincides with the composition

the parallel transports.
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Proof. The first statement follows by observing that R, takes horizontal
curves to horizontal curves. The rest is obvious. O

The holonomy group ®(pg) of a connection H on a principal G-bundle
¢ = (m, P, M) with base point pg € M consists of the set of all isomorphisms
71 : Py, — P,, obtain by performing parallel transport along piecewise
smooth curves ¢ : I — M with ¢(0) = ¢(1) = py.

Now choose ug € 77 (pg). For each 7 € ®(pg) there is an element g € G
such that 7(u) = ugg. This establishes an injective group homomorphism
between ®(py) and a subgroup ®(up) C G. Given two points ug,uj €
71 (po) there exists an element gg € G such that ugy = upgo, and we have:

B (up) = go®(uo)gy -

Hence, the subgroups ®(u), for u € 7~!(pg), are all conjugate. Moreover,
one can show that the following fundamental result holds:

Theorem 34.14 (Ambrose-Singer). Let H be a connection in a principal
G-bundle £ = (m, P, M) with curvature 2-form Q. Given u € P denote by
P(u) C P the set of all W' € P which can be connected to u through an
horizontal curve. Then ®(u) is a Lie subgroup of G with Lie algebra:

{Qu(v,w):u € Plu),v,we Hy} Cg.

Let & = (m, P, M) be a principal G-bundle and let p : G — GL(r) be a
representation of G. The associated bundle &g = (7, E, M) is then a vector
bundle, and parallel transport in £ induces a parallel transport operation in
Err as we explain next.

If ¢: I — M is a piecewise smooth curve, the horizontal lift of ¢(¢) in the
associated bundle &gr is, by definition, a curve v(t) € E of the form:

v(t) = [(u(t),v)] € P xgR" = E,

where u(t) is an horizontal lift of ¢(¢) in P. It is easy to see that, for
any vo € F,(), there exists a unique horizontal lift v(¢) of ¢(t) such that
v(0) = vp. As before, we can now define the parallel transport along c(t),
in the associated bundle: 7; : E.) = E1)-

Now let s be a section of the associated bundle {r-. Given v € T, M let
c¢: I — M be a curve such that ¢(0) = p and ¢(0) = v. The covariant
derivative Vys of s in the direction v is defined to be:

Vs = %% M s(e(®) — s(p)] € B

It is easy to check that this definition is independent of the choice of curve c.
Moreover, if X € X(M) is a vector field, we define the covariant derivative
of a section s along X, to be the section defined by:

(Vxs)(p) = Vx,s.

We have:
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Proposition 34.15. The covariant derivative V : X(M) x I'(E) — I'(E)
associated with a connection H in & is a vector bundle connection on Err.
Moreover, every vector bundle connection V on &rr arises in this way from
a unique principal bundle connection H on &.

This bijective correspondence between connections on a principal bundle
and vector bundle connections on the associated vector bundle, suggests
that the theory of characteristics classes for vector bundles, that we studied
before, can be generalized to principal bundles. Indeed, if H is a connec-
tion in the principal G-bundle £ = (w, P, M), one defines the Chern-Weil
homomorphism similarly to the way it was defined for vector bundles:

CW[¢] : I*(G) — H* (M), P — [P(QF)],

This homomorphism is independent of the choice of connection.

One can use the Chern-Weil homomorphism to construct characteristics
classes. For example, if £ is a principal bundle with structure group GL(r, R)
the Pontrjagin classes of ¢ are obtained by considering the elementary
symmetric polynomials:

1

pr(§) = [U%(%Q)%] c H*(M).

Similarly, if £ is a principal bundle with structure group GL(r,C) the Chern
classes of £ are given by:

cn(€) = [ak(%Q)k] e H2*(M).

An alternative approach is to use the classifying space Bg. Using the fact
that Fg — B¢ is a simplicial principal G-bundle, one can introduce con-
nections on this principal bundle. The curvature 2-form of such a connection
allows one to define a universal Chern-Weil homorphism:

CW¢ : I(G) — H(Bg).

The reason for calling this universal is that for any principal G-bundle £ =
(m, P, M) the Chern-Weil homomorphism factors through its classifying map
1 : M — Bg, so one obtains a commutative diagram:

H'(fG)
cWq "

H*(M)

L]

(@) CWI]

One can show that for any compact Lie group G the universal Chern-Weil
homorphism is actually an isomorphism. Hence, one can think of elements in
H*(Bg) as universal characteristic classes and any characteristic class
is a pullback of such a universal characteristic class. One can also consider
elements in the integral cohomology H®(Bg,Z) as universal characteristic
classes giving rise to integral characteristic classes, so one has integral Chern
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classes, integral Pontrjagin classes, etc. Of course, these are related to the
real cohomology classes defined using connections and curvature via the
natural homomorphism H®(M,Z) — H*(M).

HOMEWORK.

1. Show that a principal G-bundle is trivial if and only if it admits a section.
Moreover, given any principal G-bundle £ = (7, P, M):
(a) Prove that there is an open cover {U, : a« € A} of M over which & admits
local sections s, : U, — P;
(b) Given an open cover as in (a), show that any two sections s, and sg with
overlapping domains are related by:

s5(p) = sa(p)gas(p)  (p € UaNUp),

for unique functions gng : Uy NUg — G forming a cocycle.

2. Let £ = (w, P, M) be a principal G-bundle with connection H, and denote
by w its connection 1-form and by 2 its curvature 2-form. Let {U, : o € A}
be an open cover of M over which £ admits local sections s, : Uy, — P and
denote by gap : UsNUs — G the associated cocycle (see the previous exercise).
Show that the local connection 1-forms w, = s’w and local curvature 2-forms
Qn = 55, satisfy:

wp = Ad(gap) 'wa + ghswrc, Qs = Ad(gap) ' Qa,
where wyrc € Q1(G, g) is the Maurer-Cartan form of G, defined by:

ch(v) = dng—l(U) (1) S TgG)
3. Show that a principal G-bundle always admits a connection.

4. If H is a connection in a principal G-bundle £ = (7, P, M), with curvature
2-form Q € Q?(P;g). For any local section s : U — P, show that:

—_~—

(s*Q)(X,Y)" = [X,Y] - [X,Y].

5. Let G be a Lie group with Lie algebra g. If ¢ — X (t) is a curve in g, show
that there exists a unique curve g : I — G, with g(0) = e, satisfying:

g(t)_lg(t) = X(t), (t € [07 1])

6. Give a proof of the bijective correspondence between vector bundle connec-
tions and principal bundle with connections stated in Proposition [34.15

7. Give the details of the construction of the Chern-Weil homomorphism for
the case of principal bundles.

8. Let G be a (non-trivial) compact Lie group. Show that there exists no finite
dimensional manifold which is contractible and admits a free G-action.

9. Prove that S and F,.(R*) are both contractible spaces.

10. Let G =S!. Show that Eq = S® and Bg = CP*.
264



MATHEMATICS DEPARTMENT, UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN.

265



	Part 1. Basic Concepts
	0. Manifolds as subsets of Euclidean space
	1. Abstract Manifolds
	2. Manifolds with Boundary
	3. Partitions of Unity
	4. The Tangent Space
	5. The Differential
	6. Immersions, Submersions and Submanifolds
	7. Embeddings and Whitney's Theorem
	8. Foliations
	9. Quotients

	Part 2. Lie Theory
	10. Vector Fields and Flows
	11. Lie Bracket and Lie Derivative
	12. Distributions and the Frobenius Theorem
	13. Lie Groups and Lie Algebras
	14. Integrations of Lie Algebras
	15. The Exponential Map
	16. Groups of Transformations

	Part 3. Differential Forms
	17. Differential Forms and Tensor Fields
	18. Differential and Cartan Calculus
	19. Integration on Manifolds
	20. de Rham Cohomology
	21. The de Rham Theorem
	22. Homotopy Invariance and Mayer-Vietoris Sequence
	23. Computations in Cohomology
	24. The Degree and the Index

	Part 4. Fiber Bundles
	25. Vector Bundles
	26. The Thom Class and the Euler Class
	27. Pullbacks of Vector Bundles
	28. The Classification of Vector Bundles
	29. Connections and Parallel Transport
	30. Curvature and Holonomy
	31. The Chern-Weil homomorphism
	32. Characteristic Classes
	33. Fiber Bundles
	34. Principal Fiber Bundles


