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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 “Lectures”. Each of these lectures should
correspond approximately to 1 hour and 30 minutes of classroom time. How-
ever, some lectures do include more material than others, which correspond
to different rhythms in class. The exercises at the end of each lecture 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 lectures. 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 in portuguese that
I 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. Since
this is the first english version of these notes, they contain too many typos
and mistakes. 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, 2013






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 series of 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 series of
lectures are:

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

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

e Lecture 2: A technique of gluing called Partions of unity.

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

e Lecture 4: Tangent vector, tangent space (our infinitesimal objects)
and the differential of a smooth map (our infinitesimal morphisms).

e Lecture 5: Important classes of smooth maps: immersions, submer-
sions and local difeomorphisms. Submanifolds (our sub-objects).

e Lecture 6: Embedded sub manifolds and the Whitney Embedding
Theorem, showing that any smooth manifold can be embedded in
some Euclidean space R".

e Lecture 7 Foliations, which are certain partitions of a manifold into

submanifolds, a very useful generalization of the notion of manifold.

Lecture 8: Quotients of manifolds, i.e., smooth manifolds obtained

from other smooth manifolds by taking equivalence relations.






LECTURE 0. MANIFOLDS AS SUBSETS OF KUCLIDEAN SPACE
Recall that the Fuclidean space of dimension d is:
R™ := {(ml,...,az") o L= 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:

8i1+"'+’ir'fj
axil “ e axir
exist and are continuous functions in U. More generally, given any subset
X C R" and amap f: X — R™, where X is not necessarily an open set,
we say that f is a smooth map if every x € X has an open neighborhood

U C R™ where there exists a smooth map F : U — R™ such that F|x = f.
A very basic property which we leave as an exercise is that:

(z),

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.

8



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:
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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 lec-
ture we have chosen the smooth category, where differentiable maps have all
partial derivatives of all orders. We could have chose 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,..., +00, for a map whose partial deriva-
tives 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.
11



2. If f: R4 — R is any map of class C*, its graph:
Graph(f) := {(z, f(2)) : 2 € RY} ¢ RIH

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", YCR"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)=H‘C‘ Z] :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.

12



LECTURE 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 lecture 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 R,

A\

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 coordintaes or a chart, and the
functions ¢* = x' 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 is (U, ¢) centered at
a point p € M if ¢(p) = 0.

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
13



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 Lecture [§]). 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
lectures. We limit ourselves here to give one such example.

EXAMPLE 1.2.

Consider M = R? with the topology generated by sets of the form U x {y},
where U C R is open and y € R. It is easy to see that this topology does not
have a countable basis. However, M is a topological one-dimensional manifold
with coordinate charts (U x {y}, ¢y) given by ¢y(z,y) = .

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

Definition 1.3. 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;
(i) For all a, B € A, the transition function ¢, o gbgl s a smooth map;
(iii) The collection C is maximal: if (U, $) any coordinate system such that
ooyl and ¢po 0 ¢t are smooth maps for all o € A, then (U, ¢) € C.

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



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 = {(Ua, ¢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 ¢, 0 1 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.

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 lectures, we shall concentrate
on the case k = +oo.

EXAMPLES 1.4.

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[0Z, then
M carries a natural smooth structure: the coordinate systems in Definition 0.2
form a mazimal atlas (exercise) for the topology on M induced from the usual
topology on R™. We shall see later in Lecture[@, 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
as an embedded manifold in R™.

3. If M s 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 = {(Uoz 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 mazimal
atlas that contains all coordinate systems of the form (Uy X Vg, ¢ X ¢g), where
(Ua, da) and (Vg,1g) are smooth coordinate systems of M and N, respectively.
It should be clear that dim M 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 M, +- - -+dim M. For ezample, 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. The projective d-dimensional space is the set

P = {L C R . L is a straight line through the origin} .
15



We can think of P4 as the quotient space R4T1 — {0}/ ~ where ~ is the
equivalence relation:

(2°,..., 2 ~ 3°,...,y?) if and only if («°,...,2%) = \&°, ..., y?),
for some A € R — 0. If take on P? the quotient topology, then it becomes

a topological manifold of dimension d: if we denote by [x° : --- : 29| the
equivalence class of (2°,...,2%) € R then for each o = 0,...,n we have
the coordinate system (Uy, o) where:
Ua:{[xoz-n::z:d] cx® £ 0},
0 a d
' d 0. . 4 x x x
¢a.Ua—>R, [(E (E] (I—a,...,xa,...,x—a)

(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 PY. Note that in this example P? does not
arise naturally as a subset of some Fuclidean space.

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

Definition 1.5. 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 VW : 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
is called o 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 coordinate system (U, ¢)
of M and (V,7) of N, with p € U and ¥(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
Fluayv = Yuam.

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



ExXaMPLES 1.6.

1. If M C R™ is an embedded manifold, any smooth function F' : U — R
defined on an open Rt 5 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 R4t > U > M.
To see this we will need the partitions of unity to be introduced in the next
lecture.

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 1.5
extends the notion we have introduced in the previous lecture.

2. The map 7 : ST — P4 defined by:

0

(..., a?) = [0 29

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

SdLR

7
Wl
L
Pd

Conversely, every smooth function in C*=(P?) 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 W : (M,Cy) — (M,Cs).

ExamMPLE 1.7.

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 + x2, 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. A normal topological space with a countable basis is metrizable. Use this
to show that every topological manifold M is metrizable.
HINT: A topological space is called normal if for every disjoint pair of closed
sets A; and As, there exist disjoint open sets O; and Oz such that 47 C O
and Ay C Os.

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, with 7(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 projective space P¢ and
show that they are smooth. Show also that:
(a) P! is diffeomorphic to S*;
(b) P4 — P4-1 is diffeomorphic to the open disc D" = {z € R?: ||z|| < 1},
where we identify P4~1 with the subset {[z%:---: 29] : 2¢ = 0} C P%.

6. Show that is 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.

7. 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).

8. Let M be a set and assume that one has a collection C = {(Uq, ¢0) : o € A},
where U, C M and ¢, : U, — R, satisfying the following properties:
(a) For each a@ € A, ¢o(Us) C R™ is open and ¢, : Uy — ¢0(Uas) is a
bijection
(b) For each «, 3 € A, the sets ¢o(Uy NUg) C R™ are open.
18



(c) For each o, B € A, with U, NUg # 0 the map ¢z 0 ¢5 ' : ¢o(Us NUg) —
¢3(Uq NUg) 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.

9. Let M = CU{oo}. Let U := M —{oc} = 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 ¢(oo) = 0. Use the previous exercise to show that M has
a unique smooth structure with atlas C := {(U, ¢vu), (V, ¢v)}. Show that M is
diffeomorphic to S2.

HINT: Be careful with item (e)!

10. 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 coordinate systems (U, ¢) of M and (V,7) of
N, with p € U and ®(p) € V, such that 70 W o ¢~ ! is smooth.
(ili) There exist smooth atlases {(Un, ¢o) : @ € A} and {(Ug,¢g) : § € B} of
M and N, such that for each o € A and 3 € B, 950 ¥ o ¢ ! is smooth.

11. 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.

LECTURE 2. MANIFOLDS WITH BOUNDARY

There are many spaces, such as the closed unit ball, 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',...,29) e R?: 2¢ > 0}.
and the boundary of the closed half-space by:
OH? =: {(«1,...,2%) e R?: 2% = 0}.

When n = 0, we have H° = R® = {0}, so Int H* = R® and 9 H° = 0.
19



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¢.

7 777N 7777
I 00 7
d 70007050 d 2086 ¥
/ /
Ly L N
7 % 0 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. O
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.

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:
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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 W restricts to
homeomorphisms W|gpy : OM — ON and Vg ps : 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 := ¢~ (Vp), we have that Uy
is an open neighborhood of M, Vj is open in R?, and dluy : Uy — 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 = OH?, 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:
DF = Bd .= {z € R? [lz|| <1},

is a topological manifold with boundary of dimension d with interior the open
unit ball B and boundary the unit sphere S¥=1. If we think of D% C RY, then
these notions coincide with the usual notions of boundary and interior of D%
as a topological subspace of R?.

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

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

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 = {(Ua, ¢0) : @ € A} which
satisfies the following properties:
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(i) The collection C is an open cover of M: (J,c 4 Ua = M;
(ii) For all a, B € A, the transition function ¢, o ngl is a smooth map;

(iii) The collection C is maximal: if (U, ¢) any coordinate system such that
poo¢;t 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 Co = {(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 coordinate systems
relative to C, i.e., all coordinate systems (U, ¢) such that ¢o¢, ' and ¢n0¢?
are both smooth, for all (U, ¢q) € Cop.

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-
sion 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 W : M — N 1is a diffeomorphism then W restricts to
diffeomorphisms Vlgp : OM — ON and VUl ps 2 Int M — Int N.

Proof. Exercise. O

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
boundary with 0 (M x N) =M x ON 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[, OMxI)=M x{0}UM x {1}.

It is very cumbersome to write always “manifold without boundary”, so
we agree to refer to manifolds without boundary 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.
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HOMEWORK.

1. Using Invariance of Domain, show that if for some chart (U, ¢) of a topo-
logical manifold with boundary one has ¢(p) € H?, then this is also true 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 proof of Proposition

4. Show that if M is a smooth manifold without boundary and NV is a smooth
manifold with boundary, then M x N is a smooth manifold with boundary
with (M x N) =M x 9N and Int(M x N) = M x Int N.

5. A solid torus is the 3-manifold with boundary D?xS!. What is the boundary
of the solid torus? How does this generalize to dimensions larger than 37

LECTURE 3. PARTITIONS OF UNITY

In this lecture we will study an important gluing technique for smooth
manifolds. If 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 O NU, # 0 for only a finite number of a € A.

e Cisa cover of M if J .y Us = M.

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

o (' ={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 ¢; : i € I} is locally finite;

(ii) ¢i(p) = 0 and > ,c; ¢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,.

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
lecture that there are many partitions of unity on a manifold.
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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 : a € 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 : @ € 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 o = ()
such that supp; C U,(;)- Then the functions

D a(i)=a Vi if {izai) =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 unit
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 ¢ (p) + ¢s(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 < 6(p) <1 for each p € M;
(it) (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 supt 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.

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

we can extend \I”Upﬂ 4 to a smooth function \T/p : Up, — 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:

e The function f : R — R defined by:

exp(—x—lg), x 7é 07
flx) =
0, z =0.

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

g(x) = f(x)f(6 — ),

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

_ fox g(t)dt
=0
Jo g(t)dt
is smooth, non-decreasing, h(x) =0 if x <0 and h(x) =1 if z > §.

h(z) :

Using these functions you should now be able to show that:

(c) there exists a function ¢ € C®(R%) such that ¢(z) = 1, if € B1(0),
and ¢(z) =0, if x € By(0)°.

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 compacts. If

p € U,, we can choose a coordinate system (V),,7), centered in p, with
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Vp C Uy, and such that By(0) C 7(V},). Now if ¢ the function defined in (c)
above, we set:

por, emV,,

Pp =

0, em M —V,.
The function 1, € C°°(M) is non-negative and takes 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 ¢(p) > 0 for every p € M. If we define:

_ Yn
¢ =

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

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

2. Show that there exists a function ¢ € C*°(R%) such that 0 < ¢(z) < 1,
¢(xr) =11if |z| <1 and ¢(z) = 0 if |z| > 2.

3. Show that for a second countable topological space X, every open cover of
X has a countable subcover.

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
Us, containing V;, and show that {U,,;} is a countable subcover.
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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 O1, O2, ..., with compact
closures and O; C O;41. Then given an arbitrary open cover {U, : « € A} of

M, choose for each ¢ > 3 a finite subcover of the cover {U, N (Oj41 — O;—2 :
a € A} of the compact set O; — O;_1, and a finite subcover of the cover
{UaN O3 : a € A} of the compact set O3. 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 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.

LECTURE 4. TANGENT SPACE AND THE DIFFERENTIAL
The tangent space to R? at p € R? is by definition the set:
T,R? := {(p, 7):ve Rd} :

Rd

7
p

\J

Note that this tangent space is a vector space over R where addition is
defined by:
(p,ﬁl) + (p,’l_)é) = (p, ?71 + ?72),
while multiplication is given by:

Ap, V) = (p, \).

Of course there is a natural isomorphism Tp}Rd ~ R4, but in many situations

it is better to think of Tp}Rd as the set of vectors with origin at p.
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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 71,5 C T,R" consisting of those tangent vectors
(p, U), for which there exists a smooth curve ¢ : (—¢,¢) — R", with ¢(t) € S,
¢(0) = p and ¢(0) = v.

Rd

—

Y

A tangent vector (p,v) € 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,e) — U, with
¢(0) = p and ¢(0) = v, 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={(Uy,¢a) : 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.o¥]=[q.8.0] iff  p=gq and (a0 0;") (¢s(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] o' eA,UeRd}.

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

[p, ., 01] + [p, o0, o] := [p, c, U1 + Bo],  Alp, @, 0] := [p, a, AT,
are well defined and give T}, M the structure of vector space over R. Notice
that we still have an isomorphism 7T, 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 ¢ : (—¢,e) — M, with ¢(0) = p. Two such smooth curves
c1 and ¢z will be declared equivalent if there exists some smooth chart (U, ¢)
with p € U, such that

Spoa)(0) = L(B0e)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 7T}, 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 opens 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, t.e., a map v : G, — R satisfying:

(1) v([f] + Algl) = v([f]) + Av([g]);

(i) v([f]lg]) = v([fDa(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.

Since linear derivations can be added and multiplied by real numbers, it
is clear that the tangent space 7, M has the structure of a real vector space.
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EXAMPLE 4.2.
Let (U,¢) = (U,z,...,2%) be a coordinate system in M with p € U. We

define the tangent vectors % » € ToM,i=1,...,d, to be the derivations
9 O(fog™!)
L am= 220
Tolp v ()

1%}

Notice that the tangent vector 5 » corresponds to the direction one obtains

by freezing all coordinates but the i-th coordinate.

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:

My ={[f] € 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
Mb =M, M,,
k
consists of germs that vanish to order k at p: if [f] € MI; 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

Gy OMyDMZD - DMED ...

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

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

so the derivation v is completely determined by its effect on M,. On the
o}t;her hand, any derivation vanishes on ./\/lf,, because if f(p) = g(p) = 0,
then

v([f1lg]) = v([Dg(p) + f(p)v(lg]) = O.

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({IfT = ()]

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,
oz* |,

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:

fogb_l(g;) Z 117 +ng $xja

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

d o) -1 . .
=+ 2T i)+ 3 bt @),
i=1 Y]

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

#(p)

L A(foo))
-3 A

i=1

In other words, we have:

L0
v = Z at —|
i=1 Ozt |,
where @’ = 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 some neighborhood of p and
that:

v(f+Ag) =v(f) +Av(g), (A€ER),
v(fg) = f(p)v(g) +v(f)a(p),

32



where f+ A\g and fg are defined in the intersection of the domains of f and

g.
The proof of Theorem @3] 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 = g a’
i=1

The numbers a* = v(z*) are called the components of tangent vector v

0
ozt

p

in the coordinate system (U, z?,... ,a:d). If we introduce the notation
Of | _ 0fog™!
gz p Ot ¢(p)

then we see that:
d

i Of
v(f) = ; el
On the other hand, given another coordinate system (V,y!,...,y%) we
find that
o Koat| o

Hence, in this new coordinate system we have
d
.0
vV = E [ —
J
j:l 8y p

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

(4.1) a' = ; ;

., with ¥ = v(y/),

=,

Q

T

b

p

()

<

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

Definition 4.4. Let ¥V : M — N be a smooth map. The differential of ¥
at p € M s the linear transformation dpV : T,M — Ty )N defined by

BU(v)(f) =v(fo¥),
where f is any smooth function defined in a neighborhood of ¥ (p).

If (U,¢) = (U,z',...,2% is a coordinate system around p and (V1)) =

(V,y',...,y°) is a coordinate system around ¥(p), we obtain
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 4.5 (Chain Rule). Let U : M — N and ® : N — P be smooth
maps. Then the composition ® o ¥ is smooth and we have that:

dp(q) o \If) = dq,(p)q) o dp\I’

Similarly, it is easy to prove the following proposition that generalizes a
well known result:

Proposition 4.6. If a smooth map ¥ : M — N has zero differential on a
connected open set U C M, then W is constant in U.

A very important special case concerns real valued smooth functions f :
M — R, which can be 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 dp,f : T,M — T}, R, and since we have a canonical
identification T, R ~ R, the differential is an element in the dual vector space
to T, M.

Definition 4.7. The cotangent space to M at a point p is the vector space
Ty M dual to the tangent space T, M :

TyM ={w:TpyM — R, com 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 ... ,a;d) around p, we obtain elements

{dpxl, - ,dpazd} CTIM.

It is then easy to check that

9 1 if i = j,
dp.Z'Z . ﬁ =
Lo p 0  ifi#j.
Hence:
Lemma 4.8. For any coordinate system (U,xl,...,xd) of M around p,
{dyat, ..., dyz?} is the basis of Ty M dual to the basis {%‘p Yy %‘p} 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(@/@xﬂp).
i=1

34



If (V,y',...,y%) is another coordinate system, we find

d
w= Z bidyy’,  with b; = w(a/ayj|p),
j=1
and one checks easily that:

d
0 J
(4.2) Z 8?;

This transformation formula for the components of elements of 77 M should
be compared with the corresponding transformation formula (41I]) for the
components of elements de T, M.

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

TM = U T, M, T*M = U Tr M
pEM peEM
Notice that we have natural projections 7 : TM — M and 7 : T*M — M,
which associate to a tangent vector v € T, M and to a tangent covector w €
Ty M the corresponding base point 7(v) = p = m(w). The term “bundle”
comes from the fact that we can picture TM (or T*M) as a set of fibers
(the spaces T, M or T; M), juxtaposed with each other, forming a manifold:

Proposition 4.9. TM and T*M have natural smooth structures of mani-
folds of dimension 2dim M, such that the projections in the base are smooth

maps.
s — T,M
~ )[ A

TM
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Proof. We give the proof for TM. The proof for T*M is similar and is left
as an exercise.

Let {(Uy, ¢o) : @ € A} be an atlas for M. For each smooth chart (Uy, ¢o) =
(U, zt, ..., 2™), we define Po : 71 (Uy) — R?? by setting:

an(v) = ($1(7T(V))7 s 7$d(77(v))7 dﬂ(v)xl(v)7 s 7d7r(v)xd(v))'
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), ¢a)-

(b) For any pair of charts (1~*(Us), ¢a) and (7~ 1(Up), $s), the transition
functions gzgg o q@;l are smooth.

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

Let ¥ : M — N be a smooth map. We we will denote by d¥ : TM — T'N
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 a smooth function and (U, z",...,2%) is a system of
coordinates around p, then from the definition we see that d,f € T;M
satisfies:

_ 9f

= 5
» ox

.9
ozt »

It follows that the expression for df in local coordinates (x!,...,z%) is:

d
0 .
dflv=> L da.
=1

dpf

oz’

Notice that in this formula all terms have been precisely defined, in contrast
with some formulas one often finds, where heuristic manipulations with df
are done without much justifications!

We leave it to you to check that what we have done in this section extends
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
ATl The tangent space at any point p € M, even at points of the boundary,
has dimension d. The tangent bundle T'M is now a manifold with boundary
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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 : 0 M — M is
a smooth and its differential d,i : T,(0 M) — T,,M is injective, at any point
p € O 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 here.

HOMEWORK.

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

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

o r(x,y,2) = /2% +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
(x,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 R3 %, %, % in Cartesian
coordinates;

(b) The components of the tangent vectors to R3 8%7 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 ¥’(g)(R?) C R™.

4. Let (U, zt,... ,xd) be a local coordinate system in a manifold M. Show that
the tangent vectors
0 .
@ ETPM, ’L:L...,d,

p

are linearly independent.

5. 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.

6. Check that if M and N are smooth manifolds and ¥ : M — N is a smooth
map, then d¥ : TM — TN is also smooth.
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LECTURE 5. 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 lecture we will make
this precise.

Definition 5.1. Let ¥ : M — N be a smooth map:

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

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

(a) ¥ is called an étaldd if dp¥ : T,M — 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 5.2 (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,y*,...,y") for N
centered at WU(p), such that:

YpoWoop l(zh. .. ,a™) = (2! ... ,2",0,...,0).

Proof. Let (U, ¢) and (V1) be local coordinates centered at p and ¥(p),
respectively. Then

YoWod:p(UNV)—=p(TNV)
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

(ml, oz e (\Ill(x), U (2),

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

owi’
det [%] it (0) ?é 0.

It follows immediately from the Inverse Function Theorem, that the smooth
map ¢ : R™ — R™ defined by
1 1 1
(', 2™ = (OH(x),..., " (z), 2" ... a™),
2VVe use this term provisionally. We shall see later in Corollary that an étale map

is the same thing as a local diffeomorphism.
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is a diffeomorphism from a neighborhood of the origin. We conclude that:
Vo Nat,. .. 2™ = (2l 2", 0T o H(z),..., ¥ 0 ¢ 1(z)).

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

matrix of Wo ¢! as:
I, | 0
O(Wiop— 1! 5
| Ao ()

where I, is the r X r identity matrix and where in the lower right corner
i,j > 7. Since this matrix has exactly rank r, we conclude that:

oW o) e

T(q):(), 1fZ,j>’I".
In other words, the components of ¥/ o ¢~!, for j > r, do not depend on
the coordinates "1, ... z™:

Wogp Hz)=Wop l(at,... 2"), if j >
Let us consider now the map v : R™ — R"™ given by
R T A e () R . ST ()

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

IL.| 0

* Ie—r ’

which is non-singular. But now we compute:
YpoWoop l(zh. .. ,a™) = (2! ... ,2",0,...,0).
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 5.3. Let ¥ : M — N be an immersion. Then for each p € M,
there are local coordinates (U,¢) = (U,xt,...,a™) for M centered at p and
local coordinates (V,1) = (V,y',...,y") for N centered at ¥(p), such that:
tais que:

YpoWoop (gt .. 2™ = (2,...,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 5.4. Let V : M — N be a submersion. Then for each p € M,
there are local coordinates (U, ¢) = (U,x!,...,2™) for M centered at p and
local coordinates (V,1)) = (V,y',...,y") for N centered at ¥(p), such that:

—1/,.1 m 1 n
YoWogp “(x,...,2")=(z,...,a2").
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:
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Corollary 5.5. 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:

YpoWop at,. .., zh) = (a4, . .., z%).

Let us now turn to the study of subobjects in the category of smooth
manifolds:

Definition 5.6. 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.

EXAMPLE 5.7.

The next picture illustrates various immersions of N = R in M = R2. No-
tice 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 ' o, / ®,

R

If (N,®) is a submanifold of M, then for each p € N, the linear map
dp® : T, N — Ty(,)M is injective. Hence, we can always identify the tangent
space T, N with its image d,®(7,N), which is a subspace of Ty, 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 [5.3]) implies immediately the follow-
ing:

Proposition 5.8 (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
centered at ®(p) such that:
o(U) ={geViati(g) = =a"(q) = 0}.
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Proof. By Corollary [5.3] for any p € N we can choose coordinates (U, ¢) for
N centered at p and coordinates (V,v) = (V,z!,... 2™) for N 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.

U

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 {g € V : 2%t (q) = --- = 2™(q) = 0}.

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

Corollary 5.9 (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 coordinate system (V,x',....2™) of M centered at
d(p), such that:
o(N)NV ={geVia®i(g) = =a"(q) = 0}.

Proof. Fix p € N and choose a a neighborhood U of p and a coordinate
system (V' !, ... 2°) centered at ®(p), as in the proposition. Since (N, ®)
is assumed to be embedded, ®(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
we set V' = V'NV" the restrictions of the z* to V, yield a coordinate system
(V,x',... 2°) such that:

<I>(N)ﬂV:{qGV:ajdH(q):"':ace(q):0}.
U

We would like to think of submanifolds of M simply as subsets of M.
However, this in general is not possible, as shown by the following simple

example.
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EXAMPLE 5.10.
There are two injective immersions ®; : R — R2, i = 1,2, whose images in
R? coincide with the infinite symbol: Hence, the infinite symbol by itself, does

R2 R?
0 1 (I)Z
R R

not have a unique submanifold structure, and additional data must be specified.

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

Definition 5.11. We say that (N1, ®1) and (N2, ®2) are equivalent sub-
manifolds of M if there exists a diffeomorphism ¥ : Ny — Ny such that
the following diagram commutes:

N -2y

\ T
N
o)
N
LR

No

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:

N —2

RN,

O(N)

Therefore, every submanifold (N, ®) as a unique representative (A, i), where
A C M isasubset and i : A < M is the inclusion. We then say that A C M
is a submanifold.

EXAMPLE 5.12.

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 1is an immersion. For example, the
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subset A = {(x,]z]) : x € R} C R? does not admit such a smooth structure
(exercise).

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
exactly what we saw Ezample [ 10

Still, we have the following result:

Theorem 5.13. 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,d) 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, 1) is a submanifold of M.

EXAMPLE 5.14.

The sphere ST C R® is an embedded submanifold. We have mentioned before
that the sphere ST have 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 RS.

In order to prove Theorem [5.13] we observe that if (N, ®) is a submanifold
of M and ¥ : P — M is a smooth map such that ¥(P) C ®(N), the fact
that ® is 1:1 implies that W factors through a map U:pP— N, i.e., we have
a commutative diagram:

P—Yo

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

EXAMPLE 5.15.

Let ®; : R — R?, i = 1,2, be the two injective immersion whose images in R?
coincide with the infinite symbol, as in Example 510 Since ®1(R) = ®2(R),
we have unique maps <i>12 :R—-Re @21 : R = R. such that <i>12 o®dy = Py
and fi)gl o®y = ®y. It is easy to check that @12 and fi)gl are not continuous,
hence they are not smooth.

The next result shows that what may fail is precisely the continuity of

the map U
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Proposition 5.16. 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 5.8, and consider the smooth
map

p=modo®d: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. (]

Proof of Theorem [5.13. (i) follows immediately from Proposition (1).
On the other hand, to prove (ii), let (N, ®) be a submanifold with ®(N) =
A and consider the following diagram:

N 2o

AN

A

Since A is assume to have the relative topology, by Proposition (.16 (ii), o
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 is lies in between immersed submanifolds and embedded
submanifolds:

Definition 5.17. A initial submanifold of M is a submanifold (N, ®)
such that every ¥ : P — M with W(P) C ®(N) factors through a smooth
map ¥ : P — N:

P—">M
®

N

N
N
~ N\
L2NEEN
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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 you should be aware that there are many
examples of initial submanifolds which are not embedded, such as in the
following example.

EXAMPLE 5.18.
In the 2-torus T? = S x S! we have a family of submanifolds (R, ®,), depend-
ing on the parameter a € R, defined by:

D, (t) = (e, e').

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
submanifold. However, if U:P 5 Risa map such that the composition
By oW is smooth, then we see immediately that U : P — R is continuous. By
Proposition [5.10, 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 there exists a diffeomorphism ¥ : TS? — S3 x R?, which makes
the following diagram commutative:

TS? —— > x R

where 7 : S? x R?® — S3 is the projection in the first factor and the restriction
U : T,S* — R3 is linear for every p € S3.
Hint: The 3-sphere is the set of quaternions of norm 1.

3. Let {yl, ce ye} be some set of smooth functions on a manifold M. Show
that:
) If {dpyl, e 7dpye} C Ty 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 @ : P2 — R3 be the map defined by
1
P ==
([ZC,y,Z]) 72 + 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 i : 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?,...,z¢) centered at p such
that

AﬁUz{pEU:xd+l(p):---::ve(p)zo}.

7. Show that a subset M C R" is a k-surface if and only it is an embedded
submanifold (so this justifies us calling M and 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 if ® : N — M is an immersion then

(a) ® maps zero measure sets to zero measure sets;
(b) If dim N < dim M then ®(N) has zero measure.

9. Show that for a submanifold (NN, ®) 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. Let 7 : M — M be a covering space of a smooth manifold M. Show
that M has unique smooth structure for which the covering map = is a local
diffeomorphism.

LECTURE 6. EMBEDDINGS AND WHITNEY’S THEOREM

Definition 6.1. Let ¥ : M — N be a smooth map
(i) One calls p € M a regular point of ¥ if dyV : 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 € ¥~(q) is a reqular
point. Otherwise one calls q a singular value of V.

The following example gives some evidence for the use of the terms “reg-
ular” and “singular”.
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EXAMPLE 6.2.
Let U : R?2 = R be the map defined by

@(1}, y) =2’ - y2'
This map has Jacobian matriz [2x 2y]. Therefore, every (z,y) # (0,0) is a
regqular point of ¥ and (0,0) is a singular point of . On the other hand, 0 is
a singular value of ¥, while every other value is a regular value of W.

If we consider a regular value ¢ # 0, the level set ®~1(c) is a submanifold of
R? (an hyperboloid). On the other hand, for the singular value 0, we see that
®=1(0) is a union of two lines x = +y, which is not a manifold at the origin,
where the two lines cross each other.

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

Theorem 6.3. 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:

T, (Y1 (q)) = Kerd,, .

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 € ®~!(¢q) we can
choose coordinates (U, z!,...,2™) around p and coordinates (V,%!,...,3")
around ¢, such that W is represented in these local coordinates by the pro-
jection

Rm —>Rn : (xlﬁ"'al‘m) —> (1’1,...,:En),
Therefore, we see that
Vg nU={peU:a'(p)=-=a"(p) =0}.

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

about the tangent space to W~!(q) is left as an exercise.
U
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EXAMPLE 6.4.
Let M = R and let U : R4 — R be the smooth map:

U(x) = [[a]*.
The Jacobian matriz of ¥ at x is given by:
U (z) = 221, ..., 229F1).
Since W'(z) has rank one if ||z|| > 0, it follows that any c = R* > 0 is a regular
value of ¥. The theorem above then asserts that the spheres S& = ¥~1(R) are
embedded submanifolds of R*1 of codimension 1. Note that for the differential

structure on S¢ that we have defined before, S is also an embedded submanifold
of R¥*L. Hence, that differential structure coincides with this one.

Not every embedded submanifold S C M is of the form ¥~1(q), for a reg-
ular value of some smooth map ¥ : M — N. There are global obstructions
that we will study later. Also, what happens at regular 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 ¥~!(q) is an embedded submanifold with
codim ¥~1(q) = codim {¢}. In this form, the previous result can be gen-
eralized in the following very useful way:

Theorem 6.5. 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:

(6.1) Imd,¥ + Ty(,)Q = Ty N-
Then ¥~1(Q) C M is an embedded submanifold with
codim Q) = codim Q
and:
Tn(P7HQ)) = (A W) ™ (T (m)Q)-

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

QNV = {qu:y”l(Q) = =y"(q) :0},
where | = dim (). Define a smooth map ® : U~1(V) — R"~! by
d=(yTloW,. ... ,y"0W).

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

®, then by Theorem it follows that for all pg € ¥=1(Q), there exists an
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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 ® = 7 o ¢ o W, where
7w : R" — R" ! is the projection in the last n — [ components. Since m
is a submersion, ¢ is a diffeomorphism and kerdy(m o ¢) = T,Q, for all
q € QNV, it follows from (6.I]), that d,® = dy ) (7 0 ¢) - d, ¥ is surjective,
forall p € U=HQ)NU = ®71(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 (6.I) appearing in the statement of the theorem is so im-
portant that one has a special name for it.

Definition 6.6. Let ® : M — N be a smooth map. We say that ¥ is
transversal to a submanifold Q C N, and we write ¥ M Q, if:

Imd,¥ + Ty)Q = TuyN, Ype ¥ 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 NQ and the transversality condition reduces to:

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

Note that this condition is symmetric in M and . So in this case we
simply say that M and @ intersect transversely and we write M h Q.
The previous result then gives that:

Corollary 6.7. If M,Q C N are embedded submanifolds such that M th Q.
Then M N Q is an embedded submanifold of N with:

dimMNEQ =dimM + dim@Q — dim N,

and
T.(MNQ)=T,MNT,Q.

Although Theorem and its corollary were stated for embedded sub-
manifolds, you are asked in an exercise in this Lecture 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.
o Transversality is a generic property: Any map ® : M — N can be
approximated by a map ® : M — N which is 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 one of the most important topics
of study in Differential Topology.

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

EXAMPLES 6.8.
1. Let M =S'xR be a cylinder. We can embed M in R? as follows: we define
a smooth map ® : M — R3 by:
®(0,t) = (Rcosf, Rsenb,t),

wheer 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:

{(z,y,2) eR®: 2® + 9> = R*} = ¥ '(c),
where ¢ = R% and ¥ : R® — R is the smooth map
\I/(x,y,z) = z? + y2.

Since W' (x,y, 2) = [22,2y,0] # 0 if 22 +y? = ¢ # 0, we conclude that any ¢ # 0
s a regular value of W. Hence, we have indeed an embedding of the cylinder
S x R in R3.
2. The 2-torus M = S* x S can also be embedded in R® as follows/ We can
think of the the two torus as S' x S = [0,27]/27Z x [0,27]/277Z. Note that
this amounts to think of the torus as a square of side 21 where we identify the

sides of the square, as in the following figure:
Now define ® : M — R? by:

D(0,9) = ((R+rcosg)cos, (R +rcosg)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) €R®: (2> + y* + 2> — R* —1°)> + 4R*2*> = AR*r*} = V"' (¢),
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where ¢ = 4R?*r? and U : R? = R is the smooth map
U(x,y,2) = (22 +y* + 22 — R? —r?)? + 4R?22
We leave it as an exercise to check that every ¢ # 0 is a regular value of ¥, so
this gives an embedding of S* x S' 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

18 the figure obtained by rotating this circle around the Oz axis so that when its

center ¢ € C as rotated an angle 0, 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+rcos)cosb, (R+rcosg)send, rsengdcosf/2,rsenpsend/2).
We can change the origin of 8 and ¢, obtaining new parameterizations, which

all together cover K. We leave it as an exercise to show that 3 parameteriza-

tions ®1, ®o and D3 are enough to cover K. Since for these parameterizations
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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: 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(x,y,2) = (2% +y* + 22 + w? — R? —r?)? + 4R?* (2 + w?),y(2* — w?) — 2z2w).

For ¢ # 0, one checks that (c,0) is a regular 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 6.9 (Whitney). Let M be a compact manifold. There exists an
injective embedding W : M — R™, for some integer m.

Proof. Since M is compact, we can find a finite collection of coordinate
systems {(U;, ¢;) : i =1,..., N} such that:
(a) B1(0) C ¢i(U;) C Ba(0);
(b) Uiy ;' (B1(0)) = M.
Let \; : M —R,i=1,...,N, be smooth functions such that
Lif p € ¢; ' (B1(0)),

Ai(p) =

Also, let ¢; : M — R% ¢ =1,..., N, be smooth maps defined by:
ANigi(p) if p € Us,
Yi(p) =

We claim that the smooth map ® : M — RN4N defined by:

®(p) = (Y1(p), A1(p), - -, ¥N (D), An (D))

is the desired embedding. In fact, we have that
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(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,; =
dp¢; is injective. This shows that d,® is injective.

(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 Lecture) and is valid also for manifolds with boundary.

This result is a weaker version of a famous theorem of Whitney: he showed
that any smooth manifold (compact or not) of dimension d can be embedded
in R??. Note that there are smooth manifolds of dimension d which cannot
be embedded in R?~! (e.g., the Klein bottle). On the other hand, for d > 1,
Whitney also showed that any manifold of dimension d can be immersed in
R24—1 However, these results are not the best possible: Ralph Cohen in
1985 showed that a compact manifold of dimension d can be immersed in
R24=a(d) 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
R8, but there are compact 5-manifolds which cannot be immersed in R7).
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 [ itself.

2. Let ®: P2 = R* be the smooth map defined by

1
®([z,y,2]) = 2L y? t 22

Show that (P2, ®) is an embedded submanifold in R*.

(22 — 22, yz, 2z, 7).

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

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

T,9 Y q)={veT,M:d,¥ -v=0}.
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5. Let ¥ : 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}.

6. 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 7wy : 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 — N;
(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.

7. Extend Theorem[G.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.

8. Proof the following week version of Sard’s Theorem: If ¥ : M — N is a
smooth map between manifolds of the same dimension, then the set of singular
values of ¥ has measure zero.

Note: The general Sard’s Theorem states that for any smooth map ¥ the set
of singular values has measure zero.

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

10. 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.

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

HinT: If f: M — R is a smooth exhaustion function, then by Sard’s Theorem,
in each interval [i,7 4 1[, the function f has a regular value a;. It follows that
the sets Eg = f~1(] — 00,a2], 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,
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LECTURE 7. FOLIATIONS

A foliation is a nice decomposition of a manifold into submanifolds:
Definition 7.1. Let M be a manifold of dimension d. A foliation of
dimension k of M is a decomposition {L,, : « € A} of M into disjoint path-
connected subsets satisfying the following property: for any p € M there
exists a smooth chart ¢ = (x*,... 2% y', ... ,y9F): U - R? = RF x RF,
such the the connected components of Lo, NU are the sets of

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

M

A

Rk

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

A path of plaques is a collection of plaques Py, ..., 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 ¢ € 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 7.2.

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:

P(z,y) =y — az.
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Now let T? = R?/Z? be the torus. Then we have an induced foliation on T?,
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.

3. Let ® :R3 — R be the smooth map defined by
O(x,y,2) = f(2® +y?)e?,

where [ € 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 {®~1(c)}eer. When ¢ = 0 we obtain as
leaf the cylinder C = {(z,y, 2) : #® + 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(2* +y?)).

For the first type of leaves, ¢ < 0 and x +y* < 1, while for the second type of
leaves ¢ > 0 and 2% + y? > 1.

0
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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.

5. The 3-sphere S® can be obtained by “gluing” two solid 2-torus along its
boundary:
S? =Ty Ug Tp,
where ® : 9Ty — 015 is a diffeomorphism that takes the meridians of 0Ty in
the circles of latitude of OTs, and vice-versa. Explicitly, if S* = {(x,y, z,w) :
22+ y? + 2% + w? = 1}, then we can take:

Ty = {(z,y,2,w) € S® 1 a® +y* < 1/2},
Ty ={(z,y,2,w) € S* 1 a® +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 S?,
called the Reeb foliation of S3.

Proposition 7.3. 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 F. The topology of L is the topology generated
by the plaques of L, i.e., the connected components of L N U, where U the
domain of a foliated chart. For each plaque P, associated with a foliated
chart (U, ¢) = (U, 2, ..., 2% y',...,y97%), we consider the map v : P — R*
obtain by choosing the first k-components:

b(p) = (' (p),...,2"(p)).
The pairs (P, ¢) give charts for L, which shows that L is a Hausdorff topo-

logical manifold. The transition functions for these charts are clearly as C'*°,
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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 use the following lemma:

Lemma 7.4. 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 N\U,, n € Z, is countable.

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 apath of length n — 1, corresponding to domains of
foliated charts Uy,...,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 L N U,
such that the intersection with P,_; is non-empty. Now observe
that:

(LNU,) NP,y =U,N Py,
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 that n is
countable.

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

Corollary 7.5. 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 F1 and Fo be foliations of M7 and My, respec-
tively. Then the product foliation F; x F3 is a foliation of M7 x M5 defined

as follows: if F; = {L,(ll)}aeA and Fy = {L(Bz)}geg, then

Fi x Fp = {LV x L(;)}(a,B)GAxB-

It should be clear that dim(F; x F3) = dim F; 4+ dim F» and, hence, that
codim (F; x Fz) = codim F; + codim F;
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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:

dpq)(TpM) + Tc}(p)L = T@(p)N, Vp e L.

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. It should be clear that codim ®*(F) = codim F.

Suspension of a difeomorphism. The manifold R x M has a foliation F of of
dimension 1: the leaves are the sets R x {p}, where p € M (or if your prefer,
the fibers of the projection 7 : Rx M — M). 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 of F. The quotient N = (Rx M)/Z
is a manifold and has an induced foliation F whose leaves are the equivalence
classes [L] in N, where L € F. This foliation is called the suspension of
the diffemorphism o.

It is convenient to have alternative characterizations of foliations.

Foliations via smooth Qs—stmctur@s. Let F = {Lq : @ € A} be a k-dimensional
foliation of M. If (U,¢) and (V,4) 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:

oWoo™ly _

(7.1) b

0, (i=1,....k j=k+1,...,d).
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Conversely, denote by gg the local diffeomorphisms R — R9 that satisfy
this condition. We can refine the notion of smooth structure by requiring
that in Definition [[.3] the transition functions belong to gg, and we then
speak of a smooth Qﬁ‘f-structure. An ordinary smooth structure on M is
just a gfil—structure: the leaves are the connected components of M.

We have the following alternative description of a foliation:

Proposition 7.6. Let M be a smooth d-dimensional manifold. Given a
foliation F = {Lq : a« € 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-stmcture 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 Qs—structure. We will show that,
conversely, given a smooth g{j—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 consider the sets ¢~! (R x {c}), where ¢ € R¥*_ which
we call plaques. Since M is covered by all such plaques, we can define an
equivalence relation in M by:

e p ~ ¢ if there exists a path of plaques P,..., P, with p € P; and
q € hP.
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 Fy which contains py. Then

Py = ¢~ ' (R" x {e0}),
for some smooth chart (U, ¢) € C with ¢(py) = (ag,co) € RF x R¥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 {ci}).
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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',... 2kt 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 ..., 59 F) U - RY,

with U NU # 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), haly)),

where hsy 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 7.7. 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- de R*F 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

Vi : Ui N Uj = Diffloo(RYF), p— 97

This map satisfies:

(7.2) (1/1]'2')_1 = wji em U; N Uj,
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 lectures.

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

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

3. Proof Proposition [Z.7

4. Let Fy = {LS)}QGA and Fo = {LE,Q)}BGB be foliations. Using your favorite
definition of a foliation, show that the product JF; x F» is a foliation:

.7:1 X .7:2 = {L((ll) X Lg)}(a,ﬁ)eAxB'

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

®*(F) := {connected components of ® (L) }aca.

6. Let F; e F2 be two foliations of a smooth manifold M such that F; M Fs,
i.e., such that
T,M =T,LY +T,LY,  vpe M,
where L) 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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LECTURE 8. 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 8.1. 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 :x ~ y},
is 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 7 : 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 8.2. A proper submanifold of M is a submanifold (N,®)
such that ® : N — M is a proper map.

By an exercise in Lecture Bl any proper submanifold is an embedded
submanifold. Also, if ® : N — M is proper, then its image ®(IV) is a closed
subset of M. Conversely, every embedded closed submanifold of M is a
proper submanifold.

Theorem 8.3. 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

y {
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 8.4. 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 and d = dim M.

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:

(¢,¢) € ONR 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 ¢ — ®(q, 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(ptxo h(ul,. .. kot 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 - RITF (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:
#(0,w) ~ ¢(0,w") if and only if w = w'.

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

(b, .. ah) = (bRt wtR
are local coordinates and in these coordinates:
Vq,¢ €U, g~¢ if and only if 2"*'(q) =2"!(¢),...,2%q) = 2(¢),

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 (m(U),z++1, ... 79):

Lemma 8.5. The collection C = {(x(U),z**1,..., %)} gives M/ ~, with
the quotient topology, the structure of a topological manifold of dimension
d—k.

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

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

(2 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 8.6. The family C = {(x(U),z**1 ... 29} is an atlas generating
a smooth structure for M/ ~ such that w: 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 [B.3] we check that

Lemma 8.7. 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 form Lemma B1] that M/ ~
is Hausdorff.

O

Remark 8.8. The proof above 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 3 for
an example).

The proof above also shows that, under the assumptions of the theorem,
the equivalence classes of R form a foliation of M of codimension R which
is a simple foliation (see Exercise 7).

A very important class of equivalence relations on manifolds is given by
actions of groups of diffeomorphisms. If G is a group, we recall that an
action of G on a set M is a group homomorphism ¥ from G to the group
of bijections of M. One can also view an action asamap ¥ : G x M — M,
which we write as (g,p) — g - p, if one sets:

g-p=T(g)(p).

Since U is a group homomorphism, it follows that:
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(a) e-p=p, forall p e M;

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

Vy: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.

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={9€G:g-p=p},
an action is free if and only if G, = {e}, for all p € M.

Definition 8.9. 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—)MXM) (g7p)'_>(gp7p)7
1S a proper map.
For example, actions of finite groups are always proper.

Corollary 8.10. Let ¥V : 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 m: M — G\M s a local diffeomorphism.

Proof. We check that condition (ii) of Theorem B3] holds.

We claim that R C M x M is a proper submanifold. Since the action if
free and proper, it follows (see Exercise 6) that for each (pg,go - po) € R,
there exists an open set pg € U, such that:

g-UNU =0, VgeG-—{e}.
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It follows that
(Uxgo-U)NR={(q,90-9) : ¢ € U}.
so the map
U= Uxg -UNR, g~ (4,90 9),
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} - Mx M

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|gr 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, them M is the universal covering space of G\ M and we conclude
that m (G\M) ~ G.

EXAMPLES 8.11.

1. Let M =S%, with d > 1. Consider the action of Zy x S* — S defined by:
+1- (2t .., 2% = £(2, .. 2.

This action is free and proper. We conclude that the quotient S%/Zs is a
manifold. This manifold is diffeomorphic to P: the map S — P4 given by

(zt, ... 2% = [zt - 29 induces a diffeomorphism S/ Zy — P4 such that
the following diagram commutes:
Sd
S/ Zy — pd

For d > 1, S is simply connected, so we conclude also that the quotient map
is a covering map and that 71 (P4) = Zs.

2. Let Z% act on R? by translations:
(n1,...,nq) - (4. 2% = (2t +ng,. . 28+ ng).

This action is free and proper. It follows that the d-torus T? = R?/Z9 is
a smooth manifold. This manifold is diffeomorphic to T¢: the map R* — T¢

given by (2, ..., z%) — (2™ | 22" induces a diffeomorphism RY)Z4 —
T such that the following diagram commutes:
Rd
R?/7% —— 4
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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".

3. Let R act on R? by translations in the x-direction:
M- (2 2?) = (2 + N\ 2?).

This is not a free and proper action of a discrete group. However, we leave it
as an exercise to check that the orbit equivalence relation ~ determined by this
action satisfies condition (ii) of Theorem[8.3, so that R?/ ~ inherits a smooth
structure. The quotient R?/ ~ is diffeomorphic to R with its usual smooth
structure.

The last example suggests that actions of non-discrete groups are also
interesting. We will study later Lie groups where the group itself carries a
smooth structure of positive dimension. These will give rise, as we will see
later, 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 R act on R? by translations in the z-direction:
M- (2 2?) = (2 + N\ 2?).

Show that the equivalence relation ~ determined by this action satisfies con-
dition (ii) of Theorem B3 so that R?/ ~ inherits a smooth structure. Check
that R?/ ~ is diffeomorphic to R with its usual smooth structure.

3. Let R? — {0} with the equivalence relation ~ for which the equivalence
classes are the connected components of the horizontal lines y = const. Show
that the quotient space R? — {0}/ ~ has a non-Hausdorff smooth structure
(this manifold is sometimes called the line with two origins).

4. Let m: M — Q be a surjective submersion, ® : M — N and ¥ : Q — N any
maps into a smooth submanifold N such that the following diagram commutes:

M

) l \

Q——F—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 B3 and ® : M — N is a smooth map such that ®(z) = ®(y)

whenever & ~ y, then there is an induced smooth map ® : M/ ~— N such
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that the following diagram commutes:

M
” [}
JN\N

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

6. 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, VYgeG-G,.

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

g-UNv =0 Vged.

Show that a free action of a discrete group is proper if and only if it is properly
discontinuous.

7. Show that for a proper a free action of a discrete group G x M — M, the
projection w : M — G\M is a local diffecomorphism, so that 7 is a covering
map.

8. Let F be a foliation of M and denote by M/F its leaf space. One calls F
a simple foliation if for each p € M there exists a foliated chart (U, ¢) with
the property that every leaf L intersects U at most in one plaque. Show that
a foliation F is simple if and only if there exists a smooth structure M/F,
in general non-Hausdorff, for which the quotient map = : M — M/F is a
submersion.
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Part 2. Lie Theory

In the first part of these lectures 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 round of lectures are the following;:

e Lecture 9: the notion of wector field and the related concepts of
integral curve and flow of a vector field.

e Lecture 10: the Lie bracket of vector fields and the Lie derivative,
which allows to differentiate along vector fields.

e Lecture 11: an important generalization of vector fields, called dis-
tributions. The Frobenius Theorem says that foliations are the global
objects associated with involutive distributions.

e Lecture 12: Lie groups and their infinitesimal versions called Lie
algebras.

e Lecture 11: how to integrate Lie algebras to Lie groups.

e Lecture 12: transformation groups which are concrete realizations of
Lie groups.
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LECTURE 9. VECTOR FIELDS AND FLOWS

Definition 9.1. A vector field on a manifold M is a section of the tangent
bundle w : TM — M, i.e., a map X : M — TM such that to 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(Np) = 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:

(1) X(f +Ag) = X(f) + X (9);
(i) X(fg) = X(f)g+ fX(9);

Let (U,z', ..., 2% be a coordinate system on M. Then we have the vector
fields 52; € X(U) defined by:
0 0
. = . =1,...,d).
8$Z (p) axl p? (Z Y Y )

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:

d 9
X =3 x
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 9.2. 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).
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, 2!, ... ,xd) is any chart, we have
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that do'(X|y) := da’ o X|y is C*°. But:
0
(X|y) =de' () XI—=)=X"
Az’ (X|p) = dz (2231 57)

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:

]U_ZXZ € C®(U).

To show that (iii) = (i), it is enough to show that X | 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:
tlomo X|y = 2" € 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 9.3. 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] € Gp,
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)|ly =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 the same letter to denote them.

Recall that a path in a manifold M is a continuous map v : [ — 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 9.4. Let X € X(M) be a vector field. A smooth path v : 1 — M
is called an integral curve of X if

(9.1) ’y(t) = X’y(t)a vtel.

In a chart (U, (z',... ,2%)), a path v(t) is determined by its components
v (t) = 2(7y(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:

if:X“¢@%~/ﬂ@% (i=1,...,d).

This system is the local form of the equation (O.I)). 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 9.5.
In R? consider the vector field X = xa% — ya%. The equations for the integral

curves [@2) are:

(9.2)

= 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 9.6. Let X € X(M) be a vector field. For each p € M, there
exist real numbers ap,b, € R U {xo0} and a smooth path v, :|a,, by[— M,
such that:

(1) 0 €lay, by[ and v,(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
D¢(X) consisting of those points for which the integral curve through p
exists at least until time ¢:

Dy(X) ={p € 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 9.7. 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) — &' (),
is well defined and smooth;
(ii) For each t € R, Dy is open and |y~ q Dy = M;
(iii) For each t € R, ¢! : 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)— ¢%([®).

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),0) of dif-
feomorphisms of M. One often says that ¢’ 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 9.8.
1. The vector field X = :Ca% - y% in R? is complete (see Example[T3) and is
flow is given by:
% (z,y) = (zcost — ysint, zsint + ycost).
2. The vector field Y = —xQ% — ya% in R? is not complete: the integral curve
through a point (xg,yo) is the solution to the system of odes:
{ (t) = —22, z(0) = 0,
y(@t) = -y, y(0) = yo.
After solving this system, ones obtains the flow of Y :

Pl (z,y) = (ztil,ye‘t)

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) e R? 12 > —1/t} ift >0,

Di(Y)=14 R, if t =0,

{(z,y) eR?2:x < —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 9.9. Let ® : M — N be a smooth map. A vector field X € X(M)
is said to be ®-related to a vector field Y € X(N) if

Y@(p) = dq)(Xp), Vp e 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 9.10. 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:

Di(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 9.11 (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 the origin whose terms of order < k all vanish.

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

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 lectures.

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,
para todo o t € R. On the other hand, for non-singular points we have a
unique local canonical form X:

Theorem 9.12 (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*,...,2%) 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),
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is well defined and C'* in a neighborhood of the origin. Its differential at
the origin is given by:

) d . )
- —_— - — 1 :X = —
d()O' 8t1 o dtl X(w (0707 70)) =0 p 8y1 pv
0 0 0
doo - | = =710, t2,...,ta))| = ==| .
00 atz . 8t7, ( 5 U2y ; d)) 0 8yl »

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 4. 2
2 PO M1y, 1)
- G0 )
= X (% (W70, L2, 1)) = Xo(t,. .t0)-
U
HOMEWORK.

1. Let M be a connected manifold. Show that for any pair of points p,q € M,
with p # ¢, there exists a smooth path v : [0,1] — M such that
(a) 7(0) =pand y(1) = ¢;
(b) $(t) # 0, for every t € [0,1];
(c) = 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 A € R. What is the relationship
between the integral curves of X and the integral curves of AX?

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

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

5. Is a vector field X in R necessarily complete? What about in R??

6. Show that on a compact manifold M every vector field X € X(M) is com-
plete. Give an example of two vector fields X; and X5 which are complete but
for which their sum X7 + X5 is not complete.

7. Let A C M. Call X a vector field along A if X : A — TM satisfies
Xp € T,M for all p € A. We say that X is smooth if every p € A has a
neighborhood U, and a smooth vector field X € X(U,) such that X|4ny, = X.
Show that if A C O C M, with A closed and O open, then every smooth vector
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field X along A can be extended to a smooth vector field in M such that X, = 0
for p & O.

8. 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?

9. 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.

LECTURE 10. LIE BRACKET AND LIE DERIVATIVE

Definition 10.1. 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) = XY (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](f9) = X, Y](flg + fIX.Y](9), Vf,g€C™(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.

ExXAMPLE 10.2.
Let M = R? with coordinates (x,y, z), and consider the vector fields:

0 0
X_Za_y_yaa
0 0
Y:(EE—Z%,
_,2 .0
Yo way'

Then we compute:

[X,Y] = zg— 9 xg—z3 — a:g—z3 22— 9
T Uy Yoz 0z Ox 0z Ox Oy Yoz
0 0
=y——z—=2.
You Iay
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 10.3. 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") = X(Y7).

Consider the points p;, po and p3 defined by (see figure above):

p1=0Y (D), p2=V (m), p3=dy (p2),

Then v,(¢) = gb;,\/g(pg), and Taylor’s formula (see Proposition [0.11]), applied
to each coordinate x, yields:

Nl

v(p1) = 2 (p) + VEX(p) + 3eX()(p) + O(cH)
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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(a)(p1) = Y2 (@) (0 (9) = Y2 () (p) + VEY 2 (2) () + 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 10.4. 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 10.3]
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 10.5. 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 [ given by:

o1
(Lxflp = lim = (f(¢(p) = £ ()
(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 5 (dox' - Yo g — Vo)

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

(@) (p) = f(2(p));

and it acts on vector fields Y € X(M):

(©*Y), =d™" - Yo,
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:

: 1 1 \*

(10.1) LxP =lim—((¢)"P—P).

We will see later that one can take Lie derivatives of other objects using
precisely this definition.

Theorem 10.6. Let X € X(M) be a vector field.
(i) For any functions f € C°(M): Lxf = X(f).
(ii) For any vector fieldY € X(M): LxY = [X,Y].

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

Lxf= Sfodk| =dr X =X().

t=0

To prove (ii), we note first that:

(LxY)(N) ) = lim + (A63 - 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:
(ExY)(F) ) = lim + (Vi () — Vi i (X)) = Vi)
= tim + (Y (1)~ V() ~ V(X (1)
= X%, (Y () = V(X)) = [X,Y () ).
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 R3. Show
that there are unique vector fields X, Y and Z on P? such that 7, X = X,
Y = Y and Tl = 7 where 7 : S — P2 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 S can be identified with the unit quaternions.
3. Check the properties of the Lie bracket given in Proposition [0.4]

4. In R? consider the vector fields X = 8% 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 [[0.3}

5. Let X,Y € X(M) be complete vector fields with flows ¢% and ¢3.. Show
that ¢ o @3 = ¢5 o ¢y for all s and ¢ if and only if [X,Y] = 0.

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 there exists a unique k-dimensional foliation F of M such that for
all p e M:

T,L = <X1|p by Xk|p>,
where L € F is the leaf containing p.
HiNT: Use the previous exercise and show that

L:{¢§10¢§?2O"'0¢§§k(p)Ztl,tg,...,tk ER}
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LECTURE 11. DISTRIBUTIONS AND THE FROBENIUS THEOREM

A vector field X € X(M) which is nowhere vanishing determines a sub-
space (X,) C T, M, for each p € M. These subspaces depend smoothly on
p and our next definition generalizes this situation:

Definition 11.1. 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 >pw— D, CT,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 11.2.

1. Every mowhere vanishing smooth vector field X defines a I1-dimensional
smooth distribution by:

D, := (X,) = {\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:

DP = <X1|;D7 s an|;D>'
We have that a vector field X € X(D) if and only if
X =hHXi+ -+ fe X,

for uniquely defined functions f; € C*°(M).
For example, in M = R3, we have the 2-dimensional smooth distribution
D = (X1, X3) generated by the vector fields:

) 9
X1=—+2"—
YT o Z@y’
9 )
Xo=—+2"—
2= 5, T 52

and every vector field X € X(D) is a linear combination aX + bY, where the
smooth functions a = a(z,y) and b =b(z,y) are uniquely determined.

3. 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:
D, = (Xilp,- -, Xslp)-
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We have that X € X(D) if and only if
X = X1+ + [ Xs,

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 example, in M = R3—{0} consider the vector fields X, Y and Z defined
in Example [02. The matriz whose columns are the components of the vector
fields X, Y and Z relative to the usual coordinates (x,y,z) of R? 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 11.3. Let D be a distribution in M. A connected submanifold
(N, ®) of M is called an integral manifold of D if:

dp®(TyN) = Day),Vp € N.

Note that if D is a k-dimensional distribution, its integral manifolds, if
they exist, are k-dimensional manifolds.

ExaMPLES 11.4.

1. Consider the 2-distribution of R® given in Example ILA2. The plane N =

{z = 0} is an integral manifold of this distribution, since it is a connected
submanifold and

0
D =({ — =1 N.
(z,9,0) < o1 (m7y70)> (z,9,0)

2. Consider the 2-distribution D of R® — {0} defined by the vector fields X, Y
and Z in Example[I1.2.3. The spheres

0
) Oy

(z,y,0

Se={(z,y,2) ER* —0:2® +y* + 2% = ¢},
are integral manifolds of D: each sphere is a connected submanifold and
T4,y Se = {U € R : (2,y,2) - 7= 0},
hence:
Tia,y,2)Sc C (X,Y, Z).

Since both spaces have dimension 2, we have T,S. = Dy, for all p € S..
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In the last example, through each p € M there is an integral manifold
containing p. Moreover, the collection of all these integral manifolds form a
foliation of R — 0.

More generally, if F is a smooth k-dimensional foliation of a manifold
M, we denote by T,F = T, L the tangent space to L that contains p. The
assignment p — T}, F gives a smooth k-dimensional distribution in M and a
vector field is tangent to T'F if and only if it is tangent to the foliation, i.e.,
if and only if every integral curve of X is contained in a leaf of F.

Definition 11.5. 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 11.6. 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 — Ty M is injective and its image
is Dg(y). Hence, 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

In particular, if D = T'F for some foliation F, then for any pair of vector
fields X,Y € X(D) we have that [X,Y] € X(D).

Definition 11.7. A smooth distribution D in M is called involutive if for
any X,Y € X(D) one has [X,Y] € X(D).

The following result says that the lack of involutivity is the only obstruc-
tion to integrability of a distribution:

Theorem 11.8 (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 Xq,..., X €
X(U), defined in an open neighborhood U de p, such that:
(a) D’U = <X1, e ,Xk>;
(b) [X;, X;] =0, for every i,j =1,...,k.
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Then, by Exercise 6 in Lecture [I0] we obtain an open cover {U;};cs of
M, such that for each ¢ € I there exists a unique foliation F; in U; which
satisfles TF; = Dly,. By uniqueness, whenever U; N U; # 0, we obtain
Filv.nu; = Fjluinu;- Hence, there exists a unique foliation F of M such
that F|y, = Fi.

To prove the claim, fix p € M. Since D is smooth, there exist vector
fields Y7i,...,Y) defined in some neighborhood V' of p, such that D]y =
(Y1,...,Ys). We can also assume that V' is the domain of some coordinate
system (x',...,z%) of M, so that

N
H:Zail@, (Zzl,,k),
=1

where a; € C°(V). The matrix A(q) = [ail(q)]ﬁ’ldzl 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

inverse matrix of this minor, and define new vector fields Xy, ..., X) € X(U)
by:
kyd
’ 0
Jil=1
d
0 0 .
:8$2+ Z Cil@, (221,...,]€),
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
Z ij O .
[XZ',X]‘] = dl]—axl, (Z,j = 1,. .. ,k),
l=k+1

for certain functions dfj € C*°(U). Since D is involutive, this commuta-

tor must be a C°(M)-linear combination of Xi,..., X;. Therefore, the
functions d;’ must be identically zero, so (b) also holds. O
HOMEWORK.

1. Give an example of a smooth distribution D of dimension 1 which is not
globally generated by only one vector field.

2. Show that the 2-dimensional distribution D in Example[IT.213 is not globally
generated by only 2 vector fields.

3. For the distribution given in Example [1.212, show that the only points
through which there exist integral manifolds are the points in the plane z = 0.
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4. Show that the 2-dimensional distribution in R® defined by the vector fields
0 0 0
X1=—, Xo=e"—+ —
YT o 2= Oy + 0z’

has no integral manifolds.

5. Consider the distribution D in R? generated by the vector fields:
0 + cos x cos sin z si
— x — — —sinzsiny—.
Ox Yoz’ Oy Yoz

Check that D is involutive and determine the foliation F that integrates it.

6. In the 3-sphere S* C R* consider the 1-dimensional distribution defined by
0,0 a0
Yor Oy 0z ow’

Determine the foliation F integrating this distribution.

X =

LECTURE 12. LIE GROUPS AND LIE ALGEBRAS

The next definition axiomatizes some of the properties of the Lie bracket
of vector fields (see Proposition [10.4]).

Definition 12.1. A Lie algebra is a vector space g with a binary operation
[, ]:9%xg—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;

(tit) 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 12.2.

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 .
8. 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,S]=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.
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4. If g1,...,08k are Lie algebras, their cartesian product g1 X --- X gk s a Lie
algebra with Lie bracket:

(X1, 0, Xe), (Y1, Y] = ([X1, Yalgs - - [ X Yalg,)-

We shall see shortly that Lie algebras are the “infinitesimal versions” of
groups with a smooth structure:

Definition 12.3. A Lie group is a group G with a smooth structure such
that the following maps are smooth:

w:GxG— G, (g,h)— gh (multiplication),

1

t:G—=G, g— g (inverse).

One can also define topological groups, analytic groups, etc.

ExXAMPLES 12.4.

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 (i.e., all our manifolds are real
manifolds).

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. The set of all invertible linear transformations T : R™ — R"™ is a Lie group,
called the general linear group and denoted by GL(n). After fixing a basis
we can identify GL(n) with the group of all invertible n x n matrices.

5. IfGi,...,Gy are Lie groups their cartesian product G X --- X Gy, 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 group of positive real numbers (R4, x).

In a Lie group G, a left invariant vector field is a vector field X such
that:

(Ly)X =X, VgeG,

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.
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Proposition 12.5. Let G be a Lie group.

(i) Every left invariant vector field if smooth.
(i) If X,Y € X(G) are left invariant vector fields then [X,Y] is also left
mvariant.
(iii) The set of all left invariant vector fields is a finite dimensional subspace
of X(G) of dimension dimG.

Proof. We leave the prof of (i) as an exercise. To check (ii), it is enough to
observe that if X and Y are left invariant vector fields then:

(Lg)«[X, Y] = [(Lg)s X, (Ly)Y] = [X, Y], Vg eG.

Hence, [X,Y] is also a left invariant vector field.

Now to see that (iii) holds, let Xin (G) be the set of all left invariant
vector fields. It is clear from the definition of a left invariant vector field
that Xiny(G) C X(G) is a linear subspace. O the other hand, the restriction
map

:finv(G) — TEG, X=X,
is a linear isomorphism: if v € T.G we can define a left invariant vector field
X in G with X, = v by setting

Xg=dLy-v.
Hence, the restriction X, (G) — T.G is invertible. We conclude that:
dim X, (G) = dim T.G = dim G.
O

This proposition show that for a Lie group G the set of all left invariant
vector fields forms a Lie algebra, called the Lie algebra of the Lie group
G, and denoted by g. The proof also shows that g can be identified with
T.G.

ExXAMPLES 12.6.

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.

3. 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 in the commutator of matrices (exercise). Hence,
we can identify the Lie algebra of GL(n) with gl(n).
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Remark 12.7. 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. This group exists: it is the group
Diff (M) of all diffeomorphisms of M under composition. The study of such
infinite dimensional Lie groups is an important topic which is beyond the
scope of this course.

We have seen that to each Lie groups there is associated a Lie algebra.
Similarly, to each homomorphism of Lie groups there is associated a homo-
morphism of their Lie algebras.

Definition 12.8.
(i) A homomorphism of Lie algebras is a linear map ¢ : g — b
between two Lie algebras which preserves the Lie brackets:
(ii)) A homomorphism of Lie groups is a smooth map ® : G — H
between two Lie groups which is also a group homorphism:
O(gh™") = B(g)®(h)~", Vg,heG.

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 d.® - X..

Proposition 12.9. 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 L, = Lg(y) o P. Hence:
q)*(X)q;.(g) == d6L<I>(g) . deq> . Xe
= de(ch(g) o (I)) . Xe
=de(PoLy) - X
=dy®-deLy- Xe =dy® - X,

ExAMPLES 12.10.
1. Let T? = S! x S'. For each a € R we have the Lie group homomorphism
&, : R — T? given by: -
(I)a(t) — (ezt7 emt).
If a is rational, the image ®, is a closed curve, while if a is irrational the
image s dense curve in the torus. The induced Lie algebra homomorphism
(®4)« : R — R? is given by:
(Po)x = (X,aX).
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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.

3. Each invertible matrix A € GL(n) determines a Lie group automorphism
O 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:
(PA)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 Ad(g) : g — g:

Ad(9)(X) = (ig)« 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 12.11. A subspace b C g is called a Lie subalgebra if, for all
X,Y €b, we have [X,Y] € b.

ExaMPLES 12.12.

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 €gln): X + X* =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 + X7 =0,tr X = 0}.

4. If ¢ :g— b is a homomorphism of Lie algebras de Lie, 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 12.13. 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 Lecture [, we can always replace the submanifold
(H,®) by the subset ®(G) C G, and the immersion ® by the inclusion 1.
Since ®(G) 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 12.14.

1. In Ezample 12101, 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 =TI}.

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 the tangent bundle T'G of a Lie group G is trivial, i.e., there
exist vector fields X1, ..., 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:

8. Identify the vectors v € R? with the purely imaginary quaternions. For
each quaternion ¢ € S of norm 1 define a linear map T, : R3 — R3 by
1. Show that T, is a special orthogonal transformation and that

ST
t\ug
~_

is an element in SU(2).

v = quqg .
the map S* — SO(3), ¢ — Ty, is a Lie group homomorphism. Is this map
surjective? Injective?

9. Let G be a Lie group. Show that the connected component of the identity
is a Lie group G° 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 GG 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,1) is a regularly embedded submanifold.
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LECTURE 13. INTEGRATIONS OF LIE ALGEBRAS AND THE EXPONENTIAL

We saw in the previous lecture 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",0(n) and SO(n), 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 13.1. Let G be a connected Lie group and U a neighborhood
of the identity e € G. Then,

o Oom
n=1

where UM ={g1-+-gn:9: €U,i=1,...,n}.

Proof. U ' ={g7':g€U}and V=UNU"!, then V is a neighborhood
of the origin such that V = V1. Let:

H = [_jlvnc [_le".

To complete the proof it is enough to show that H = G. For that observe
that:

(i) H is a subgroup: if g,h € H, then g = ¢1...g, and h = hy ... Iy,
with g;, h; € V. Hence,

gh ™t =gi...guhyt RtV 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

H =] gH.
g¢H
Since G is connected and H # () is open and closed, we conclude that
H=G. O

We can now prove:

Theorem 13.2. Let G be a Lie group with Lie algebra g. Gien 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—D,={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 aiaj[Xi,Xj] + aZXZ(bJ)X] — bJXJ((IZ)XZ € %(D),
ij=1

so this distribution is involutive.

Let (H,®) be the leaf of this distribution that contains the identity e € G.
If g € ®(H), then (H,Ly,—1 o ®) is also an integral manifold of D which
contains e. Hence, L,1 o ®(H) C ®(H). We conclude that for all g,h €
®(H), we have g~'h € ®(H), so ®(H) is a subgroup of G. Since ® :
H — ®(H) is a bijection, it follows that H as unique group structure such
that ® : H — G is a group homomorphism. To verify that (H, ®) is a Lie
subgroup, it remains to prove that o : Hx H — H, (g,h) + g~!h, is smooth.
For this we observe that the map v : H x H — G, (g,h) — ®(g)"1®(h) is
smooth, being the composition of smooth maps. The following diagram is
commutative:

HxH-—G

\ T@
H
Since the leaves of any foliation are regularly embedded, we conclude that

v:H x H— H is smooth.
Uniqueness follows from Proposition [[3.1] (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 13.3 (Ado). Let g be a finite dimensional Lie algebra. There
exists an integer n and an injective Lie algebra homomorphism ¢ : g — gl(n).

Remark 13.4. A representation of a Lie algebra g in a vector space
V is a Lia 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 representation has a faithful representation.

98



Since gl(n) is the Lie algebra of GL(n), as a corollary of Ado’s Theorem
and Theorem we obtain:

Theorem 13.5. 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 # : N — M is a covering of a manifold M,
then there is a unique differentiable structure on NV for which the covering
map is a local diffeomorphism. In particular, if M is connected then the
universal covering space of M, which is characterize as a 1-connected
(i.e., connected and simply connected) covering of M, is a manifold and is
unique up to diffeomorphism. For Lie groups this leads to:

Proposition 13.6. Let G be a Lie group. Its universal covering space G
has a unique Lie group structure such that the covering map m: G — G is a
Lie group homomorphism and the Lie algebras of G and G are isomorphic.

Proof. We can identify the universal covering space G with the homotopy
classes of paths v : [0,1] — G, 7(0) = e, so that the covering map is
7©([v]) = v(1). We define a group structure in G as follows:

(a) Multiplication p : G x G — G: the product [][n] is the homotopy class
of the path t — ~y(t)n(t).

(b) Identity € € G: it is homotopy class of the constant path based at the
identity v(t) = e.

(c) Inverse i : G — G: the inverso of the element [y] is the homotopy class
of the path ¢~ ()71

It is clear that we these choices the covering map 7 : G—> Gisa group
homomorphism.

Recall now that there is a unique smooth structure on G for which the
covering map is a local diffeomorphism. To check that G is a Lie group,
we observe that 7 : G x G — é, (g9,h) — g~1h, is smooth since we have a
commutative diagram:

GxG—>G

where the vertical arrows are local diffeomorphisms and v is differentiable.
Since m : G — G is a local diffeomorphism it induces an isomorphism be-

tween the Lie algebras of G and G.
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Uniqueness follows, because the condition that  : 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. O

From the uniqueness of the universal covering space we conclude that:

Corollary 13.7. Given a finite dimensional Lie algebra g there exists, up to
isomorphism, a unique 1-connected Lie group G with Lie algebra isomorphic
tog.

EXAMPLE 13.8.
The special unitary group SU(2) is formed by the matrices:

soe = {( % 1), wvecisprei).

Therefore SU(2) is isomorphic as a manifold to S, hence it is 1-connected.
In fact, by an exercise in the previous lecture, SU(2) is isomorphic, as a Lie
group, to S3.

The Lie algebra of SU(2) consists of the skew-hermitean matrices of trace

zEero.
5u(2)—{( i‘% _éa ) :aeR,ﬂeC}.

We will identify the matriz defined by the elements o and B with the vector
(a, Re B,Im B) € R3, so we will think of su(2) as R with the standard euclidean
inner product.

For each g € SU(2) we have the linear transformation Ad g : su(2) — su(2)

(see Example[IZ10.3). We leave it as an exercise to check that:

(a) The linear transformation Ad g determines an element in SO(3).

(b) Ad : SU(2) — SO(3) is a surjective group homomorphism with kernel

{£I}.

It follows that Ad : SU(2) — SO(3) is a covering map. Since SU(2) is 1-
connected, we conclude that SU(2) ~ S* 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 projective space P* and 71 (SO(3)) = Z,.

Let us consider now the question of integrating homomorphisms of Lie
algebras to homomorphisms of Lie groups.

We start by remarking that again there are topological obstructions. For
example, the identity map ¢ : R — R is a Lie algebra isomorphism between
the Lie algebras of the Lie groups S' and R. However, there are no non-trivial
Lie group homomorphisms ® : S! — R: if there was such homomorphism
its image ®(S') would be a compact, nontrivial, subgroup of R. Therefore,
there is no Lie group homomorphism ® : S! — R with ®, = ¢.

The problem in this example is that S' is not simply connected. In fact,
we have:
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Theorem 13.9. Let G and H be Lie groups with Lie algebras g and Y. 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 b be the graph of ¢. Since ¢
is a Lie algebra homomorphism, de dlgebras ¢ is a Lie subalgebra of g x b.
Hence, there exists a unique connected Lie subgroup K C G x H with Lie
algebra t. Let us consider the restriction to K of the projections on each
factor:

KcGxH
/ Y\
G H

The restriction of the first projection m|, : K — G gives a Lie group
homomorphism such that:

(1) (X, 6(X)) = X.

Hence, the map (71|g)« : € — g is a Lie algebra isomorphism and it fol-
lows that 7|, : 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)x 0 (1] )5 (X)
= (m2).(X, (X)) = ¢(X).
We leave the proof of uniqueness as an exercise. O

We saw above that every Lie algebra is isomorphic to a Lie algebra of ma-
trices (Ado’s Theorem). As an application of the integration of morphisms
we show that there are Lie groups which are not groups of matrices.

ExaMPLE 13.10.
For the special linear group

SL(2)_{<CCL Z):ad—bc_l}.

the Lie algebra s1(2) is formed by the space of 2 X 2 matrices with trace zero.
To exhibit the topological structure of SL(2) 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 se that we can also describe SL(2) as:

SL(2) = {(p7Q7T75) €R4 2p2+32 =q2+r2—|—1}
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so we conclude that SL(2) is diffeomorphic to R? x S*. In particular,
71 (SL(2)) = m (SY) = Z.

e~ e~

Let SL(2) be the universal covering group of SL(2). We claim that SL(2) is
not isomorphic to any group of matrices. We shall need the following lemma,
whose proof we leave as an exercise:

LEMMA 13.11. Let ¢ : sl(2) — gl(n) be a Lie algebra morphism. There
exists a unique Lie group morphism ® : SL(2) — GL(n) such that ®, = ¢.

Assume that, for some n, there exists an injective Lie group homomorphism:
®: SL(2) — GL(n).

We claim that this leads to a contradiction. In fact, ® induces a Lie alge-
bra morphism ¢ : sl(2) — gl(n). By the lemma, there exists a unique Lie
group homomorphism ® : SL(2) — GL(n) such that ®. = ¢ and we obtain a
commutative diagram:

SL(2) —= GL(V)

| A

SL(2) G

In this diagram the morphism 7 is not injective, while the morphism o is
injective, which is a contradiction.

As another application of the integration of morphisms, we show how one
can construct an exponential 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 R — g, t — tX, is a Lie algebra
homomorphism. Since R is 1-connected it follows that there exists a unique
Lie group homomorphism ®x : R — G with &, = ¢. We note that

@X(O) =€
Px(t+s)=Px(t)Px(s) = Loy Px(s),
d d
Coyit)= Sa
3 2x(t) = - Px(t + ) -
d
=deLoy (1) - &‘I’X(s) o

= deL@X(t) . Xe = X@X(t)

This means that t — ®x(¢) is actually the integral curve of X through
e € G. Recalling that ¢’ denotes the flow of the vector field X, we have:

Definition 13.12. The exponential map exp : g — G is the map

exp(X) = ¢k (e).
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The following proposition lists the main properties of the exponential
map. Its proof is left for the exercises.

Proposition 13.13. The exponential map exp : g — G satisfies:
(i) exp((t + s)X) = exp(sX) exp(tX);
(ii) exp(—tX) = [exp(tX)] "L
(iii) exp is a smooth map and dgexp = I;
(iv) For any Lie group homomorphism ® : G — H the following diagram
18 @ commutative:

G—2-H
eXpT Texp
g . h

Property (iii) implies that that the exponential is a diffeomorphism from a
neighborhood of 0 € g to a neighborhood of e € 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).

EXAMPLE 13.14.
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 A = (a;j;)

18! P
XA = E ik Ty -
~ O0xy;
ijk

Hence, the integral curves if this vector field are the solutions of the system of

ode’s:
Ti5 = E AikThj,
k

These are given by:
(a37)(1) = € (i;)(0),

where the matriz exponential is defined by:

+00 An

A
e = Z F

k=0
We conclude that the exponential map exp : gl(n) — GL(n) coincides with the
usual matriz exponential.

By item (iv) in Proposition [13.13, we conclude that if b C gl(n) a Lie
subalgebra and H C GL(n) is the associated connected Lie subgroup, then
exponential map exp : h — H also coincides with the matrix exponential. For
example, if b = sl(n) and H = SL(n) the exponential of a matriz of zero
trace is a matriz of determinant 1, a fact that also follows from the well-known
formula:

det(e?) = '™ 4,
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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 13.15. 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 some neighborhood of 0
which is diffeomorphic via the exponential map to a neighborhood V- C G of
e, and
exp(hNU)=HNYV,

then H, with the relative topology, is a Lie subgroup of G whose Lie algebra
s b.

Using this proposition one can then proof the following important result:

Theorem 13.16. Let G be a Lie group and H C G a closed subgroup. Then
H, with relative topology, is a Lie subgroup.

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 [I3.2] by showing that the integrating Lie
subgroup is unique.

3. Let G be a Lie group and let m : 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 there exists a retraction of SL(2,C) in SU(2) =S3.)

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.)
-2 0
0 -1

is not in the image of exp : gl(2) = GL(2).

6. Show that the matrix

7. 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.)

8. Let & : G — H be a Lie group homomorphism, with G connected. Show
that if the kernel of ® is discrete then it is contained in the center of G.
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Conclude that the fundamental group of a Lie group is always an abelian
group.

9. 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.

10. Prove Proposition [13.15

LECTURE 14. TRANSFORMATION GROUPS

Let G be a group. Recall (Lecture [§) 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, forall p e M;

(b) g-(h-p)=(gh)-p, forall ggh € Gand p € 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:

Vy: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
UV, : M — M is a diffecomorphism of M, so one also says that G is a
transformation group of M. Note that for a smooth action, for each
p € M, the isotropy subgroup

Gp={9e€G:g-p=p}.

is a closed subgroup, hence it is an (embedded) Lie subgroup of G (see

Theorem [I3.16)).

The results in Lecture [8 concerning smooth structures on orbits spaces of
discrete group actions extend to arbitrary smooth actions of Lie groups. A
smooth action ¥ : G x M — M is called a proper action if the map:

GxM—MxM, (g,p)~ (p,g-p),

is proper. For example, actions of compact Lie groups are always proper.
We have:

Theorem 14.1. 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 — dimG.
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Proof. We apply Theorem B3] to the orbit equivalence relation defined by
the action. This means that we need to verify that its graph:

RZ{(p,gp)pGM,gEG}CMXM,

is a proper submanifold of M x M and that the restriction of the projection
pi|lr : 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 the image of this map is injective. The differential of this map
digp®: TyG x TyM — T,M x Ty, M is given by:

(v,w) = (w,d¥, - v+dVU, - 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 pi|gr : 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

It follows from this result that the orbits of a proper and free action are
always embedded submanifolds diffeomorphic to G.

EXAMPLE 14.2.
Consider the action of St on the 3-sphere S* = {(z,w) € C? : |2 +|w|* = 1},
defined by:

0-(z,w) = ("2, e"w).
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 [I4.1] we conclude that:

Corollary 14.3. 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.
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Remark 14.4. 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 \T/p between G/G,, and the orbit through p. Notice that
G acts on the set of right cosets by left translations:
G % G/Gy > G/Gy,  (h9Gy) = (hg)G.

The map \i/p 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 14.5. Let W : GXM — M be a smooth action of a Lie group G on
a manifold M. The orbits of the action are regularly immersed submanifolds
of M. Moreover, for every p € M, the map

U,:G/G, —- M, gG,+ g-p,
is a G-equivariant diffeomorphism between G /G, and the orbit through p.
Proof. Since G, is a closed subgroup, by Corollary [4.3] G/G), has a smooth

structure. The map:
U, :G/Gp — M, gGpr g-p,
107



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 regularly immersed.

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=g-p = Gg=gGpg "
It follows that ® : G/G, — G/G,, hG, — ghg~'G,, is an equivariant
diffeomorphism which makes the following diagram commute:

Ty
G/G, —= M

@l Uy
Tq

G/Gy—— M

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
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.

EXAMPLES 14.6.

1. Let S? be the unit quarternions. Identifying R3 with the purely imaginary
quaternions, we obtain an action of S® on R3:

q-v=qug .
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 S, 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 S®/St. The surjective
submersion 7 : S* — S%, ¢+~ q- (1,0,0), whose fibers are diffeomorphic to S*,
1s known Hopf fibration.

2. Let O(d+1) xR+t — R+ be the standard action by matriz multiplication:

(A7) — A7,
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The orbits of this action are the spheres (z°)%+- -+ (%)% = r? and the origin.
Again, we consider the sphere S% of radius 1 and we let py = (0,...,0,1) € §¢,
the north pole. The isotropy group at py consists of matrices of the form:

B0 cow+),
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 P4 be the projective space and denote by m: R4 — {0} — P the map

L Il AL

)

The action SO(d + 1) x R4TY — R by matriz multiplication, induces a
smooth transitive action SO(d + 1) x P4 — P?. The isotropy subgroup of the

point [0:---:0: 1] consist of matrices of the form:
B 0 € SO(d+1),
0 | det B

so we can identify it with O(d). We conclude that P? 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).

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 G(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
51,8y C R? there exists A € O(d) mapping S1 onto Sa. This means that the
action O(d) x Gx(R?) — G1(R?) is transitive.

We fiz the point Sy € G1(R? to be the subspace RF x {0} C Re. The isotropy
group of this point is:

H_{<%’%) EO(d):AeO(k:),BeO(d—k)}.

so we have a bijection
O(d)/O(k) x O(d — k) = Gg(V).

On Gy (R%) we can consider the unique smooth structure for which this bijection

becomes a diffeomorphism. This gives G1(RY) the structure of a manifold of

dimension de 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 Gy (R?) is called the Grassmannian manifold of k-planes in RY.
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Since Lie groups have infinitesimal counterparts, it should come as no
surprise that Lie group actions also have an infinitesimal counterpart. Let
U :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 ¢ = 0, and it is defined and smooth in a small interval
| — €,e]. We define the vector field ¢(X) in M, by:

d
X)), = — tX) -
/l/}( )p dt eXp( ) p —0

The proof of the following lemma is left as an exercise:

Lemma 14.7. For each X € g, ¥(X) is a smooth vector field and the map
Vg — X(M) is linear and satisfies:

w([Xv Y]g) = —W(X)W(Y)]v VX,Y €g.

Remark 14.8. An anti-homomorphism of Lie algebras is a linear map ¢ :
g — b which satisfies:

¢([X7 Y]) = _[¢(X)7¢(Y)]7 VX,Y €g.

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 l-parameter subgroups of the group of
diffeomorphims.

The lemma above suggests the following definition:

Definition 14.9. An infinitesimal action of a Lie algebra g on a manifold
M is an anti-homomorphism of Lie algebras v : g — X(M).

ExAaMPLE 14.10.
The Lie algebra s0(3) has a basis consisting of the skew-symmetric matrices:

0 0 0 00 —1 0 1 0
X=/0 0 1|, Y=(00 0|, Zz=|-110 0.
0 -1 0 10 0 0 0 0

3We 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.
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In this basis, we have the following Lie bracket relations:
[va]:_Za [KZ]:_Xa [ZaX]:_Y

For the usual action of SO(3) on R3 by rotations, we can compute the infini-
tesimal action as follows. First, we compute the exponential

1 0 0
exp(tX)=| 0 cost sent
0 —sent cost
Then:
d 0 0
X - - tX . = — —Yy—.
U)( )(w,y,z) dt exp( ) (Ia Y, Z) —o Zay y@z
Similarly, we compute:
0 0] 9] 0
Y=0— —2— Z)=y— —x—.

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 102

A smooth action ¥ : G x M — M determines an infinitesimal action
¥ g — X(M). The converse does not necessarily hold, as our next example
shows.

ExXaMPLES 14.11.

1. Consider the infinitesimal Lie algebra action of s0(3) on R3 given in Ex-
ample [TZ.10. 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
50(3) on M which, if po # 0, is not induced from a Lie group action of SO(3)
m 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, =1, 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. Conversely, one can show that:

Theorem 14.12. Let ¢ : g — X(M) be an infinitesimal Lie algebra action
such ¥(X) is complete, for all X € g. Then there exists a smooth action
U : G — Diff(M) with ¥, = ¢, where G is the 1-connected Lie group with
Lie algebra g.
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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 :Gx M — M, where GG is the 1-connected Lie group with Lie algebra g.

ExaMPLES 14.13.

1. 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

At the Lie algebra level, a representation of a Lie algebra g is a Lie
algebra homomorphism p : g — gl(V). We also have a natural inclusion
gl(V) — X(V), which to a linear map T : V — V associates a unique (linear)
vector field Xt € X(V') which acts on linear functionsl:V — R by:

Xr()=1oT.

One checks that [ X, , X1,] = = X7, 1), 50 that the Lie algebra homomorphism
p:g— gl(V) determines a anti-Lie algebra homomorphism ¢ : g — X(V).

It follows that a representation U : G — GL(V) is the same as a linear
action. It yields by differentiation a Lie algebra representation U, : g— gl(V)
which is the same as an infinitesimal Lie algebra action ¢ : g — X(V).

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. Let ¥ :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.

2. Show that the orbits of a smooth action are regularly immersed submani-
folds.

3. Let G be a 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.

4. 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.
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5. 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 G is connected for some p € M, then G is connected.

6. For any Lie group G, recall that its adjoint representation Ad : G —
GL(g), g — Adg, is defined by Ad(g) := deigy, where iy : G — G is given by
ig(h) = ghg™'. Show that the induced Lie algebra representation ad : g —

gl(g) is given by:

ad(X)(Y) = [X,Y], VXY €gq.

7. Find the orbits and the isotropy groups for the adjoint representations of
the following Lie groups:

(a) SL(2).

(b) SO(3).

(c) SU(2).

8. For a vector space V of dimension d denote by Sk (V') the set of all k-frames
of V:

Se(V)y={(vi,...,vi) €V x---x V :vy,..., v are linearly independent}.

Show that S (V') is a homogenous space of dimension dk. Sk (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.)

9. Give a proof of Lema [I4.7
(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,Yeg,

and express the infinitesimal action ¢ : g — X(M) in terms of right invariant
vector fields.)

10. 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:

g ={Xeg:9(X),=0}

11. 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=Dpo,Vg € G.
Show that if pg is a fixed point of the action then:
(a) U induces a representation = : G — GL(T},, M);
(b) v induces a representation & : g — gl(Tp, M);
(¢) The representation = of G integrates the representation £ of g: (Z), = &.
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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 lectures, 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 lectures
are the following:

e In Lecture 15: 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 Lecture 16: the differential and the Lie derivative of differential
forms, which give rise to the Cartan calculus on differential forms.

e In Lecture 17: the integration of differential forms on manifolds and
Stokes Theorem.

e In Lecture 18: the de Rham complex formed by the differential forms
and its cohomology, an important invariant of a differentiable mani-
fold.

e In Lecture 19: the relationship between de Rham cohomology and
singular cohomology, which shows that de Rham cohomology is a
topological invariant.

e In Lecture 20: the basic properties of de Rham cohomology: homo-
topy invariance and the Mayer- Vietoris sequence.

e In Lecture 22: 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 Lecture 21: applications of cohomology: the degree of a map and
the index of a zero of a vector field.
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LECTURE 15. 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 =Pev
k=0

and is furnished with the tensor product ® : @*V* x @V* — FHV™*,
Its exterior algebra is:

d
AV =P nve
k=0

and is furnished with the exterior product A : AFV* x AlV* — AR,
If ay,...,a € V¥ and vyq,...,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 T% : *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.
peM
and we have a projection 7 : AFT*M — M. We call A¥T*M the k-exterior
bundle of M. Just like the case of the tangent bundle, one has a smooth
structure on this bundle.

Proposition 15.1. There exists a canonical smooth structure on AFT*M
such that the canonical projection in M is a submersion.

The proof is similar to the case of the tangent bundle and is left as an
exercise. One has also similar smooth structures on the bundles AFT'M,
QFT*M, @*TM, @F¥T*M ®° T*M, etc. For any such bundle 7 : E — M a
section is a map s: M — E such that 7o s(p) = p, for all p € M.

Definition 15.2. Let M be a manifold.
(i) A differential form of degree k is a section of N¥T*M.
(ii) A multivector field of degree k is a section of N*T M.
(i) A tensor field of degree (k,s) is a section of @*TM ®° T*M.

We will consider only smooth differential forms, smooth multivector fields
and smooth tensor fields, meaning that the corresponding sections are smooth
maps.

If (U,¢) = (U,z',...,2%) is a chart then a differential form w of degree k
can be written in the form:

wly = Z wil...ikdxil A Adat®
i1 <<,
_ L dzt dzt*
= Z Ewil"'ik AV ANCIIVAN¢ B At
i1eig :
where the components w;,..;, are alternating: for every permutation o € Sy,
one has
Wair)o(iy) = (—1)™" Wiy iy
It should be clear that w is smooth if and only if for any open cover by charts
the components w;,..;, € C%°(U) are smooth. If (V,¢) = (V,y!,...,y%) is
another chart, so that
wly = Z wjl...jkdyjl A Adylk,
J1<-<Jjk
where @j,...;, € C®°(V). If UNV # () the components in the overlap of the
two charts are related by:

_ 3 8(xi1 .. xlk)
w'l""k(y) = wil“‘ik((bow 1(y))17k
Jig 212% A(ydr - - - yir)
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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™! : p(UNV) = $(UNV).

If IT is a multivector field of degree k, we have similar expressions in a
local chart:

H|U: Z Hll Zk%/\/\%,

i1 <<y

and similarly for a tensor field T' of degree (k, s), which can be written in a
local chart:

) o _ ,

- Lotk _ 7 sy Iy, Jk

Tlo= > T @ © gy @dl e add
U1yl J 1008

We leave it as an exercise to determine the formulas of transformation of

variables for multivector fields and tensor fields.

Remark 15.3. 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.

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), € NET » M can be seen as an alternating, multilinear, map
wp : TyM x --- x T,M — R.

Hence, if X7,..., X} € X(M) are smooth vector fields M we obtain a smooth
function w(Xy,...,X) € C°(M):

p = wp(Xilp, - Xilp)-
Therefore every differential form w € Q¥(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.

We consider now several basic operations with differential forms.
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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) — QFFS(M), (w A7)y = wp Anp.

If we consider the space of all differential forms:
d
QM) = P ¥ ().
k=0

where we convention that Q°(M) = C*(M) and fw = f A w, the exterior
product turns Q(M) into a Grassmannn algebra over the ring C*°(M),
i.e., the following properties hold:

(a) (fw+gn) N0 =fwnbO+gnAb.

(b) wAn = (—1)deewdegny a

() (wAN)A=wA(nAb).
If ai,...,ar € QY(M) and X1,..., X, € X(M), according to our conven-
tions we have:

at A A Oék(Xl, - ,Xk) = det [ai(Xj)]f,jzl .

This properties is all that we need to know to compute exterior products
in local coordinates, as we illustrate in the next example:

EXAMPLE 15.4.
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+wHe*dz Ady Adz Adw + ze*dz Adw Ady Adz
= —w?e*dz A dy A dz A dw.

Also, if we would like to compute, e.g., n on the vector fields X = y% — 8%

andY = eza% we proceed as follows:

N(X,Y) =2dy Adz(X,Y) — e*dz Adw(X,Y)

| W0 w0 || 09 )
dz(X) dz(Y) dw(X) dw(Y)
— -10 2| Y _ 2z
=z 0}—6 I e

Pull-back of differential forms. Let ® : M — N be a smooth map. For each
p € M, the transpose of the differential
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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, e ,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 0 )®"w, 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. We have also that:

(d) @*(df) =d(f o).
These properties is all that it is needed to compute pull-backs in local coor-
dinates, as we illustrate in the next example:

EXAMPLE 15.5.
Let ® : R? — R* be the smooth map:

1
v, T2
In order to compute the pull-back under ® of the form:
n=zdy Adz — e*dz A dw € Q*(RY),
we proceed as follows:
®*n = (zo®)d(y o ®) Ad(z0®) —e*°®d(z 0 ®) Ad(w o D)
1

= (u+v)d(u—v) A d(v2) — e”2d(v2) A d(m)

—2udu
(14 u?)?

duve®”
= <2v(u +v) — %) du A dv.

In other words, to compute the pull-back ®*n, one replaces in 1, the coordinates
(x,y,z,w) by its expressions in terms of the coordinates (u,v).

D(u,v) = (u+v,u—w,

).

= (u+v)du A 2vdv — 20e”" dv A

Remark 15.6. When (N, ) 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.
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For example, for the sphere
S? = {(z,y,2) € R® : 2% + ¢y + 22 =1},
we can write
w = (zdy Adz + ydz A dz + zdz A dy)|ss,

meaning that w is the pull-back by the inclusion i : S — R? of the differ-
ential form zdy A dz + ydz A dz + zdz A dy € Q?(R3). Sometimes, one even
drops the restriction sign.

One should also notice that if ® : M — N and ¥ : N — @ are smooth
maps, then Yo ® : M — (Q is a smooth map and we have:

(Tod)'w="(¥w).

In categorial 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).

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~1(M), is
the the differential form of degree (k — 1) defined by:

in(Xla s 7Xk—l) = W(Xv le s 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+gb) = fixw+ gix0.
(b) ix(wAB) = (ixw) A0+ (—1)%8%w A (ix0).
(C) i(fx+gy)w = fZXw + gZYO.)
(d) ix(df) = X();
Again, these properties is all that it is needed to compute interior products
in local coordinates.

ExaMPLE 15.7.

Let w = e®dz Ady +e*dy Adz € Q3 (R3), andsza%—ya% € X(R3). Then:
z%(dx/\dy) (aid)/\dy dx/\(agd) dy,
zf%(dx/\dy)z(agd)/\dy dx/\(agd) —dz,
z%(dy/\dz)z(aid)/\dz—dy/\(aid) 0,
za%(dy/\dz)z(agd)/\dz—dy/\(agd) dz.

Hence, we conclude that:

ixw = —ze®dr — ye*dy + redz.
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Remark 15.8. 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 II of degree | < k, to be a differential form igw of
degree k — I. In a local chart (U,z!,... ,a:d), if

. . N ol
_ . . 11 1k — Jrej_— -
wly = Z Wiy dz Ao Ada', |y = Z IT S AREEWA Bit’
11T JiJ
then:
(inw)|y = Z Wiy T 0 Ao A 2,

110k

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 {vi,...,v4} of V we have

w(vi, ..., vgq) #0.

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.

Definition 15.9. For a smooth manifold M of dimension d, we call a dif-
ferential form p € Q4M) 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 u € Q4(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 py, s € Q%(M) are two volume forms then there exists a
unique smooth non-vanishing function f € C°°(M) such that po = fu;.

Let M be an orientable manifold of dimension d. If 1, uz € Q4(M) are
volumes forms we say that p; e ps define the same orientation if for all
p € M and any ordered base {vi,...,vs} of T, M, one has:

(V1 V(v V) > 0.

Note that if py and po define the same orientation, then a base is p1-positive
if and only if it is po-positive. We leave the proof of the following lemma as
an exercise:

Lemma 15.10. Let M be manifold of dimension d. Two volume forms
w1, 2 € QUDM) define the same orientation if and only if py = fwi 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.
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Definition 15.11. An orientation for an orientable manifold M is a
choice of an equivalence class [p]. A pair (M, [u]) is called an oriented
mantfold.

A connected orientable manifold has two orientations. More generally, an
orientable manifold with k connected components has 2¥ orientations.

ExaMPLES 15.12.

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 --- N ag 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 ANdazt A A dad
i=1 Sd

We leave it as an exercise to check that this form never vanishes.

4. The projective space P? is not orientable. To see this let u € Q?(P?) be any
differential 2-form. If w:S? — P? is the quotient map, then the pull-back 7*u
is a differential 2-form in S?. It follows from the previous example that

T™p= fw,
for some smooth function f € C>°(S?).
Let ® : S? — S? be the anti-podal map: p — —p. Since 7 o ® = 7, we have:
() = (o @) ' =m"p.
On the other, it is easy to check that ®*w = —w. Hence:
fo=7"p =20 (r"p)
= O (fw) = (f o ®)2"(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, 7*u vanishes at some point. Since T is

a local diffeomorphism, we conclude that every differential form p € Q2(P?)
vanishes at some point, so P? 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

[@*pun] = [pa]-
EXAMPLE 15.13.
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 z € R4,
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One can also express the possibility of orienting a manifold in terms of an
atlas, as shown by the following proposition. The proof is left as an exercise.

Proposition 15.14. Let M be a manifold of dimension d. The following
statements are equivalents:

(i) M is orientable, i.e., M has a volume form.
(i) There exists an atlas {(U;, ¢;)tier for M such that for all i,j € I the
transition functions preserve the standard orientation of RY.

In particular, if [puar] 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.

HOMEWORK.

1. Construct the natural differentiable structure on A*T*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
Lecture [d) defines a symmetric tensor field of degree (0,2).
NOTE: In a chart (U, %), a symmetric tensor field of degree (0,2) is written as

glv = Zgijdiﬂi ® da?

4,J
where the components g;; € C*(U) satisty ¢;; = gji-

4. Proof 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

d* (iyw) = ix@*w,
for any differential form w € Q(N).

6. Proof Proposition [5.14]

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 projective space P? is orientable if and only if d is odd.
9. Verify that the Klein bottle (see Example[6.814) is a non-orientable manifold.

10. Show that every oriented manifold (M, [u]) has an atlas consisting of pos-
itive charts.
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11. Let M be a Riemannian manifold of dimension d. Show that:
(a) Each inner product on the tangent space T, M induces an inner product
on the cotangent space T7 M.
(b) For each p € M, there exists a neighborhood U of p and orthonormal
smooth vector fields X,..., X4 € X(U):

(X, X;) = di; (Kronecker symbol).

The set {X1,..., X4} is called a (local) orthonormal frame.
(c) For each p € M, there exists a neighborhood U of p and orthonormal
differential forms a,...,aq € Q1 (U):

(o, o) = 0;; (Kronecker symbol).

The set {aq,...,a4} is called a (local) orthonormal coframe.

12. Let (M, [u]) 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 a;, . .., ag which is positive (i.e., a1 A+ Ay
is positive) the following properties hold:

(a) *1=a1 A ANagand x(ag A+ ANag) =1;
(b) *(cr A+ Aag) = a1 A A ag.
Show also that:
s xw = (—1)"1"R)y where k = degw.

x is called the Hodge star operator.

LECTURE 16. DIFFERENTIAL AND CARTAN CALCULUS

We will introduce now two important differentiation operations on differ-
ential forms: the differential of forms, which is an intrinsic derivative, and
the Lie derivative of differential forms, which is a derivative along vector
fields. These differential operations together with the algebraic operations
on differential forms that we studied in the previous lecture, are the basis of
a calculus on differential forms on which is usually called Cartan Calculus.

Let w € QF(M). The differential of w is the differential form of degree
k + 1, denoted dw, defined by:

k
(16.1) dw(Xo,..., Xp) = > (-1)'Xi(w(Xo,..., X, ..., Xp))+

=0
+ > ()X, X Ko, X X X,
0<i<j<k
for any smooth vector fields Xy, ..., X € X(M). Since this formula defines
a C'°°(M)-multilinear, alternating, map X(M) x --- x X(M) — C*>*°(M), we
see 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

([I6.10) gives:



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 16.1. The differential
d:Q*(M) — QM)
is the only operation on forms satisfying the following properties:
(i) d is R-linear:
d(aw + b8) = adw + bd6.
(ii) d is a derivation:
d(w A ) = (dw) A G+ (—1)%8%w A (dF).
(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 (I6.1]),
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.

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 = Z wil...ikdxil A Adatk,

i< <i,
Using only properties (i)—(iv) we find:
dw= > d(w..da’ A---Ada'*) (by (i))
i1 <<
= Z Ad(wiyoiy) A da™ A= Ada'® (by (ii) and (iv))
i <<
Owiy iy, 1 i i
= Z Zde Adz"™ Ao Ada' (by (ii)).
i<<iy x
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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 can also be
reduced to a computation in local charts, and we leave it to the exercises. [

As this proof shows, one can compute the differential of a form using only
properties (i)—(iv). This is often much more efficient than applying directly
the formula (I6.]), as we illustrate in the next example.

EXAMPLE 16.2.
Let w = e¥dx Adz + e*dy A dz € Q?(R3). Then using properties (i)—(iv), we
find:
dw = d(e¥dz A dz + e*dy A dz)
= (deY) Adz Adz+d(e*) Ady Adz
eYdy Ndx ANdz + e*dz Ady Adz
= —eYdz Ady 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 16.3. 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:

m1 ((gbg()*w — w) .

d T \* 1
Lxw=q0x)w) =lims

t=0

EXAMPLE 16.4.
Let w = e®dx Ady + e¥dy A dz € Q*(R?) and X = :Ca% € X(R3). The flow of
X is given by ¢% (z,y,2) = (x,y + tz,2). Hence, we find that:
(¢ )*w = e®dz Ad(y + tx) + ¥ T d(y + to) Adz
= e%dax Ady + e? T dy A dz + teV T dx A dz

Then:
d 1\ %
Lxw = E(¢X) w

d
— ((e¥*™ —e¥)dy A dz 4 e? T da A dz2)
dt|,_,

=zeVdy Adz + eYdz A dz.

t=0

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:

127



Proposition 16.5. Let X € X(M) and w,n € Q*(M). Then:
(i) Lx(aw +bn) = alxw+ bLxn for all a,b € R.

(i) Lx(wAn)=LxwAn+wALxn.

(iii) Lx(f) = X(f), if f € QU(M) = C>(M).

(iv) Lxdw =dLxw.

EXAMPLE 16.6.
Let us redo Example [16.4] using only properties (i)-(iv) in the previous propo-
sition:
Lxw=Lx(e*dz Ady + eYdy A dz)
=Lx(e®)dz Ady + e"Lx(dz) Ady + edz A Lx(dy)+
+ Lx(e¥)dy Adz 4+ eYLx(dy) Adz + eYdy A Lx(dz)
=e"dz AdX (y) + X (e¥)dy Adz + eYdX (y) Adz
=zeVdy Adz + eYdz A dz.

There is still another efficient way to compute the Lie derivative. In fact,
there is an important “magical” formula, often playing an unexpected role,
which relates all three operations: Lie derivative, exterior differential and
interior product:

Theorem 16.7 (Cartan’s Magic Formula). Let X € X(M) and w € Q(M).
Then:

(16.2) Lxw=1ixdw + dixw.

Proof. By Proposition (iii), 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

fr9 € C=(M).
On the one hand, the properties in Proposition 16.5] give:
Lx(f)=X(f), Lx(dg)=dLxg=d(X(g))

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 16.8.
Let us redo Example using Cartan’s Magic Formula:

Lxw=1ixdw+dixw
=ix(0) + d(—ze®dx + xe¥dz)
=eYdr Ndz + ze¥dy A dz.
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As an pplication of the notion of differential, we show how one can restate
the Frobenius Theorem in the language of differential forms. If D is a smooth
distribution in a manifold M we will say that w € QF(M) annihilates D if:

w(X1,...,Xk) =0 whenever Xy,..., X € X(D).
We denote by I(D) the collection of all such forms:
I(D) = {w € Q(M) : w annihilates D}.

Also, given a collection of differential 1-forms oy, ..., a5 € QY (M) we will
say that the collection is linearly independent if for each p € M they
yield a linearly independent set in T;7M.

One can describe any distribution using differential forms:

Proposition 16.9. Let D be a smooth k-dimensional distribution in a man-
ifold M of dimension d. Then:

(i) I(D) is an ideal in the Grassmann algebra Q(M).
(ii) I(D) is locally generated by d — k linearly independent 1-forms.

Conversely, if I C Q(M) is an ideal which is locally generated by d — k dif-
ferential forms of degree 1, then there exists a unique smooth k-dimensional
distribution D such that I = I(D).

Proof. Assume that D be a smooth k-dimensional distribution in a manifold
M of dimension d. Item (i) follows immediately from the definition of I(D)
and the properties of the wedge product. To show that (ii) holds, for each
p € M let U be an open neighborhood of p and let X4 g11,..., X4 € X(U)
be linearly independent vector fields generating D|;;. We can complete this
collection with vector fields so that Xi,...,X; € X(U), is a base for T,,M,
at each p € U. Let aq,...,aq € QY(U) be the dual base of 1-forms:

ai(X;) = 6ij.
We claim that «q, ..., ap are the desired 1-differential forms:
e The collection aq,...,qx is linearly independent: this is obvious,

since {a1,..., a4} yield a base for form Ty M, for each p € U.
e The collection ag, ..., ax is a generating set for I(D): if w € Q"(M),
there exist a;,...;,, € C°°(U) such that

w\U = Z Ay .ej,. Oy /\"'/\Oéir.
1<iy<-<ir<d
When w € I(D) we see that a;,..;, = 0 for all i; > k, by evaluating
both sides on the vector fields X4 11, ..., Xq. Hence,
w]U = Z ail...irail Ao A a,-r,,
1<iy<-<ir <k

so the collection aj, ..., is a generating set for I(D).
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In order to show the converse, let p € M and let a, ..., ay be independent
1-forms which generate the ideal I in some neighborhood U of p. Define
D, C T,M to be the subspace:

D,={veT,M:a;(v)="--=ag(v) =0}
It is easy to check that D is a smooth k-dimensional distribution in M such
that I = I(D). Uniqueness follows from the fact that if Dy # Ds, then
I(Dy) # I(D2). 0
Define a differential ideal to be an ideal I C Q(M) which is closed

under the differential:
wel — dwel.

The Frobenius Theorem can be restated in the language of differential forms:

Theorem 16.10 (Frobenius). A distribution D is integrable if and only if
I(D) is a differential ideal.

Proof. 1t is enough to show that D is involutive if and only if I(D) is a
differential ideal.

On the one hand, expression (I6.1)) for the differential shows that if D is
involutive then I(D) is a differential ideal. On the other hand, if I(D) is a
differential ideal and X,Y € X(D), then for any degree 1 form w € I(D) we

find, using ([I6.]), that:
w([X,Y]) = —dw(X,Y) + X(w(Y)) - Y(w(X)) =0.
Hence, [X,Y] € X(D), so we conclude that D is involutive. O
EXAMPLE 16.11.
Let w € QY(M) be a differential 1-form which is nowhere vanishing. Then w

define a smooth distribution of codimension 1. By the Theorem, this distribu-
tion is integrable if and only if

dw=1nAw,
for some 1-form n € QY(M).

HOMEWORK.

1. Show that d defined by formula (I6.1]), satisfies properties (i)—(iv) in Theo-
rem [16.11

2. Let ®: M — N be a smooth map. Show that for any form w € QF(M):
¢*dw = dP*w.

3. Let I C Q(M) be an ideal generated by k independent differential forms
aq, ..., of degree 1. Show that the following statements are equivalent:
(a) I is a differential ideal;
(b) deyi = >~ wij A, for some 1-forms w;; € Q' (M);
(¢) fw=a3 A+ Aag, then dw = @ A w, for some 1-form a € Q' (M).
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4. Prove the properties of the Lie derivative given in Proposition [16.5]

5. Let X, Y € X(M) be vector fields and w € Q(M) a differential form. Show
that:
Lixyw = Lx(Lyw) — Ly(Lxw).

6. Let ® : M — N be smooth. Show that if X € X(M) and Y € X(NN) are
d-related vector fields, then
(I)*(ﬁyw) = ,CX(‘I)*(U),

for every differential form w € Q(N).

7. Let X € X(M) and w € Q¥(M). Show that:
k

(163) ﬁx(w(Xl,...,Xk)):Exw(Xl,..., —i—Zw Xl,..., Xi,...,Xk).
i=1

Use this formula to compute Lxw when X = x4 a € X(R?) and w = e*dx A
dy + e¥dy A dz € Q?(R3).

(HINT: Take X7 and X» to be the vector fields 2, 8% and 2.)

8. Let M be an oriented Riemannian manifold. If v € T, M denoted by =
T*M the unique convector defined by v*(w) = (v, w). The map v ~ v” is an
isomorphism and we denote its inverse by a — aof. The gradient of a function

f: M — R is the vector field grad f € X(M) defined by:

grad f := (df)ﬁ.
The divergence of a vector field X € X(M) is the function divX : M — R
defined by

div X = xd x X.

The laplacian of f: M — R is the function Af : M — R defined by:
Af = —div(grad f).

When M = R3 with its canonical Riemannian structure, find the gradient, the
divergence and the laplacian in cylindrical and in spherical coordinates.

9. 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 |, ] :
XF(M) x 25(M) — X*+(M) which coincides with the usual Lie bracket of
vector fields when k = s = 1 and satisfies:

(a) [P7 Q] = (_1)pq[Q7P];
(b) [P,QAR] =[P,QI AR+ (=1)"P*VQ A [P, R];
Verify that this bracket satisfies the following Jacobi type identity:

(=17 V[P [Q, R + (1"~ V[Q, [R, Pl + (—1)" VIR, [P,Q]] =

In all these identities, p = deg P, ¢ = deg ) and r = deg R.
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 or super Lie bracket.
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LECTURE 17. 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 Ada?,  (f € C)).
We say that w is integrable in U and we define its integral by:

/w:/f(xl,...,xd)dwl'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 17.1. 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 = :I:/ d*w
(V) U

where + is the sign of the determinant of the Jacobian matriz ®'(p).

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 odd differential forms, which generalize the even
differential forms that we have been discussing.

We will also assume, in order to avoid convergence issues, that the differ-
ential forms w € Q¥(M) to be integrated have support

supw = {p € M : w, # 0},

a compact set. We will denote by QF(M) the smooth differential forms of
degree k with compact support.

Definition 17.2. If M is an oriented d-manifold and w € Q4(M) has com-
pact support, we define its integral over M as follows:

e Ifsupw 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
(Uq, ¢a) and a partition of unit {ps} subordinated to this cover, and

we define:
w = -
fye=2 ],



We remark that the sum in this definition is finite, since we assume that
suppw is compact. The definition gives distinct ways to compute the integral
of a form with support in a chart. It is easy to check that they yield the
same result. One can also show that the definition is independent of the
choice of covering and partition of unit. 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 My has zero measure.
Moreover, we have:
Theorem 17.3 (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 € QZ4(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, ¢4 ) positivos, such that the open
sets ®(U,) are domains of positive charts 1, : ®(U,) — R? for N. Let {p,}
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 [I7.1] we find:

| o= [ )= [ (a0t
CI>(Ua) a «

Hence, we obtain:

[

- Za: A(U@ Pt
= / (pa 0 )P"w

= za: /M(pa 0 P)P*w = /M P*w.
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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 17.4. 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

E C( )7 w h’ ve
/ / —

Proof. Using a partition of unity we can reduce the result to the case where
M is an open subset of R?. For any open set U C R¢, the result reduced to
the equality:
/ fdat. .. dz? = fdz!. .. daz?,
U U-c
where f : U — R is smooth and bounded. This result holds, since C' has
Z€ro measure. O

EXAMPLE 17.5.
Let i :S? < R3 be the 2-sphere and consider the standard orientation defined
by the volume form pu € Q2(R3):

u=1"xrdy Adz + ydz Adz + zdx A dy.
By the proposition, we have that:

Jor=
S2 S2_p

for any p € S?. Let us take the north pole p = pyn. Then the stereographic
projection o pélo wn : S* — N — R? defines a global chart for S* — {pn} whose
iverse is the parameterization:

1
-1 2, .2
Ty (u,v) = m@u, 2u,u” +v° —1).
We then compute:
4
(') i*w = (iomy')'w = ——5——F——FduAdo.

(u? +v2 4 1)2

Which shows that mn is a negative chart. Therefore:

4
/ —————du Adv.
S2 R2 U2 + 1)2 + 1)

The integral on the right can be computed using polar coordinates, and the

result is:
—+o00 2
4r
= —————dfdr =4
/Sz“ / / s

Our next aim is to generalize Stokes Theorem to differential forms.
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Let M be a manifold with boundary and p € OM. In local coordinates

(U,xl, e ,:Ed) centered at p, a tangent vector v € T,M can be written in
the form:
d
;0
_ 7
V= ZU ox't
i=1 p

and the tangent vectors in T),(0M) are exactly the tangent vectors whose
last component vanishes:

T,(OM) = {v € T,M : v* = 0}.

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 charts centered at p.

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 OM. 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 0M.

Theorem 17.6 (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 consider first two special cases.

The case M = R?: By linearity of the integral, we can reduce to the case
where w = fdz' A --- A dz?"! where f has compact support. Then:

dw = (—1)d_1%dxl A Adad,

By Fubini’s Theorem:

/ dw = (—1)d‘1/ /+Oo O 440) 4 - da = 0
M Ri-1 \J_oo Oz :

since f compacto support. Since OR? = (§, Stokes Formula for R? follows.

The case M = H?: In this case, we can write:
d —_
w:Zf,-dxl/\---/\dxi/\---/\dxd,
i=1

hence:
d

dw = Z(—l)i_l%dxl Ao Ada?,
i=1
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For i # d, by a computation entirely similar to the previous case, we obtain:

/ 8fi.da:1/\'~/\da;d:O.
H

a 0x"

For ¢ = d, we compute:

(—1)dt / %dazl A ANdad =
H

4 Oxd
+00 afd
— _1d—1 _dd dld d—1
(=) /Rdl</0 axdx> v
= (-1 fa(z', ..z 0)dat - da
Rd—1
Assim, obtemos:
dw = (-1)¢ fa(z', ..z 0)da! - da®
Hd Rd—1

Por outro lado, 0H® = {(z',...,2%) : 2¢ = 0}, logo
/ w = fa(zt, .. 27 0)dat A A dadTL
OHd4 OHd

In 0H? = R4! we must take the induced orientation from the canonical
orientation [u] = [dz' A --- Adz?] in H? The induced orientation is given
by: [(—1)4dz! A --- A dz?1] so we conclude that:

/ wz(—l)d/ fa(zt, .. 247t 0)dat - - dad
OH4 ORd—1

Therefore, Stokes Formula also hold for the half space H?.

We now consider the general case of a manifold of dimension d. We fix
an open cover of M by positive charts (Uy, ¢o) and we choose a partition of
unity {p} subordinated to this cover. The forms p,w have compact support
contained in U,:

SUPP Paw C SUPP Pq M SUPP wW.

Since each Uy, is diffeomorphic to either R? or to H?, we already know that:

d(paw) = / Pt
Ua U,
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By the linearity and the additivity of the integral, we obtain:

= Za: / d(paw)

:Za:/aUaloaw

O

Corollary 17.7. Let M be a compact, oriented, manifold of dimension d
(without boundary). For any w € Q=1 (M):

/ dw = 0.
M

1. Show that the integral of differential forms is linear and additive relative to
the region of integration.

HOMEWORK.

2. Show that if in H? one considers the standard orientation [dz! A - - A dxd],
then the induced orientation in 9H? = R?~! is given by [(—1)¢dz A- - -Adz?™1]

3. Consider the 2-torus T2 as an embedded submanifold of R*:
T2 = {(x7y727w) S R4 . .’L'2 +y2 = 1,Z2+y2 — 1}

Let w be the restriction of the form dz A dz € Q%(R?) to T?. Compute the
integral fT2 w for an orientation of your choice.

4. Given a volume form p on a compact manifold M one defines the volume of
M to be the integral [ a1 where the integral is taken relative to the orientation
[1]. Find the volume of S? for the standard volume form on the sphere:

d+1 -
= Z(—l)ixidxl Ao Adzt A A dad
i=1

Sd

5. Let M be an oriented Riemannian manifold with boundary. If f: M — R
is a smooth, compactly supported function, define the integral of f over M by:

=1,

Also, if X is any vector field proof the classical Divergence Theorem:

/ divX = X - n,
M oM

where n : OM — Typr M is the unit exterior normal vector along M.
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6. Let M be an oriented Riemannian manifold with boundary. For any smooth
function f : M — R denote by 8f the function n(f) : 9M — R, where n is the
unit exterior normal vector along OM. Verify the following Green identities:

dg B
= [ tedsgradg) - [ 1,

0
dg af
/aM( I an> /M(gAf—ng),
where f,g € C(M).

7. Let G be a Lie group of dimension d.
(a) Show that if w,w’ € Q4(M) are left invariant and [w] = [w’], then

/fw—a/fw Vf € (M),

for some real number a > 0.
Fix an orientation u for G' and choose a left invariant form w € Q%(M) such
that u = [w]. Define the integral of f : G — R by:

oL

(b) Show that the integral is left invariant, i.e., for every g € G is valid the

identity:
[ for=] 1
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 X : 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 XY €g.
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LECTURE 18. 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 lectures.

Definition 18.1. 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 € Q*~1(M).

We will denote by Z*(M), respectively B*(M), the subspaces of closed, re-
spectively exact, differential forms of degree k.

In other words, the closed forms form the kernel of d, while the exact forms
form the image of d. The pair (Q(M),d) is called the de Rham complez of
M and we will often represent it as:

_>Qk—1(M)d_>Qk(M)_d>Qk+l(M)_>

The fact that d2 = 0 means that every exact form is closed:
B*(M) c ZF(M).

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 18.2. The de Rham cohomology space of order k is the
vector space:

H*(M) = Z¥(M)/B*(M).

One can also consider differential forms whose support is compact, which
we denote by QF(M). Clearly, the differential d takes a compactly sup-
ported form to a compactly supported form, so we have another complex
(Qc(M),d), and we let:

Definition 18.3. The compactly supported de Rham cohomology space
of order k is the vector space:

HE(M) = ZE(M)/BE (M),
where ZF(M) C QF(M), respectively BX(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 these two
groups are different, as we can see already in degree 0, where the de Rham
cohomology spaces have the following meaning:
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Theorem 18.4. Let M be a smooth manifold. Then:
HO(M) =R/,
where | is the number of connected components of M, and
HJ(M) =R',
where l' is the number of compact connected components of M.
Proof. We have Q°(M) = C>®°(M) and if f € C*°(M) satisfies df = 0, then
f is locally constant. Hence:
Z0(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, if we consider compactly supported forms, we note
that 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

HO(M) =R,
where I’ is the number of compact connected components of M. O

In geral, the computation of the cohomology groups H*(M) and H*(M),
for k > 1, directly from the definition is very hard. Note however, that we
have

H*(M) = H*(M) =0, if k > dim M,
since QF(M) = 0 if k > dim M.

In the next lectures we will study several properties of the de Rham co-
homology spaces which can be used to compute them. For now, we consider
a simple example where one can still use the definition to compute them.

EXAMPLE 18.5.
Let M =S = {(z,y) € R? : 2% + y> = 1}. Since S! is compact, we have that
H*(SY) = H2(SY). Since St is connected, it follows that:

HO(SYH =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,
w is closed. On the other hand, consider the parameterization o :)0,2w[—
St —{(1,0)}, given by o(t) = (cost,sent). Then:

R
St 0271'[

2
= / (—sint)dcost + costdsint = / dt = 27.
10,27[ 0
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By the corollary to Stokes Formula, we see that w is not exact, so it represents
a non-trivial cohomology class [w] € H*(S!).

The form w has a simple geometric meaning: since o*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 df, in
spite of the fact that this is not an exact form.

We claim that [w] is a basis for H'(S'). Given a form o € QY(S') we have
that o = fw, for some function f:S' — R. Let

2
L o= 1 [ soya0,

c=—
2m Jsu 2m Jo

and define g : R — R by:

o) = [ (a=c) = [ (50) -0

Since:

t+27
g(t+27) = /0 (f(0) —c)db

t t+2m

_ / (F(6) — ¢)do +/ (f(6) — ¢)db
0 t
27
—g0)+ [ (£(6) ~ c)a0 = g0
0

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'(SY) ~R.

The wedge product A : QF(M) x Q(M) — QF+(M) induces a product in
the de Rham cohomology of M by setting:
[ U] := [a A f].

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
H*(M) = @pH*(M) and H?(M) = ®,H¥(M) become rings.

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].

This correspondence has the following properties:
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(i) (A B) = (P*a) A (®*f), so @* : H*(N) — H*(M) is a ring homo-
morphism.
(i) f®: M — N and ¥ : N — @ are smooth maps, then the composition
(Pod)*: H*(Q) — H*(M) satisfies (Vo ®)* = d* o U¥,
(iii) The identity map M — M induces the identity linear transformation
H*(M) — H*(M).
In particular, when ® : M — N is a diffeomorphism, the induced linear map
®* : H*(N) — H*(M) is an isomorphism in cohomology. Hence, we have:

Corollary 18.6. 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 rings.

Note that if & : M — N is a smooth map, in general, the pull-back ®*w
of a compactly supported form w € Q.(N) is not compactly supported. This
will be the case, however, if ® : M — N is a smooth proper map. Hence, we
can still conclude that:

Corollary 18.7. The compactly supported de Rham cohomology ring is an
invariant of differentiable manifolds: if M and N are diffeomorphic, then
H2(M) and H2(N) are isomorphic rings.

Remark 18.8 (A Crash Course in Homological Algebra - part I). The de
Rham complex (Q°(M),d) and the compactly supported de Rham com-
plex (22(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 = @pezC" is the direct sum of
vector spaces L1;

(b) d : C — C is a linear transformation of degree 1, i.e., d(C*) C C*+1
such that d? = 0.

One represents a complex by the diagram:

d

..ﬁck—ldﬁckﬁckﬁ-l%...

The transformation d is called the differential of the complex.
For any cochain complex, (C,d) one defines the subspace of all cocycles:

zZHC)={z e CF:dz =0},
and the subspace of all coboundaries
B*¥(C) ={dz: ze CF 1},

Since d? = 0, we have that B*(C) C Z*(C). The cohomology of (C,d) is
the direct sum H(C) = @rezH*(C) of all the cohomology spaces of order

4More generally, one can consider complexes formed by Z-graded modules over com-

mutative 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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k, which are defined by:
_ Z¥C)
- BHO)
Given two cochain complexes (A4,d4) and (B,dp), a cochain map is a
linear map f : A — B such that:
(a) f preserves the grading, i.e., f(AF) C B¥;
(b) f commutes with the differentials, i.e., fd4a = dpf.
One represents a cochain map by a commutative diagram:

H*(0)

d d
._>Ak—1L>Ak_A>Ak+1_>...

o

-—>Bk—1—>Bk—>Bk+1—>---
dp dp
It should be clear that a cochain map f : A — B takes cocycles to cocy-
cles and coboundaries to coboundaries. Hence, f induces a linear map in
cohomology, which we denote by the same letter: f: H*(A) — H*(B).
The cochain complexes and cochain maps form a category, and their study
is one of the central themes of Homological Algebra.

One can summarize the remarks above as follows: the assignment which
associates to a differential manifold M its de Rham complex (©2(M),d) and
to each smooth map ® : M — N the pull-back ®* : Q*(N) — Q°*(M)
is a contravariant functor from the category of differential manifolds to
the category of cochain complexes. Similarly, the same assignment gives a
functor from the category of differential manifolds and smooth proper maps
to the to the category of cochain complexes which assigns to a differentiable
manifold M its compactly supported de Rham complex.

HOMEWORK.

1. Consider the 2-sphere S? = {(z,y,2) € R® : 2% + y> + 22 = 1}.
(a) Show that every closed 1-form w € Q!(S?) is exact.
(b) Show that the 2-form in R3 — 0 given by

w = xdy Ndz + ydz A dx + zdz A dy.

induces by restriction to S? a non-trivial cohomology class [w] € H?(S?).
2. 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.

3. Show that if M is a compact, orientable, d-manifold, then H%(M) # 0.
HINT: Consider the cohomology class defined by some volume form p €

Q4(M).
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4. Use de Rham cohomology to prove that T? and S? are not diffeomorphic
manifolds.

HINT: Show that every closed 1-form on S? is exact as follows: if w € Q1(S?)
is closed, then w = df, where f € C*°(S?) is defined by f(z) := fww, where v
is any curve in S? with v(0) = py and (1) = .

5. Show that the wedge product A : QF(M) x Q{(M) — Q¥+ (M) induces a
product U in the de Rham cohomology of M for which H(M) = &, H*(M)
becomes a ring.

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).

LECTURE 19. THE DE RHAM THEOREM

We saw in the previous lecture that de Rham cohomology is an invariant
of differential manifolds. Actually, de Rham cohomology is a topological
invariant: if M and N are smooth manifolds which are homeomorphic as
topological spaces, then their de Rham cohomologies are isomorphic. This
is a consequence of the famous de Rham Theorem, which shows that for any
smooth manifold its singular cohomology with real coefficients is isomorphic
with its de Rham cohomology.

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) €RFTL Y "t =1,8; > 0}

i=0
Note that A% = {1} has only one element.
—.—0—0
A° Al A2

144



Definition 19.1. A singular k-simplex in M is a continuous map o :
AF — M. A singular k-chain is a formal linear combination

P
Cc = Z a;0;,
i=1
where a; € R and the o; are singular k-simplices.

We will denote by Si(M;R) the set of all singular k-chains. Note that
Sk(M;R) is a real vector space. In fact, formally, S (M;R) is the free vector
space generated by the set of all singular k-simplices. One can also consider
other coefficients besides R, but here we will consider only real coefficients.

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(t()a tee 7tk—1) = (t07 cee 7t’i—1707ti+17 tee 7tk—1)’
These face maps of the standard k-simplex induce face maps ¢; of any sin-
gular k-simplex o : A — M by setting:
gi(oc) =0 o¢".
These clearly extend by linearity to any k-chain, yielding linear maps
&t Sk(M, R) — Sk_l(M; R),
and these lead to the following definition:

Definition 19.2. 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 19.3.
The boundary of the standard 2-simplex o =id: A®> — R? is the chain:
do =eo(0) —e1(0) + e2(0),
where g, €1 and €2 are the 1-simplices (faces) given by:
eo(0)(to,t1) = (0,t0,t1),
e1(o)(to, t1) = (to,0,t1),
ea(0)(to,t1) = (to,t1,0).
Also, the simplices €g, €1 and €2 have boundaries:
0eo(0)(0,1) = (0,0,1) — (0,1,0),
0e1(0)(0,1) = (1,0,0) — (0,0, 1),
0e2(0)(0,1) = (1,0,0) — (0,1,0).
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We can represent this choice of signs by including orientations on the faces of
the simplex, as shown schematically by the following figure:

Note that:
90 = 0(00) = deg(0) — Oe1(0) + Dea(0) = 0.

We noticed in this example that 9?c = 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 19.4. For every singular chain c:
d(0c) = 0.
In this way we obtain a complex S(M;R) = @®rezSk(M;R):
1o} 1o}
e S 1 (M5 R) <2 S (M5 R) <2 Sy (M R) <— - -
One calls (S(M;R),0) the complex of singular chains in M.

Remark 19.5 (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' = ®c7C), where the differential decreases the degree

E) E)
e 1 =2 O <L Oy ~—— -

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, once defines the homology of
the complex C' is the direct sum H(C) = @rezHy(C) of the vector spaces:

_ Zk(C)

~ B(0)

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.

Hy(C)

S5Notice 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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The homology of the complex (S(M;R),0d) is called the singular ho-
mology of M with real coefficients, and is denoted
_ Zk(M;R)
~ By(M;R)’
If ® : M — N continuous map, then for any singular simplex o : A¥ — M,

we have that ®,(c) = ®oo : AF — N is a singular simplex in N. We extend
this map to any chain ¢ =) ; @50 requiring linearity to hold:

D, (c) = Zaj(q) 0 0;).
J

Hy(M;R)

It follows that @, : S(M;R) — S(N;R) is a chain map:

e Sy (M;R) <2— S (M;R) <2 Sj (M R) — ---

@l ¢*l @l
e S (V3 R) <2— SN R) <2 Sy (N R) =—— -+
Therefore, @, induces a linear map in singular homology:
D, : Ho(M;R) — Hqe(N;R).
One checks easily that this assignment has the following properties:
(i) f®: M —- N eV¥:N — @ are continuous maps, then:
(Pod), =T, 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:

Theorem 19.6. If M and N are are homeomorphic spaces then He(M,R) ~
Ho(N,R).

Smooth Singular Homology. Assume now that M is a manifold. The chain
complex (S¢(M;R), d) has a subcomplex (S3°(M;R), d) formed by the smooth
singular k-chains:

p
S (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 19.7. 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 contained in a submanifold of dimension less than k.

One has the following important fact, which we will not prove here:
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Proposition 19.8. The inclusion S°(M,R) < S¢(M,R) induces an iso-
morphism in homology:

H(S5F(M,R)) ~ H(S.(M,R)).

This proposition says that:
(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.

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)

S*(M;R) := Hom(Sk(M;R),R).

We have a differential d : S*¥(M;R) — S*+1(M;R) obtained by transposing
the singular boundary operator: if ¢ : Sp(M,R) — R is a linear function
we can think of it as collection of numbers ¢ = (¢, ), indexed by singular
simplices, and then we define:

k

(do)o =D (=1)eey0)-

i=0
It follows that d? = 0, so we do have a cochain complex (S*(M;R),d). The
corresponding cohomology is called the singular cohomology with real
coefficients and is denoted by H®(M;R).

If & : M — N we can transpose the map ®, : Sp(M;R) — Sg(N;R),
obtaining a cochain map ®* : S¥(N;R) — S¥(M;R):
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:

Theorem 19.9. If M and N are homeomorphic spaces then H®(M,R) ~
H*(N,R).
Of course, one can also consider smooth singular k-cochains:

S® (M;R) := Hom(S5°(M;R),R).
which form a a complex (S5, (M;R),d). There is an obvious restriction
map S*(M;R) — S¥ (M;R), which is a cochain map, and this 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.
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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 — AF where:

k
AF = {(z!,... 2" 2 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 AF, we can write:

¢*w = f(zt, ..., 2®)dzt Ao Adah,

/w::/ fdat .- dzF.
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::/ orw.
o Ak

We extend this definition to any smooth singular k-chain ¢ = Z§:1 a;joj by

linearity:
P
[o=a [
C ]:1 O'j

We leave it to the exercises the proof of the following version of Stokes
formula:

Theorem 19.10 (Stokes IT). Let M be a smooth manifold, w € Q¥ (M) a
(k — 1)-differential form, and ¢ a smooth singular k-chain. Then:

/dw:/ w.
c dc

Now we can define an integration map I : Q*(M) — S5 (M;R):

and define:

I(w)o = /w, w € QF(M), o € Si°(M;R).
and we have:

Proposition 19.11. The integration map I : (Q°(M),d) — (S (M;R),d)
s a chain map:
I(dw) = dI(w).
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Proof. This follows from the following computation, using Stokes formula
for chains:

I(dw), dw

Il
TE5——

[y

w

S e

(1 (I(@))ei(0) = dI (w)-

T
)

~
Il
o

It follows that we have an induced linear map in cohomology:
I: HYs(M) — HY(M;R).

Theorem 19.12 (de Rham). For any smooth manifold the integration map
I:Hj(M)— H*(M;R) is an isomorphism.

We will not prove this result in these lectures. We note however that it
has the following very important consequence: 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 cohomologies 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(dc) = 0.

2. Give a proof of Stokes Formula for singular chains, by showing the following:
(a) It 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.
(c) Tt is enough to prove the formula for (k — 1)-differential forms in R* of
the type:

w=fdz! A---Adat A - AdaF.

/ dwz/ w,
Ak Ak

where w is a differential form of the type (c).

(d) Show that

3. In the torus T? = S x --- x S! consider the 1-chains cy,...,cq : [0,1] — T¢
defined by:
cit)y=(1,...,e*™ .01 (j=1,...,d).
Show that:
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(a) The ¢;’s are 1-cycles: dc; = 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:

=0, ifl 0y« ey @
Eio,...,iz(tOw"atl) = (807"'7Sk)7 where o ! g {ZO., ,Zl}
si;, = tj, otherwise.
(b) Show that if ¢; € S¥(M;R) and ¢y € S!(M;R) the formula:
(c1Uco)(o) :==ci(ooer,  k)ca(0 0 Ehpr, . kt1),

defines an element ¢; U co € S¥+(M;R).
(c) Show that for any chains ¢; € S¥(M;R) and co € S'(M;R) one has:

d(Cl U Cg) = (dcl) Ueo + (—1)kcl U (dCQ).
It follows that one can define U : H¥(M;R) x H'(M : R) — H*T!{(M;R) by
[Cl] U [02] = [Cl U Cg].

Note that for the integration map I : Q¥(M) — S (M), in general, I(w A7) #
I(w) U I(n). However, this equality holds in cohomology:

I([wl A ) = 1) UI([),  [w] € Hip(M),[1] € Hgp(M).

LECTURE 20. 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 proceed
by induction in the dimension d. Since R4 = R? x R, we consider the
projection 7 : R? x R — R? and the inclusion i : R? — R% x R given by:
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The associated pull-back maps give linear maps

Q*(RY x R)

| fo

Q°(R7)
and we will see that these induce isomorphisms in cohomology:

Proposition 20.1. The induced maps i* : H*(RY x R) — H*(RY) and
7* : H*(R?) — H*(R? x R) are inverse to each other.

Remark 20.2 (A Crash Course in Homological Algebra - part IIT). In order

to prove this proposition we will use the notion of homotopy operator. Given

two cochain complexes (A4,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==x(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:

.._>Ak—1L>Ak_d>Ak+1_>...

N

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:

fe=g«: H*(A) — H*(B).
Proof of Proposition [201. 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*(R? x R) — Q*~1(R? x R) such that:

id— 7% o¢* = dh+ hd.
To construct h, note that a differential form in R? x R is a linear combi-
nation of differential forms of two kinds:
[z, )" w,
flz, t)dt A m*w,
where w is a differential form in R?. So we define the homotopy operator in
each of these kinds of forms by:
. f(z, t)m*w +— 0,
Sz, )dE AT — fg f(z,s)ds Tw,

and then we extend it by linearity to all forms. We now check that A is

indeed a homotopy operator:
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Let 0 = f(z,t)m*w € QF(R? x R) be a form of the first kind. Then:
(id=7"0i")0 =0 —7"(f(z,0)w) = (f(x,t) — f(z,0))7"w
On the other hand,
(dh + hd)f = hdo

=h <( gg{:d + a—fdt) AT w+f7r*dw>

_ . (9F .
—h<adt/\7r w)

tof R .
= —(ZE,S)dSTF w:(f(ﬂj‘,t)—f(:E,O))ﬂ' w
o Ot
Hence, for any form 6 of the first kind:
(id — 7 0i*)0 = (dh + dh)6.

Let now 6 = f(x,t)dt A m*w be a differential form of the second kind. On
the one hand,
(id — 7" 0i*)0 = 0.
On the other hand,

t
(dh + hd)f = d(/ f(x,s)ds T*w) + h (Z OF G A dt A — fdt A 7r*dw>
oxt
f(a:tdt/\ww—i—Z/ dsdw/\ﬂw—l—/fxsdsdﬂw

_Z/ dsda:/\ww—/fa:sdswdw

= f(z,)dt AT w = 6.
Therefore, for any form 6 of the second kind:
(id — 7 0i*)0 = (dh + dh)6.
O
It is should be clear that H°(R’) = R, since a set with one point is
connected. On the other hand, H¥(R?) = 0 if k& # 0. By induction we
conclude that the cohomology of euclidean space is:
Corollary 20.3 (Poincaré Lemma).
R ifk=0,
HY(R) = HE(R?) =
0 ifk#0.
Note that the Poincaré Lemma states that in R? every closed form is

exact.
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Homotopy Invariance. The argument used above to show that H*(RYxR) ~
H*(R?%) can be extended easily from R? to any smooth manifold M yielding:

Proposition 20.4. If M is a smooth manifold, consider the maps w: M X
R—Mandi: M — M xR:

M xR B
H 2.
M

The induced maps i* : H*(M xR) — H*(M) and 7* : H*(M) — H®*(M xR)
are inverse to each other.

We leave the proof for the homework at the end of the lecture.

Actually, this proposition is a 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 turn this into
a precise statement, we make the following definition.

Definition 20.5. Let &,V : M — N be smooth maps. A smooth homo-
topy between ® and ¥ is a smooth map H : M x R — N such that [

®(p) ift <0,
H(p,t) =
U(p) ift>1.

The general property we alluded too is the following:

Theorem 20.6 (Homotopy Invariance). If &,V : M — N are homotopic
maps then ®* = U* : 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 20.4] i§ and i} 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 = (Hoip)* =i H*,
U = (Hoiy)" =t H".

Since i = 4], we conclude that ®* = W™, O

60ne can show that two smooth maps are C'°°-homotopic iff they are C°-homotopic
and also that any continuous map between two smooth manifolds is C°-homotopic to a
smooth map. For this reason, one often defines the homotopy in the interval [0, 1].
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We say that two manifolds M and N have the same homotopy type if
there exist smooth map ® : M — N and ¥ : N — M such that ¥ o & and
® o U are homotopic to idy; and idy, respectively. A manifold is said to be
contractible if is has the same homotopy type as R°.

Corollary 20.7. 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#0.
ExaMPLES 20.8.

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 if k=0,
HU) =
0 ifk#0.

2. The manifold M = R —0 has the same homotopy type as S®: the inclusion
iS4 R — 0 and the projection 7 : R9TL — 0 — S, 2 — z/||z||, are
homotopic inverses to each other. Hence:

H.(Sd) _ H.(Rd+l _ 0)
Notice that we don’t know yet how to compute H®(R*1 —0)/

Magyer-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 20.9 (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:

—— HY(M) — H*(U) @ HY(V) —= HYU N V) > B (M) —
Remark 20.10 (4 Crash Course in Homological Algebra - part IV). A
sequence of vector spaces and linear maps

.._>Cdc—1fk_71>64ci>ck+l_>...

is called exact if Im fr_1 = Ker fr. An exact sequence of the form:

0—A—toptec——

is called a short exact sequence. This means that:

(a) f is injective,
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(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 . Cd 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 sequences of complexes:

0 —— (A4°,d) —= (B*,d) =2~ (C*,d) —=0

can be represented by a large commutative diagram where all rows are exact:

0 — Ak+1 AN Bht+1 —L o okt 0
d d d
! g
0 AF B* c*k 0
d d d
0 —> Ak-1 . Bk-1 —Ls ck-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

- HE(A) —Ls gR(B) —L- HE(0) = R (A) — -

where §* : H*(C) — HF*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 = Ker §* and Im §* = Ker f
follow from the way §* is constructed, and which we now describe.

For the construction of d* 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.
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Using again that the rows are exact, we conclude that there exists a unique
a € A**1 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 b’ € C* such g(b') = ¢, we obtain a different element
a' € A1 However, note that

g(b =) =g(t) —g(b) =c—c=0,
so there exist a € A* such that f(a) = b —V'. 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.

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
V' € C*~! such that g(b') = ¢. Moreover,

g(b—db) =g(b) —dg(t)) =c—dc =0.
Therefore, there exists a’ € A* such that f(a’) = b — db/, and:
fla—dd') = f(a) —df(a’) = db— db+ d2 = 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

6" H*(C) — H*1(A), [ — [a].

We leave it as an exercise to check that this definition leads to Im g = Ker 6*
and Im 0* = ker f.

Proof of Theorem [20.9. We claim that we have a short exact sequence:
0—= QM) —=Q*U)sQ*(V)—=Q*(UNV)—=0
where the first map is given by:
w = (W, wlv),
while the second map is defined by:

0,m) = Blunv —nlunv.

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) & Q°*(V) belongs to the kernel of the second map,
then

Olunv = nlunv-
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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 a € Q*(U NV) and choose a partition of unit {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

ExaMPLE 20.11.
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 [18.3).

Let py € S be the north pole and let U = S* — py. The stereographic
projection my : 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 = UNV and the intersection UNV s diffeomorphic
to RY=1—0 (via any of the stereographic projections). We saw in Ezample 208
that R~ — 0 as the same homotopy type as S*1.

We have all the ingredients to compute the Mayer-Vietoris sequence:

e if k> 1, the sequence gives:

s 00— HF(S) —Ls gkt (sd) 0®0
Hence, H*1(S%) ~ H*(S?~1). By induction, we conclude that:
H*¥ (S ~ HMH(STY) ~ o HY (SO,

e On the other hand, since U, V and U NV are connected, the first terms
of the sequence are

0—>R—>R&R—>R —>> H}(S?) —> 00— ---

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 lecture, 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
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analogous, but distinct, to the properties we have studied for de Rham co-
homology.

Proposition 20.12. Let M be a smooth manifold. Then:
H(M x R) ~ H L (M).
Proof. Tt is enough to consider the case of M = R%. Note that if 7 : R¥xR —

R? is the projection then 7*w does not have compact support, if w # 0.
Instead, one has “push-forward” maps

Tt QOTH(RY x R) — Q2(RY),
ey : QO(RY) — Q2R x R).
which are cochains maps homotopic inverse to each other.

We start by constructing 7.. Note that every compactly supported form
in R? x R is a linear combination of forms of two kinds:

f(z, t)(m*w),
f(z, t)dt A m*w,
where w is a differential form in R? with compact support and f is a com-

pactly supported smooth function. The map 7, is given by:

flz,t)(m*w) — 0,
+oo
flx, t)dt A m°w — / flx,t)dt w.

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 0e, =id, dm, = md, e,d = de,.

To finish the proof, it is enough to check that e, o7, is homotopic to the the
identity. We leave it as an exercise to check that the map h : Q%(R% x R) —
Q2 1(R? x R) defined by:

f(z, t)(m*w) — 0,

flz,t)dt AN m*w — </t f(x,s)ds — = f(x,s)ds /t g(s)ds) T w,

—00 —00

is indeed a homotopy from e, o 7, to the identity. O

The proposition shows that compactly supported cohomology is not ho-
motopy invariant. On the other hand, the proposition shows that the
Poincaré Lemma must be modified as follows:
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Corollary 20.13 (Poincaré Lemma for compactly supported cohomology).

R ifk=d,
HY(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) ~—— Q) & QUV) ~— QU NV) ~—0

where the first map is:

(0,n) = 0+,
while the second map is:

W (—w,w).
Hence, it follows that

Theorem 20.14 (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

~—— HY(M) ~—— HNU) & HE(V) ~—— HMU O V) <2 HF1 (M) ~—

We leave the details of the argument for the exercises. For now you
should observe that in the Mayer-Vietoris sequence for compact supported
cohomology the inclusions U,V < M, UNV — U and UNV — V induce
maps in the same direction, while for the ordinary de Rham cohomology the
inclusions are reversed in the sequence. In the next lecture we will relate
these two cohomology theories, and this will explain all the differences of
behavior that we have just discussed.

HOMEWORK.
1. Give a proof of Proposition 20.4]
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 6812, 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.
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4. In Remark[20.10 show that the connecting homomorphism in the long exact
sequence satisfies Im g = Kerd* and Imd* = ker f.

5. Given a long exact sequence of vector spaces

0 OO e Ckfl Ck . Cd 0
show that:

d
> (-1)'dimC" =0.
i=0
6. Show that a generator of H4(S) is given by the restriction to S¢ of the form
w € Q4RI defined by:
d+1 o
w= Z(—l)ixidxl Ao Adat A A da®tL
i=1

7. Compute the cohomology of T? and P2.

8. Complete the construction of the Mayer-Vietoris sequence for compactly
supported cohomology, by showing that:

0<~— QM) < QU) & Q(V) ~—— QU NV) <0

is a short exact sequence of complexes.

9. Compute the compactly supported cohomology of R? — 0.

LECTURE 21. COMPUTATIONS IN COHOMOLOGY

In the previous lecture 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 21.1. An open cover {Uy} of a smooth manifold M is called a
good cover if all finite intersections Uy, N --- N Uy, are diffeomorphic to
R?. We say that M is a manifold of finite type if it admits a finite good
cover.

Proposition 21.2. FEvery smooth manifold M admits a good cover. If M
18 compact then it admits a finite good cover.

Proof. [ Let g be a Riemannian metric for M. In Riemannian geometry one
shows that each point p € M has a geodesically convex neighborhood U,

"This 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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i.e., for any ¢,q € ere exists a unique geodesic in U, which connects
ie., f / € U, there exists a uni desic in U, which ¢
q and ¢'), such that:

(i) each U, is diffeomorphic to R?, and
(ii) the intersection of geodesically convex neighborhoods is geodesically
convex.

It follows that {Up}pen is a good cover of M.
If M is compact, then a finite number of geodesically convex neighbor-
hoods cover M. O

Finite dimensional cohomology. We can use good covers and the Mayer-
Vietoris sequence to show that the cohomology is often finite dimensional:

Theorem 21.3. 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 e V, the Mayer-Vietoris sequence:

= BN U N V) L= BN U U V) —> BRU) © HH(V) — -

shows that:
HY(UUV) ~Imé* ¢ 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
p open sets have finite dimensional cohomology. Let M be manifold
which admits a good cover with p+ 1 open sets {Uy,...,Upt1}. We
observe that the open sets:

Up+17
Uru---UU,, and
(Uh U"'UUp)mUp-i-l = (U ﬂUp+1) U---u (Umep+l)a

all have finite dimensional cohomology, since they all admit a good
cover with at most p open sets. Hence, the cohomology of M =
Ui U---UUp4 is also finite dimensional.

The proof for compactly supported cohomology is similar. O

Triangulations and Euler’s formula. As another application of the Mayer-
Vietoris sequence, we show how the familiar Euler’s formula for regular
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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
explain(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(sigma) : 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 21.4. 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; N0 is a face of both simplices o; and o;.
The next figure illustrates condition (ii) in this definition for dimensions 2
and 3. Notice that on the top the condition is satisfied while on the bottom

S KL
|

=2

A

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).
The generalization we alluded to before is the following:
Theorem 21.5 (Euler’s Formula). If M is a compact manifold of dimension
d, for any triangulation we have:
(=) (M) =719 —r1 + -+ (=1)%rg,
where r; denotes the number of faces of dimension i of the triangulation.
8Actually, one can show that every compact manifold can be triangulated. This result

is very technical and we will not discuss it in these notes.
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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:
(21.1) X(M) =x(Vi) + (—1)d(r0 —-ry 4.+ (—1)krk).
Assuming this claim, since

rd

Vd—l = U int(aj),

j=1
and each open set int(o;) is contractible, we have H k(Vy_1) =0, for k > 0.
Hence:

x(Va_1) = dim HY(Vy_1) = ry.
Relation (2L.1]) for £ = d—1 and this last identity, together show that Euler’s
formula holds.
Lets us start by verifying (21.1]) for & = 0. For each 0-dimensional face we

can choose disjoint open neighborhoods Uy 1, ...,Up ., each diffeomorphic
to the open ball Bf = {x € R? : ||z|| < 1}, and we let
ro
Uo = | Uosi
i=0

\

\

\ /
9 7

Notice that Vo U Uy = M. Since each Uy; is contractible, we have:

T, if k= 0,
dim H*(Uy) =
0, if k # 0.
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On the other hand, the intersection Vy N Up; deformation retracts in Sé-1,
hence

ro, if k=0,d -1,
dim H*(Vy 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 —= H(M) —= H(Uy) & H°(Vo) — H(Up N V) —
= HY(M) — 06 HY(Vp) —>0
so it follows that:

dim H°(M) — dim H°(Uy) — dim H°(Vp)+
+ dim H(Uy N Vp) — dim HY (M) + dim H'(Vp) = 0.
Since M and V| have the same number of connected components we find
dim H(M) = dim H°(Vp).

On the other hand, the number of connected components of Uy and Vy N Uy
are also the same, hence we conclude that:

dim H' (M) = dim H'(Vp).
(ii) For 1 < k < d — 1, the Mayer-Vietoris sequence gives:
0—=H"(M)—=0® H*(Vj) —=0

Hence:

dim H*(M) = dim H*(Vp).
(iii) Finally, the last terms in the sequence give:
0— H"Y (M) —=0® H" (Vo) —= H L ({Uy N V) —
— HYM) — 0@ HY(Vy) —=0
Since dim H¥1(Uy N Vp) = 74, we conclude that:

dim H (M) — dim H (V) + dim H* 1 (Vp) — dim HY(M) = —ry.
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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
X(M) => " (~1)" dim H' (M)
i=0
d
=) (=1)"dim H (Vp) + (—=1)%rq = x(Vo) + (—1)r4.
i=0

which yields (211) if £ = 0.
In order to prove ([2I1]) when k = 1, we can proceed as follows: for each
1-face we choose open disjoint neighborhoods Uy 1, ..., Uy, of the (1-faces)-

(O-faces), diffeomorphic to (int A') x B9~! and we define the open set:

r1
U =J U
1=0

' o W0 AN
1, Y S AN
P A\ S
[N -
- oy \
- W\ S
! S W\ L
W\ .\t £
~ o\
\ o =\
\ ST
A\
)
A
A
o
o

We have that Vy = U; U V5. Moreover, Uy 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, ..., Uk,
of {k-faces} —{(k—1)-faces}, diffeomorphic to (int A*)x B¢™* and we define

the open set:
Tk

Ur = | Uk
1=0
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We have that V, = U, U Vg, where Ui 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(Vim1) = x(Vie) + (=1 Fry.

This proves (2ZLI]) and finishes the proof of Euler’s formula. O

Poincaré duality. Recall (see the exercises in Lecture [I8) 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 1 also has compact support,
hence we obtain also a “product”:

U: H¥(M) x H (M) — H*(M).

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

(21.2) HE(M) x HEF(M) > R, (], [1]) — /Mw A,

Theorem 21.6 (Poincaré duality). If M is an oriented manifold of finite
type the bilinear form (21.2) is non-degenerate. In particular:

H*(M) ~ HEF (0>,

Remark 21.7 (A Crash Course in Homological Algebra - part V). For the
proof of Poincaré duality we turn once more to Homological Algebra.

Lemma 21.8 (Five Lemma). Consider a commutative diagram of homo-
morphisms of vector spaces:

fi f2 f3 fa

A B C D E
Lol ol
A/ f{ B/ fé Cl fé D/ fi E/

where the rows are exact. If o, B, § and € are isomorphisms, then v is also
an isomorphism.

The proof of this lemma is by diagram chasing and is left as an easy
exercise.

Proof of Theorem [Z1.0. Let us start by observing that the bilinear form
[@BL2) gives always a linear map H¥(M) — HIk(M)*. If U and V are
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open sets, one checks easily that the Mayer-Vietoris sequence for 2° and
Q2. give a diagram of exact sequences:

——= HKUUY) H*U) @ H*(V) HYUNV) ——

| l |

—— HI R U UV) — HFU) @ HTF (V) — HITFU N V) —

which commutes up to signs: for example, we have

/ w/\5*9::l:/ SFw AT
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 if k=0, R if k=d,
HARY) = HE(RY) =

0 ifk+#0. 0 ifk+#d.
Therefore, 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 p open sets. If M is a manifold which
admits an open cover {Uj,...,Upt1} with p+ 1 open sets, we note
that the open sets:

Upt1, Uy U---UU,, and
(Ul U---u Up) N Up+1 = (Ul N Up+1) U---u (Up N Up+1),
all satisfy Poincaré duality, since they all admit a good cover with at

most p open sets. It follows that M = Uy U --- U U,41 also satisfies
Poincaré duality.

U
If M is a compact manifold, we have H? (M) = H*(M). Hence:

Corollary 21.9. Se M is a compact oriented manifold then:
H*(M) ~ HEF ().
In particular, if additionally dim M is odd, then:
Xx(M) = 0.

Remark 21.10. One can show that Poincaré duality still holds for mani-
folds which do not admit a finite good cover. However, when the cohomology
of M is not finite dimensional one must be careful in stating it. The correct
statement is that for any oriented manifold M one has an isomorphism:
HE (M) =~ (HIF (M)
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In general, one does not have a dual isomorphism H?F(M) ~ H*(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 21.11. 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 is
orientable if and only if H4(M) ~ R.

Proof. By Poincaré duality, if M is a connected orientable manifold of di-
mension d, then HY(M) ~ HY(M)* ~ R. We leave the converse to the
exercises. 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
4, so that the conclusion still holds.

3. Check the commutativity, up to signs, of the following diagram of long exact
sequences that appears in the proof of Poincaré duality:

—— HYUUV) ——— H*U)® H*(V) ———— HY(UNV) ——

| | l

—— HIFUUV) —= HI U)o HIF (V) —= HIF(UNV)* —

4. 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.
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5. 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:

M#N

X(M#N) = x(M) + x(N) — x(S).

6. Let M be a connected manifold of fclimension d, which is not orientable.
Show that H4(M) = 0 as follows. Let M denote the set of orientations for all
the tangent spaces 1), M:

M = {(p, [p]) : [pp] is an orientation for T, M}.

One calls M the orientation cover of M. Show that:
(a) m: M — M, (p, [tp]) — p, is double covering of M.
(b) For the unique smooth structure on M for which 7 : M — M is a local
diffeomorphism, show that M is a connected orientable manifold.
(¢) Show that the map ® : M — M, (p, [p]) = (p, —[1p]) is a diffeomorphism
that changes orientation and satisfies:

T=mo®, Pdod=id

(d) Show that & € Q%(M) is of the form & = m*w, for some w € QF(M), if
and only if ®*w = &.
(e) Conclude that one must have HI(M) = 0.

7. Let My, Ms, ..., be manifolds of finite type of dimension d and consider the
disjoint union of the M;:
—+oo
M= M.
i=1
Show that:
(a) The cohomology of M is the direct product:

1) = [ -0
i=1
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b) The cohomology of M with compact support is the direct sum:
gy
—+o0
HY(M) = @ HE(M));
i=1

Conclude that there exists an isomorphism:
H*(M) = (H (M),
but that H3~*(M) may not be isomorphic to H*(M)*.

8. 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?#(P4(C)) = 1 if 2k < d, and 0 otherwise.)

LECTURE 22. THE DEGREE AND THE INDEX

We saw in the previous lecture 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
HIM) 5 R, [] /Mw.

By the way, this isomorphism is just Poincaré duality, since M being con-
nected HO(M) is the space of constant functions in M. In the sequel, we
will often use the same symbol i to denote the orientation and the generator
p € 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

o* . HY(N) — HY(M)
as a real number which one calls the degree of the map. In other words:

Definition 22.1. 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:

/@*w:deg<1>/w,
M N

for every differential form w € Q4(N).
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Notice that if pps and py are orientations of M and NN then the degree

of a proper map ® : M — N is given by:

®*pun = (deg @),
where, according to the convention above, the symbols p; and pn represent
also generators of H?(M) and H?(N) determined by the orientations.

In the sequel. for simplicity, we will consider only the case where both
manifolds are compact. You may wish to try to extend the results below
to any proper map. Our aim is to give a geometric characterization of the
degree of map, which allows also for its computation.

We start with the following property:

Proposition 22.2. 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 go € N — ®(M). Since ®(M) is closed, there is an open neigh-
borhood of qg such that U € N — ®(M). Let w € Q4(N) have its support
in U be such that [ w # 0. Then:

O:/ q)*w:deg@/w,
M N

hence deg ® = 0. (]

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.

Theorem 22.3. 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 [:
deg ® = Z sgn, .
pED!(q)
In particular, the degree is an integer.

Proof. Let q be a regular value of ®. Then ®~!(g) is a discrete subset of
M which, by compactness, must be finite: ®~1(¢) = {p1,...,pn}. We need
the following lemma:

Lemma 22.4. There exists a neighborhood V of q and disjoint neighbor-
hoods Uy, ..., Uy of p1,...,pNn such that

(I)_I(V):UlU-”UUN.

ot <I>71(q) is empty then we convention that the sum is zero.
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Assuming this lemma to hold, let V' and Uy, ..., Uy be as in its statement.
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 U;’s are domains of charts
in M, such that the restrictions ®|y, are diffeomorphisms.

Let w € Q4(N) be a form:

w= fdy' A+ Ady?,
where f > 0 has supp f C V. Obviously, we have

supp ®*w Cc U3 U---U Uy,

N
P*w = / P*w.
/M ; U;

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
/M d*w = Z sgn,,, @/

w?
i=1 N

so we find:

as claimed.

To finish the proof it remains to prove the lemma. Let Oq,...,On be any
disjoint open neighborhoods of py,...,px, and W a compact neighborhood
of q. The set W/ C M defined by:

W =& W) - (0,U---UOy),

is compact. Hence, ®(W') is a closed set which does not contain gq. There-
fore, there exists an open set V. C W — ®(W’), containing ¢, and we have
V) C O1U---UOy. Ifwelet U; = O;N® V), we see that the lemma
holds. U

The degrees of two homotopic maps coincide, since homotopic maps in-
duce the same map in homotopy. 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 22.5.
Consider the antipodal map ® : S* — S, p— —p. For the canonical orienta-
tion of the sphere S¢ defined by the form
d+1 -
w = Z(—l)ixidxl Ao Ndat A Ada®T

i=1
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we see that ® preserves or switches orientations if d is odd or or even. Since
®~1(q) has only a point, we conclude that

deg® = (—1)41,

By the way, we could also compute the degree directly from the definition, since

we have
/ *w = (—l)dfl/ 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 semi-
circle 7y, joining p to —p with tangent vector X (p). It follows that the map
H : S x [0,1] — S*? given by

H(p, t) = VP(t)v
is a homotopy between ® and the identity map. Hence,
—1=deg® =degid =1,

a contradiction.
You should notice that, in contrast, any odd degree S**=1 C R?? admits the
vector field:

2d—1 9

0 0
_ 2 1
X=a"gg -2 op2d—1 T pped

Ozt Ox2

which is a nowhere vanishing vector field.

4o

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
Euler characteristic of a manifold, known as the Poincaré-Hopf Theorem.

Consider first a vector field defined in some open set U C R¢ which has
an isolated zero at o € U. This means that we have a map X : U — R?
which vanishes at zp and is non-zero is some deleted neighborhood V' —{zg}.
In other words, there exists € > 0 such that B.(zo) C U, the closed ball of
radius € centered at zg, does not contain another zero of X. If

S. := 0B.(z0)

is the sphere of radius € centered at xg, we can define the Gauss map
G:S. — S by:
X(x)
G(x) = ——.
|| X ()]l

The index of X at xg is the degree of the Gauss map:
indg, X = degG,

where on each sphere we consider the orientation induced from the canonical
orientation on R
Our next result shows that the degree is independent of € and is a diffeo-

morphism invariant:
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Proposition 22.6. (i) For all € small enough the degree of the Gauss
map s the same, so the degree is independent of €.

(i) Let X and X' be wector fields in U,U' C RY and ® : U — U’ a
diffeomorphism. If X is ®-related with X' and xo is an isolated zero
of X, then

indmo X = ind<1>(x0) X/.

Proof. We can assume that ®(zp) = 2o = 0 and that U is convex.
Assume first that ® preserves orientations. Then the map

1o(te), ift>0,
H(t,x) =

P'(z), ift=0.
is a homotopy between ®' and ®, consisting of diffeomorphismos that fix
the origin. Since ®’ is homotopic to the identity, via diffeomorphismos that
fix the origin, we see that there exists a homotopy, via diffeomorphismos
that fix the origin, between ® and the identity. Hence, we conclude that the
Gauss maps of X and X’ are homotopic, so that the indices of X and X’
coincide.

To deal with the case where ® switches orientations, it is enough to con-

sider the case where ® is any reflection. In this case the vector fields X and
X' are related by:

X' =®oXod L
The corresponding Gauss maps are also related by:
G =PoGod !

and, hence, their degrees coincide. O

The proposition allows us to define the index for a vector field on a man-
ifold:

Definition 22.7. If X € X(M) is a vector field with an isolated zero xy,
the index of X at pg € M, is the number

ind,, X = indg ¢+ X |y,
where (U, @) is any coordinate system centered at py.

We will see in the next set of lectures that we have the following famous
result:

Theorem 22.8 (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) = ind,, X.
=1
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For now we limit ourselves to explain how one can compute the index of
a vector field. 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,,, M C T'M intersect
transversely at 0 € T, M:

To(TM) = IpZ @ TPO(TPOM) >~ TpoM & Ty M.

Under this decomposition, the differential dp,, X : T, M — To(T'M) has first
component the identity (since X is a section), while the second component
is a linear map T,,M — T, M which will be denoted also by d,, X, and
called the linear approximation to X at the zero py.

Definition 22.9. A zero py of a vector field X € X(M) is called a non-
degenerate zero if the the linear approvimation dp, X : Tpo M — T, M is
invertible.

Non-degenerate zeros are always isolated and their index can be computed
very easily:

Proposition 22.10. 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,
indp, X =
=1, if detdp, X <O.

Proof. Choose local coordinates (U, ¢) centered at py. 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 22,31 O

EXAMPLE 22.11.
Em R3, with coordinates (z,vy, z), consider the vector fuel

0 0
X=y——ax—.
e xay
This vector field is tangent to the sphere S? = {(z,y,2) : 2*> +y*+ 22 = 1} and
hence defines a vector field X € X(S?), with exactly two zeros: the north pole

pn and the south pole pgs.
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The projection ¢ : (z,y,z) — (x,y) give a system of coordinates S* centered
at py (and also ps), and we have:

0 0

where (u,v) are coordenates in R%. Since the map (u,v) — (v, —u) has differ-

ential
0 1
-1 0|’

we conclude that py and ps are non-degenerate zeros and:

ind,, X =ind,s X =1.

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 next figure
illustrates 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
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HOMEWORK.
1. Let ®:C — C be a polynomial map of degree d. Find deg ®.

2. 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 ball B1(0) C R? on its boundary.

HINT: If there was such a retraction r : B;(0) — S% ! consider the map
H(x,t) =r(rx).

a b
3. Let A = ( ¢ d
T? = R?/Z2, consider the map ® : T? — T? defined by:

D([x,y]) = [az + by, cx + dy].

) be a 2 X 2 matrix with integer entries. Identifying

Determine deg W.

4. Let X : R — R? be a vector field with an isolated zero at 0 and for any
e >0 let
Sa = 635 (,To)
be the sphere of radius ¢ centered at xy. Show that degree of the Gauss map
G:S. — St X(2)
x
) = @
is the same all €, so the degree 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?:
13} 9 .
(a) I% + y8_y7
(b) (z?y+y°) & — (2 + 2y®)&;

7. Show that a vector field on a compact, oriented, surface of genus g, where
g # 1, must have at least one zero.

8. Consider the vector field X € S?¢ obtained by restriction of the vector field
in R2d+1,
0 0 0 0
_ .2 1 2d 2d—1
X =g ~ g T T e T g
Show that X induces a vector field X in P2¢. Use this vector field and the
Poincaré-Hopf theorem to compute the Euler characteristic of P24,
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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 lectures
are the following:

e Lecture 23: The notion of a vector bundle and the basic constructions
with these bundles, such as the sum, tensor product and exterior
product. produtos tensoriais, produtos exteriores, etc.

e Lecture 24: Two import an invariants of vector bundles: the Thom
class and the Fuler class. The relationship between the Euler class
of the tangent bundle and the Euler characteristic and, as a conse-
quence, the Poincaré-Hopf Theorem.

e Lecture 25: The pull-back of vector bundles and the classification of
vector bundles, which shows that every vector bundle is the pull-back
of a universal vector bundle.

e Lecture 26: The concept of a connection in a vector bundle, which
allows one to differentiate sections of the vector bundle along vector
fields in the basisand hence compare different fibers.

e Lecture 27: The curvature of a connection and the holonomy of a
connection, which give rise to invariants, characterizing the global
structure of a vector bundle with a connection.

e Lecture 28: The Chern-Weil theory of characteristics classes of real
vector bundles (Pontrjagin classes) and complex vector bundles ( Chern
classes).

e Lecture 29: The abstract notion of a fibre bundle and of a principal
fibre bundle. The constructions of the associated bundles.

e Lecture 30: The classification of principal bundles, connections in
principal bundles and characteristics classes of principal bundles.
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LECTURE 23. 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 F, and
the map 7 : E — M, w(E,) = p must satisfy a local trivialization condition.
You should be able to recognize all these properties in the tangent bundle

of a manifold.
—T I E
\\>[ 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:

U xR"

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:
: ¢ r
(bp.Ep—){p}XR —R" .
Hence, if v € E,, we have

o(v) = (p, ¢"(v))-
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Notice that since each ¢P is a diffeomorphism, we can use ¢P to transport
the vector space structure of R" to £,. 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:

Definition 23.1. 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 T with the property that for every o € A, the maps ¢P o (¢h)~! e
@b o (¢P)~1 are linear isomorphisms, then (U, ¢) € C.

We call ¢ = (m, E, M) a vector bundle of rank r.

For a vector bundle { = (w, E, M) we will use the following notations:

e F is call the total space, M is called the basisspace, 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 E, has a vector space structure such that for any trivializing
chart (U, ¢) the map ¢? : £, — 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. On the other hand, one can define complex vector bundles over
smooth manifolds by replacing R” by C" (note that the basisis still a real
smooth manifold). In these notes, unless otherwise mentioned, all vector
bundles are real and C°.

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 w o s is the identity in U. The
sections over U form a real vector space which will be denoted by I'yy(E). If
rank £ = r a collection sq, ..., s, of sections over U is called a frame in U if,
for every p € U, the sections {s1(p),...,s,(p)} form a basis for E,. When
U = M we call a section over M a global section of F and we write I'(E)
instead of I"y/(E).

Definition 23.2. Let & = (71, By, My) and & = (w9, E2, M) be two vector

bundles. A morphism of vector bundles is a smooth map V : E; — Fy

which maps the fibers of & linearly in the fibers of &, i.e., ¥ covers a smooth
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map ¥ : My — Ms:

B —Y~ B,

M1—>M2

and, for which p € My, the map of the fibers

PP = \If|(E1)p : (El)p — (E2)¢(p)

is a linear transformation.

In this way we have the category of vector bundles.
Often we will be interested in vector bundles over the same basisand

morphisms over the identity (i.e., the map ¢ : M — M is the identity).
These also form a category.

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, i.e., an isomorphism in the category
of vector bundles. Then ¥ covers a diffeomorphism ¢ : M; — M
and each fiber map WP : (E1), — (E2)y(p) is a linear isomorphism.

e isomorphic if My = My = M and there exist morphisms ¥ : & —
&9 and V' : & — &1, covering the identity which are inverse to each
other, i.e., an isomorphism in the subcategory of vector bundles over
the same base). In this case, W covers the identity 1) =id; and each

fiber map WP : (Ej), — (E2), is a linear isomorphism.

ExXaAMPLES 23.3.

1. Obviously, for any smooth manifold M, we have the vector bundles T M,
T*M and N¥(T*M). The sections of these bundles are the vector fields and
the differential forms that we have studied before. If ¥ : M — N is a smooth
map, its differential AV : TM — TN is a morphism of vector bundles (note,
however, that the transpose (d,®)*, in general, is not a vector bundle mor-
phism,).

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 1is the projection in the first factor.
Note that T'(eh,) = C°(M;R"). In geral, a vector bundle & over M of rank
r is said to be trivial if it is isomorphic to €'y,. We leave it as an exercise to
show 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 paralleliz-
able (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. You should verify
that the local triviality condition holds. A section of this vector bundle is a
vector field tangent to the distribution.
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4. A wector bundle of rank 1 is usually refer to as a line bundle. For example,
a non-vanishing vector field 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. For another example of a line bundle let
E={([z],v) € P! x R™! : v = Xz, for some \ € R}.

In other words, a element of E is a pair ([x],v) where [x] is a line through
the origin in R¥Y and v is a point in this line. The projection 7 : E — P?
is given by w([z],v) = [z]. In other to check the local triviality, let V C S be
an open set such that if x € V then —x € V. The corresponding open set in
projective space is denoted U = {[z] : x € V} C PL. Then the map defined by:

Y:UXR— ﬂ'_l(U), U([z], t) = ([z], tx),Vz €V,

is a diffeomorphism and its inverse ¢ = =1 defines a trivializing chart over
U. The family of all such charts (U, d) form an atlas of a vector bundle over
P?. This vector bundle is called the canonical line bundle over P? and is
denoted .

One can describe a vector bundles through its transition functions: let
¢ = (m,E,M) be a rank r vector bundle. If (U, ¢s) and (U,, @) are
trivializing charts let gog : Uo NUg — GL(r) be the transition function

P gas(p) = ¢h o (¢) ",
so that:
¢Oc © (¢5)_1(p7 V) = (pagaﬁ(p) : V)’
These transition functions satisfy:
(23.1) 908(P)98(P) = gar(p), (P € UaNUgNUy).

If « = 8 = ~, this condition reduces to:

goea(p) =1, (p € Ua)a

and when 7 = o we obtain:

98a(p) = 9ap(p) ™", (p € Ua N Up).

The family {g.g} depends on the choice of trivializing charts. However,
we have:

Lemma 23.4. Let £ and n be vector bundles over M with trivializations
{pa} and {¢L,} subordinated to the same open covering {U,} of M. Denote
by {gap} and {g,3} the corresponding transition functions. If £ is isomor-
phic to n, then there exist smooth maps Ay, : Uy — GL(1) such that:

(23.2) Iog(P) = Aa(P) - 9as(0) - A5' (0),  (p € Ua N Up).
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Proof. Let ¥ : £ — 1 be an isomorphism. For each U, we define smooth
maps A, : Uy, = GL(r) by:

Aa(p) = ¢ o Wo (¢h) 7"
If p e Uy, N Ug, we have:

Gap(p) = @0 o (¢'H) 7!
= Xa(p) o g o ()" o (Ag(p) ™"
= Xa(p) © gap(p) © As(p) "
0

For a manifold M we call a family of maps gog : Us N Ug — GL(1)
a cocycle subordinated to the open cover {Uy}aca of M, if they satisfy
@23.00). Two cocycles {gag} and {g, 5} subordinated to the same cover are
said to be equivalents if there exist smooth maps A\, : Uy, — GL(r) of
classe C*, satisfying (23.2)).

We saw above that (i) a trivialization of a vector bundle determines a
cocycle, and that (ii) two trivializations of isomorphic vector bundles sub-
ordinated to the same cover determine equivalent cocycles. Note that if two
cocycles are subordinated to different covers we can always refine the covers
to obtain cocycles subordinated to the same cover. Moreover, we have the
following converse:

Proposition 23.5. Let {go3} be a cocycle subordinates 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 {gop}. Two
equivalent cocycles {gap} and {g(’lﬁ} determine isomorphic vector bundles.

Proof. Given a cocycle {gns}, subordinated to the cover {U,} of M, we
construct the manifold E as the quotient:

E= U(UaxR’")/N

acA
where ~ is the equivalence relation defined by:
p=q and

(p,v) ~ (g, w) iff
Jda, € A: gop(p) - v=w.

The projection 7 : E — M is the obvious map:
7([p, v]) =p.
It is easy to see that the maps ¢, : 71 (U,) — Uy x R” given by:
da(lp,v]) = (p,v),

give trivializing charts. The corresponding transition functions are exactly

the {go5}. 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 isomorphism ¥ : ¢ — &', which in each open set 771(U,) is
given by:

U([p,v]) = [p, Aa(p) - vI.
The details are left as an exercise. O

Let us now turn to constructions with vector bundles. We have the fol-
lowing general principle: for every functorial construction with vector spaces
there is a similar construction with vector bundles. This principle can ac-
tually be made precise, but instead of following the abstract route, we will
describe now explicitly the constructions that are most relevant to us.

Subbundles and quotients. Every vector bundle £ = (w, E, M) can be re-
stricted to a submanifold N C M. The restriction £y is the vector bundle
with total space:

Exy ={E,:pe N},
and projection my : Fny — N the restriction of © to EFxn. The restriction is
an example of a vector subbundle:

Definition 23.6. 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 ¥ :n — £ is a morphism of vector bundles covering the identity, in
general, its image and its kernel are not vector subbundles. However, this
will be the case if the morphism of vector bundles ¥ : (7, E, M) — (7, F, M)
has constant rank k, i.e., if all linear maps WP : Ej, — 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 {®(v) € F:v € E};

e The co-kernel of W is the vector bundle coKer ® whose total space
is the quotient F'/ ~, where ~ the equivalence relation wy ~ wy if
and only if w; — wy = ®(v), for some v € E.

Note that if U 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. We leave the details as an exercise.

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

0 3 Y 0 0



where ® is a monomorphism, ¥ is an epimorphism and Im ® = Ker ¥. In
this case, we have vector bundle isomorphisms & ~ Ker ¥ and 6 ~ coKer ¥,
and we say that 0 is the quotient vector bundle of the monomorphism
.

An important example of a quotient vector bundle is obtained by tak-
ing a vector subbundle { = (7, F,M) C n = (w, 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 1/¢ are the quotient vector spaces
E,/F,.

EXAMPLE 23.7.

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).

Sums and tensor products. Let §& = (w, 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 & & n whose total space is:

EaoF={(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 X ¢ )|EarF},
to which corresponds the cocycle defined by:

0
9ap ® hap = [9(65 has ]

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 inverse transpose maps (ggﬁ)_l.

e The exterior product A*&: the fibers are the exterior products
/\kEp and the transition functions are the exterior powers /\kgag.

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) ~ £* @ 7.
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Orientations. A vector bundle £ = (m, 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, s9 € I'(A"E) 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 {gng} takes values in
GL™(r), the group of invertible r x r matrices with positive determinant:

Gap : Ua NUs — GL*(r) € GL(r).

When & = T'M, this notion of orientation corresponds to the notion of
orientation for M that we have studied before. The possible orientations for
&, F and M are related as follows:

Lemma 23.8. If ¢ = (7w, E, M) is an orientable vector bundle. Then M is
an orientable manifold if and only if E is also an orientable manifold.

The proof is elementary and is left as an exercise.

Riemmanian structures. A Riemann structure in a vector bundle £ =
(m,E,M) is a choice of an inner product ( , ) : E, x E, — R in each
fiber which varies smoothly, i.e., for any sections si1,s9 € 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.

You should check that £ has a Riemann structure if and only it it admits
a trivialization {¢,} where the associated cocycle {gn3} take values in O(r):

9ap : UaNUg — O(r) C GL(r).
It is easy to see, using a partition of unity, that every vector bundle admits
a Riemann structure. Underlying this fact, is the polar decomposition of
GL(r):
GL(r) = O(r) x {positive definite symmetric matrices}.
If £ = (7, 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 - over N as the subbundle of ¢ with total space F-, where

F;_ ={vek,: (v,w)=0,Vwe F,}.
When M = N, we obtain:
E=nomn.
in this case nt ~ £/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.
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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:
w(S,z) = S.
Show that v = (7, E,G,(R%)) is a vector bundle of rank k. 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 U are vector subbundles if the rank of
the linear maps WP is constant. Give counter-examples when the rank is not
constant.

4. Consider a short exact sequence of vector bundles

0 ¢ n—2s9g 0

Show that this sequence always splits, i.e., there exists a monomorphism of
vector bundles ® : § — n such that ¥ o ® =id,.

5. Given two vector bundles ¢ = (7, E,M) and n = (r,F, M), show that
there exists a vector bundle Hom(&,n) whose fibers are the vector spaces
Hom(FE,, Fy). Find the transition function of Hom(¢,n) in terms of the tran-
sition functions of € and n and verify that there exists a natural isomorphism

Hom(&,n) ~ &£ @ 1.

6. If ¢ = (m,E, M) is an orientable vector bundle. Show that M is orientable
if and only if E is an orientable manifold.

7. Let £ = (w,E, M) be a vector bundle. Show that there exists an isomor-
phism of vector bundles

T]uE’ZﬁEBTM,

which is natural: if ¥ : (7, E, M) — (7, F, N) is a morphism of vector bundles
which covers the map ¢ : M — N, then the following diagram commutes:

TyE —YY o TyF

~l lN

EaTM e n® TN

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);
(¢) There exists a trivialization of £ for which the transition functions take
values in SO(r).

189



LECTURE 24. THE THOM CLASS AND THE EULER CLASS

The homotopy invariance of de Rham cohomology relied crucially on the
following isomorphisms

H*(M xR") ~ H*(M),
H}(M xR")~ H>"(M).
One can interpret these isomorphisms as relating the cohomology of the total

space of the trivial bundle with the cohomology of the base. More generally,
we have:

Proposition 24.1. For any vector bundle £ = (m, E, M):
H*(E) ~ H*(M).
Proof. Let s : M — FE be the zero. Its image is a deformation retract of F.

Therefore, by homotopy invariance we see that s* : H*(E) — H*(M) is an
isomorphism. O

One may guess that the statement for compactly supported cohomology
also generalizes, but the following example shows that one must be careful:

EXAMPLE 24.2.

Let M = S and consider the non-trivial line bundle 7 : E — S'. One can
realize this line bundle, for example, by considering the central circle in the
Mobius band and the fibers to be the transverse lines. Since E is a non-oriented
manifold of dimension 2, we have H>(E) = 0. On the other hand,

H21(SY = HY(SY) ~ R #0.

When E and M are both orientable we do have:

Proposition 24.3. Let £ = (m, E, M) be a vector bundle of rank r, where
E and M are both orientable of finite type. Then:

H(E)~H}"(M).

Proof. Since E and M are both orientable of finite type we can apply
Poincaré duality to conclude:

H(E) ~ H'""*(E) (by Poincaré duality for E),
~ HHT=*(M) (by Proposition BZT]),
~ H"(M) (by Poincaré duality for M).

O

When M is a compact manifold the total space of any vector bundle over

M is of finite type. Therefore:
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Corollary 24.4 (Thom Duality). Let { = (w, E, M) be an orientable vector
bundle of rank r and M an orientable compact manifold. Then:

H(E)~H*"(M).
The map giving the isomorphism in Thom duality is a push-forward map
et Qo (E) = Q7T (M)

and is called integration along the fibers. If we unwind the proof above,
we can find an explicit description of m, as follows. We start by cover-
ing M by trivializing oriented charts (Uy, ¢, ) for £, where each U, is the

domain of a chart (z',...,2%) of M. We obtain a system of coordinates
(x',...,z% ¢!, ... t") for the total space E with domain 7—'(U,), where
(t',...,t") are linear coordinates on the fibers. If w is some differential form

in E, then wy = wl|;-1(y,) is a linear combination of two kinds of forms:
o f(z,t)(m*0) Adtt A--- Adt%, with k < r;
o f(z, t)(m*O) ANdtt A--- AdtT;
where 6 is a differential form in M and f(z,t) has compact support. The

map 7, : Q8(E) — Q*"(M) is zero on forms of the first kind, and on forms
of the second kind it is integration along the fibers:

flz, ) (T O)ANdt A ANdt" — 0 [ f(x,th, .. tT)dth - dt.

RT‘
Since two such system of coordinates in the fibers, say (t!,...,t") and
(t1,...,1"), are related by an element of GL(r)*, we obtain m.w, = mws,

whenever U, NUz # 0.
With this explicit description, it is now easy to check that:

Proposition 24.5. Ifm, : Q2(E) — Q*7"(M) denotes integration along the
fibers, then:

(i) 7« is a cochain map:

dm, = m.d;
(i) for any 6 € Q*(M) and w € Q2(E) the following projection formula
holds:
(24.1) (T O Aw) = 0 A mow.

Remark 24.6. The explicit description of integration along the fibers also
shows how one should proceed when one has a vector bundle over a non-
comptac manifold. One considers compactly supported forms in the vertical
direction: the complex Q¥ (FE) is defined by differential forms w in E such
that suppw N7~ (K) is compact for every compact set K C M. Hence, the
restriction of w to each fiber E, has compact support and we can still define
integration along the fibers by the same formula. If one assumes that E is
orientable, we obtain Thom duality:

H(E)~H*"(M).
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In order to simplify the presentation, we will consider only Thom duality in
the case where M is compact.

Let M be an oriented compact, connected, manifold. Let d = dim M
and denote the orientation by u. We know that there exists a canonical
generator in cohomology which we also denote by u € HE(M): the class u
is represented by any top degree form w € Q4(M) such that:

/wzl.
M

In fact p is the image of 1 under Poincaré duality H°(M) ~ HZ(M). On
the other hand, we can use Thom duality in much the same way to obtain
a canonical class in H(E):

Definition 24.7. The Thom class of an oriented vector bundle £ = (m, E, M)
over a compact, connected, oriented manifold M is the image of 1 under
Thom duality 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, : HJ(FE) — H*"(M). In fact,
since m,U = 1, the projection formula (24.I) shows that the linear map
H*(M) — H?T"(F) defined map por:

(m) 7N ([w]) = [T*w] VUL

is an inverse to .
The following result gives an alternative characterization of the Thom
class:

Theorem 24.8. The Thom class of an oriented vector bundle & = (w, E, M)
over an oriented, compact, connected manifold is the unique class U €
H(E) whose pull-back to each fiber E, is the canonical generator of H. (E,),
1.€.,

/ i*U=1, VpeM,
EP
where i : E, — E s the inclusion.

Proof. Since m,.U = 1, we see that the restriction ¢*U to each fiber E), is a
compactly supported form with [ B, U = 1.

Conversely, let U’ € HL(E) be a class such the restriction i*U’ € H] (E,)
is the canonical generator, for each p € M. By the projection formula (24.1]),
we obtain

T (T ONU ) =0 AT U =0, Vo€ H*(M).

Hence, 6 — 7*0 A U’ inverts m,, and the image of 1, which is U’, coincides
with the Thom class. U

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:
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Definition 24.9. Let £ = (7, E, M) be an oriented vector bundle of rank r
over an oriented, compact, connected manifold M. The Fuler class of £ is
the class x(§) € H" (M) defined by:

x(§) =50,
where U is the Thom class of £ and s : M — FE 1is any section global of &.

Note that a vector bundle always as a global section, namely the zero
section. On the other hand, if sg,s; : M — E are two global sections then
H(p,t) = ts1(p) + (1 — t)so(p) is an homotopy between them, so we have
[s¢U] = [s7U]. This shows that the definition above of the Euler class makes
sense.

The following proposition lists some properties of the Euler class. We
leave its proof for the exercises:

Proposition 24.10. Let £ = (w, E, M) be an oriented vector bundle of rank
r over an oriented, compact, connected manifold M. Then:

(i) If ¥ : n — & is a morphism of vector bundles of rank r, preserving
orientations, which covers a map 1 : N — M, then: x(n) = ¥*x(&).
(ii) If € denotes the vector bundle & with the opposite orientation then
X = —x(&).
(iii) If rank r is odd, then x (&) = 0.
(i) If ¢ = (7', E', M) is another oriented vector bundle of rank r' over M,
then x(§ @ &) = x(§) Ux(£).

The Euler class of a vector bundle is an obstruction to the existence of a
non-vanishing global section. In fact, we have:

Theorem 24.11. Let £ = (w, E, M) be an oriented vector bundle of rank
r over an oriented, compact, connected manifold M. If & admits a non-
vanishing section then x(§) = 0.

Proof. Let s : M — E be a non-vanishing section. If w € QL(E) is a
compactly supported form representing the Thom class, i.e., U = [w], then
there exists a ¢ € R such that the image of the section cs does not intersect
suppw. Hence:

x(€) = (es)"U = [(¢es)*w] = 0.
O

Note, however, that in general the Euler class is not the only obstruction
to the existence of a non-vanishing global section: there are examples of
vector bundles £ with x(£) = 0, but where any global section has a zero.

The name FEuler class is related with the special case where & = T'M.

Recalling the notion of index of an isolated zero of a vector field from Lecture
22), we have:
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Theorem 24.12. Let M an oriented, compact, connected manifold of di-
mension d. For any vector field X € X(M) with a finite number of zeros
{p1,...,pN}, one has:

N

N(TM) = (Z ind,, X) pe HY(),

i=1
where p € HY(M) the class defined by the orientation of M.

Proof. Let w € fo(T M) be a compactly supported form representing the
Thom class. Denote the sum of the indices of the zeros by o. We need to

show that:
/ X*w =o.
M

Choose coordinate systems (U;, ¢;) centered at p; and denote by B; the
closed balls:

B; = ¢7 ({z € R :|Ja]| < 1).

We can assume that X, € suppw, for all p & Ufil B;. Therefore, it is
enough to verify that:

/ X*w =ind,, X.

B;

and we leaved this check to the exercises. O
An immediate corollary is:

Corollary 24.13. 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 24.14 (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) = Zindm X.
i=1

In particular, x(TM) = x(M)u, where p € HY(M) is the orientation class.

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.
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Hence, if r is the number of faces of dimension k, we have

N
Zindpi X =rg—7r1+ -+ (=1)rqg,
i=1
so the result follows from Euler’s Formula (Theorem 21.1]).
We construct X describing its phase portrait in each face:

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:

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:

/
oK

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.
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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 determinant
of this matrix if (—1)*. Hence, we have that ind,, X = (—1)¥, so the vector
field X satisfies (a) and (b). O

Remark 24.15. We remarked above that there exists vector bundles with
x(&) = 0, but where every section has a zero. However, in the case of the
tangent bundle the Euler class x(T'M) (and hence the Euler number x(M))
is the only obstruction: an exercise in this section shows that x(T'M) = 0 if
and only if é there exists a non-vanishing vector field in M.

HOMEWORK.

1. Let & = (m, E, M) be an orientable vector bundle over a compact manifold.
Show that the projection formula holds:

T (T OANw) =0 ATw, (€ (M), weQE)).

2. Let EF1 — M and FEs — M be oriented vector bundles over an oriented,
compact, connected manifold M. Consider their Whitney sum and the natural
projections:

E1 @ E>
P
El E2
Show that the Thom classes of Fy, E> and Fq & E> are related by:

UvEle;E2 = WTUEl /\7T;UE2.

3. Let & = (m,E,M) and & = (7', E’, M’) be oriented vector bundles over an
oriented, compact, connected manifold M. Show that:

x(E@&)=xEux(),

where on the Whitney sum £ @ £’ we take the direct sum of the orientations.

4. Let ¢ = (m,E,M) and n = (7, F, N) be oriented vector bundles of rank r,
where M and N are oriented, compact, connected manifolds. If ¥ : n — &
is a vector bundle morphism which preserves orientations, covering a map

¥ : N — M, show that:
x(m) = x(&)-
Use this property to conclude that:
(a) If £ denotes the vector bundle ¢ with the opposite orientation then x (&) =

—Xx(&)-
(b) If rank € is odd, then x(§) = 0.

5. Complete the proof of Theorem 24.12]
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6. Let M be a compact manifold of dimension d. One can show that:
(a) If p1,...,pNy € M there exists an open set U C M, diffeomorphic to the
ball {x € R?: ||z|| < 1}, such that p1,...,p, € U.
(b) If 1) : S4=1 — S9=1 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.

LECTURE 25. PULL-BACKS AND THE CLASSIFICATION OF VECTOR
BUNDLES

We now turn to the global characterization of vector bundles. In this
characterization the pull-back of vector bundles under a smooth map plays
a crucial role.

Definition 25.1. Let ¢ : M — N be a smooth map and & = (7w, E,N)
a vector bundle over N of rank r. The pull-back of £ by v is the vector
bundle *§ = (w,0*E, M) of rank r, with total space given by:

VE={(p,v) € M X E:4(p) = n(v)},
and projection defined by:
7:Y*E — N, (p,v)— p.

Note that the fiber of ¥*¢ over p is a copy of the fiber of £ over ¥ (p).
Therefore the pull-back of & by 9 is a vector bundle for which we take a
copy of the fiber of ¢ over ¢ 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

VE = (¢ x7)(A),

where A C N x N is the diagonal. Since 7 : E — N is a submersion, we
have that (¢ x m) h A, so E is a manifold. To cheek local triviality of 1*¢,
let {¢n} be a trivialization of £, subordinated to the open cover {U,} of
N. We obtain a trivialization {ga} for ¢*¢, subordinated to the open cover

{4p=1(U,)} of M, where
o 7 (W (U) = ¢ (Us) X R”
(p,v) — (p, ¥®P (v)).

Moreover, if {gns} is the cocycle of £ associated with the trivialization {¢, },
then {1*gag} = {gap © ¥} is the cocycle of 1*¢ associated with the trivial-
ization {¢q}.

Let us notice now that the map

Uyt =& (p,v) = v,
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is a morphism of vector bundles covering 1. Hence, the pull-back construc-
tion allows us to complete the following commutative diagram of morphisms
of vector bundles:

In fact, we have the following universal property which characterizes the
pull-back up to isomorphism:

Proposition 25.2. Let ¢ : 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
D n — YP*E, 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.

Let & = (m,E,N) and n = (7,F,N) be vector bundles over N, and
let & : £ — n be a morphism of vector bundles covering the identity. If
¥ : M — N is a smooth map, then we have a morphism of vector bundles
P*(P) : Y € — Y*n, defined by:

P (@) (p,v) = (p, (v)).

Obviously, this morphism makes the following diagram commute:

CE—Y® g
AN AN
E 2 l F
M M
N N
N N

We can now list the main properties of the pull-back of vector bundles:
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Proposition 25.3. Let ¢y : M — N be a smooth map. Then:

(i) The pull-back of the trivial vector bundle is the trivial vector bundle:
W (eh) = by
(ii) If ¢ : Q — M is a smooth map, then (v o @)*¢ = ¢*(¢*€), for any
vector bundle & over N.
(iii) The pull-back of the identity morphism is the identity: 1*(idg) = idyx«¢.
(i) If ® : £ - n and ¥ : n — 0 are morphisms of vector bundles over the
identity, then ¢*(W o ®) = ¢* (V) o ¢* (D).

The results above show that if we fix manifolds M and N, as well as a
smooth map v : M — N, then we have:

e The pull-back defines a covariant functor from the category of vector
bundles over N to the category of vector bundles over M.

Let us denote by Vect, (M) the set of isomorphism classes of vector bun-
dles of rank r over a manifold M. There is a distinguish point in Vect,.(M),
namely the class of the the trivial vector bundles. Given a smooth map
1 : M — N, the pull-back ¢* : Vect,(N) — Vect,. (M) preserves this distin-
guished point, so we conclude also:

e The pull-back defines a contravariant functor from the category of
smooth manifolds to the category of sets with a distinguished point.

The fundamental property of the pull-back of vector bundles is the fol-
lowing:

Theorem 25.4 (Homotopy invariance). If and ¢ : M — N are homotopic
maps and & is a vector bundle over N, then the pull-backs ¢*€ and ¢*& are
isomorphic vector bundles.

Proof. Let H : M x [0,1] — N be an homotopy between ¢ and . We have:

¢ = Hy& = H™E| oy
V' = Hi§ = H " pxq1y-

Hence, it is enough to show that for any vector bundle n over M x [0, 1], the
restrictions 7|57« {0y and 1|yrx {1y are isomorphic.
One can show that:

(a) a morphism of vector bundles of class C, covering a map of class C™,
can be approximated by a morphism of classe C'°°, which covers the
same map.

(b) a morphism which is close enough to an isomorphism, is also an isomor-
phism.

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 : 7 — 7, covering the smooth

map
d: M x[0,1] = M x [0,1], (p,t) — (t,1),
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and such that the induced maps in the fibers are isomorphisms. In order
to construct A, we will use the following lemma, whose proof is left as an
exercise:

Lemma 25.5. Let n be a vector bundle over M x [0,1]. There exists an open
cover {Ua}aca of M such that the restrictions 1|y, x(o,1) are trivial vector
bundles.

Now choose a locally finite countable open cover {Uy }ren of M such that
the restrictions 77‘ka[071} are trivial. Let us denote the trivializing maps ¢y
by:

¢
Ely, x(0,1] b (Ur x [0,1]) x R"
x /
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 py : M — R such that 0 < pp < 1,
supp pr C Up and, for all p € M,

max{pg(p) : k € N} = 1.

Such an envelope of unity can be constructed starting with a partition of
unity {0} and defining:

Or(p)
max{0x(p) : k € N}’

pr(p) =

For each k£ € N we define vector bundle morphisms Ay : n — 7 by:
(a) Ay cover the map o : M x [0,1] — M x [0, 1] given by:

Jk(p; t) = (p, max(pk(p), 1)).
(b) In 771 (U, x [0,1]), Ay, is defined by:

A0y (1, v)) = o (p,max(pr(p), 1), v),
and Ay, is the identity outside 71 (U}, x [0, 1]).
Finally, one defines A : 7 — n by:
A=-0Apo--0A,.

Since each p € M has a neighborhood which intersects a finite number of
open sets Up, 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 25.6. Any vector bundle over a contractible manifold is trivial.
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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 shows that:

£~ (Yo g)'¢ =" (¥7E).
Since ¥*£ is a vector bundle over a set which consist of a single point, it is
the trivial vector bundle. Hence £ ~ ¢*(1)*¢) is a trivial vector bundle. O

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 25.7.

Let M = St. Given a line bundle ¢ = (7, E,S'), we can cover S* by the two
contractible open sets U = St — {py} and V = S' — {ps}. By the corollary,
over each open set U and V' the vector bundle trivializes: ¢y : Ely ~ U x R
and ¢y : E|ly =V x R. Therefore, the line bundle is completely characterized
by the transition function gyyv : UNV — R, so that:

(bV © Qb{]l :UXxR =V x Ra (pav) = (pagUV(p)v)'

The intersection U NV has two connected components, and we leave it as an
exercise to check that if guv (x) 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 Mobis
band. In other words, the the space Vecty(S') consisting of isomorphism classes
of line bundles over S' has two points.

The problem of determining Vecty (M) can be reduced to a problem in
homotopy theory, as we now briefly indicate.

Recall that v, denotes the canonical bundle over the Grassmannian
G,(R™) (Lecture 23] Exercise 2): the total space of v, is defined by:

E = {(S,x) : S is r-dimensional subspace of R" and x € S},
and the projection 7 : E — G.(R") is given by 7(S,z) = S. The canonical
bundle is a subbundle of the trivial vector bundle ¢, (Rn)- The universal

bundle is the quotient vector bundle obtained from the short exact sequence
of vector bundles:

0 T

n
€Cn_r(®) —= Ny —>0

Note that the fiber of 7], over the n — r-dimensional subspace S € G, _,(R")
is the quotient R™/S. The reason for the name universal is justified by the
following proposition:

Proposition 25.8. Let M be a smooth manifold and & a rank r vector
bundle over M. If & admits n global sections si,...,s, which generate E,
for all p € M, then there exists a smooth map b : M — Gp_.(R™) such
that:

€ = 47 ().
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Proof. Let V' be the n-dimensional vector space with basis {si,...,s,}.
Since the sections s; generate F),, for each p € M, there exists a linear

surjective map
ev

V—E,—>0.
The kernel Kerev, of this map is a subspace of V of codimension r. On
the other hand, the fiber of the universal bundle 7,, over the Grassmannian
Gp—r(V)is V/Kerev, ~ E,. Hence, if we define a smooth map by

p: M — G, (V), p— Kerev,,

then & ~ ¢*(n},). Now, if we identify V' with R” and G,,—, (V') with G,,_, (R"),
the result follows. O

A map ¢ : M — Gp—(R™) such that £ ~ ¢*n, is called a classifying
map for the vector bundle &.

Proposition 25.9. Let M be a manifold which admits a good cover with k
open sets and let € be a vector bundle over M of rank r. If

n > max{rk,dim M + r — 1},
then:

(i) There exist classifying maps 1 : M — Gp—.(R™) for &;
(i) Any two classifying maps are homotopic.

Proof. Let Uy, ...,Ux be a good cover of M. We claim that £ admits n = rk
global sections si,...,s, which generate E,, for all p € M, so that (i)
follows from Proposition 25.8l To see this, we observe that since each Uj is
contractible, the restriction |y, is trivial. Hence, we can choose a basis of
local sections {s{,...,s"} for I'(¢|y, ). Therefore, if we choose a partition
of unity {p,} subordinated to the cover {U,}, we can define the rk global
sections 55 := posS, which generate F,, for all p € M.

Let us sketch a proof of (ii). If ¢ : M — G,,—(R") is a classifying map,
the isomorphism W : £ ~ ¢*n) gives a vector bundle map from the trivial
vector bundle to &, covering the identity:

M x RM —2

%

which is surjective on the fibers. Conversely, given such an epimorphism 0
we can associate to it the classifying map:

Y: M= G, (R"), prs Ker,.

Therefore, to give a classifying map ¢ : M — G,,—.(R™) is the same as giving
a section W of the vector bundle End(M x R", E'), which takes values in the
submanifold Epi(M x R", F) consisting of linear maps bewteen the fibers

which are surjective. Hence, assume we are given two sets of such sections
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Ty and \i/o, yielding classifying maps g, ¢¥1 : M — G,—.(R™). We obtain a
section ¥ of the bundle End(M x R", E), defined in M x {0,1}, and which
takes values in Epi(M x R™, E). We need to show that we can extend ¥ to
section in M x [0, 1], which takes values in Epi(M x R", E). The associated
family of classifying maps define the desired homotopy ¢; : M — G, —.(R™).

Of course, there is no problem in extending the section ¥ to a section of
End(M x R™ E), defined in M x [0,1]. If this section is transverse to the
submanifold consisting of linear maps between the fibers whose rank is less
than r, then we can perturb it to a section extending the original section,
and which takes values in Epi(M x R" E). Since the codimension of the
submanifold consisting of linear maps between the fibers whose rank is less
than r is n — r + 1, it is enough to assume that:

dmM<n—-r+1<=n>dmM +r—1.
O

Denote by [M, N| the set of homotopy classes of maps ¢ : M — N. We
obtain:

Theorem 25.10 (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(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:

f:Vect, (M) — [M : Gp—r(R"™)].

On the other hand, by the homotopy invariance of the pull-backs, we
conclude that the pull-back of the universal bundle induces a map

g:[M:Gp—r(R™)] = Vect, (M), 1p — ¢p™n;.

We leave as an exercise to show that the maps f and g are inverse to each
other, so the result follows. O

This result reduces the classification of vector bundles to a homotopy
issue. We illustrate this in the next example, which assumes some knowledge
of homotopy theory.

EXAMPLE 25.11.
Let us recall that if X is a path connected topological space then the free ho-
motopies and the homotopies based at xg € X are related by:

Wk(X,.I)/ﬂ'l(X,.I) = [Skax]a
where the quotient is the orbit space for the natural action of m(X,x) in
7k(X, ). Therefore, we have:

Vect, (S*) = [S*, Grr (R™)] = m.(Grr (R™)) /71 (G (R™)),
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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 — 1)) = 0, if n is large enough, the long exact sequence in
homotopy yields:
T (Gn—r(R™)) = m—1(O(r)),

for n large enough. Hence, we conclude that:
Vect, (S¥) = m,_1(0(r)) /70 (O(r)) = m_1(O(1)) ) Zs.

In order to understand this quotient, we need to figure out the action of
m0(O(r)) on mx—1(O(r)). If g € O(r), the action by conjugation of g in O(r)
induces an action in homotopy:

ig:O(n) = 0n), ig(h) = ghg ™ = (ig)s : m(O(r)) = m(O(r)).
If g1 and g2 being to the same connected component, then (ig, )« = (igy)«-
Hence, we obtain an action of mo(O(r)) = Za on m,—1(0(r)), which is precisely
the action above.

For example, if r is odd then —I represents the non-trivial class in mo(O;).
Since the action by conjugation of —1I is trivial, we conclude that

Vect, (S¥) = m._1(O(r)), if r is odd.
For example, we have:
Vects(S*) = 13(SO(3)) = m3(S?) = Z.

On the other hand, when r is even, the action maybe non-trivial. Take for
example v = 2, so we have m1(0(2)) = Z. The action of mo(O2) = Zz in Z is
just £1-n = +n. Hence, we have
Z]7y if k=2,

Vecty(S*) = me-1(0(2))/Za = mp—1(S") ) Zy = {0 if k> 3.

Remark 25.12. 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:
9]
R = PR,
d=0

which is the direct limit of the increasing sequence of vector spaces:
o CRY C R C RH2 .

In R*°, we can consider the set of subspaces of dimension 7, i.e., the Grass-
mannian:

G, (R®) = Goo—r (R*™®) = {S C R* : subspace of codimension r}.
Over this infinite Grassmannian there is a vector bundle i, = (7, F, G, (R™)),

called the universal bundle of rank r. It has total space:

E ={(S,x): S C R*™ subspace of codimension r, z € R*/S},
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and projection:
7 E — G.(R®), (S,z)+— S.

One can show that a vector bundle of rank r over a manifold M is isomorphic
to the pull-back ¥*n. , for some classifying map ¢ : M — G, (R*°). Hence,
for any manifold M, we have a bijection:

Vect, (M) ~ [M, G, (R*®)].
HOMEWORK.

1. Give a proof of the universal property of pull-backs (Proposition25.2). Show
that this property characterizes the pull-back of vector bundles up to isomor-
phism.

2. Verify the properties of the pull-back of vector bundles given by Proposition
20.9)

3. Let £ be a vector bundle over M x [0,1]. Show that there exists an open
cover {Uq}aea of M such that the restrictions |y, [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, ], for some a < b < ¢, then & is a
trivial vector bundle.

4. 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
$: U — FE definided over an open set U D N.

5. Determine Vect;(S') without using the classification of vector bundles.

6. Determine Vect,.(S'), Vect,.(S?) and Vect,.(S?).

LECTURE 26. CONNECTIONS AND PARALLEL TRANSPORT

In general, there is no natural way to differentiate sections of a vector
bundle. The reason is that, in general, there is no way of comparing fibers
of a vector bundle over different points of the base. We will now see how to
fix this.

Definition 26.1. A connection on a vector bundle £ = (7, E, M) is a
map

V:X(M)xI'(E) - T'(E), (X,s)— Vxs,
which satisfies the following properties:
(i) VX1+X28 = VXls + VXQS;
(ii) Vx(sl + s9) = Vxs1 + Vxsg;
(’i’i’i) VfXS = fVXS;
(iv) Vx(fs) = fVxs+ X(f)s.
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Properties (iii) a (iv) show that a connection V is local. Hence a connec-
tion V can be restrict to any open set U C M, yielding a connection in &|y.
On the other hand, a map X — V. 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

Vyvs = Vxs(p) € By,

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 is 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 ba-
sis of sections {si,...,s,} for {|y. Any other section s of £|y is a linear
combination:

S:f131+"'+fr3r'

for unique smooth functions f; € C*°(U). The connection V is then com-
pletely determined by its effect on the sections s;: for any vector field
X € X(M), by property (iv), we have:

Vxs= Zfavaa +X(fi)3a-

a=1

Moreover, if additionally U is the domain of some coordinate system (z!, ..., z%)
of M, we find:

T
b .
V.o sqg= E sy, (i=1,...,d, a=1,...,1),
ozt
b=1

for unique functions I'%, s, € C*°(U). One calls T s, the Christoffel sym-
bols of the connection relative to the coordinate systems and basis of local
sections.

We can also organize the Christoffel symbols as a 7 xr matrix of differential

forms in U defined by:
wd = Z It dat.
i=1

One calls w = [w’] the connection 1-form. By property (iii) in the defi-
nition of a connection, it is independent of the choice of local coordinates.
Exercise 3, in the Homework, discusses how it depends on the choice of
trivializing sections.

EXAMPLE 26.2.

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 choice of basis, we can
define a connection in £ by setting:

Vxsi=0, (a=1,...,7).

Note that this connection depends on the choice of trivializing sections.
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The collection of all connections on a fixed vector bundle £ has an affine
structure: if f € C°°(M) is any smooth function, V1 and V9 are connections,
then the affine combination

fVi+ (1= f)Va,
also defines a connection in £. It is this fact that allows us to show that:
Proposition 26.3. Every vector bundle £ = (m, E, M) admits a connection.

Proof. Let {U,} 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=) paV,

defines a connection in &. ([

If one starts with vector bundles with a connection, the usual construc-
tions lead to vector bundles with connections:

Proposition 26.4. Let & and & be vector bundles over M, furnished with
connections V and V'. Then the associated bundles EBE', £ and A€, have
induced connections satisfying:

Vx(s1®s2) = Vxs1 @ Vxsa,
Vx(sl/\"'/\sk) =VxsitA---Asp+--+s1AN---VxAsi
X((s;m) = (Vxs,n) + (s, Vxn).

If v : N — M 1is a smooth map, then ¥*¢ has a connection induced from V
such that:

(Vob*s) = 0" (Va,pw)s), Vv € T,N,s e T(E).

We leave the proof for the exercises.

Connections can be used to compare different fibers of a vector bundle.
Let £ = (m, 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 26.5. The covariant derivative of a section along a curve c
1s the section along c given by:

Ds

Di -V
A section along c is called o parallel section if it has vanishing covariant
derivative: % =0
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Choose local coordinates (U, 2, . .., 2%) and trivializing sections {s, ..., s,}
over U. Given a curve c(t) we let ¢’(t) = 2%(c(t)), an for a section s along ¢
we write s(t) = Y, v*(t)sq(c(t)). Then the covariant derivative along ¢ has
components:

(26.1) <%> :d”;ftH dc;it)F?b(c(t))vb(t), (@=1,....1).

ib
Remark 26.6. Not that even for a constant curve c(t) = pg, the covariant
derivative along c is not zero! In fact, in this case, a section along c is just
a curve s : [0,1] — T, M in the tangent space at pg and the the covariant
derivative is the usual derivative of this curve.

The well known results about existence and uniqueness of solutions of
linear ordinary equations with time dependent coefficients, we obtain:

Lemma 26.7. For any curve ¢ : [0,1] — M and any vy € E.(0), there exists
a unique parallel section s along ¢ with initial condition s(0) = vp.

Under the conditions of this lemma, we say that the vectors s(t) € E)
are obtained by parallel transport along c¢. We denote by 7 : E ) = E.)
the operation of parallel transport defined by 7(vo) = s(t).

Proposition 26.8. 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 7, : Ecg) — Ey along c is a linear isomorphism.
(i) If v.=c'(0) € T,0)M is the vector tangent to c, then:

Vs = lim + (77} (s(c())) — 5(c(0))) ,

t—0 ¢t

for any section s € I'(€).

Proof. Since the differential equation defining parallel transport is linear,
it depends linear on the initial conditions, so 74 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 — e). We leave the proof of (ii) as an
exercise. U

Consider now the tangent bundle & = TM 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 RY,
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:
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Definition 26.9. 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¢
—(t) =0.
Dt
If we choose local coordinates (U, 2!, ... ,a:d), we have trivializing vector
fields {%, cey %} for TM|U, and we can write:

adcz 8:E? Z g 8:Ek

The equations for the components c'(t) = x%(c(t)) of a geodesic c(t) in local
coordinates are:

d2k ded (t
s Zr () di), (k=1,...,n).

Using these equations, it should be clear that given pg € 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::

expy, (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.

Another notion which only makes sense for connections V in T'M is the
torsion of a connection: this is the map T : 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 ¢ : [0,1] x [0,1] — M an injective
immersion (i.e., a parameterized surface) and we denote the parameters by
(z,y). This section gives rise to:

¢ 0 a¢
=) G=ods)

which are vector fields along the curves obtalned by freezing x and y. Hence,
we can take the covariant derivatives:

. [?x gd) the covariant derivative along the curve ¢t — ¢(t,y) at t = z;
° [g)y gf the covariant derivative along the curve t — ¢(x,t) at t = y;
We have:
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Proposition 26.10. Consider a parameterized surface ¢ : [0,1] x [0,1] —
M. The torsion of a connection V in T M satisfies:

Doy Doy 00 0¢

Didy Dyor " \ow ox
Proof. The proof is immediate if one computes both sides in local coordi-
nates. 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 26.11. Let £ be a vector bundle over M with a fiber metric ( , ).
A connection in £ is said to be compatible with the metric if

X ((s1,82)) = (Vxs1,52) + (51, Vx52),
for every vector field X € X(M) and every pair of sections s1,s2 € T'(§).

For a Riemannian manifold we have a natural choice of compatible metric:

Proposition 26.12. Let (M, (, )) be a Riemannian manifold. There exists
a unique symmetric connection in T M compatible with the metric.

Proof. Let X,Y,Z € X(M) be vector fields in M. The compatibility of V
with the metric gives:

X - <Y7Z> = <VXY7Z> + <Y7VXZ>7

Y. <ZvX> = <VYZ7X> + <Z7 VY)(>7

Z - (X,)Y)=(VzX,)Y)+ (X,VzY).
Adding the first two equations and subtracting the third one, gives:

X-(Y,2)+Y - (Z,X)— Z-(X,Y) =2(VxY, Z)
- <X7 [Y’ Z]> - <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, 2) :%(X—(Y,Z>+Y-<Z,X> _ZAX,Y))

1
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 propositions 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
notions (see the Homework).
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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)ZVXsl/\---/\Sk-‘r""i‘sl/\"-V)(/\Sk
X((s,m) = (Vxs,m) + (s, Vxn).

Determine the connection 1-form of the pull-back connections in terms of the
connection 1-form of the original connections.

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) =" (Va,pw)s), YveT,N,seT(§).

Determine the connection 1-form of the pull-back connections in terms of the
connection 1-form of the original connection.

3. Let U C M be an open set where the vector bundle £ = (7, E, M) trivializes,
and let {s1,...,s,} and {s],..., s\.} be two basis of local sections for £. Denote
by A = (al) € C®(U, GL(r)) the matrix of change of basis so that s; = > als;.
If w and w’ denote the corresponding connection 1-forms show that they are
related by:

W =A"twA + A71dA.

4. Deduce formula (26.1)) for the local expression of the covariant derivative of
a connection.

5. Let & = (m, E, M) be a vector bundle with a connection V. If ¢: [0,1] — M
is a smooth curve and v = ¢/(0) € T(oyM show that for any section s € I'(¢):

A
Vos = lim T (7 (s(e(1) — 5(c(0))).
6. Let & be a vector bundle over M with a fiber metric (, ). Show that & has
a connection compatible with the metric.

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 (, ) be a Riemannian metric in M and let (z!,..., %) be local coor-
dinates. Find the expression for the Christoffel symbols Ffj(:zz) of the Levi-

Civita connection of the metric in terms of the components of the metric

9ij(x) = (3%

lé)
17W1>
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LECTURE 27. CURVATURE AND HOLONOMY

We saw in the previous lecture that a trivial vector bundle carries natural
connections defined in terms of trivializing sections s;, for which Vs; = 0.
In general, for an arbitrary connection, it is not possible to choose a basis
of local sections s; such that Vs; = 0. The obstruction is given by the
curvature of the connection.

If V is a connection in a vector bundle £ = (m, E, M), one defines the
curvature of V to be the map R : X(M) x X(M) x I'(§) — I'(§) given by:

(X,Y,s) = R(X,Y)s =Vx(Vys) = Vy(Vxs) = Vixys.

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 in a trivializing open set U C
M for £, in terms of a basis of sections {si,...,s,} and local coordinates

(z',...,z%), is given by:
o 0 b
(%7 @)Sa = R}jo5bs

b

where the components R;;, can be expressed in terms of the Christoffel

symbols T by:

b
P = Mo Olia \ pers _rert,
al‘Z 8:17] a~ jc ja~- e

We can also codify the curvature in terms of a matrix of differential forms:
Qb = Z R?jadzni 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. The

dependence on the choice of trivializing sections is discussed in the Home-
work.

Theorem 27.1. 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:

Qb :dw2+2w§/\wi’,
C

one has the Bianchi’s identity:
dQb = Q8 Awb — ws A QL
or equivalently:

Q=dw+wAw and dQ=QAw—wAQ.
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Proof. The structure equation follows from the definitions of the connection
1-form and the curvature 2-form. Bianchi’s identity follows by taking ex-
terior differentiation of the structure equation. The details are left as an
exercise. O

Let us turn now to the geometric interpretation of curvature in term of
parallel transport. We choose an injective immersion ¢ : [0, 1] x [0,1] — M
(i.e., a parameterized surface) and we denote the parameters by (z,y). We
have the vector fields along ¢ given by:

op 0 0p 0
Moreover, given a section s of the vector bundle £ along ¢, we can introduce

the covariant derivatives:

. %(m, y) the covariant derivative along the curve t — ¢(t,y) in t = x;

. g—;(:n, y) the covariant derivative along the curve t — ¢(z,t) int = y;

We have:

Proposition 27.2. For any section s of & along a parameterized surface
¢ :10,1] x [0,1] = M, the curvature of the connection satisfies:

D Ds D Ds _ 0¢ 0¢
Dx Dy DyDx (ax’ 8:E)S'

Again the proof is immediate in local coordinates.

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 27.3. Let & = (w, 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

Vxs; =0, VXG%(M)
Hence, &|y is isomorphic to the trivial vector bundle ef; with the canonical
flat connection.

Proof. See Exercise 4 in the Homework. O

In the case of Riemannian manifolds, Corollary 27.3] takes the following
more geometric meaning:

Corollary 27.4. 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 R, with the canonical metric.

Proof. See Exercise 5 in the Homework. O
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The previous results describe flat connections locally. To describe what
happens with a flat connection globally, we need to introduce the notion of
of holonomy of a connection. Given a vector bundle £ = (7, E, M) of rank
r with a connection V fix a base point pg € M. For each a closed curve
¢ :[0,1] — M base at pg, so ¢(0) = ¢(1) = pg, parallel transport along the
curve c(t) gives a linear isomorphism H,,(c) = 7 : E,, — E,,. We can
extend this definition to closed curves which are piecewise smooth in the
obvious way. It should be clear that if ¢; and ¢y are piecewise smooth closed
curves and ¢y - ¢o denotes their concatenation then:

Hy,(c1 - o) = Hpy(c1) o H(ca).
When the connection is flat we have:

Lemma 27.5. If ¢y and c; are homotopic closed curves based at py, then
Hy,(co) = Hpy(c1).

It follows that we have a group homomorphism Hp, : w1 (M, pg) — GL(E,,),
called the holonomy representation of the flat connection V, with base
point pg. Note that if g9 € M is a different point in the same connected
component of M, we can choose a smooth path ¢ : [0,1] — M, connecting
po to qo (i.e., ¢(0) = po and ¢(1) = qp). Parallel transport along c(t) gives
an isomorphism 7 : E,, — E4 and:

Hy =71oHp o0 L
Hence, the holonomy representations of different points in the same compo-
nent are related by conjugacy.

Conversely, the holonomy representation determines the flat bundle:

Theorem 27.6. Let & = (w, E, M) be a vector bundle of rank r with a flat
connection V over a connected manifold. Then the holonomy of V induces a
representation H : w1 (M, z9) — GL(R"). Conversely, every representation
of the fundamental group m (M, xy) defines a vector bundle of rank r with
a flat connection V, whose holonomy with base point xq coincides with the
given representation.

Proof. We already know that a flat vector bundle induces a representation of
the fundamental group. Conversely, given a representation H : m (M, pg) —
GL(R") we construct a flat vector bundle as follows: on the one hand,
the representation gives an action of w(M,pp) in R". On the other hand,
the fundamental group (M, pg) acts in the universal cover M by deck
transformations: identifying M with the set of homotopy classes of paths
[¢] with initial point ¢(0) = po, the action of m (M, po) in M is given by
concatenation:
7T1(M,p0) X M — M7 ([’Y]? [C]) = [’Y ' c]’

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
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R"™) /71 (M, pg) is a manifold, and we have the projection
7w E— M,|[[c],v] = ¢(1).

The triple £ = (7, 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 py is precisely H : w1 (M, po) — GL(R"). O

HOMEWORK.

1. Deduce the structure equation and Bianchi’s identity for the connection
1-form and the curvature 2-form of a connection.

2. Let U C M be an open set where the vector bundle £ = (7, E, M) trivializes,
and let {s1,...,s-} and {s},...,sl.} be two basis of local sections for £. Denote
by A = (al) € C>(U, GL(r)) the matrix of change of basis so that s} = > als;.
If Q and @ denote the corresponding curvature 2-forms show that they are
related by:

QO = AT1QA.

3. Use Exercise 3 in the previous lecture and the previous exercise to show
that if V is a flat connection in the vector bundle £ = (7, E, M), then around
any point p € Mone can find a local basis of flat sections.

HINT: Use the condition w’ = 0 to define a integrable distribution in U x GL(r)
and apply Frobenius.

4. 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 =5 [X.Y].

(b) The torsion of V vanishes and its curvature is given by:

R(XY) Z=[X.Y],2], ¥X.Y,Z€g)

(¢) 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) = dLexp(%X) . dRexp(%X) -V, Vv € T.G.
(e) The geodesics are translations of the 1-parameter subgroups of G.

5. 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
R? with the Euclidean metric.
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LECTURE 28. CHARACTERISTIC CLASSES

We saw in the previous lecture that a flat vector bundle is globally char-
acterized by its holonomy representation. The situation in the non-flat case
is more complicated but more interesting: we will see now that one can use a
connection on a vector bundle to associate to the vector bundle cohomology
classes which are invariants of the vector bundle, and which characterize
certain properties of the vector bundle up to isomorphism.

Let m : E — M be a vector bundle. We consider differential forms in M
with values in E, which we denote by

QO (M; E) = Q°(M) @ T(E).

Hence, QF(M; E) consists of sections of the vector bundle A*T*M ® E, so a
differential form of degree k with values in F is a k-multilinear alternating
map:
w:X(M)x---xX(M)—T(E).
In particular, QY(M; E) is the space I'(E) of global sections of the vector
bundle 7 : £ — M.
In order to take the differential of E-valued differential forms we need to

choose a connection V in m : E — M. 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:
dy(fs) =df ® s + fdys.

Conversely, every map Q°(M; E) — Q' (M; E) which is R-linear and satisfies
this property defines a connection, so this gives an alternative approach to
the theory of connections F.

We have that dy extends, in a unique way, to F-valued differential forms
of arbitrary degree:

Proposition 28.1. Given a connection V and w € QF(M; E) define dyw €
QFY(M; E) by:

k+1
(28.1) dyw(Xo,...,Xi) = Y _(—1)'Vx, (@(Xo,-.., X, ..., Xp))

=0
+ 3 (=)w((X;, X5, Koy, X Xy, X
1<j

Then dy : Q*(M; E) — Q*YY(M; E) is the unique operator satisfying:

(i) dv is R-linear and satisfies the Leibniz identity:

dy(w®s) =dy(w) ® s+ (=1)8“w Ady(s), Ywe Q°(M),s e D(E).
(ii) For 0-forms, (dys)(X) = Vxs.
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Note that, in general, d2v £ 0, so dy is not a differential. In fact, a more
or less tedious computation shows that

d%4s(X,Y) = Rv(X,Y)s, VX,Y € X(M),s € I'(E).

so 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),dy) 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.

In general, we will have R # 0, but it will satisfy Bianchi’s identity, which
in this language can be written in the form:

(28.2) dyv Ry = 0.

Note that in this last identity we view the curvature tensor as a bilinear
alternating map R : X(M) x X(M) — I'(End(FE)), ie., as a 2-form with
values in End(F). Also, in End(F) we consider the connection induced by
V, so the equation makes sense.

The Bianchi identity can be used to define certain cohomology classes. For
that we need first to recall the relationship between homogeneous polynomi-
als in a vector space V and multilinear symmetric maps P : V x---xV — R:

(i) Every k-multilinear symmetric map P : V x --- x V — R determines

a homogeneous polynomial P g — R of degree k, by the formula:

P:vs P(v,...,v).

(ii) Conversely, every homogeneous polynomial P:V = Rof degree k

determines a k-multilinear symmetric map P : V x .-+ x V — R: if
€Y ..., € is a base for V*, then the polynomial P : V — R can be
written as:

T
P(U) = Z ail'“ikfn Tt §Zk7
i1eip=1
where the coefficients a;,...;, are symmetric in the indices. Hence, we
can define a k-multilinear, symmetric map P:V x --- x V — R by:

P(vy,...,v) = Z ai1~~~ik§i1(vl) . flk(vk)

iy -ip=1

These correspondences are inverse to each other. Under this correspondence
the product of k-multilinear, symmetric maps, defined by:

PyoPy(v1,...,04) =

1
m Z Py (Uo(l)a s 7va(k))P2(Uo(k+1)7 s 7U0(k+l))'

Uesk+l

is mapped to the usual product of polynomials.
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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, vi,...,v; €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. Then the invariance condition is
just:

PAX A7 AXG A = P(Xy,. .., X)), X1,..., X € gl(r),

which must hold for any invertible matrix A € GL(r). The key remark is
the following:

Proposition 28.2. Let & = (7, E,M) be a rank r vector bundle with a

connection V. Every element P € I*(GL(r)) determines a map
P:Q*(M;®"End(E)) — Q*(M),

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 . Hence, given a P € I*(GL(r)), we can define a map
P:T(®*End(E)) - C>®(M) by:

P(A1® - ® Ay) = P([(A)I], -, [(AR])).

By the invariance condition, this definition is independent of the choice
of base of local of sections. Since a form w € QY(M;®*End(E)) is an
l-multilinear alternating map w : X(M) x --- x X(M) — I'(®F End(E)),
the composition with P determines an [-multilinear alternating map P o
w: X(M) x - x X(M) — C®(M), i.e., an element P(w) € Q' (M). An
elementary computation shows that:

dP = Pdy.
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If V is a connection in a vector bundle 7 : £ — M of rank r with
curvature R, then the k-symmetric power of the curvature is an element
RF € O%F(M; ®* End(E)). Explicitly, we have:

RF(X1,..., Xog) = = (=1)®" 7 R(Xo(1), Xo(2)) @ @ R(Xo(2k-1)s Xo(2k))-

Therefore, if P € I*(GL(r)), we obtain a differential form P(RF) € Q2k(M).
This form is given explicitly by

P(RF)(X1,..., Xor) =

1 sgn o
20 D (1) TP(QUX (1), Ko@) - - UKo 2h-1): Xo(2k)))-

0€Soy,
It follows that if P, € I¥(GL(r)) and Py € I'(GL(r)), then:
Pi o Py(RF) = Py (RF) A Py(RY) € Q2*HD ().
The Bianchi identity ([28.2]) gives:
dP(RF) = P(dyRF) = kP(R*1dyR) = 0,
so P(R) is a closed 2k-form. Now, we have:

Theorem 28.3 (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:

IM(GL(r)) — H**(M), P+ [P(R")],
18 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 Vj 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
pull-back bundle p*FE carries a connection V defined by:

V:=tVi+(1-1t)Vo, (te]0,1]).

On the other hand, we can consider an operation of integration along the

fibers:
1
/ :Q°(M x [0,1]) — Q*H(M),
0
by setting:

1 1
0
(/ w)(le s 7Xl—l) = / w(&wxvlv s 7Xl—l)dt'
0 0
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The Chern-Simons transgression form is defined by
1

(28.3) P(Vo, V1) = / P(RE) € Q2*~Y(M).
0

We leave as an exercise to check that:
dP(Vg, V1) = P(RY ) — P(RE,).

This proves the claim, so P(R%l) and P(R’%O) define the same cohomology
class. 0

The map I(GL(r)) — H®*(M) is called the Chern-Weil homomor-
phism of the vector bundle £ = (7, E, M). An element in the image of the
Chern-Weil homomorphism is called a characteristic class of the vector
bundle £ = (m, E, M). Because of the next proposition, this class depends
only on the isomorphism class of ¢:

Proposition 28.4. 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)),

¢*P(RY) = P(Rg.v),
where V s any connection in .
We leave the proof for the Homework.
It remains to find the invariant symmetric multilinear maps or, equiva-

lently, the invariant polynomials. For that, given a matrix X € gl(r) denote
by o1(X) the elementary symmetric function of degree k, so that:

det(I + AX) = I + Aoy (X) + - + N (X),

for every A € R. One checks easily that oy : gl(r) — R is a homogeneous
polynomial of degree k which is Ad-invariant. These elements generate the
ring I(GL(r)). For example, one has:

o1(X) =tr X,

o9(X) = % ((trX)2 —trX2),

or(X) = det X.

Definition 28.5. Let £ = (w,E, M) be a vector bundle of rank r. For
k=1,2,..., the Pontrjagin classes of ¢ are:

pr(€) = W[@AR%)] e 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 r/2.
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The reason one does not consider the classes [o}(R")] for odd k is that
these classes are always zero (see the Homework). The next proposition lists
basic properties of these characteristic classes. The proof is immediate from
the construction of these classes.

Proposition 28.6. Let M be a smooth manifold. The Pontrjagin classes
satisfy:
(i) p(E ®n) =p(&) Up(n), for any vector bundles & and n over M ;
(ii) p(v*€) = Y*p(&), for any vector bundle & over M and smooth map
Wi N — M;
(iii) p(§) = 1, if the vector bundle & admits a flat connection.

The Pontrjagin classes p(T'M) of the tangent bundle of a manifold M
give an important invariant of a smooth manifold. Novikov proved that
these classes are in fact topological invariants: two smooth manifolds which
are homemorphic have the same Pontrjagin classes p(T'M).

EXAMPLES 28.7.

1. Let M = S% < R and denote by v(S?) = T5aR¥/TS? the normal

bundle of S*. Notice that the Whitney sum

TS @ v(S?) = TsaRY,
is the trivial vector bundle over S*. On the other hand, the normal bundle
v(S9) is also trivial, for it is a line bundle which admits a nowhere vanishing
section. By property (i) in the Proposition we conclude that p(TS?) = 1.

2. Let M = CP%. Recall that we have CP4 = S?41 /S where §?41 c C4t!
and S' acts by compler multiplication: 0 - z = €. The Euclidean metric
in CH1 = R2+2 ynduces a Riemannian metric in S**1 which is invariant
under the S'-action. Hence, this induces a Riemannian metric in the quotient
CP? = §?¥+1 /St called the Fubini-Study metric.

One can use the connection associated with the Fubini-Study metric to com-
pute the Pontrjagin classes p(TCP?). For example, in the Homework we sketch
how in the case of CP? one finds that p(TCP?) = 3[u], where [u] € H*(CP?) is
the class representing the canonical orientation of CP? (the orientation induced
from the standard orientation of S°).

So far, all our vector bundles were real vector bundles. One can also
consider complexr vector bundles (w, E, M), where the fibers E, are now
complex vector bundles of complex dimension r and the transition functions
gap take values in GL(C"). Every complex vector bundle of rank 7 can be
viewed as a real vector bundle of rank 2r, with a complex structure, i.e., an
endomorphism of (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 considers C-connections, i.e., connections
V which are compatible with the complex structure: VJ = JV. This means
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that for each vector field X € X(M) the map s +— Vxs is C-linear:
Vx(/\181 + /\282) =MVxs1+XVxse, VAN €C,s; € F(f)

Using such connections, one defines the Chern-Weil homomorphism much
the same way as in the real case, obtaining a ring homomorphism

I(GL(r,C)) — H*(M).

Again, the ring of invariant polynomials I(GL(r,C)) is generated by the
elementary invariant polynomials: every invariant polynomial in gl(r, C)
can be expressed as a function of the polynomials o1, ..., o, defined for any
element X € gl(r,C) by:

det(I +AX) =1+ Moy (X)+ -+ Nop(X),
for all A € C. These allow us to define:

Definition 28.8. Let £ = (w, E, M) be a complex vector bundle of rank r.
For k=1,...,r we define the Chern classes of £ by:

exl€) = ﬁ[akmm e H* (M),

where R is the curvature of any connection V in &. The total Chern class
of £ is sum.:

c§)=1+ci(&) +--+cr (&) € HM).

Note that, a priori, the Chern classes are cohomology classes lying in
complex de Rham cohomology H*® (M, C). However, the normalization factor
makes them real cohomology classes. To see this, we use the following
lemma:

Lemma 28.9. Every complex vector bundle £ = (w, E, M) admits a fiber
hermitian metric (-,-) and a C-connection V compatible with the metric.

Choosing a connection as in the lemma, for any orthonormal C-basis of
local sections {si,...,s,} of E, the connection 1-form is a unitary matrix.
By the structure equation, the curvature 2-form is also unitary so its eigen-
values are purely imaginary. It follows that i*oy(R¥) is a real form, so the
Chern classes are real cohomology classes.

Similar to the real case, we have the following properties:

Proposition 28.10. Let M be a smooth manifold. The Chern classes sat-
18fy:
(i) c(§Dn) =c(§)Uc(n), for any complex vector bundles & and n over M;
(ii) c(*&) = v*c(§), for any complex vector bundle & over M and smooth
map ¢ : N = M;
(11i) c(&) =1, if £ is a complex vector bundle which admits a flat connection.
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Remark 28.11. One of the exercises in the Homework asks you to verify
that for the canonical (complex) line bundle over CP* = S?, which we denote
by 73 (C), the first Chern class is:

a (711) = _17
where 1 € H2(CP') denotes the generator defined by the canonical orienta-

tion. One can show that with this normalization properties (i)—(iii) above
determine completely the Chern classes.

If { = (m, B, M) is a complex vector bundle then its complex conjugate
is the complex vector bundle £ which, as a real vector bundle, coincides with
€, but where the complex structure is the opposite: Jz = —J¢. Hence, the

identity map id: & — £ satisfies:
id(\v) = Xid(v), VveE \eC.
The proof of the next proposition is left as an exercise:

Proposition 28.12. Let § = (m, E, M) be a complex vector bundle. The
Chern classes of & and & are related by cp(€) = (—1)*ci(€) so that:

c(§) =1 —c(§) +caf) =+ (=1)" e (8)

Proof. Let V be a C-connection in §. It defines also a C-connection in £
which we denote by V. If one fixes local trivializing sections {s1, ..., s,} for
&, then we have:

Vxsi=Y w/(X)sj, Vxsi=» @ (X)s;.
j j

Hence, the curvature 2-forms of these two connections relative to this basis
are related by:

QV(X7Y) = Qv (X,Y),

and it follows that oy (RE) = oy (RE,). Therefore, we have:

ok (RY)]

Ed

(271)

—_

ok (BY)] = (=1)"ex (€).

o
3

O

Let & = (m, E, M) be a real vector bundle of rank r, and let M x C — M
be the trivial real vector bundle of rank 2. The tensor product £ ® C is
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a real vector bundle of rank 2r, and we can define a vector bundle map
J:£RC — ¢£®C by:
J @A) =v®iA.
Since J? = —id, this defines a complex structure in £ ® C. One calls the
resulting complex vector bundle ¢ ® C the complexification of &.
The Pontrjagin classes of a real vector bundle & can be obtained from the
Chern classes of its complexification £ ® C:

Proposition 28.13. Let & be a real vector bundle. Then the Pontrjagin
classes of € and the Chern classes of of its complexification £ ® C are related

by:
Pr(§) = (1) ear (€ © C).

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—ERC, V@A U A
Hence, by Proposition 28712l we conclude that
ck(§®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.

HOMEWORK.

1. Let V be a connection in a vector bundle 7 : £ — M. Show that there
exists a unique R-linear operator dy : Q*(M; E) — Q*T1(M; E) which satisfies
the Leibniz identity:

dy(w®s) =dy(w) @ s+ (—1)%8“w A dy(s), Ywe Q*(M;E),sc(E).

Show that dy o dy = 0 if and only if the connection is flat.

2. Let 7 : E — M be a vector bundle of rank r. Given P € I*(GL(r)), show
that P : Q*(M;®" End(E)) — Q*(M), satisfies: dP = Pdy.

3. Show that the Chern-Simons transgression form ([283)), satisfies:
dP(Vo, V1) = P(RY,) — P(RE,).
4. Let ¢ : N = M be a smooth map and & = (w, E, M) a vector bundle of
rank 7 with a connection V. Show that for all P € I*(GL(r)),
¢*P(Ry) = P(Rj.v)-
5. Let £ = (m,E, M) be a vector bundle of rank r. Show that for k£ odd one
has [0, (R?*)] = 0, for any connection V in ¢ with curvature R.
(HINT: Consider some fiber metric in £ and take a connection V compatible

with the metric.)
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6. Let & = (m, £, M) be a complex vector bundle. Show that the Chern classes
of ¢ and of its conjugate £ are related by ci(€) = (—1)Fcy(€).

7. Let 4{(C) be the canonical complex line bundle over P*(C) = S%. Show that
c1(v1) = =1, where —1 € H?(P!(C)) is the canonical generator.

8. Show that the total Chern class of the tangent bundle to P"(C) is given by:
o(TP"(C)) = (1 +a)",

where a € H?(P"(C)) is an appropriate generator.

9. Let 0,.(X) = det(X). Given a complex vector bundle £ = (7, E, M) of rank
r, what is the relationship between the Chern class o,.(R*") € H?*" (M) and the
Euler class x(§) € H?"(M)?

LECTURE 29. 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 lecturers.
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
¢ : 71 (U) = U x F is a diffeomorphism such that the following diagram
commuttes:
¢

7~ 1(U) UxF
\\U%

where w1 : U x F' — U denotes the projection in the first factor. If £, =
7~ 1(p) is the fiber over p € U we obtain a diffeomorphism ¢ : E, — F as
the composition of the maps:

¢
P E——>{p}xF——>F.

Hence, if v € E,, we have ¢(v) = (p, ¢P(v)). If one is given two trivializing
charts (Uq, ¢o) and (Ug, ¢g) then we have the transition map:

G0y : (UaNUs) X F = (Ua NUg) X F, (p, f) = (p, 0k 0 (85) 7" (f))-

This defines the transition functions g, : U, N Ug — Diff(F), where
9o (p) = dh o (¢) .

If one is given a covering of M by trivializing charts {(Uy, o) : @ € A},
this leads to a cocycle {gag} with values in the group Diff (M). Because this
is an infinite dimensional Lie group, we will restrict our attention to fibre
bundles which have a finite dimensional structure group G C Diff(F'). In
other words, we assume that the we have an action of a Lie group G on F

and we set:
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Definition 29.1. Let G be a Lie group and G x F' — F a smooth action. A
G-fiber bundle over M with fiber type F is a triple & = (7w, E, M), where
m: E — M is a smooth map admitting a collection of trivializing charts
C={(Uy, ¢a) : « € A} with fiber type F, 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 there are smooth maps
9ap : Ua NUg — G such that the transition functions take the form:

(0, f) = (0, 9as(P) - f);

(i1i) The collection C is maximal: if (U, $) is a trivializing chart with the
property that for every o € A, the maps p — ¢P o (¢h)~! and p
@b o (7)1 factor through maps U NU, — G, 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. A
collection of charts that satisfies only (i) and (ii) 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'yy(E).
Although a fiber bundle always as 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 lectures.

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.

The notion of morphism of G-fiber bundles is similar to the notion of

morphisms of vector bundles, where we replace GL(r) by the structure group
G.

Definition 29.2. Let £ = (n, 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 ¥ : E — E’ mapping fibers of £ to fibers of &', so W cover
a smooth map ) : M — M':

E—2-p
|-
M—2> 1

and such that for each p € M, the map on the fibers

W =V|g,: E,—E, (¢=1(p)
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satisfies
¢'hoWPo(¢h) ! €,
for any trivializations {¢a} of & and {¢'g} 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 £ = (w, 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)95+(P) = Gar (), (P € Ua NUgNU,).

We say that two cocycles {gas} and {g[5} are equivalent if there exist
smooth maps A, : Uy, — G such that:

9np () = Aa(p) - 9ap(0) - A3 (p), (0 € UaNUp).
One checks easily the following analogue of Proposition

Proposition 29.3. 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 {gqg}
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
if the cocycle is equivalent to a cocycle {9:15} where the transition functions
take values in H:

Jop : UaNUg — H C GL(r).
The next examples illustrate how the structure group (and its possible re-
ductions) are intimately related with geometric properties of the bundle.

ExaMPLES 29.4.

1. A fiber bundle & = (w, E, M) with fiber type F and structure group G is
trivial 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 GL*(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.

227



Remark 29.5. In the definition of morphism of G-bundles the choice of a
structure group is crucial. For example, a G-bundle may not be isomorphic
to the trivial bundle via a morphism of G-bundles, but can be isomorphic
to the trivial bundle via a morphism of G’-bundles, where G’ D G is a
structure group containing G as a Lie subgroup. An example is given in the
Homework at the end of this lecture.

Principal G-bundles play a special role among all G-bundles because of
the following:

e To a G-bundle {r = (m, E, M) with fiber type F', we can associate
a principal G-bundle £ = (m, P, M): we fix a trivialization {¢,} of
&r, so the associated cocycle {go3} takes values in G. Since G acts
on itself by translations, this cocycle defines a G-bundle with fibre
type G, which is a principal G-bundle.

e To a principal G-bundle £ = (w, P, M), a manifold F' and an action
of G on F, we can associate a G-bundle {r = (7w, E, M) with fibre
type F': a trivialization {¢,} of £, determines a cocycle {gng} with
values in G. Since G acts in F', this cocycle defines a G-bundle {p
with fiber F.

Principal G-bundles can also be described more succinctly because of the
following:

Proposition 29.6. A fiber bundle & = (w, P, M) is a principal G-bundle
principal if and only if there exists a Tight action P x G — P satisfying the
following properties:
(i) The action is free and proper;
(ii) The quotient P/G is a manifold, M ~ P/G and w: P — P/G ~ M s
the quotient map;
(iii) The local trivializations (U, ¢) are G-equivariant: ¢P(g-v) = g- ¢P(v).

Let us explain how given a principal G-bundle £ = (7, P, M) one obtains
the right action P x G — P. For this one chooses a trivializing chart (U, ¢)
and defines the action of G on 7= (U) by setting:

u-g:=¢""(p,¢"(u)g), (p=m(u)).
One checks easily that this definition is independent of the choice of trivial-
ization.

Therefore, one can think of a principal G-bundle as being given by a free
and proper right action P x G — P for then £ = (7, P, M) where M = P/G
and 7 : E — M is the quotient map. Moreover, if G x F' — F' is a smooth
action the associated fiber bundle {y = (7p, E, M) can be described
explicitly as

E=P Xaq F s
where P X ¢ F' denotes the quotient space for the action of G in P x F' defined
by:
(u,f)-9g=(u-g,9" - f)
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(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).

This descriptions of principal G-bundles and the associated bundles allows
us to give many examples of principal G-bundles and fibre bundles.

ExXaAMPLES 29.7.

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 F, 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 quotient G —
G/H is a principal H-bundle. For ezample, 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
(m, M, M) is a principal bundle with structure group the fundamental group
w1 (M) (the topology in w1 (M) is the discrete topology).

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),={(vi,...,vy): V1,...,V, € uma basisof T,M}.

The group GL(d) acts on the right on F'(M): if u = (v1,...,V,) is a frame

and A = (al) is an invertible matriz, then u- A = (w1,...,wq) the frame:
d .
w1:Zawa, (t=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?)*, A\FRY, @FR, etc.

More generally, for any (real) vector bundle w : 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(F)
with fiber R™, which is canonically isomorphic to the original vector bundle
7 : E — M. Similarly, one can obtained as associated bundles E*, \*E, @FE,
etc.

An entirely similar discussion is valid for complex vector bundles and the
bundle of complex frames.
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If ¢ = (w, P, M) is a principal G-bundle and G x F' — F'is a smooth action,
then one should expect that any functorial construction in the associated
bundle & = (w, E, M) should be expressed in terms of & and F. As an
example of this principle, for the sections of {F we have

Proposition 29.8. Let & = (m, P, M) be a principal G-bundle and G x F' —
F a smooth action. The sections of the associated bundle g = (7, 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(w)], Vue P,
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))], Yu € 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

In order to understand the issue of reduction of the structure group, it is
convenient to enlarge the notion of morphism of principal bundles as follows:

Definition 29.9. Let ¢ = (7', P/, M’) be a principal G'-bundle and & =
(m, P, M) a principal G-bundle. A morphism V¥ : ' — & is a pair formed
by a smooth map ¥ : P’ — P and a Lie group homomorphism ® : G' — G,
such that

U(u-g)=V(u)®(g),Yue P ,ged.

Since a morphism of principal bundles W : &’ — £ takes fibers to fibers, ¥
covers a smooth map v : M’ — M:

P/LP

/

M T M
Ifv:P — Pand ®: G — G are both embeddings, one can identify P’
and G’ with its images U(P') C P and ®(G’) C G. We then say that ¢’
is a subbundle of the principal bundle £&. When M’ = M and ¢ =id, the
sub bundle corresponds to the reduction of the structure group from G to
H. In this case, we say that &’ is a reduced subbundle of £. You should
check that this matches the notion of reduction of the structure group we
have introduced before in terms of cocycles.
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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;
(ii) The quotient P/G is a manifold, M ~ P/G and = : 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 29.3]

3. Consider the covering of M = S' by the open sets:
Ur ={(z,y) e R*:2® +* = 1} - {(£1,0)}.
Define a cocycle {gag} relative to this covering by

I if (z,y) €y >0,

g+ (,y) =
-1 if (z,y) ey <O.

where [ 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 £ = (w, 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).
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