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Preface

The motivations for writing these notes arose while I was coteaching a seminar on Special
Topics in Machine Perception with Kostas Daniilidis in the Spring of 2004. In the Spring
of 2005, I gave a version of my course Advanced Geometric Methods in Computer Science
(CIS610), with the main goal of discussing statistics on diffusion tensors and shape statistics
in medical imaging. This is when I realized that it was necessary to cover some material
on Riemannian geometry but I ran out of time after presenting Lie groups and never got
around to doing it! Then, in the Fall of 2006 I went on a wonderful and very productive
sabbatical year in Nicholas Ayache’s group (ACSEPIOS) at INRIA Sophia Antipolis where
I learned about the beautiful and exciting work of Vincent Arsigny, Olivier Clatz, Hervé
Delingette, Pierre Fillard, Grégoire Malandin, Xavier Pennec, Maxime Sermesant, and, of
course, Nicholas Ayache, on statistics on manifolds and Lie groups applied to medical imag-
ing. This inspired me to write chapters on differential geometry and, after a few additions
made during Fall 2007 and Spring 2008, notably on left-invariant metrics on Lie groups, my
little set of notes from 2004 had grown into the manuscript found here.

Let me go back to the seminar on Special Topics in Machine Perception given in 2004.
The main theme of the seminar was group-theoretical methods in visual perception. In
particular, Kostas decided to present some exciting results from Christopher Geyer’s Ph.D.
thesis [62] on scene reconstruction using two parabolic catadioptric cameras (Chapters 4
and 5). Catadioptric cameras are devices which use both mirrors (catioptric elements) and
lenses (dioptric elements) to form images. Catadioptric cameras have been used in computer
vision and robotics to obtain a wide field of view, often greater than 180°, unobtainable
from perspective cameras. Applications of such devices include navigation, surveillance and
vizualization, among others. Technically, certain matrices called catadioptric fundamental
matrices come up. Geyer was able to give several equivalent characterizations of these
matrices (see Chapter 5, Theorem 5.2). To my surprise, the Lorentz group O(3,1) (of the
theory of special relativity) comes up naturally! The set of fundamental matrices turns
out to form a manifold, F, and the question then arises: What is the dimension of this
manifold? Knowing the answer to this question is not only theoretically important but it is
also practically very significant because it tells us what are the “degrees of freedom” of the
problem.

Chris Geyer found an elegant and beautiful answer using some rather sophisticated con-
cepts from the theory of group actions and Lie groups (Theorem 5.10): The space F is
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isomorphic to the quotient
0(3,1) x O(3,1)/Hp,

where Hp is the stabilizer of any element, F', in F. Now, it is easy to determine the dimension
of Hr by determining the dimension of its Lie algebra, which is 3. As dimO(3,1) = 6, we
find that dimF =2-6 —3=9.

Of course, a certain amount of machinery is needed in order to understand how the above
results are obtained: group actions, manifolds, Lie groups, homogenous spaces, Lorentz
groups, etc. As most computer science students, even those specialized in computer vision
or robotics, are not familiar with these concepts, we thought that it would be useful to give
a fairly detailed exposition of these theories.

During the seminar, I also used some material from my book, Gallier [58], especially from
Chapters 11, 12 and 14. Readers might find it useful to read some of this material before-
hand or in parallel with these notes, especially Chapter 14, which gives a more elementary
introduction to Lie groups and manifolds. For the reader’s convenience, I have incorporated
a slightly updated version of chapter 14 from [58] as Chapter 1 of this manuscript. In fact,
during the seminar, I lectured on most of Chapter 2, but only on the “gentler” versions of
Chapters 3, 5, as in [58] and not at all on Chapter 7, which was written after the course had
ended.

One feature worth pointing out is that we give a complete proof of the surjectivity of the
exponential map, exp: s0(1,3) — SOy(1,3), for the Lorentz group SOq(3,1) (see Section
5.5, Theorem 5.22). Although we searched the literature quite thoroughly, we did not find
a proof of this specific fact (the physics books we looked at, even the most reputable ones,
seem to take this fact as obvious and there are also wrong proofs, see the Remark following
Theorem 2.6). We are aware of two proofs of the surjectivity of exp: so(1,n) — SOq(1,n)
in the general case where where n is arbitrary: One due to Nishikawa [116] (1983) and an
earlier one due to Marcel Riesz [124] (1957). In both cases, the proof is quite involved (40
pages or so). In the case of SOy(1,3), a much simpler argument can be made using the fact
that ¢: SL(2,C) — SOy(1,3), is surjective and that its kernel is {I, —I} (see Proposition
5.21). Actually, a proof of this fact is not easy to find in the literature either (and, beware
there are wrong proofs, again, see the Remark following Theorem 2.6). We have made sure
to provide all the steps of the proof of the surjectivity of exp: so(1,3) — SOy(1,3). For
more on this subject, see the discussion in Section 5.5, after Corollary 5.18.

One of the “revelations” I had while on sabbatical in Nicholas’ group was that many
of the data that radiologists deal with (for instance, “diffusion tensors”) do not live in
Euclidean spaces, which are flat, but instead in more complicated curved spaces (Riemannian
manifolds). As a consequence, even a notion as simple as the average of a set of data does
not make sense in such spaces. Similarly, it is not clear how to define the covariance matrix
of a random vector.

Pennec [118], among others, introduced a framework based on Riemannian Geometry for
defining some basic statistical notions on curved spaces and gave some algorithmic methods



to compute these basic notions. Based on work in Vincent Arsigny’s Ph.D. thesis, Arsigny,
Fillard, Pennec and Ayache [5] introduced a new Lie group structure on the space of symmet-
ric positive definite matrices, which allowed them to transfer strandard statistical concepts to
this space (abusively called “tensors”.) One of my goals in writing these notes is to provide
a rather thorough background in differential geometry so that one will then be well prepared
to read the above papers by Arsigny, Fillard, Pennec, Ayache and others, on statistics on
manifolds.

At first, when I was writing these notes, I felt that it was important to supply most proofs.
However, when I reached manifolds and differential geometry concepts, such as connections,
geodesics and curvature, I realized that how formidable a task it was! Since there are lots of
very good book on differential geometry, not without regrets, I decided that it was best to
try to “demistify” concepts rather than fill many pages with proofs. However, when omitting
a proof, I give precise pointers to the literature. In some cases where the proofs are really
beautiful, as in the Theorem of Hopf and Rinow, Myers’ Theorem or the Cartan-Hadamard
Theorem, I could not resist to supply complete proofs!

Experienced differential geometers may be surprised and perhaps even irritated by my
selection of topics. I beg their forgiveness! Primarily, I have included topics that I felt would
be useful for my purposes and thus, I have omitted some topics found in all respectable
differential geomety book (such as spaces of constant curvature). On the other hand, I have
occasionally included topics because I found them particularly beautiful (such as character-
istic classes) even though they do not seem to be of any use in medical imaging or computer
vision. I also hope that readers with a more modest background will not be put off by the
level of abstraction in some of the chapters and instead will be inspired to read more about
these concepts, including fibre bundles!

I have also included chapters that present material having significant practical applica-
tions. These include

1. Chapter 4, on constructing manifolds from gluing data, has applications to surface
reconstruction from 3D meshes,

2. Chapter 16, on spherical harmonics, has applications in computer graphics and com-
puter vision

3. Chapter 19, on the “Log-Euclidean framework”, has applications in medical imaging
and

4. Chapter 21, on Clifford algebras and spinnors, has applications in robotics and com-
puter graphics.

Of course, as anyone who attempts to write about differential geometry and Lie groups,
I faced the dilemma of including or not including a chapter on differential forms. Given that
our intented audience probably knows very little about them, I decided to provide a fairly



detailed treatment including a brief treatment of vector-valued differential forms. Of course,
this made it necessary to review tensor products, exterior powers, etc., and I have included
a rather extensive chapter on this material.

I must aknowledge my debt to two of my main sources of inspiration: Berger’s Panoramic
View of Riemannian Geometry [16] and Milnor’s Morse Theory [105]. In my opinion, Milnor’s
book is still one of the best references on basic differential geometry. His exposition is
remarkably clear and insightful and his treatment of the variational approach to geodesics
is unsurpassed. We borrowed heavily from Milnor [105]. Since Milnor’s book is typeset
in “ancient” typewritten format (1973!), readers might enjoy reading parts of it typeset
in KETEX. I hope that the readers of these notes will be well prepared to read standard
differential geometry texts such as do Carmo [50], Gallot, Hulin, Lafontaine [60] and O’Neill
[117] but also more advanced sources such as Sakai [128], Petersen [119], Jost [83], Knapp
[89] and of course, Milnor [105].

Acknowledgement: 1 would like to thank Fugenio Calabi, Chris Croke, Ron Donagi, David
Harbater, Herman Gluck, Alexander Kirillov, Steve Shatz and Wolfgand Ziller for their
encouragement, advice, inspiration and for what they taught us.
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Chapter 1

Introduction to Manifolds and Lie
Groups

Le role prépondérant de la théorie des groupes en mathématiques a été longtemps
insoupgonné; il y a quatre-vingts ans, le nom méme de groupe était ignoré. C’est Galois
qui, le premier, en a eu une notion claire, mais c’est seulement depuis les travaux de
Klein et surtout de Lie que 'on a commencé a voir qu’il n’y a presque aucune théorie
mathématique ol cette notion ne tienne une place importante.

—Henri Poincaré

1.1 The Exponential Map

The purpose of this chapter is to give a “gentle” and fairly concrete introduction to manifolds,
Lie groups and Lie algebras, our main objects of study.

Most texts on Lie groups and Lie algebras begin with prerequisites in differential geometry
that are often formidable to average computer scientists (or average scientists, whatever that
means!). We also struggled for a long time, trying to figure out what Lie groups and Lie
algebras are all about, but this can be done! A good way to sneak into the wonderful world
of Lie groups and Lie algebras is to play with explicit matrix groups such as the group
of rotations in R? (or R?®) and with the exponential map. After actually computing the
exponential A = ef of a 2 x 2 skew symmetric matrix B and observing that it is a rotation
matrix, and similarly for a 3 x 3 skew symmetric matrix B, one begins to suspect that there
is something deep going on. Similarly, after the discovery that every real invertible n x n
matrix A can be written as A = RP, where R is an orthogonal matrix and P is a positive
definite symmetric matrix, and that P can be written as P = e for some symmetric matrix
S, one begins to appreciate the exponential map.

Our goal in this chapter is to give an elementary and concrete introduction to Lie groups
and Lie algebras by studying a number of the so-called classical groups, such as the general
linear group GL(n,R), the special linear group SL(n,R), the orthogonal group O(n), the

13



14 CHAPTER 1. INTRODUCTION TO MANIFOLDS AND LIE GROUPS

special orthogonal group SO(n), and the group of affine rigid motions SE(n), and their Lie
algebras gl(n,R) (all matrices), sl(n,R) (matrices with null trace), o(n), and so(n) (skew
symmetric matrices). Now, Lie groups are at the same time, groups, topological spaces and
manifolds, so we will also have to introduce the crucial notion of a manifold.

The inventors of Lie groups and Lie algebras (starting with Lie!) regarded Lie groups as
groups of symmetries of various topological or geometric objects. Lie algebras were viewed
as the “infinitesimal transformations” associated with the symmetries in the Lie group. For
example, the group SO(n) of rotations is the group of orientation-preserving isometries of
the Euclidean space E". The Lie algebra so(n,R) consisting of real skew symmetric n x n
matrices is the corresponding set of infinitesimal rotations. The geometric link between a Lie
group and its Lie algebra is the fact that the Lie algebra can be viewed as the tangent space
to the Lie group at the identity. There is a map from the tangent space to the Lie group,
called the exponential map. The Lie algebra can be considered as a linearization of the Lie
group (near the identity element), and the exponential map provides the “delinearization,”
i.e., it takes us back to the Lie group. These concepts have a concrete realization in the
case of groups of matrices and, for this reason, we begin by studying the behavior of the
exponential maps on matrices.

We begin by defining the exponential map on matrices and proving some of its properties.
The exponential map allows us to “linearize” certain algebraic properties of matrices. It also
plays a crucial role in the theory of linear differential equations with constant coefficients.
But most of all, as we mentioned earlier, it is a stepping stone to Lie groups and Lie algebras.
On the way to Lie algebras, we derive the classical “Rodrigues-like” formulae for rotations
and for rigid motions in R? and R3. We give an elementary proof that the exponential map
is surjective for both SO(n) and SE(n), not using any topology, just certain normal forms
for matrices (see Gallier [58], Chapters 11 and 12).

The last section gives a quick introduction to manifolds, Lie groups and Lie algebras.
Rather than defining abstract manifolds in terms of charts, atlases, etc., we consider the
special case of embedded submanifolds of RY. This approach has the pedagogical advantage
of being more concrete since it uses parametrizations of subsets of RY, which should be
familiar to the reader in the case of curves and surfaces. The general definition of a manifold
will be given in Chapter 3.

Also, rather than defining Lie groups in full generality, we define linear Lie groups us-
ing the famous result of Cartan (apparently actually due to Von Neumann) that a closed
subgroup of GL(n,R) is a manifold, and thus a Lie group. This way, Lie algebras can be
“computed” using tangent vectors to curves of the form ¢ — A(t), where A(t) is a matrix.
This section is inspired from Artin [7], Chevalley [34], Marsden and Ratiu [102], Curtis [3§],
Howe [80], and Sattinger and Weaver [132].

Given an nxn (real or complex) matrix A = (a; ;), we would like to define the exponential
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e of A as the sum of the series

Ay Aoy

p>1 p>0

p"

letting AY = I,,. The problem is, Why is it well-defined? The following lemma shows that
the above series is indeed absolutely convergent.

Lemma 1.1 Let A = (a;;) be a (real or complex) n x n matriz, and let
p=max{|a;;| | 1 <i,j <n}.
If AP = (ai;), then
|afj‘ < (np)?
foralli,j, 1 <1i,j <n. As a consequence, the n® series
p

>4

]
p>0 P

converge absolutely, and the matriz

is a well-defined matrix.

Proof. The proof is by induction on p. For p = 0, we have A = I,,, (nu)® = 1, and the
lemma is obvious. Assume that

|a;| < (np)”

for all 4,7, 1 <i,5 < n. Then we have

<Z\akuam|<uz\a | < npanp)? = (),

for all 4,7, 1 <14,j < n. For every pair (7, j) such that 1 <i,j < n, since
|a’€j‘ S (nﬂ)pv

the series

Z‘m}

p>0
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is bounded by the convergent series

and thus it is absolutely convergent. This shows that

Ak
A _
=D
E>0

is well defined. [J

It is instructive to compute explicitly the exponential of some simple matrices. As an
example, let us compute the exponential of the real skew symmetric matrix

A:(g —09).

We need to find an inductive formula expressing the powers A™. Let us observe that
0 —6 0 —1 0 -6\ (10
o @)= ) e G0 (1)
0 -1
-(1 ).

Then, letting

we have
A4n — 9411]27
A4n+1 — 04n+1 J,
A4n+2 — _9471—&-2[27
A4n—|—3 — —04n+3J,
and so

0 62 63 6 05 65 07
A f— —_— —_— — —_— — —_— —_— —_—— —_—— DRI
e —IQ+1!J 2![2 3!J+4!IQ+5!J 6![2 7!J—|— .

Rearranging the order of the terms, we have
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We recognize the power series for cos 6 and sin 6, and thus

et = cos 01, + sin 0.J,

A (cos& —sin@)
sinf cos6@ |-

Thus, e” is a rotation matrix! This is a general fact. If A is a skew symmetric matrix,
then e4 is an orthogonal matrix of determinant +1, i.e., a rotation matrix. Furthermore,
every rotation matrix is of this form; i.e., the exponential map from the set of skew symmetric
matrices to the set of rotation matrices is surjective. In order to prove these facts, we need to
establish some properties of the exponential map. But before that, let us work out another

example showing that the exponential map is not always surjective. Let us compute the
exponential of a real 2 x 2 matrix with null trace of the form

(%)

We need to find an inductive formula expressing the powers A”. Observe that

that is

A? = (a® + be) I, = — det(A) L.
If a® 4 bc = 0, we have
GA = _[2 + A
If a®> + be < 0, let w > 0 be such that w? = —(a® + bc). Then, A? = —w?[,. We get

A wQ wQ w4 w4 wﬁ 6

A_ a4 v, W v WY, W
¢ =ht i grAt rht Ao — At

Rearranging the order of the terms, we have

2 4 6 3 5 7
A w w w 1 w w w
e —(1—§+E—a+---)b+;(w—f+——f+---)A.

We recognize the power series for cosw and sinw, and thus

sin w

A.

e = cosw Iy +

If a® + be > 0, let w > 0 be such that w? = (a? + bc). Then A% = w?[,. We get

A WP w? wt wt wb Wb
A_ — — — — — — — . .
e —.[2+1!+2!12+3!A+4!.[2+5!A+6!.[2+7!A+ .
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Rearranging the order of the terms, we have

2 4 6 3 5 7
A_ wh oW W 1w v v
e—(1—|—2!+4!+6!+ >]2—|—w(w—|—3!+5!+7!+ >A.

If we recall that coshw = (¢ 4+ ¢7)/2 and sinhw = (e — e7) /2, we recognize the power
series for coshw and sinh w, and thus

A sinh w

e* =coshwly + A.

It immediately verified that in all cases,

det (eA) =1.

This shows that the exponential map is a function from the set of 2 x 2 matrices with null
trace to the set of 2 x 2 matrices with determinant 1. This function is not surjective. Indeed,
tr(e?) = 2cosw when a2 + be < 0, tr(e?) = 2 coshw when a? + be > 0, and tr(e?) = 2 when
a’? + bc = 0. As a consequence, for any matrix A with null trace,

tr (eA) > =2,

and any matrix B with determinant 1 and whose trace is less than —2 is not the exponential
e” of any matrix A with null trace. For example,

a 0
B_(O a‘1>’

where a < 0 and a # —1, is not the exponential of any matrix A with null trace.

A fundamental property of the exponential map is that if A\;,..., )\, are the eigenvalues

of A, then the eigenvalues of e are e, ..., e . For this we need two lemmas.

Lemma 1.2 Let A and U be (real or complex) matrices, and assume that U is invertible.
Then
-1
/AT = UetU

Proof. A trivial induction shows that
UAPU = (UAU MY,
and thus

A _ Z(UAU-l)p ZUAPU‘l

' _
p>0 P

p
= U (Z A—) U =UetU

|
p>0 P

p=0
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O

Say that a square matrix A is an upper triangular matriz if it has the following shape,

11 Ai2 @13 ... QGip-—1 A1n
0 azy ass ... a2n—1 a2n
0 0 ass ... asn—1 asn
)
0 0 0 oo Ap_1n—1 Qp—1n
0 0 0o ... 0 Qnn

i.e., a;; = 0 whenever j <1, 1 <17,j <n.

Lemma 1.3 Given any complex n x n matriz A, there is an invertible matriz P and an
upper triangular matrix T' such that

A=PTP"

Proof. We prove by induction on n that if f: C* — C" is a linear map, then there is a

basis (ug,...,u,) with respect to which f is represented by an upper triangular matrix. For
n = 1 the result is obvious. If n > 1, since C is algebraically closed, f has some eigenvalue
A1 € C, and let uy be an eigenvector for A\;. We can find n — 1 vectors (vs, ..., v,) such that
(u1,v9,...,v,) is a basis of C", and let W be the subspace of dimension n — 1 spanned by
(va,...,v,). In the basis (u1,vs...,v,), the matrix of f is of the form
ai1 Gi12 ... Qin
0 29 ... QA9pn
)
0 ap2 ... Qun
since its first column contains the coordinates of Aju; over the basis (uq, v, ..., v,). Letting

p: C" — W be the projection defined such that p(u;) = 0 and p(v;) = v; when 2 < i < n,
the linear map g: W — W defined as the restriction of p o f to W is represented by the
(n—1) x (n— 1) matrix (a; j)a<i j<n Over the basis (vs, ..., v,). By the induction hypothesis,
there is a basis (us,...,u,) of W such that g is represented by an upper triangular matrix
(bij)i<ij<n—1-

However,

C"'=Cuy W,

and thus (ug,...,u,) is a basis for C". Since p is the projection from C* = Cu; & W onto
W and g: W — W is the restriction of po f to W, we have

f(ul) = Ay
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and
n—1

fluizr) = arug + Z bi juji1
j=1

for some a;; € C, when 1 < i < n—1. But then the matrix of f with respect to (ui, ..., u,)
is upper triangular. Thus, there is a change of basis matrix P such that A = PTP~! where
T is upper triangular. [

Remark: If E is a Hermitian space, the proof of Lemma 1.3 can be easily adapted to prove
that there is an orthonormal basis (uy, ..., u,) with respect to which the matrix of f is upper
triangular. In terms of matrices, this means that there is a unitary matrix U and an upper
triangular matrix 7' such that A = UTU*. This is usually known as Schur’s lemma. Using
this result, we can immediately rederive the fact that if A is a Hermitian matrix, then there
is a unitary matrix U and a real diagonal matrix D such that A = UDU".

If A= PTP~! where T is upper triangular, note that the diagonal entries on T are the
eigenvalues Ay, ..., A\, of A. Indeed, A and T" have the same characteristic polynomial. This
is because if A and B are any two matrices such that A = PBP~!, then

det(A—XI) = det(PBP'—APIP™),
= det(P(B—-XI)P™Y),
= det(P)det(B — A1) det(P~ 1)
= det(P)det(B M) det(P)™!
det(B — \1).

Furthermore, it is well known that the determinant of a matrix of the form

Al —A a2 a13 A1n—1 A1n
0 )\2—)\ as s a9 pn—1 a9,
0 0 )\3 . asnp—1 asn
0 0 0 .. )\n—l - A Ap—1n
0 0 0 0 A — A

s (At = A)--- (A, — A), and thus the eigenvalues of A = PTP~! are the diagonal entries of
T. We use this property to prove the following lemma.

Lemma 1.4 Given any complex n xn matriz A, if A1, ..., A\, are the eigenvalues of A, then
eM, ..., eM are the eigenvalues of e*. Furthermore, if u is an eigenvector of A for \;, then
w is an eigenvector of e? for e
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Proof. By Lemma 1.3 there is an invertible matrix P and an upper triangular matrix 7" such
that
A=pPTP"

By Lemma 1.2,
BPTP*1 — pTp1

However, we showed that A and T have the same eigenvalues, which are the diagonal entries

—1 . .
M, .., p of T, and e = P77 = Pe” P! and €T have the same eigenvalues, which are

the diagonal entries of e’. Clearly, the diagonal entries of e’ are eM, ... e*. Now, if u is

an eigenvector of A for the eigenvalue A, a simple induction shows that u is an eigenvector
of A™ for the eigenvalue \*, from which is follows that u is an eigenvector of e? for e*. [

As a consequence, we can show that
A A
det(e?) = "),

where tr(A) is the trace of A, i.e., the sum a1 + - -+ + a,, of its diagonal entries, which is
also equal to the sum of the eigenvalues of A. This is because the determinant of a matrix
is equal to the product of its eigenvalues, and if A,..., A\, are the eigenvalues of A, then by
Lemma 1.4, eM, ... e are the eigenvalues of e?, and thus

det (e) = M .o v et = Mt An = (),

This shows that e? is always an invertible matrix, since e* is never null for every z € C. In

fact, the inverse of e4 is e, but we need to prove another lemma. This is because it is
generally not true that

unless A and B commute, i.e., AB = BA. We need to prove this last fact.

Lemma 1.5 Given any two complex n X n matrices A, B, if AB = BA, then

Proof. Since AB = BA, we can expand (A + B)? using the binomial formula:

(A+ By = Ep: (Z) Akprk,

k=0

and thus )
1 Ak Br—k
_(A + B)P — - -
p!
k
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Note that for any integer N > 0, we can write

2N 2N p
1 Ak gr—k
S dasmr = Sy
p=0 p' p=0 k=0 k‘ p k
Aar\ (X By A+ B
- (ZH)(EY) = wn
p=0 p=0 max(k,l) >N
k+l<2N

where there are N(N + 1) pairs (k,[) in the second term. Letting
|Al} = max{lai;| | 1 <d,j <n}, Bl =max{[bi;| [ 1 <i,j <n},
and p = max(||A||, | B||), note that for every entry ¢;; in (A*/k!) (B'/l!) we have

(np)* (np)' _ (n*p
AT NI

i
!

| /\

|cijl <m

As a consequence, the absolute value of every entry in

Ak Bl
> mu
max(k,l) > N
k+l<2N

is bounded by

(20

N(N + 1),

which goes to 0 as N +— oo. From this, it immediately follows that

which shows that the inverse of e? is e=4.

We will now use the properties of the exponential that we have just established to show
how various matrices can be represented as exponentials of other matrices.
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1.2 The Lie Groups GL(n,R), SL(n,R), O(n), SO(n), the
Lie Algebras gl(n,R), sl(n,R), o(n), so(n), and the
Exponential Map

First, we recall some basic facts and definitions. The set of real invertible n x n matrices
forms a group under multiplication, denoted by GL(n, R). The subset of GL(n, R) consisting
of those matrices having determinant +1 is a subgroup of GL(n,R), denoted by SL(n,R).
It is also easy to check that the set of real n x n orthogonal matrices forms a group under
multiplication, denoted by O(n). The subset of O(n) consisting of those matrices having
determinant +1 is a subgroup of O(n), denoted by SO(n). We will also call matrices in
SO(n) rotation matrices. Staying with easy things, we can check that the set of real n x n
matrices with null trace forms a vector space under addition, and similarly for the set of
skew symmetric matrices.

Definition 1.1 The group GL(n,R) is called the general linear group, and its subgroup
SL(n,R) is called the special linear group. The group O(n) of orthogonal matrices is called
the orthogonal group, and its subgroup SO(n) is called the special orthogonal group (or group
of rotations). The vector space of real n x n matrices with null trace is denoted by sl(n, R),
and the vector space of real n x n skew symmetric matrices is denoted by so(n).

Remark: The notation sl(n,R) and so(n) is rather strange and deserves some explanation.
The groups GL(n,R), SL(n,R), O(n), and SO(n) are more than just groups. They are also
topological groups, which means that they are topological spaces (viewed as subspaces of
R"Z) and that the multiplication and the inverse operations are continuous (in fact, smooth).
Furthermore, they are smooth real manifolds.! Such objects are called Lie groups. The real
vector spaces sl(n) and so(n) are what is called Lie algebras. However, we have not defined
the algebra structure on sl(n,R) and so(n) yet. The algebra structure is given by what is
called the Lie bracket, which is defined as

[A, B] = AB — BA.
Lie algebras are associated with Lie groups. What is going on is that the Lie algebra of
a Lie group is its tangent space at the identity, i.e., the space of all tangent vectors at the

identity (in this case, I,,). In some sense, the Lie algebra achieves a “linearization” of the Lie
group. The exponential map is a map from the Lie algebra to the Lie group, for example,

exp: 50(n) — SO(n)

and
exp: sl(n,R) — SL(n,R).

'We refrain from defining manifolds right now, not to interupt the flow of intuitive ideas.
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The exponential map often allows a parametrization of the Lie group elements by simpler
objects, the Lie algebra elements.

One might ask, What happened to the Lie algebras gl(n, R) and o(n) associated with the
Lie groups GL(n,R) and O(n)? We will see later that gl(n,R) is the set of all real n x n
matrices, and that o(n) = so(n).

The properties of the exponential map play an important role in studying a Lie group.
For example, it is clear that the map

exp: gl(n,R) — GL(n,R)

is well-defined, but since every matrix of the form e? has a positive determinant, exp is not

surjective. Similarly, since
det(e?) = "),

the map
exp: sl(n,R) — SL(n,R)

is well-defined. However, we showed in Section 1.1 that it is not surjective either. As we will
see in the next theorem, the map

exp: so(n) — SO(n)
is well-defined and surjective. The map
exp: o(n) — O(n)

is well-defined, but it is not surjective, since there are matrices in O(n) with determinant
—1.

Remark: The situation for matrices over the field C of complex numbers is quite different,
as we will see later.

We now show the fundamental relationship between SO(n) and so(n).

Theorem 1.6 The exponential map
exp: 50(n) — SO(n)
1s well-defined and surjective.

A

Proof . First, we need to prove that if A is a skew symmetric matrix, then e® is a rotation

matrix. For this, first check that
() =er'.
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Then, since AT = —A, we get

and so .
(eA) ef=e et =T = =],
and similarly,
et (eA)T =1,,
showing that e is orthogonal. Also,
det (eA) = e,
and since A is real skew symmetric, its diagonal entries are 0, i.e., tr(A) = 0, and so

det(e?) = +1.

For the surjectivity, we will use Theorem 11.4.4 and Theorem 11.4.5, from Chapter 11
of Gallier [58]. Theorem 11.4.4 says that for every skew symmetric matrix A there is an
orthogonal matrix P such that A = PD P, where D is a block diagonal matrix of the form

such that each block D; is either 0 or a two-dimensional matrix of the form

0 —b,
v=(i )

where 6; € R, with §; > 0. Theorem 11.4.5 says that for every orthogonal matrix R there is
an orthogonal matrix P such that R = PE PT, where E is a block diagonal matrix of the
form

En
Es

E

p

such that each block F; is either 1, —1, or a two-dimensional matrix of the form

cosf; —sinb;
Ei = (sin 0, cosb; ) ’

If R is a rotation matrix, there is an even number of —1’s and they can be grouped into
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blocks of size 2 associated with 6 = 7. Let D be the block matrix associated with E in the
obvious way (where an entry 1 in E is associated with a 0 in D). Since by Lemma 1.2

1 _
eA — ePDP — PGDP 1’

and since D is a block diagonal matrix, we can compute e” by computing the exponentials
of its blocks. If D; = 0, we get E; = €® = +1, and if

0 -0
Di_(el- 0)’

oDi _ (cos f; —sinb,
sinf; cos6; )’

exactly the block ;. Thus, F = e”, and as a consequence,

we showed earlier that

e = PPPTN _ pePp-l — ppp-l — PEPT = R,

This shows the surjectivity of the exponential. (O

When n = 3 (and A is skew symmetric), it is possible to work out an explicit formula for
e/, For any 3 x 3 real skew symmetric matrix

—c b
A=l ¢ 0 —a],
b a 0
letting 0 = va? + b? 4 ¢ and
a®> ab ac
B=\|ab b bec|,
ac bc c?

we have the following result known as Rodrigues’s formula (1840).

Lemma 1.7 The exponential map exp: so0(3) — SO(3) is given by

e = cos O Is + S120A+ u _GZOSH)B,

or, equivalently, by

At sin9A+ (1 —cos@)

2
0 02 A

if 0 # 0, with €% = I3.
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Proof sketch. First, prove that

A* = —¢*I + B,
AB = BA=0.

From the above, deduce that

AP = 074,
and for any k > 0,
A4k+1 — 04kA,
A4k+2 — (94kA2,
A4k+3 — —94k+2A,
A4k+4 — —04k+2A2.

Then prove the desired result by writing the power series for e and regrouping terms so
that the power series for cos and sin show up. [

The above formulae are the well-known formulae expressing a rotation of axis specified by
the vector (a, b, ¢) and angle 6. Since the exponential is surjective, it is possible to write down
an explicit formula for its inverse (but it is a multivalued function!). This has applications
in kinematics, robotics, and motion interpolation.

1.3 Symmetric Matrices, Symmetric Positive Definite
Matrices, and the Exponential Map

Recall that a real symmetric matrix is called positive (or positive semidefinite) if its eigen-
values are all positive or null, and positive definite if its eigenvalues are all strictly positive.
We denote the vector space of real symmetric n x n matrices by S(n), the set of symmetric
positive matrices by SP(n), and the set of symmetric positive definite matrices by SPD(n).

The next lemma shows that every symmetric positive definite matrix A is of the form
eP for some unique symmetric matrix B. The set of symmetric matrices is a vector space,
but it is not a Lie algebra because the Lie bracket [A, B] is not symmetric unless A and B
commute, and the set of symmetric (positive) definite matrices is not a multiplicative group,
so this result is of a different flavor as Theorem 1.6.

Lemma 1.8 For every symmetric matriz B, the matriz €® is symmetric positive definite.

For every symmetric positive definite matrixz A, there is a unique symmetric matriz B such
that A = €®.
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Proof. We showed earlier that
(?) =eB'.

If B is a symmetric matrix, then since BT = B, we get

(eB)T _ BT — eB,

and e® is also symmetric. Since the eigenvalues i, ..., \, of the symmetric matrix B are
real and the eigenvalues of e? are eM,... e*, and since e* > 0 if A € R, ef is positive
definite.

If A is symmetric positive definite, by Theorem 11.4.3 from Chapter 11 of Gallier [58],
there is an orthogonal matrix P such that A = PD P, where D is a diagonal matrix

A1
P P
A
where \; > 0, since A is positive definite. Letting
log A\
I log% Ao |
log£ An

it is obvious that e* = D, with log \; € R, since \; > 0.
Let
B=PLP".

By Lemma 1.2, we have
B = ePEPT — PP — pelp=t — pel PT = PDPT = A.

Finally, we prove that if B; and B, are symmetric and A = 51 = €52, then B, = B,.

Since Bj; is symmetric, there is an orthonormal basis (uq,...,u,) of eigenvectors of Bj.
Let py,...,u, be the corresponding eigenvalues. Similarly, there is an orthonormal basis
(v1,...,v,) of eigenvectors of By. We are going to prove that By and By agree on the basis

(v1,...,v,), thus proving that B; = Bs.

Let p be some eigenvalue of By, and let v = v; be some eigenvector of By associated with
. We can write
V= QU1+ + QpUp.

Since v is an eigenvector of By for ;1 and A = 2, by Lemma 1.4

A(v) = etv = efaquy + - - - + efanuy,.
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On the other hand,
A(w) = A(aqug + - -+ + apuy) = g A(ug) + -+ - + a A(uy),
and since A = eP' and By (u;) = p;u;, by Lemma 1.4 we get
A(v) = etaquy + - - + ' auy,.
Therefore, o; = 0 if p; # p. Letting
I'={i|w=mpnie{l,...,n}},

v = E (6717

el

we have

Now,

Bi(v) = B (Z au) =Y iBi(u) =Y oupiu

icl iel icl
= E QU = ,U( E aiui) = v,
iel iel

since p; = p when ¢ € I. Since v is an eigenvector of By for p,
Bsy(v) = pw,

which shows that
Bl(U) = BQ(U).

Since the above holds for every eigenvector v;, we have By = By. [

Lemma 1.8 can be reformulated as stating that the map exp: S(n) — SPD(n) is a
bijection. It can be shown that it is a homeomorphism. In the case of invertible matrices,
the polar form theorem can be reformulated as stating that there is a bijection between
the topological space GL(n,R) of real n x n invertible matrices (also a group) and O(n) x
SPD(n).

As a corollary of the polar form theorem (Theorem 12.1.3 in Chapter 12 of Gallier [58])
and Lemma 1.8, we have the following result: For every invertible matrix A there is a unique
orthogonal matrix R and a unique symmetric matrix S such that

A=Re°.

Thus, we have a bijection between GL(n,R) and O(n) x S(n). But S(n) itself is isomorphic
to R™™+1/2 Thus, there is a bijection between GL(n,R) and O(n) x R™™+1)/2 Tt can also
be shown that this bijection is a homeomorphism. This is an interesting fact. Indeed, this
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homeomorphism essentially reduces the study of the topology of GL(n,R) to the study of
the topology of O(n). This is nice, since it can be shown that O(n) is compact.

In A= Re’, if det(A) > 0, then R must be a rotation matrix (i.e., det(R) = +1), since
det (¢¥) > 0. In particular, if A € SL(n,R), since det(A) = det(R) = +1, the symmetric
matrix S must have a null trace, i.e., S € S(n)Nsl(n,R). Thus, we have a bijection between
SL(n,R) and SO(n) x (S(n) Nsl(n,R)).

We can also show that the exponential map is a surjective map from the skew Hermitian
matrices to the unitary matrices (use Theorem 11.4.7 from Chapter 11 in Gallier [58]).

1.4 The Lie Groups GL(n,C), SL(n,C), U(n), SU(n), the
Lie Algebras gl(n,C), sl(n,C), u(n), su(n), and the
Exponential Map

The set of complex invertible n x n matrices forms a group under multiplication, denoted by
GL(n,C). The subset of GL(n, C) consisting of those matrices having determinant +1 is a
subgroup of GL(n,C), denoted by SL(n,C). It is also easy to check that the set of complex
n X n unitary matrices forms a group under multiplication, denoted by U(n). The subset
of U(n) consisting of those matrices having determinant +1 is a subgroup of U(n), denoted
by SU(n). We can also check that the set of complex n x n matrices with null trace forms
a real vector space under addition, and similarly for the set of skew Hermitian matrices and
the set of skew Hermitian matrices with null trace.

Definition 1.2 The group GL(n,C) is called the general linear group, and its subgroup
SL(n, C) is called the special linear group. The group U(n) of unitary matrices is called the
unitary group, and its subgroup SU(n) is called the special unitary group. The real vector
space of complex n X n matrices with null trace is denoted by sl(n,C), the real vector space
of skew Hermitian matrices is denoted by u(n), and the real vector space u(n) N sl(n,C) is
denoted by su(n).

Remarks:

(1) As in the real case, the groups GL(n,C), SL(n,C), U(n), and SU(n) are also topo-
logical groups (viewed as subspaces of R2”2), and in fact, smooth real manifolds. Such
objects are called (real) Lie groups. The real vector spaces sl(n,C), u(n), and su(n)
are Lie algebras associated with SL(n,C), U(n), and SU(n). The algebra structure is
given by the Lie bracket, which is defined as

[A, B] = AB — BA.
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(2) It is also possible to define complex Lie groups, which means that they are topological
groups and smooth complez manifolds. It turns out that GL(n,C) and SL(n,C) are
complex manifolds, but not U(n) and SU(n).

@ One should be very careful to observe that even though the Lie algebras sl(n,C),
u(n), and su(n) consist of matrices with complex coefficients, we view them as real

vector spaces. The Lie algebra sl(n,C) is also a complex vector space, but u(n) and su(n)

are not! Indeed, if A is a skew Hermitian matrix, A is not skew Hermitian, but Hermitian!

Again the Lie algebra achieves a “linearization” of the Lie group. In the complex case,
the Lie algebras gl(n, C) is the set of all complex n X n matrices, but u(n) # su(n), because
a skew Hermitian matrix does not necessarily have a null trace.

The properties of the exponential map also play an important role in studying complex
Lie groups. For example, it is clear that the map

exp: gl(n,C) — GL(n,C)

is well-defined, but this time, it is surjective! One way to prove this is to use the Jordan
normal form. Similarly, since

det (eA) = (A

the map
exp: sl(n,C) — SL(n,C)

is well-defined, but it is not surjective! As we will see in the next theorem, the maps
exp: u(n) — U(n)

and
exp: su(n) — SU(n)

are well-defined and surjective.
Theorem 1.9 The exponential maps
exp: u(n) — U(n) and exp: su(n) — SU(n)

are well-defined and surjective.

Proof. First, we need to prove that if A is a skew Hermitian matrix, then e? is a unitary
matrix. For this, first check that

Then, since A* = —A, we get
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and so

* _ —
(eA) e = e A — o ATA O [

and similarly, e? (eA)* = I, showing that e/ is unitary. Since
det (e?) = et(A)

if A is skew Hermitian and has null trace, then det(e?) = +1.

For the surjectivity we will use Theorem 11.4.7 in Chapter 11 of Gallier [58]. First,
assume that A is a unitary matrix. By Theorem 11.4.7, there is a unitary matrix U and
a diagonal matrix D such that A = UDU*. Furthermore, since A is unitary, the entries
A1,y Ay in D (the eigenvalues of A) have absolute value +1. Thus, the entries in D are of
the form cos @ +isinf = . Thus, we can assume that D is a diagonal matrix of the form

it
¢i0
D = ,
%
If we let E be the diagonal matrix
it
E = " |
0,

it is obvious that F is skew Hermitian and that

e? = D.

Then, letting B = UEU*, we have
e = A,

and it is immediately verified that B is skew Hermitian, since F is.

If Ais a unitary matrix with determinant 41, since the eigenvalues of A are €1, ... ¢i%

and the determinant of A is the product

e

of these eigenvalues, we must have

O+ +0,=0,
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and so, F is skew Hermitian and has zero trace. As above, letting
B=UEU",

we have

e = A,

where B is skew Hermitian and has null trace. (O

We now extend the result of Section 1.3 to Hermitian matrices.

1.5 Hermitian Matrices, Hermitian Positive Definite
Matrices, and the Exponential Map

Recall that a Hermitian matrix is called positive (or positive semidefinite) if its eigenvalues
are all positive or null, and positive definite if its eigenvalues are all strictly positive. We
denote the real vector space of Hermitian nxn matrices by H(n), the set of Hermitian positive
matrices by HP(n), and the set of Hermitian positive definite matrices by HPD(n).

The next lemma shows that every Hermitian positive definite matrix A is of the form e

for some unique Hermitian matrix B. As in the real case, the set of Hermitian matrices is a
real vector space, but it is not a Lie algebra because the Lie bracket [A, B] is not Hermitian
unless A and B commute, and the set of Hermitian (positive) definite matrices is not a
multiplicative group.

Lemma 1.10 For every Hermitian matriz B, the matriz e® is Hermitian positive definite.
For every Hermitian positive definite matriz A, there is a unique Hermitian matriz B such

that A = eP.

Proof. 1t is basically the same as the proof of Theorem 1.10, except that a Hermitian matrix
can be written as A = UDU*, where D is a real diagonal matrix and U is unitary instead of
orthogonal. O

Lemma 1.10 can be reformulated as stating that the map exp: H(n) — HPD(n) is a
bijection. In fact, it can be shown that it is a homeomorphism. In the case of complex
invertible matrices, the polar form theorem can be reformulated as stating that there is a
bijection between the topological space GL(n, C) of complex n x n invertible matrices (also a
group) and U(n) x HPD(n). As a corollary of the polar form theorem and Lemma 1.10, we
have the following result: For every complex invertible matrix A, there is a unique unitary
matrix U and a unique Hermitian matrix S such that

A=1U-eée".
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Thus, we have a bijection between GL(n,C) and U(n) x H(n). But H(n) itself is isomorphic
to R”, and so there is a bijection between GL(n,C) and U(n) x R™. It can also be
shown that this bijection is a homeomorphism. This is an interesting fact. Indeed, this
homeomorphism essentially reduces the study of the topology of GL(n,C) to the study of
the topology of U(n). This is nice, since it can be shown that U(n) is compact (as a real
manifold).

In the polar decomposition A = Ue®, we have | det(U)| = 1, since U is unitary, and tr(S)
is real, since S is Hermitian (since it is the sum of the eigenvalues of S, which are real), so
that det (es) > 0. Thus, if det(A4) = 1, we must have det (eS) = 1, which implies that S €
H(n)Nsl(n,C). Thus, we have a bijection between SL(n,C) and SU(n) x (H(n) Nsl(n,C)).

In the next section we study the group SE(n) of affine maps induced by orthogonal trans-
formations, also called rigid motions, and its Lie algebra. We will show that the exponential
map is surjective. The groups SE(2) and SE(3) play play a fundamental role in robotics,
dynamics, and motion planning.

1.6 The Lie Group SE(n) and the Lie Algebra se(n)

First, we review the usual way of representing affine maps of R™ in terms of (n+1) x (n+ 1)
matrices.

Definition 1.3 The set of affine maps p of R", defined such that
p(X)=RX +U,

where R is a rotation matrix (R € SO(n)) and U is some vector in R", is a group under
composition called the group of direct affine isometries, or rigid motions, denoted by SE(n).

Every rigid motion can be represented by the (n + 1) x (n + 1) matrix

(0 %)
()= ) 0)

p(X)=RX +U.

in the sense that

iff

Definition 1.4 The vector space of real (n + 1) x (n + 1) matrices of the form

QO U
1= (0 0)

where ) is a skew symmetric matrix and U is a vector in R", is denoted by se(n).
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Remark: The group SE(n) is a Lie group, and its Lie algebra turns out to be se(n).

We will show that the exponential map exp: se(n) — SE(n) is surjective. First, we prove
the following key lemma.

Lemma 1.11 Given any (n+ 1) x (n + 1) matriz of the form

QU
=0 0)
where Q is any matriz and U € R",

OF Q1D
k _
= (0 51),

where Q° = I,,. As a consequence,
€A i €Q VU
~\0 1)

v
V=1I,+ .
= (k + 1)!

where

Proof. A trivial induction on k shows that

QF U
k _
o ()

Then we have

A A
2R

k>0
1 /QF QF1U
= ]”+1+ZH<O 0 ),
E>1

N k k—1
([n + Zkzo % ZkZI QTU>
0 1 ’

(VU
—\0 1 )"
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We can now prove our main theorem. We will need to prove that V' is invertible when €2
is a skew symmetric matrix. It would be tempting to write V' as

V=01~ 1).

Unfortunately, for odd n, a skew symmetric matrix of order n is not invertible! Thus, we
have to find another way of proving that V' is invertible. However, observe that we have the

following useful fact:
Qk 1 o
=1, —_— = dt.
V=Lt ) G /0 ‘

This is what we will use in Theorem 1.12 to prove surjectivity.

Theorem 1.12 The exponential map
exp: se(n) — SE(n)

is well-defined and surjective.

Q

Proof. Since € is skew symmetric, e** is a rotation matrix, and by Theorem 1.6, the expo-

nential map
exp: 50(n) — SO(n)

is surjective. Thus, it remains to prove that for every rotation matrix R, there is some skew
symmetric matrix €2 such that R = ¢ and

y 2
V=I,+Y —
= (k+ 1)!

is invertible. By Theorem 11.4.4 in Chapter 11 of Gallier [58], for every skew symmetric
matrix € there is an orthogonal matrix P such that Q = PD PT, where D is a block
diagonal matrix of the form

such that each block D; is either 0 or a two-dimensional matrix of the form

0 —b,
v )
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where 6; € R, with 6; > 0. Actually, we can assume that 6; # k27 for all k € Z, since when
0; = k2r we have e’ = I,, and D; can be replaced by two one-dimensional blocks each
consisting of a single zero. To compute V, since Q2 = PD P" = PDP~!, observe that

Qk

Vo= L+Y
T2 T

where

We can compute

by computing

Wy

oD _ (cos 0; —sinb;
sinf; cosb,

when D; is a 2 x 2 skew symmetric matrix and W; = fol ePitdt, we get

by blocks. Since

W (fol cos(0;t)dt fol —sin(é’ﬁ)dt) 1 ( sin(0;t) [ cos(6;t) |(1)>
i 92 y

fol sin(6;t)dt fol cos(6;t)dt 0; \—cos(6it) |5 sin(6:t) |g

that is,
W, — 1 ( sinf; —(1- cosﬁi)) |

9, \1 — cos¥b; sin 6;
and W; =1 when D; = 0. Now, in the first case, the determinant is

1 2
2 ((sin6;)® + (1 — cos 6;)*) = 9—2(1 — cosb;),

7 (2
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which is nonzero, since 0; # k2x for all k£ € Z. Thus, each W is invertible, and so is W, and
thus, V = PWP~! is invertible. [J

In the case n = 3, given a skew symmetric matrix

0 —c b
Q=1 ¢ 0 =—al,
b a 0

letting 0 = vV a? + b + ¢2, it it easy to prove that if # = 0, then

a_ (I U
=5 )

and that if  # 0 (using the fact that Q3 = —6%Q), then

Q sin (1 —cosb)
€ :]3+ i Q‘|— 02

QQ
and .
(1-— cosQ)Q N (60— sm@)QQ'

V=l+—0p 7

Our next goal is to define embedded submanifolds and (linear) Lie groups. Before doing
this, we believe that some readers might appreciate a review of the notion of the derivative
of a function between two normed vector spaces.

1.7 The Derivative of a Function Between
Normed Vector Spaces, a Review

In this brief section, we review some basic notions of differential calculus, in particular, the
derivative of a function, f: EF — F', where E and F' are normed vector spaces. In most cases,
E =R" and F' = R™. However, if we need to deal with infinite dimensional manifolds, then
it is necessary to allow E and F' to be infinite dimensional. This section can be omitted by
readers already familiar with this standard material. We omit all proofs and refer the reader
to standard analysis textbooks such as Lang [94, 93], Munkres [114], Choquet-Bruhat [37]
or Schwartz [133], for a complete exposition.

Let E and F' be two normed vector spaces, let A C E be some open subset of A, and let
a € A be some element of A. Even though a is a vector, we may also call it a point.

The idea behind the derivative of the function f at a is that it is a linear approrimation
of f in a small open set around a. The difficulty is to make sense of the quotient

fla+h) - f(a)
h
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where h is a vector. We circumvent this difficulty in two stages.

A first possibility is to consider the directional derivative with respect to a vector u # 0
in E.

We can consider the vector f(a + tu) — f(a), where t € R (or t € C). Now,

fla+tu) = f(a)
t

makes sense.

The idea is that in E, the points of the form a + tu, for ¢t in some small closed interval
[r, s] € A containing a, form a line segment and that the image of this line segment defines
a small curve segment on f(A). This curve (segment) is defined by the map t — f(a + tu),
from [r, s] to F, and the directional derivative D, f(a) defines the direction of the tangent
line at a to this curve.

Definition 1.5 Let £ and F' be two normed spaces, let A be a nonempty open subset of
E, and let f: A — F be any function. For any a € A, for any u # 0 in E, the directional
derivative of f at a w.r.t. the vector u, denoted by D, f(a), is the limit (if it exists)

o et — fla)

t—0, teU t ’

where U={teR |a+tuec A, t#0} (or U={teC|a+tuc A, t+#0}).

Since the map t — a + tu is continuous, and since A — {a} is open, the inverse image
U of A — {a} under the above map is open, and the definition of the limit in Definition 1.5
makes sense.

Remark: Since the notion of limit is purely topological, the existence and value of a di-
rectional derivative is independent of the choice of norms in £ and F', as long as they are
equivalent norms.

The directional derivative is sometimes called the Gateaux derivative.

In the special case where E = R, FF = R and we let u = 1 (i.e., the real number 1, viewed
as a vector), it is immediately verified that Dy f(a) = f’(a). When £ =R (or E = C) and F
is any normed vector space, the derivative D, f(a), also denoted by f’(a), provides a suitable
generalization of the notion of derivative.

However, when E has dimension > 2, directional derivatives present a serious problem,
which is that their definition is not sufficiently uniform. Indeed, there is no reason to believe
that the directional derivatives w.r.t. all nonzero vectors u share something in common. As
a consequence, a function can have all directional derivatives at a, and yet not be continuous
at a. Two functions may have all directional derivatives in some open sets, and yet their
composition may not. Thus, we introduce a more uniform notion.
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Definition 1.6 Let E and F' be two normed spaces, let A be a nonempty open subset of F,
and let f: A — F be any function. For any a € A, we say that f is differentiable at a € A
if there is a linear continuous map, L: F — F, and a function, €(h), such that

fla+h) = fla) + L(h) + e(h)|[]]

for every a + h € A, where
lim e(h) =0,

h—0, heU

with U ={h € E|a+h € A, h # 0}. The linear map L is denoted by Df(a), or Df,, or
df (a), or f'(a), and it is called the Fréchet derivative, or derivative, or total differential, or
differential, of f at a.

Since the map h +— a+h from E to E is continuous, and since A is open in F, the inverse
image U of A — {a} under the above map is open in E, and it makes sense to say that

lim ¢e(h)=0.
h—0, heU

Note that for every h € U, since h # 0, €(h) is uniquely determined since

fla+h) — fla) — L(h)

() = Tl ’

and the value €(0) plays absolutely no role in this definition. It does no harm to assume that
€(0) = 0, and we will assume this from now on.

Remark: Since the notion of limit is purely topological, the existence and value of a deriva-
tive is independent of the choice of norms in £ and F', as long as they are equivalent norms.

Note that the continuous linear map L is unique, if it exists.

The following proposition shows that our new definition is consistent with the definition
of the directional derivative:

Proposition 1.13 Let E and F be two normed spaces, let A be a nonempty open subset
of E, and let f: A — F be any function. For any a € A, if Df(a) is defined, then f is
continuous at a and f has a directional derivative D, f(a) for everyu # 0 in E. Furthermore,

D.f(a) = Df(a)(u).

The uniqueness of L follows from Proposition 1.13. Also, when F is of finite dimension,
it is easily shown that every linear map is continuous and this assumption is then redundant.

If Df(a) exists for every a € A, we get a map Df: A — L(E; F), called the derivative
of f on A, and also denoted by df. Here, L(F; F') denotes the vector space of continuous
linear maps from F to F.
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When F is of finite dimension n, for any basis, (uq,...,u,), of E, we can define the
directional derivatives with respect to the vectors in the basis (ug,...,u,) (actually, we can
also do it for an infinite basis). This way, we obtain the definition of partial derivatives, as
follows:

Definition 1.7 For any two normed spaces E and F', if E is of finite dimension n, for every
basis (uy,...,u,) for E, for every a € E, for every function f: E — F, the directional
derivatives Dy, f(a) (if they exist) are called the partial derivatives of f with respect to the

basis (u1,...,u,). The partial derivative D, f(a) is also denoted by 9; f(a), or %(a).
J

0
The notation a—f(a) for a partial derivative, although customary and going back to
L

Leibnitz, is a “logical obscenity.” Indeed, the variable x; really has nothing to do with the
formal definition. This is just another of these situations where tradition is just too hard to
overthrow!

We now consider a number of standard results about derivatives.

Proposition 1.14 Given two normed spaces E and F, if f: E — F is a constant function,
then Df(a) = 0, for everya € E. If f: E — F is a continuous affine map, then Df(a) = f,
for every a € E, where f denotes the linear map associated with f.

Proposition 1.15 Given a normed space E and a normed vector space F', for any two
functions f,g: E — F, for every a € E, if Df(a) and Dg(a) exist, then D(f + g)(a) and
D(Af)(a) exist, and

D(f +g)(a) =
D(Af)(a)

Df(a) + Dg(a),
ADf(a).

Proposition 1.16 Given three normed vector spaces Ei, F», and F', for any continuous
bilinear map f: Ey X Ey — F, for every (a,b) € Ey X Ey, Df(a,b) exists, and for every
u € E; and v € Es,

Df(a’ b)(“?”) = f(u7 b) + f(a’ U)'

We now state the very useful chain rule.

Theorem 1.17 Given three normed spaces E, F, and G, let A be an open set in E, and let
B an open set in F. For any functions f: A — F and g: B — G, such that f(A) C B, for
any a € A, if Df(a) exists and Dg(f(a)) exists, then D(go f)(a) exists, and

D(g o f)(a) = Dg(f(a)) o Df(a).
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Theorem 1.17 has many interesting consequences. We mention two corollaries.

Proposition 1.18 Given two normed spaces E and F, let A be some open subset in E, let
B be some open subset in F, let f: A — B be a bijection from A to B, and assume that D f
exists on A and that Df~! exists on B. Then, for every a € A,

Df~!(f(a)) = (Df(a))™".

Proposition 1.18 has the remarkable consequence that the two vector spaces F and F
have the same dimension. In other words, a local property, the existence of a bijection f
between an open set A of F/ and an open set B of F, such that f is differentiable on A and
f~1is differentiable on B, implies a global property, that the two vector spaces E and F
have the same dimension.

If both £ and F' are of finite dimension, for any basis (uy,...,u,) of E and any basis
(v1,...,0,) of F, every function f: F — F is determined by m functions f;: £ — R (or
fi: E — C), where

f(@) = fil@)vr + - + fru(@)m,

for every x € E. Then, we get

Df(a)(u;) = Dfi(a)(uj)vr + -+ + Dfi(a)(uj)vi + - - - + D frn(a) (1)) Vm,

that is,

Df(a)(u;) = 9; fr(a)vr + -+~ + 0 fi(a)vi + - - - + Dj fm(@) U
Since the j-th column of the m x n-matrix J(f)(a) w.r.t. the bases (uy,...,u,) and
(vi,...,vn) representing Df(a) is equal to the components of the vector Df(a)(u;) over
the basis (v1, ..., v,,), the linear map Df(a) is determined by the m x n-matrix

(@) = (3 £:(a)), or J(f)(a) = ( g’j <a>>:

Ofila) Opfi(a) ... Onfi(a)
Oifala)  Opfo(a) ... Onfa(a)

IH@=|" S
a1]Cm(a) a2fm(a) s 8nfm(a)
. of . ofs of:
8_:vl(a) a—@(a) B (a)
0h y Ohy O,
J(f)(a)= 391:1( ) 8:1,'2( ) &cn( )
Ofu, | O ot

B, (a) s (a) ... D (a)
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This matrix is called the Jacobian matriz of Df at a. When m = n, the determinant,
det(J(f)(a)), of J(f)(a) is called the Jacobian of Df(a).

We know that this determinant only depends on D f(a), and not on specific bases. How-
ever, partial derivatives give a means for computing it.

When £ = R"™ and F' = R™, for any function f: R"™ — R™ it is easy to compute the
partial derivatives %(Q) We simply treat the function f;: R® — R as a function of its j-th
argument, leaving the others fixed, and compute the derivative as the usual derivative.
Example 1.1 For example, consider the function f: R? — R2, defined by

f(r,0) = (rcosf,rsinf).

Then, we have

J(f)(r,0) = (6089 —rsine>

sinf rcosf
and the Jacobian (determinant) has value det(J(f)(r,0)) = r.

In the case where £ = R (or £ = C), for any function f: R — F (or f: C — F), the
Jacobian matrix of Df(a) is a column vector. In fact, this column vector is just D;f(a).
Then, for every A € R (or A € C), Df(a)(\) = AD; f(a). This case is sufficiently important
to warrant a definition.

Definition 1.8 Given a function f: R — F (or f: C — F), where F is a normed space,
the vector

Df(a)(1) = D1 f(a)
is called the vector derivative or velocity vector (in the real case) at a. We usually identify

D f(a) with its Jacobian matrix D; f(a), which is the column vector corresponding to Dy f(a).
By abuse of notation, we also let D f(a) denote the vector Df(a)(1) = Dy f(a).

When E = R, the physical interpretation is that f defines a (parametric) curve that is
the trajectory of some particle moving in R™ as a function of time, and the vector Dy f(a)
is the wvelocity of the moving particle f(¢) at t = a.

Example 1.2

1. When A = (0,1), and F = R3, a function
f:(0,1) — R? defines a (parametric) curve in R®. If f = (f1, fa, f3), its Jacobian
matrix at a € R is
9

E(a)

@ = | )
sy
W(Q)
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2. When £ = R? and F = R3, a function ¢: R? — R3 defines a parametric surface.
Letting ¢ = (f, g, h), its Jacobian matrix at a € R? is

af  of

iy )
T@a) = | Do) P

Oh Ooh

%(a) %(a)
3. When E = R?, and F' = R, for a function f: R?® — R, the Jacobian matrix at a € R?

1@ = (5@ S ).

More generally, when f: R"™ — R, the Jacobian matrix at a € R" is the row vector

100 = (5@ - ghw).

Its transpose is a column vector called the gradient of f at a, denoted by gradf(a) or V f(a).
Then, given any v € R", note that

Df(a)(v) = gxfl( Yup + - —i-@ax"i(a)vn:gradf(a)-v

the scalar product of gradf(a) and wv.

When E, F, and G have finite dimensions, (u1,...,u,) is a basis for E, (vq,...,v,) is
a basis for F', and (wy,...,w,,) is a basis for G, if A is an open subset of E, B is an open
subset of F, for any functions f: A — F and g: B — G, such that f(A) C B, for any
a € A, letting b = f(a), and h = g o f, if Df(a) exists and Dg(b) exists, by Theorem 1.17,
the Jacobian matrix J(h)(a) = J(go f)(a) w.r.t. the bases (uq,...,u,) and (wy, ..., wy,) is
the product of the Jacobian matrices J(g)(b) w.r.t. the bases (vy,...,v,) and (wy, ..., wy),
and J(f)(a) w.r.t. the bases (uy,...,u,) and (vy,...,v,):

o1 O o 0fi 0fi 0fi

8_yl<b) a—yQ(b) a—yn(b) 6%( a) 83:2( a) ... axp( a)

ony Ony Oy ||k O ok
i@ =] %® O |awm® wm® o e,

g Ogm  ogm. | |0f, . or. of.
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Thus, we have the familiar formula

ahl . =n agz

(CL) _ afk‘
Oz, p Yk

a—mj CL).

(0)

Given two normed spaces F and F' of finite dimension, given an open subset A of F if
a function f: A — F is differentiable at a € A, then its Jacobian matrix is well defined.

@ One should be warned that the converse is false. There are functions such that all the
partial derivatives exist at some a € A, but yet, the function is not differentiable at a,
and not even continuous at a.

However, there are sufficient conditions on the partial derivatives for Df(a) to exist,
namely, continuity of the partial derivatives. If f is differentiable on A, then f defines a
function Df: A — L(E; F). It turns out that the continuity of the partial derivatives on A
is a necessary and sufficient condition for D f to exist and to be continuous on A.

Theorem 1.19 Given two normed affine spaces E and F', where E is of finite dimension
n and where (uq,...,uy,) is a basis of E, given any open subset A of E, given any function
f: A — F, the derivative Df: A — L(E;F) is defined and continuous on A iff every

0
partial derivative 0;f (or —f) is defined and continuous on A, for all j, 1 < j < mn. As

8xj
a corollary, if F is of finite dimension m, and (vi,...,vy) is a basis of F, the derivative
dfi
Df: A— L(E;F) is defined and continuous on A iff every partial derivative 0; f; (07" 8f )
Lj

is defined and continuous on A, for alli,j, 1 <i<m, 1<j<n.

Definition 1.9 Given two normed affine spaces F and F', and an open subset A of E, we
say that a function f: A — Fis a C°-function on A if f is continuous on A. We say that
f: A— Fisa Cl-function on A if Df exists and is continuous on A.

Let E and F' be two normed affine spaces, let U C E be an open subset of E and let
f: E — F be a function such that Df(a) exists for all a € U. If Df(a) is injective for all
a € U, we say that f is an immersion (on U) and if D f(a) is surjective for all a € U, we say
that f is a submersion (on U).

When E and F are finite dimensional with dim(E) = n and dim(F") = m, if m > n, then
f is an immersion iff the Jacobian matrix, J(f)(a), has full rank (n) for all @ € E and if
n > m, then then f is a submersion iff the Jacobian matrix, J(f)(a), has full rank (m) for
all a € E.

A very important theorem is the inverse function theorem. In order for this theorem to
hold for infinite dimensional spaces, it is necessary to assume that our normed spaces are
complete.
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Given a normed vector space, E, we say that a sequence, (uy,),, with u,, € E, is a Cauchy
sequence iff for every € > 0, there is some N > 0 so that for all m,n > N,

|tn, — | <e.

A normed vector space, E, is complete iff every Cauchy sequence converges. A complete
normed vector space is also called a Banach space, after Stefan Banach (1892-1945).

Fortunately, R, C, and every finite dimensional (real or complex) normed vector space is
complete. A real (resp. complex) vector space, E, is a real (resp. complex) Hilbert space
if it is complete as a normed space with the norm ||u|| = /(u, u) induced by its Euclidean
(resp. Hermitian) inner product (of course, positive, definite).

Definition 1.10 Given two topological spaces FF and F and an open subset A of E, we
say that a function f: A — F is a local homeomorphism from A to F' if for every a € A,
there is an open set U C A containing a and an open set V' containing f(a) such that f is a
homeomorphism from U to V = f(U). If B is an open subset of F', we say that f: A — F
is a (global) homeomorphism from A to B if f is a homeomorphism from A to B = f(A).

If £ and F are normed spaces, we say that f: A — F is a local diffeomorphism from
A to F if for every a € A, there is an open set U C A containing a and an open set V
containing f(a) such that f is a bijection from U to V, f is a C''-function on U, and f~!
is a Cl-function on V = f(U). We say that f: A — F is a (global) diffeomorphism from A
to B if f is a homeomorphism from A to B = f(A), f is a C'-function on A4, and f~' is a
C*'-function on B.

Note that a local diffeomorphism is a local homeomorphism. Also, as a consequence of
Proposition 1.18, if f is a diffeomorphism on A, then Df(a) is a bijection for every a € A.

Theorem 1.20 (Inverse Function Theorem) Let E and F be complete normed spaces, let A
be an open subset of E, and let f: A — F be a C*-function on A. The following properties
hold:

(1) For every a € A, if Df(a) is invertible, then there exist some open subset U C A
containing a, and some open subset V of F' containing f(a), such that f is a diffeo-
morphism from U to V = f(U). Furthermore,

Df 7! (f(a)) = (Df(a))~".

For every neighborhood N of a, the image f(N) of N is a neighborhood of f(a), and
for every open ball U C A of center a, the image f(U) of U contains some open ball

of center f(a).
(2) If Df(a) is invertible for every a € A, then B = f(A) is an open subset of F, and

fis a local diffeomorphism from A to B. Furthermore, if f is injective, then f is a
diffeomorphism from A to B.
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Part (1) of Theorem 1.20 is often referred to as the “(local) inverse function theorem.”
It plays an important role in the study of manifolds and (ordinary) differential equations.

If E and F are both of finite dimension, the case where D f(a) is just injective or just
surjective is also important for defining manifolds, using implicit definitions.

1.8 Manifolds, Lie Groups and Lie Algebras

In this section we define precisely manifolds, Lie groups and Lie algebras. One of the reasons
that Lie groups are nice is that they have a differential structure, which means that the notion
of tangent space makes sense at any point of the group. Furthermore, the tangent space at
the identity happens to have some algebraic structure, that of a Lie algebra. Roughly, the
tangent space at the identity provides a “linearization” of the Lie group, and it turns out
that many properties of a Lie group are reflected in its Lie algebra, and that the loss of
information is not too severe. The challenge that we are facing is that unless our readers are
already familiar with manifolds, the amount of basic differential geometry required to define
Lie groups and Lie algebras in full generality is overwhelming.

Fortunately, most of the Lie groups that we will consider are subspaces of RY for some
sufficiently large N. In fact, most of them are isomorphic to subgroups of GL(N,R) for
some suitable N, even SE(n), which is isomorphic to a subgroup of SL(n + 1). Such groups
are called linear Lie groups (or matriz groups). Since these groups are subspaces of R, in
a first stage, we do not need the definition of an abstract manifold. We just have to define
embedded submanifolds (also called submanifolds) of RY (in the case of GL(n,R), N = n?).
This is the path that we will follow. The general definition of manifold will be given in
Chapter 3.

In general, the difficult part in proving that a subgroup of GL(n,R) is a Lie group is
to prove that it is a manifold. Fortunately, there is a characterization of the linear groups
that obviates much of the work. This characterization rests on two theorems. First, a Lie
subgroup H of a Lie group G (where H is an embedded submanifold of G) is closed in G
(see Warner [145], Chapter 3, Theorem 3.21, page 97). Second, a theorem of Von Neumann
and Cartan asserts that a closed subgroup of GL(n,R) is an embedded submanifold, and
thus, a Lie group (see Warner [145], Chapter 3, Theorem 3.42, page 110). Thus, a linear Lie
group is a closed subgroup of GL(n,R).

Since our Lie groups are subgroups (or isomorphic to subgroups) of GL(n,R) for some
suitable n, it is easy to define the Lie algebra of a Lie group using curves. This approach to
define the Lie algebra of a matrix group is followed by a number of authors, such as Curtis
[38]. However, Curtis is rather cavalier, since he does not explain why the required curves
actually exist, and thus, according to his definition, Lie algebras could be the trivial vector
space! Although we will not prove the theorem of Von Neumann and Cartan, we feel that it
is important to make clear why the definitions make sense, i.e., why we are not dealing with
trivial objects.
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A small annoying technical problem will arise in our approach, the problem with discrete
subgroups. If A is a subset of RY, recall that A inherits a topology from RY called the
subspace topology, and defined such that a subset V of A is open if

V=ANU

for some open subset U of RY. A point a € A is said to be isolated if there is there is some
open subset U of RY such that
{a} = ANU,

in other words, if {a} is an open set in A.

The group GL(n,R) of real invertible n xn matrices can be viewed as a subset of R™, and
as such, it is a topological space under the subspace topology (in fact, a dense open subset
of ]R"Q). One can easily check that multiplication and the inverse operation are continuous,
and in fact smooth (i.e., C*°-continuously differentiable). This makes GL(n,R) a topological
group. Any subgroup G of GL(n,R) is also a topological space under the subspace topology.
A subgroup G is called a discrete subgroup if it has some isolated point. This turns out to be
equivalent to the fact that every point of G is isolated, and thus, G has the discrete topology
(every subset of G is open). Now, because GL(n,R) is Hausdorff, it can be shown that
every discrete subgroup of GL(n,R) is closed (which means that its complement is open).
Thus, discrete subgroups of GL(n,R) are Lie groups! But these are not very interesting Lie
groups, and so we will consider only closed subgroups of GL(n,R) that are not discrete.

Let us now review the definition of an embedded submanifold. For simplicity, we re-
strict our attention to smooth manifolds. For detailed presentations, see DoCarmo [49, 50],
Milnor [107], Marsden and Ratiu [102], Berger and Gostiaux [17], or Warner [145]. For the
sake of brevity, we use the terminology manifold (but other authors would say embedded
submanifolds, or something like that).

The intuition behind the notion of a smooth manifold in RY is that a subspace M is a
manifold of dimension m if every point p € M is contained in some open subset set U of
M (in the subspace topology) that can be parametrized by some function ¢: Q — U from
some open subset ) of the origin in R™, and that ¢ has some nice properties that allow the
definition of smooth functions on M and of the tangent space at p. For this, ¢ has to be at
least a homeomorphism, but more is needed: ¢ must be smooth, and the derivative ¢’(0,,)
at the origin must be injective (letting 0,, = (0,...,0)).

——

m

Definition 1.11 Given any integers N,m, with N > m > 1, an m-dimensional smooth
manifold in RN, for short a manifold, is a nonempty subset M of RY such that for every
point p € M there are two open subsets {2 C R™ and U C M, with p € U, and a smooth
function ¢: Q — RY such that ¢ is a homeomorphism between Q and U = (), and ¢'(¢o)
is injective, where ty = ¢~ '(p). The function ¢: Q — U is called a (local) parametrization
of M at p. If 0,,, € Q and ¢(0,,) = p, we say that p: Q — U is centered at p.
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Recall that M C R¥ is a topological space under the subspace topology, and U is some
open subset of M in the subspace topology, which means that U = M N W for some open
subset W of R¥. Since ¢: Q — U is a homeomorphism, it has an inverse ¢~ ': U — € that
is also a homeomorphism, called a (local) chart. Since 2 C R™, for every point p € M and
every parametrization ¢: Q — U of M at p, we have o~ !(p) = (z1,. .., 2m) for some z; € R,
and we call 21, ..., 2, the local coordinates of p (w.r.t. ©=1). We often refer to a manifold
M without explicitly specifying its dimension (the integer m).

Intuitively, a chart provides a “flattened” local map of a region on a manifold. For
instance, in the case of surfaces (2-dimensional manifolds), a chart is analogous to a planar

map of a region on the surface. For a concrete example, consider a map giving a planar
representation of a country, a region on the earth, a curved surface.

Remark: We could allow m = 0 in definition 1.11. If so, a manifold of dimension 0 is just
a set of isolated points, and thus it has the discrete topology. In fact, it can be shown that
a discrete subset of R¥ is countable. Such manifolds are not very exciting, but they do
correspond to discrete subgroups.

Example 1.3 The unit sphere S? in R? defined such that
S?={(z,y,2) eR’ | 2* +y* + 2> =1}

is a smooth 2-manifold, because it can be parametrized using the following two maps ¢; and
P2!

2u 2 uw?+v? -1
@10 (u,v) —

w2+ +1" w4+ 0241 w4 0v2+1

and

‘ 2u 20 1—u?—v?
pr: (u,0) = <u2+v2+1’ w?+v? 1 u2+v2+1> '

The map ¢; corresponds to the inverse of the stereographic projection from the north
pole N = (0,0,1) onto the plane z = 0, and the map ¢, corresponds to the inverse of the
stereographic projection from the south pole S = (0,0, —1) onto the plane z = 0, as illus-
trated in Figure 1.1. We leave as an exercise to check that the map ¢; parametrizes S —{N}
and that the map ¢, parametrizes S? — {S} (and that they are smooth, homeomorphisms,
etc.). Using ¢1, the open lower hemisphere is parametrized by the open disk of center O and
radius 1 contained in the plane z = 0.

The chart ¢ " assigns local coordinates to the points in the open lower hemisphere. If we
draw a grid of coordinate lines parallel to the x and y axes inside the open unit disk and map
these lines onto the lower hemisphere using ¢, we get curved lines on the lower hemisphere.
These “coordinate lines” on the lower hemisphere provide local coordinates for every point
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Figure 1.1: Inverse stereographic projections

on the lower hemisphere. For this reason, older books often talk about curvilinear coordinate
systems to mean the coordinate lines on a surface induced by a chart. We urge our readers
to define a manifold structure on a torus. This can be done using four charts.

Every open subset of RV is a manifold in a trivial way. Indeed, we can use the inclusion
map as a parametrization. In particular, GL(n,R) is an open subset of R”z, since its
complement is closed (the set of invertible matrices is the inverse image of the determinant
function, which is continuous). Thus, GL(n,R) is a manifold. We can view GL(n,C) as a
subset of R@™* ysing the embedding defined as follows: For every complex n x n matrix A,
construct the real 2n x 2n matrix such that every entry a + ib in A is replaced by the 2 x 2

block
a —b
b a
where a,b € R. It is immediately verified that this map is in fact a group isomorphism.

Thus, we can view GL(n, C) as a subgroup of GL(2n,R), and as a manifold in RE?,

A 1-manifold is called a (smooth) curve, and a 2-manifold is called a (smooth) surface
(although some authors require that they also be connected).

The following two lemmas provide the link with the definition of an abstract manifold.
The first lemma is easily shown using the inverse function theorem.

Lemma 1.21 Given an m-dimensional manifold M in RY, for every p € M there are two
open sets Q, W C RN with Oy € Q andp € MNOW, and a smooth diffeomorphism ¢: Q — W,
such that p(On) = p and

S(QN (R™ X {0y_n})) = MAW,

The next lemma is easily shown from Lemma 1.21. It is a key technical result used to show
that interesting properties of maps between manifolds do not depend on parametrizations.
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Figure 1.2: Parametrizations and transition functions

Lemma 1.22 Given an m-dimensional manifold M in R, for every p € M and any two
parametrizations @1: Q0 — Uy and po: Qo — Uy of M at p, if Uy N Uy # 0, the map
03t o1 o UL NUy) — @3 (U N Uy) is a smooth diffeomorphism.

The maps ;" 0 @1: o7 (Uy N Us) — @5 (U N Uy) are called transition maps. Lemma
1.22 is illustrated in Figure 1.2.

Using Definition 1.11, it may be quite hard to prove that a space is a manifold. Therefore,
it is handy to have alternate characterizations such as those given in the next Proposition:

Proposition 1.23 A subset, M C R"™* is an n-dimensional manifold iff either

(1) For every p € M, there is some open subset, U C R™* with p € U and a (smooth)
submersion, f,: U — RF, so that UN M = fzjl(O),
or

(2) For every p € M, there is some open subset, U C R"k with p € U and a (smooth)
map,
fp: U —R¥ so that f(q) is surjective for all
q € f,10) and UN M = f;1(0).

A proof of Proposition 1.23 can be found in Gallot, Hulin and Lafontaine [60] or Berger
and Gostiaux [17].

Remark: Lemma 1.21 and Proposition 1.23 are actually equivalent to Definition 1.11. This
equivalence is also proved in Gallot, Hulin and Lafontaine [60] and Berger and Gostiaux [17].
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For example, we can show again that the sphere
S"={z eR™" | ||z]; -1 =0}

is an n-dimensional manifold in R"+!. Indeed, the map f: R™! — R given by f(z) = ||z|3—1
is a submersion (for x # 0) since

n+1

df ()(y) =2 zayse-

n(n

We can also show that the rotation group, SO(n), is an T_l)—dimensional manifold in

2

R™.

Indeed, GLT(n) is an open subset of R” (recall, GL*(n) = {A € GL(n) | det(4) > 0})
and if f is defined by
f(A> = ATA - Ia

n(n+1)
2

where A € GL™(n), then f(A) is symmetric, so f(A) € S(n) =R

It is easy to show (using directional derivatives) that
df(A)(H)=A"H + HT A.

But then, df(A) is surjective for all A € SO(n), because if S is any symmetric matrix, we

see that
AS
df (A) <7> = 5.

As SO(n) = f71(0), we conclude that SO(n) is indeed a manifold.

A similar argument proves that O(n) is an @—dimensional manifold. Using the map,
f: GL(n) — R, given by A — det(A), we can prove that SL(n) is a manifold of dimension

n?—1.

Remark: We have df (A)(B) = det(A)tr(A™'B), for every A € GL(n).

Let us now review the definitions of a smooth curve in a manifold and the tangent vector
at a point of a curve.

Definition 1.12 Let M be an m-dimensional manifold in RY. A smooth curve v in M is
any function v: I — M where [ is an open interval in R and such that for every ¢ € I,
letting p = (), there is some parametrization ¢: 0 — U of M at p and some open interval
|t — €, t + €[ C I such that the curve ¢t o~y: |t — ¢, t + €[ — R™ is smooth.
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Figure 1.3: Tangent vector to a curve on a manifold

Using Lemma 1.22, it is easily shown that Definition 1.12 does not depend on the choice
of the parametrization ¢: Q — U at p.

Lemma 1.22 also implies that v viewed as a curve 7: I — RY is smooth. Then the
tangent vector to the curve v: I — RY at t, denoted by +/(t), is the value of the derivative
of v at t (a vector in RY) computed as usual:

V(t+h) ()

/ N
7(t) = lim

Given any point p € M, we will show that the set of tangent vectors to all smooth curves
in M through p is a vector space isomorphic to the vector space R™. The tangent vector at
p to a curve v on a manifold M is illustrated in Figure 1.3.

Given a smooth curve v: [ — M, for any ¢ € I, letting p = 7(t), since M is a manifold,
there is a parametrization p: Q0 — U such that ¢(0,,) = p € U and some open interval J C [
with ¢ € J and such that the function

o loy: J— R

is a smooth curve, since 7 is a smooth curve. Letting o = ¢! o7, the derivative o/(t) is
well-defined, and it is a vector in R™. But p o a: J — M is also a smooth curve, which
agrees with v on J, and by the chain rule,

V(1) = &' (0m)(@'(1)),

since a(t) = 0, (because ¢(0,,) = p and (t) = p). Observe that /() is a vector in RV,
Now, for every vector v € R™, the curve a.: J — R™ defined such that

afu) = (u—t)v
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for all u € J is clearly smooth, and o/(¢) = v. This shows that the set of tangent vectors at ¢
to all smooth curves (in R™) passing through 0,, is the entire vector space R™. Since every
smooth curve v: I — M agrees with a curve of the form ¢ o a: J — M for some smooth
curve a: J — R™ (with J C I) as explained above, and since it is assumed that ¢’(0,,) is
injective, ¢'(0,,) maps the vector space R™ injectively to the set of tangent vectors to «y at
p, as claimed. All this is summarized in the following definition.

Definition 1.13 Let M be an m-dimensional manifold in RY. For every point p € M, the
tangent space T,M at p is the set of all vectors in RY of the form +/(0), where v: I — M is
any smooth curve in M such that p = v(0). The set T, M is a vector space isomorphic to
R™. Every vector v € T,M is called a tangent vector to M at p.

We can now define Lie groups (postponing defining smooth maps).

Definition 1.14 A Lie group is a nonempty subset G of RY (N > 1) satisfying the following
conditions:

(a) G is a group.
(b) G is a manifold in RY.
(c) The group operation - : G x G — G and the inverse map ~': G — G are smooth.

(Smooth maps are defined in Definition 1.17). It is immediately verified that GL(n, R)
is a Lie group. Since all the Lie groups that we are considering are subgroups of GL(n,R),
the following definition is in order.

Definition 1.15 A linear Lie group is a subgroup G of GL(n,R) (for some n > 1) which
is a smooth manifold in R™".

Let M(n,R) denote the set of all real n x n matrices (invertible or not). If we recall that
the exponential map

exp: A — e

is well defined on M(n,R), we have the following crucial theorem due to Von Neumann and
Cartan.

Theorem 1.24 A closed subgroup G of GL(n,R) is a linear Lie group. Furthermore, the
set g defined such that

g={X eMn,R) | ¥ €G foraltcR}

15 a vector space equal to the tangent space TiG at the identity I, and g is closed under the

Lie bracket [—, —] defined such that [A, Bl = AB — BA for all A, B € M(n,R).



1.8. MANIFOLDS, LIE GROUPS AND LIE ALGEBRAS 25

Theorem 1.24 applies even when G is a discrete subgroup, but in this case, g is trivial
(i.e., g = {0}). For example, the set of nonnull reals R* = R — {0} = GL(1,R) is a Lie
group under multiplication, and the subgroup

H={2"|neZ}

is a discrete subgroup of R*. Thus, H is a Lie group. On the other hand, the set Q* = Q—{0}
of nonnull rational numbers is a multiplicative subgroup of R*, but it is not closed, since Q
is dense in R.

The proof of Theorem 1.24 involves proving that when G is not a discrete subgroup, there
is an open subset 2 C M(n,R) such that 0,,, € €2, an open subset W C M(n,R) such that
I € W, and that exp: 2 — W is a diffeomorphism such that

exp(2Ng) =WnNaG.

If G is closed and not discrete, we must have m > 1, and g has dimension m.

With the help of Theorem 1.24 it is now very easy to prove that SL(n), O(n), SO(n),
SL(n,C), U(n), and SU(n) are Lie groups. We can also prove that SE(n) is a Lie group as
follows. Recall that we can view every element of SE(n) as a real (n+ 1) x (n + 1) matrix

(0 %)

where R € SO(n) and U € R". In fact, such matrices belong to SL(n + 1). This embedding
of SE(n) into SL(n + 1) is a group homomorphism, since the group operation on SE(n)
corresponds to multiplication in SL(n + 1):

(7 )= D6E )

Note that the inverse is given by

R —-R'W\ (RT -RU
0 1 -\ 0 1 ‘
Also note that the embedding shows that as a manifold, SE(n) is diffeomorphic to SO(n) xR™

(given a manifold M; of dimension m; and a manifold M, of dimension msy, the product
M; x My can be given the structure of a manifold of dimension m; + ms in a natural way).
Thus, SE(n) is a Lie group with underlying manifold SO(n) x R”, and in fact, a subgroup
of SL(n + 1).

@ Even though SE(n) is diffeomorphic to SO(n) xR™ as a manifold, it is not isomorphic

to SO(n) x R™ as a group, because the group multiplication on SE(n) is not the
multiplication on SO(n) x R™. Instead, SE(n) is a semidirect product of SO(n) and R"; see
Gallier [58], Chapter 2, Problem 2.19).
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Returning to Theorem 1.24, the vector space g is called the Lie algebra of the Lie group
G. Lie algebras are defined as follows.

Definition 1.16 A (real) Lie algebra A is a real vector space together with a bilinear map
[-,-]: Ax A — A called the Lie bracket on A such that the following two identities hold for
all a,b,c € A:

[CL, CL] =0,

and the so-called Jacobi tdentity
[(I, [b7 CH + [C, [@7 b]] + [b’ [C’ a]] = 0.

It is immediately verified that [b, a] = —[a, b].

In view of Theorem 1.24, the vector space g = T;G associated with a Lie group G is
indeed a Lie algebra. Furthermore, the exponential map exp: g — G is well-defined. In
general, exp is neither injective nor surjective, as we observed earlier. Theorem 1.24 also
provides a kind of recipe for “computing” the Lie algebra g = T;G of a Lie group G. Indeed,
g is the tangent space to G at I, and thus we can use curves to compute tangent vectors.
Actually, for every X € T;G, the map

Yx t— eX

is a smooth curve in G, and it is easily shown that 74 (0) = X. Thus, we can use these curves.
As an illustration, we show that the Lie algebras of SL(n) and SO(n) are the matrices with
null trace and the skew symmetric matrices.

Let ¢ — R(t) be a smooth curve in SL(n) such that R(0) = I. We have det(R(t)) = 1
for all t €] — €, € [. Using the chain rule, we can compute the derivative of the function

t — det(R(t))

at t =0, and we get
det’(R'(0)) = 0.

It is an easy exercise to prove that
det’(X) = tr(X),

and thus tr(R'(0)) = 0, which says that the tangent vector X = R’(0) has null trace. Another
proof consists in observing that X € sl(n,R) iff

det(e'™) =1

for all + € R. Since det(e!) = "X for t = 1, we get tr(X) = 0, as claimed. Clearly,
sl(n,R) has dimension n? — 1.
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Let ¢ — R(t) be a smooth curve in SO(n) such that R(0) = I. Since each R(t) is
orthogonal, we have

RORM) =1
for all t €] — ¢, € [. Taking the derivative at ¢t = 0, we get

R(0)R(0)" + R(0O)R'(0)" =0,
but since R(0) = I = R(0)", we get
R(0)+R(0)" =0,

which says that the tangent vector X = R’'(0) is skew symmetric. Since the diagonal elements
of a skew symmetric matrix are null, the trace is automatically null, and the condition
det(R) = 1 yields nothing new. This shows that o(n) = so(n). It is easily shown that so(n)
has dimension n(n — 1)/2.

As a concrete example, the Lie algebra so(3) of SO(3) is the real vector space consisting
of all 3 x 3 real skew symmetric matrices. Every such matrix is of the form

0 —-d c
d 0 =b
—c b 0

where b,¢,d € R. The Lie bracket [A, B] in s0(3) is also given by the usual commutator,
[A, B] = AB — BA.

We can define an isomorphism of Lie algebras ¢: (R3, x) — s0(3) by the formula

0 —-d ¢
P(bye,dy=|d 0 —b
—c b 0

It is indeed easy to verify that

P(uxv) = [¢(u), Y(v)].

It is also easily verified that for any two vectors u = (b,c,d) and v = (V',,d') in R?
Y(u)(v) =u xv.

The exponential map exp: s0(3) — SO(3) is given by Rodrigues’s formula (see Lemma
1.7):
sin (1 —cosb)

e = cosO I3 + 7 A+ 7

B,
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or equivalently by

sin 0 (1 —cos®)

et =1 + A+ A?

0 62
if 6 # 0, where
0 —-d c
A=[d 0 -=b|,
—c b 0

0 =+vVb2+c2+d?2 B= A%+ 0%[;, and with e* = I5.

Using the above methods, it is easy to verify that the Lie algebras gl(n,R), sl(n,R),
o(n), and so(n), are respectively M(n,R), the set of matrices with null trace, and the set
of skew symmetric matrices (in the last two cases). A similar computation can be done for
gl(n,C), sl(n,C), u(n), and su(n), confirming the claims of Section 1.4. It is easy to show
that gl(n,C) has dimension 2n? sl(n,C) has dimension 2(n? — 1), u(n) has dimension n?
and su(n) has dimension n? — 1.

For example, the Lie algebra su(2) of SU(2) (or S?) is the real vector space consisting of
all 2 x 2 (complex) skew Hermitian matrices of null trace. Every such matrix is of the form

i(doy + cog + bos) = ( i et Zd) :

—c+1id —ib

where b, c,d € R, and o1, 09, 03 are the Pauli spin matrices

01 0 — 1 0
01:(1 0)7 JQZ(i 0)7 03:(0 _1)7

and thus the matrices ioy,i09,i03 form a basis of the Lie algebra su(2). The Lie bracket
[A, B] in su(2) is given by the usual commutator, [A, B] = AB — BA.

It is easily checked that the vector space R? is a Lie algebra if we define the Lie bracket
on R? as the usual cross product u x v of vectors. Then we can define an isomorphism of
Lie algebras o: (R3, x) — su(2) by the formula

o 1 b c+ud
(b, c,d) = §(d01—|—cag+bag) =3 (—c—l—id —ib >

It is indeed easy to verify that
p(uxv) = [p(u), p(v)].
Returning to su(2), letting 6 = v/b? + ¢ + d?, we can write

ClUl +CO’2+603 = (zcﬁ—d _Ziz— d) :HA,
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where

1 1 b —ic+d
A_g(dal+602+bg3)_§(ic+d b ),

so that A? = I, and it can be shown that the exponential map exp: su(2) — SU(2) is given
by
exp(ifA) = cosf 1+ isinf A.

In view of the isomorphism ¢: (R3, x) — su(2), where
1 ib c+id) .0
¢<b7 & d) - 5 (—C+Zd —ib ) - Z§A7

the exponential map can be viewed as a map exp: (R?, x) — SU(2) given by the formula
0 0
exp(fv) = [cos 2 sin 5 U:| ,

for every vector fv, where v is a unit vector in R and 6 € R. In this form, exp(6v) is a
quaternion corresponding to a rotation of axis v and angle 6.

As we showed, SE(n) is a Lie group, and its lie algebra se(n) described in Section 1.6 is
easily determined as the subalgebra of sl(n + 1) consisting of all matrices of the form

(0 )

where B € so(n) and U € R". Thus, se(n) has dimension n(n + 1)/2. The Lie bracket is

given by
B U\ (C VN (C V(B U\_ (BC-CB BV-CU
0 0 0 0 0 0 0o 0) 0 0 ’
We conclude by indicating the relationship between homomorphisms of Lie groups and ho-

momorphisms of Lie algebras. First, we need to explain what is meant by a smooth map
between manifolds.

Definition 1.17 Let M; (m;-dimensional) and M, (msy-dimensional) be manifolds in RY. A
function f: My — M, is smooth if for every p € M, there are parametrizations p: 2y — U
of My at p and ¢: Qo — Us of My at f(p) such that f(U;) C Us and

v o fop: Q) — R™

is smooth.
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Using Lemma 1.22 it is easily shown that Definition 1.17 does not depend on the choice
of the parametrizations ¢: 0 — Uy and 9: 2y — Us. A smooth map f between manifolds
is a smooth diffeomorphism if f is bijective and both f and f~! are smooth maps.

We now define the derivative of a smooth map between manifolds.

Definition 1.18 Let M; (m;-dimensional) and M, (my-dimensional) be manifolds in RY.
For any smooth function f: M; — My and any p € M, the function f;: Ty My — Ty Mo,
called the tangent map of f at p, or derivative of f at p, or differential of f at p, is defined
as follows: For every v € T,,M; and every smooth curve v: I — M such that (0) = p and
7(0) =,

fow) = (f 27)'(0).

The map f, is also denoted by df, or T),f. Doing a few calculations involving the facts
that

fo*y:(fogp)o(gp_lo'y) and 'y:gpo(gp_lo'y)

and using Lemma 1.22, it is not hard to show that f)(v) does not depend on the choice of
the curve 7. It is easily shown that f) is a linear map.

Finally, we define homomorphisms of Lie groups and Lie algebras and see how they are
related.

Definition 1.19 Given two Lie groups G and Gs, a homomorphism (or map) of Lie groups
is a function f: G; — G3 that is a homomorphism of groups and a smooth map (between
the manifolds G; and G5). Given two Lie algebras A; and Ay, a homomorphism (or map)
of Lie algebras is a function f: A; — A, that is a linear map between the vector spaces A;
and A, and that preserves Lie brackets, i.e.,

f([A, B]) = [f(A), f(B)]
for all A, B € A,.

An isomorphism of Lie groups is a bijective function f such that both f and f~! are
maps of Lie groups, and an isomorphism of Lie algebras is a bijective function f such that
both f and f~! are maps of Lie algebras. It is immediately verified that if f: G; — G is
a homomorphism of Lie groups, then f;: g1 — g2 is a homomorphism of Lie algebras. If
some additional assumptions are made about G and Gy (for example, connected, simply
connected), it can be shown that f is pretty much determined by f7.

Alert readers must have noticed that we only defined the Lie algebra of a linear group.
In the more general case, we can still define the Lie algebra g of a Lie group G as the tangent
space T7G at the identity I. The tangent space g = TG is a vector space, but we need to
define the Lie bracket. This can be done in several ways. We explain briefly how this can be
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done in terms of so-called adjoint representations. This has the advantage of not requiring
the definition of left-invariant vector fields, but it is still a little bizarre!

Given a Lie group G, for every a € G we define left translation as the map L,: G — G
such that L,(b) = ab for all b € G, and right translation as the map R,: G — G such that
R,(b) = ba for all b € G. The maps L, and R, are diffeomorphisms, and their derivatives
play an important role. The inner automorphisms R,-1 o L, (also written as R,-1L,) also
play an important role. Note that

Ry-1L,(b) = aba™.

The derivative
(Ra*ILa)II: g—4

of R,~1L, at I is an isomorphism of Lie algebras, denoted by Ad,: g — g. The map a — Ad,
is a map of Lie groups
Ad: G — GL(g),

called the adjoint representation of G (where GL(g) denotes the Lie group of all bijective
linear maps on g).

In the case of a linear group, one can verify that
Ad(a)(X) = Ad,(X) = aXa™*
for all @ € G and all X € g. The derivative

Ad}: g — gl(g)

of Ad at I is map of Lie algebras, denoted by ad: g — gl(g), called the adjoint representation
of g (where gl(g) denotes the Lie algebra of all linear maps on g).

In the case of a linear group, it can be verified that
ad(4)(B) = [4, B]

for all A, B € g. One can also check that the Jacobi identity on g is equivalent to the fact
that ad preserves Lie brackets, i.e., ad is a map of Lie algebras:

ad([A, B]) = [ad(A), ad(B)]

for all A, B € g (where on the right, the Lie bracket is the commutator of linear maps on g).
Thus, we recover the Lie bracket from ad.

This is the key to the definition of the Lie bracket in the case of a general Lie group (not
just a linear Lie group). We define the Lie bracket on g as

[A, B] = ad(A)(B).
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To be complete, we have to define the exponential map exp: g — G for a general Lie
group. For this we need to introduce some left-invariant vector fields induced by the deriva-
tives of the left translations, and integral curves associated with such vector fields. We will
do this in Chapter 5 but for this we will need a deeper study of manifolds (see Chapter 3).

Readers who wish to learn more about Lie groups and Lie algebras should consult (more
or less listed in order of difficulty) Curtis [38], Sattinger and Weaver [132], Hall [70] and
Marsden and Ratiu [102]. The excellent lecture notes by Carter, Segal, and Macdonald
[31] constitute a very efficient (although somewhat terse) introduction to Lie algebras and
Lie groups. Classics such as Weyl [149] and Chevalley [34] are definitely worth consulting,
although the presentation and the terminology may seem a bit old fashioned. For more
advanced texts, one may consult Abraham and Marsden [1], Warner [145], Sternberg [141],
Brocker and tom Dieck [25], and Knapp [89]. For those who read French, Mneimné and
Testard [110] is very clear and quite thorough, and uses very little differential geometry,
although it is more advanced than Curtis. Chapter 1, by Bryant, in Freed and Uhlenbeck
[26] is also worth reading, but the pace is fast.



Chapter 2

Review of Groups and Group Actions

2.1 Groups

Definition 2.1 A group is a set, GG, equipped with an operation, -: G x G — G, having the
following properties: - is associative, has an identity element, e € G, and every element in
G is invertible (w.r.t. -). More explicitly, this means that the following equations hold for
all a,b,c € G:

(Gl) a-(b-c)=(a-b)-c. (associativity);
(G2) a-e=e-a=a. (identity);
(G3) For every a € G, there is some a™! € G such that a-a™ ' =a"'-a=e (inverse).

A group G is abelian (or commutative) if
a-b=b-a
for all a,b € G.
A set M together with an operation -: M x M — M and an element e satisfying only

conditions (G1) and (G2) is called a monoid. For example, the set N = {0,1,...,n...} of
natural numbers is a (commutative) monoid. However, it is not a group.

Observe that a group (or a monoid) is never empty, since e € G.
Some examples of groups are given below:
Example 2.1

1. The set Z = {...,—n,...,—1,0,1,...,n...} of integers is a group under addition,
with identity element 0. However, Z* = Z — {0} is not a group under multiplication.

2. The set Q of rational numbers is a group under addition, with identity element 0. The
set Q* = Q — {0} is also a group under multiplication, with identity element 1.
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Similarly, the sets R of real numbers and C of complex numbers are groups under
addition (with identity element 0), and R* = R — {0} and C* = C — {0} are groups
under multiplication (with identity element 1).

. The sets R™ and C" of n-tuples of real or complex numbers are groups under compo-

nentwise addition:

(xlw'wxn) +(y1:"' 73/71) = (xl +ynv~"7xn+yn)7
with identity element (0,...,0). All these groups are abelian.

Given any nonempty set S, the set of bijections f: S — S, also called permutations
of S, is a group under function composition (i.e., the multiplication of f and ¢ is the
composition g o f), with identity element the identity function idg. This group is not
abelian as soon as S has more than two elements.

The set of n X n matrices with real (or complex) coefficients is a group under addition
of matrices, with identity element the null matrix. It is denoted by M,,(R) (or M,,(C)).

. The set R[X] of polynomials in one variable with real coefficients is a group under

addition of polynomials.

. The set of n x n invertible matrices with real (or complex) coefficients is a group under

matrix multiplication, with identity element the identity matrix I,. This group is
called the general linear group and is usually denoted by GL(n,R) (or GL(n, C)).

. The set of n x n invertible matrices with real (or complex) coefficients and determinant

+1 is a group under matrix multiplication, with identity element the identity matrix
I,,. This group is called the special linear group and is usually denoted by SL(n,R)
(or SL(n,C)).

The set of n x n invertible matrices with real coefficients such that RR' = I,, and
of determinant +1 is a group called the orthogonal group and is usually denoted by
SO(n) (where R' is the transpose of the matrix R, i.e., the rows of R" are the columns
of R). It corresponds to the rotations in R".

Given an open interval |a, b[, the set C(]a, b]) of continuous functions f: Ja,b[— R is a
group under the operation f + g defined such that

(f +9)(x) = fz) + g(z)

for all = €]a, b].

Given a group, G, for any two subsets R, S C G, we let

RS={r-s|reR,seS}.
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In particular, for any g € G, if R = {g}, we write
9S={g-s|seS}
and similarly, if S = {g}, we write

Rg={r-g|r € R}.
From now on, we will drop the multiplication sign and write g;g- for g; - go.

Definition 2.2 Given a group, G, a subset, H, of G is a subgroup of G ift
(1) The identity element, e, of G also belongs to H (e € H);
(2) For all hy, hy € H, we have hihy € H;

(3) For all h € H, we have h™! € H.

It is easily checked that a subset, H C G, is a subgroup of G iff H is nonempty and
whenever hy, hy € H, then hlhgl c H.

If H is a subgroup of G and g € G is any element, the sets of the form gH are called left
cosets of H in G and the sets of the form Hg are called right cosets of H in G. The left
cosets (resp. right cosets) of H induce an equivalence relation, ~, defined as follows: For all

91,92 € G,
g ~g it gH=gH

(vesp. g1 ~ g2 iff Hgy = Hgp).

Obviously, ~ is an equivalence relation. Now, it is easy to see that ¢1H = g.H iff
g5 "g1 € H, so the equivalence class of an element g € G is the coset gH (resp. Hg). The set
of left cosets of H in G (which, in general, is not a group) is denoted G/H. The “points”
of G/H are obtained by “collapsing” all the elements in a coset into a single element.

It is tempting to define a multiplication operation on left cosets (or right cosets) by
setting

(91 H)(92H) = (9192)H,

but this operation is not well defined in general, unless the subgroup H possesses a special
property. This property is typical of the kernels of group homomorphisms, so we are led to

Definition 2.3 Given any two groups, G,G’, a function ¢: G — G’ is a homomorphism iff

©(9192) = ©(91)p(g2), forall g1, 9, € G.
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Taking g; = g2 = e (in G), we see that

and taking g, = g and g, = g~!, we see that

elg™") =9

If o: G — G"and ¥: G' — G” are group homomorphisms, then ¢ o p: G — G” is also a
homomorphism. If p: G — G’ is a homomorphism of groups and H C G and H' C G’ are
two subgroups, then it is easily checked that

Im H=¢(H)={p(g) | g€ H} is a subgroup of G’
(Im H is called the image of H by ) and

o Y(H')={g9€ G| p(g) € H} isa subgroup of G.
In particular, when H' = {€’}, we obtain the kernel, Ker ¢, of ¢. Thus,

Ker p = {g € G| p(g) =¢'}.

It is immediately verified that ¢: G — G’ is injective iff Ker ¢ = {e}. (We also write
Ker ¢ = (0).) We say that ¢ is an isomorphism if there is a homomorphism, ¢: G' — G, so
that

wogozidg and gOOl/}:ide.

In this case, v is unique and it is denoted ¢~'. When ¢ is an isomorphism we say the
the groups G and G’ are isomorphic. When G' = G, a group isomorphism is called an
automorphism.

We claim that H = Ker ¢ satisfies the following property:
gH = Hg, forall g€ G. (%)
First, note that (x) is equivalent to
gHg ' =H, forallgeg,
and the above is equivalent to
gHg ' C H, forallgeg. (k)

This is because gHg~' C H implies H C g~ 'Hg, and this for all g € G. But,

e(ghg™) = w(9)e(h)p(g™") = w(g)e'vlg) ™ = w(g)elg) " = ¢,

forallh € H = Ker ¢ and all g € G. Thus, by definition of H = Ker ¢, we have gHg™! C H.
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Definition 2.4 For any group, GG, a subgroup, N C G, is a normal subgroup of G iff
gNg~' =N, forall g€q.

This is denoted by N <1 G.

If N is a normal subgroup of G, the equivalence relation induced by left cosets is the
same as the equivalence induced by right cosets. Furthermore, this equivalence relation, ~,
is a congruence, which means that: For all g1, g2, 9/, g5 € G,

(1) If N = g{N and goN = ¢, N, then g1goN = ¢} 95N, and
(2) If ¢ N = goN, then g;'N = g; ' N.

As a consequence, we can define a group structure on the set G/ ~ of equivalence classes
modulo ~, by setting

(91N)(92N) = (g192)N.
This group is denoted G/N. The equivalence class, gV, of an element g € G is also denoted
g. The map w: G — G/N, given by
m(9) =g =gN,
is clearly a group homomorphism called the canonical projection.

Given a homomorphism of groups, ¢: G — G', we easily check that the groups G/Ker ¢
and Im ¢ = (@) are isomorphic.

2.2 Group Actions and Homogeneous Spaces, I

If X is a set (usually, some kind of geometric space, for example, the sphere in R?, the upper
half-plane, etc.), the “symmetries” of X are often captured by the action of a group, G, on
X. In fact, if G is a Lie group and the action satisfies some simple properties, the set X
can be given a manifold structure which makes it a projection (quotient) of G, a so-called
“homogeneous space”.

Definition 2.5 Given a set, X, and a group, G, a left action of G on X (for short, an action
of G on X) is a function, ¢p: G x X — X, such that

(1) For all g,h € G and all x € X,
(9, 0(h,x)) = ¢(gh, ),

(2) Forall x € X,
90(17 $) =,
where 1 € G is the identity element of G.
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To alleviate the notation, we usually write g -  or even gx for (g, x), in which case, the
above axioms read:

(1) For all g,h € G and all x € X,

(2) Forall x € X,

The set X is called a (left) G-set. The action ¢ is faithful or effective iff for every g, if
g-z = x for all x € X, then g = 1; the action ¢ is transitive iff for any two elements
x,y € X, there is some g € GG so that gz =y.

Given an action, p: G x X — X, for every g € GG, we have a function, ¢,: X — X,
defined by
o () =g-x, forallzeX.

Observe that ¢, has -1 as inverse, since

g1 (pg(2)) = 0g1(g-2) =g - (g-2)=(g7'g) z=1 2 =0z,
and similarly, ¢4 0 ¢,-1 = id. Therefore, ¢, is a bijection of X, i.e., a permutation of X.
Moreover, we check immediately that
Pg © Ph = Pgh,

so, the map g — ¢, is a group homomorphism from G to &x, the group of permutations of
X. With a slight abuse of notation, this group homomorphism G — Gy is also denoted ¢.

Conversely, it is easy to see that any group homomorphism, ¢: G — S, yields a group
action, -: G x X — X, by setting
g-x=p(g)(x).

Observe that an action, ¢, is faithful iff the group homomorphism, ¢: G — Gy, is injective.
Also, we have g-x =y iff g1 -y = z, since (gh)-x =g-(h-x)and 1-z =z, forall g,h € G
and all z € X.

Definition 2.6 Given two G-sets, X and Y, a function, f: X — Y is said to be equivariant,
or a G-map iff for all x € X and all g € G, we have

flg-x)=g-[f(x).

Remark: We can also define a right action, -: X x G — X, of a group G on a set X, as a
map satisfying the conditions
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(1) For all g,h € G and all z € X,

(2) Forall x € X,

Every notion defined for left actions is also defined for right actions, in the obvious way.
Here are some examples of (left) group actions.
Example 1: The unit sphere S? (more generally, S*1).
Recall that for any n > 1, the (real) unit sphere, S*™1, is the set of points in R™ given by

St =L(2y, . x,) ERM |2 -+ 22 =1}

In particular, S? is the usual sphere in R3. Since the group SO(3) = SO(3,R) consists of
(orientation preserving) linear isometries, i.e., linear maps that are distance preserving (and
of determinant +1), and every linear map leaves the origin fixed, we see that any rotation
maps S? into itself.

@ Beware that this would be false if we considered the group of affine isometries, SE(3), of
E3. For example, a screw motion does not map S? into itself, even though it is distance
preserving, because the origin is translated.

Thus, we have an action, -: SO(3) x §% — S2, given by
R -z = Rx.

The verification that the above is indeed an action is trivial. This action is transitive.
This is because, for any two points x,y on the sphere S?, there is a rotation whose axis is
perpendicular to the plane containing x, y and the center, O, of the sphere (this plane is not
unique when x and y are antipodal, i.e., on a diameter) mapping x to y.

Similarly, for any n > 1, we get an action, -: SO(n) x S"! — S"~1 Tt is easy to show
that this action is transitive.
Analogously, we can define the (complex) unit sphere, X! as the set of points in C"
given by
ol — {(2’1,...,Zn) e C" | 2121+t 2pZpy = 1}

If we write z; = x; + iy;, with x;,y; € R, then
S =Ly, Ty Y1, n) ERT 22 b byt bR = 1)

Therefore, we can view the complex sphere, X"~ (in C"), as the real sphere, S**~! (in R?").
By analogy with the real case, we can define an action, -: SU(n) x X"t — Y771 of the
group, SU(n), of linear maps of C™ preserving the hermitian inner product (and the origin,
as all linear maps do) and this action is transitive.
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@ One should not confuse the unit sphere, ¥"~!, with the hypersurface, S¢ ', given by
Set={(21,..,20) EC" | 27 + -+ 22 =1},

For instance, one should check that a line, L, through the origin intersects ¥"~! in a circle,
whereas it intersects S¢™' in exactly two points!

Example 2: The upper half-plane.

The upper half-plane, H, is the open subset of R? consisting of all points, (z,y) € R?,
with y > 0. It is convenient to identify H with the set of complex numbers, z € C, such
that Sz > 0. Then, we can define an action, -: SL(2,R) x H — H, of the group SL(2,R)
on H, as follows: For any z € H, for any A € SL(2,R),

az+b
cz+d’

1= (e )

with ad — bc = 1. It is easily verified that A - z is indeed always well defined and in H when
z € H. This action is transitive (check this).

cz =

where

Maps of the form
az+b
N

cz+d
where z € C and ad — bc = 1, are called Mobius transformations. Here, a,b,c,d € R, but in
general, we allow a,b,c,d € C. Actually, these transformations are not necessarily defined
everywhere on C, for example, for z = —d/c if ¢ # 0. To fix this problem, we add a “point
at infinity”, oo, to C and define Mébius transformations as functions CU{oc0} — CU{oc0}.
If ¢ = 0, the Mobius transformation sends oo to itself, otherwise, —d/c +— oo and oo — a/c.
The space CU {0} can be viewed as the plane, R?, extended with a point at infinity. Using
a stereographic projection from the sphere S? to the plane, (say from the north pole to the
equatorial plane), we see that there is a bijection between the sphere, S?, and CU{oco}. More
precisely, the stereographic projection of the sphere S? from the north pole, N = (0,0, 1), to
the plane z = 0 (extended with the point at infinity, co) is given by
o) =T win 001

(6,9,2) € 8 — {(0,0,1)} (

The inverse stereographic projection is given by

2x 2y 2?2 +y? -1
2?2+ + 12+ + 1 224+ y? 41

(x,y)l—>( ) with o0+ (0,0, 1).

Intuitively, the inverse stereographic projection “wraps” the equatorial plane around the
sphere. The space C U {oo} is known as the Riemann sphere. We will see shortly that
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C U {oo0} = S? is also the complex projective line, CP'. In summary, Mobius transforma-
tions are bijections of the Riemann sphere. It is easy to check that these transformations
form a group under composition for all a,b,c,d € C, with ad — bc = 1. This is the Mobius
group, denoted Moéb™. The Mébius transformations corresponding to the case a, b, c,d € R,
with ad — be = 1 form a subgroup of Méb" denoted Moby;. The map from SL(2,C) to
Mob ™' that sends A € SL(2,C) to the corresponding Mébius transformation is a surjec-
tive group homomorphism and one checks easily that its kernel is {—1, I} (where [ is the
2 x 2 identity matrix). Therefore, the M&bius group Mob™ is isomorphic to the quotient
group SL(2,C)/{—1I, I}, denoted PSL(2,C). This latter group turns out to be the group of
projective transformations of the projective space CP'. The same reasoning shows that the
subgroup Méby; is isomorphic to SL(2,R)/{—1I, I}, denoted PSL(2, R).

The group SL(2,C) acts on C U {oo} = S? the same way that SL(2,R) acts on H,
namely: For any A € SL(2,C), for any z € CU {o0},

az+b

=
cz+d’

where
A= (a b) with ad — be = 1.
c d

This action is clearly transitive.

One may recall from complex analysis that the (complex) Mobius transformation

Z—1
Z+1

Z

is a biholomorphic isomorphism between the upper half plane, H, and the open unit disk,
D={2eC||z| <1}.

As a consequence, it is possible to define a transitive action of SL(2,R) on D. This can be
done in a more direct fashion, using a group isomorphic to SL(2,R), namely, SU(1,1) (a
group of complex matrices), but we don’t want to do this right now.

Example 3: The set of n X n symmetric, positive, definite matrices, SPD(n).

The group GL(n) = GL(n,R) acts on SPD(n) as follows: For all A € GL(n) and all
S € SPD(n),
A-S=ASAT.

It is easily checked that ASAT is in SPD(n) if S is in SPD(n). This action is transitive
because every SPD matrix, S, can be written as S = AAT, for some invertible matrix, A
(prove this as an exercise).

Example 4: The projective spaces RP" and CP".
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The (real) projective space, RP", is the set of all lines through the origin in R"™! i.e., the
set of one-dimensional subspaces of R"™! (where n > 0). Since a one-dimensional subspace,
L C R™ isspanned by any nonzero vector, u € L, we can view RP" as the set of equivalence
classes of nonzero vectors in R"™ — {0} modulo the equivalence relation,

u~v iff v=2>Au, forsome &R, \#O0.

In terms of this definition, there is a projection, pr: (R"*' — {0}) — RP", given by pr(u) =
[u]~, the equivalence class of uw modulo ~. Write [u] for the line defined by the nonzero
vector, u. Since every line, L, in R"*! intersects the sphere S™ in two antipodal points, we
can view RP" as the quotient of the sphere S™ by identification of antipodal points. We
write

S"/{I,—1} = RP"™.

We define an action of SO(n + 1) on RP" as follows: For any line, L = [u], for any
R eSO(n+1),
R-L=[Rul.

Since R is linear, the line [Ru] is well defined, i.e., does not depend on the choice of u € L.
It is clear that this action is transitive.

The (complex) projective space, CP", is defined analogously as the set of all lines through
the origin in C"™!, i.e., the set of one-dimensional subspaces of C"™! (where n > 0). This
time, we can view CP" as the set of equivalence classes of vectors in C"™ — {0} modulo the
equivalence relation,

u~wv iff v=2Au, forsome X\ #0¢€C.

We have the projection, pr: C"*1 — {0} — CP", given by pr(u) = [u]~, the equivalence class
of u modulo ~. Again, write [u] for the line defined by the nonzero vector, w.

Remark: Algebraic geometers write Pg for RP" and P¢ (or even P") for CP".
Recall that X® C C**!, the unit sphere in C*!, is defined by

¥t = {(21, e »Zn+1) eCt! | 2121+ F Zng1Zn41 = 1}-

For any line, L = [u], where u € C"*! is a nonzero vector, writing u = (uy, ..., Up+1), a point
z € C"*! belongs to L iff z = A(uy,. .., Uys1), for some A € C. Therefore, the intersection,
LN X" of the line L and the sphere %" is given by

LY = {Aut, . tpi1) € CH N EC, A (uglty + -+ + Up1TUnir) = 1},

ie.,

1
LOEHZ{)\(Uh--wUﬂH)Ecn+1 SR e IQ}‘
1 DY n+1
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Thus, we see that there is a bijection between L N X" and the circle, S!, i.e., geometrically,
LN X" is a circle. Moreover, since any line, L, through the origin is determined by just one
other point, we see that for any two lines L; and L, through the origin,

However, X" is the sphere S?"*! in R?"*2, Tt follows that CP" is the quotient of S***! by
the equivalence relation, ~, defined such that

y~z ift y,ze€e LNX" for some line, L, through the origin.

Therefore, we can write

52n+1/51 ~ C]P;n

Observe that CP" can also be viewed as the orbit space of the action, -: St x §?n+l — §2n+l
given by
A(21,oy Zne1) = (Az1, 00y AZngt),

where S* = U(1) (the group of complex numbers of modulus 1) and S***! is identified with
>". The case n = 1 is particularly interesting, as it turns out that

S8/t = 52,
This is the famous Hopf fibration. To show this, proceed as follows: As
S =T ={(z,2) €C*||o]* + || =1},
define a map, HF: S3 — S?, by
HF((z,2) = (222, |2|* — [']").
We leave as a homework exercise to prove that this map has range S? and that
HF((21,27)) = HF ((22, 25)) iff  (21,2]) = (22, 23), for some X\ with |\ = 1.

In other words, for any point, p € S2?, the inverse image, HF!(p) (also called fibre over
p), is a circle on S3. Consequently, S* can be viewed as the union of a family of disjoint
circles. This is the Hopf fibration. It is possible to visualize the Hopf fibration using the
stereographic projection from S® onto R3. This is a beautiful and puzzling picture. For
example, see Berger [15]. Therefore, HF induces a bijection from CP' to S2, and it is a
homeomorphism.

We define an action of SU(n + 1) on CP" as follows: For any line, L = [u], for any
ReSU(n+1),
R-L=[Ru.

Again, this action is well defined and it is transitive.
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Example 5: Affine spaces.

If E is any (real) vector space and X is any set, a transitive and faithful action,
-+ Ex X — X, of the additive group of £ on X makes X into an affine space. The intuition
is that the members of F are translations.

Those familiar with affine spaces as in Gallier [58] (Chapter 2) or Berger [15] will point
out that if X is an affine space, then, not only is the action of ¥ on X transitive, but more
is true: For any two points, a,b € E, there is a unique vector, v € FE, such that v -a = b.
By the way, the action of £ on X is usually considered to be a right action and is written
additively, so u - a is written a + u (the result of translating a by u). Thus, it would seem
that we have to require more of our action. However, this is not necessary because E (under
addition) is abelian. More precisely, we have the proposition

Proposition 2.1 If G is an abelian group acting on a set X and the action -: G x X — X
s transitive and faithful, then for any two elements x,y € X, there is a unique g € G so
that g - x =y (the action is simply transitive).

Proof. Since our action is transitive, there is at least some g € G so that g -z = y. Assume
that we have ¢1, go € G with

g1 =g2-T=1Y.
We shall prove that, actually,

g1 z2=g¢gg-2z, forall zeX.

As our action is faithful we must have g; = g9, and this proves our proposition.

Pick any z € X. As our action is transitive, there is some h € G so that z = h-z. Then,
we have

g1-z = g1 (h-x)
= (hg) - x (since G is abelian)
(g2 - ) (since ¢1-x =gy 1)

-
ggh; - x (since G is abelian)
= g2 (h-x)
= 92z
Therefore, g, - z = g9 - 2, for all z € X, as claimed. [J
More examples will be considered later.

The subset of group elements that leave some given element z € X fixed plays an impor-
tant role.
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Definition 2.7 Given an action, -: G x X — X, of a group GG on a set X, for any x € X,
the group G, (also denoted Stabg(z)), called the stabilizer of x or isotropy group at x is
given by

G,={9€G|g-z=u}

We have to verify that GG, is indeed a subgroup of GG, but this is easy. Indeed, if -z ==
and h - x = x, then we also have h™! -z = z and so, we get gh™! - x = z, proving that G, is
a subgroup of G. In general, G, is not a normal subgroup.

Observe that
Gg~x = ngg_17

for all g € G and all x € X.
Indeed,
Ggo = {heG|h-(g-2)=g- =}
= {heGlhg-x=g- -z}
= {heG|lgthg -z =2
9Gag™".

Therefore, the stabilizers of z and ¢ - x are conjugate of each other.

When the action of G on X is transitive, for any fixed z € G, the set X is a quotient (as
set, not as group) of G by G,. Indeed, we can define the map, 7,: G — X, by

m(g) =g-z, forall ged.
Observe that
This shows that 7,: G — X induces a quotient map, 7,: G/G, — X, from the set, G/G,,
of (left) cosets of G, to X, defined by
T (9Gy) = g - .

Since

Te(g) =m(h) iff g-z=h-x iff glh-x=2 iff ¢g'heqG, iff ¢G,=hG,,

we deduce that 7, G/G, — X is injective. However, since our action is transitive, for every
y € X, there is some g € G so that g-x =y and so, T,(9G,) = g- = =y, i.e., the map 7, is
also surjective. Therefore, the map 7,: G/G, — X is a bijection (of sets, not groups). The
map 7, : G — X is also surjective. Let us record this important fact as



®
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Proposition 2.2 [f-: G x X — X is a transitive action of a group G on a set X, for every
fixed x € X, the surjection, m: G — X, given by

induces a bijection

where G is the stabilizer of x.

The map 7: G — X (corresponding to a fixed x € X) is sometimes called a projection
of G onto X. Proposition 2.2 shows that for every y € X, the subset, 771(y), of G (called
the fibre above y) is equal to some coset, gG, of G and thus, is in bijection with the group
G, itself. We can think of G' as a moving family of fibres, G, parametrized by X. This
point of view of viewing a space as a moving family of simpler spaces is typical in (algebraic)
geometry, and underlies the notion of (principal) fibre bundle.

Note that if the action -: G x X — X is transitive, then the stabilizers G, and G, of any
two elements z,y € X are isomorphic, as they as conjugates. Thus, in this case, it is enough
to compute one of these stabilizers for a “convenient” .

As the situation of Proposition 2.2 is of particular interest, we make the following defi-
nition:

Definition 2.8 A set, X, is said to be a homogeneous space if there is a transitive action,
- G x X — X, of some group, G, on X.

We see that all the spaces of Example 1-5 are homogeneous spaces. Another example
that will play an important role when we deal with Lie groups is the situation where we have
a group, G, a subgroup, H, of G (not necessarily normal) and where X = G/H, the set of
left cosets of G modulo H. The group G acts on G/H by left multiplication:

a-(gH) = (ag)H,

where a,g € G. This action is clearly transitive and one checks that the stabilizer of gH
is gHg™'. If G is a topological group and H is a closed subgroup of G (see later for an
explanation), it turns out that G/H is Hausdorff (Recall that a topological space, X, is
Hausdorff iff for any two distinct points x # y € X, there exists two disjoint open subsets,
Uand V, with z € U and y € V) If G is a Lie group, we obtain a manifold.

Even if G and X are topological spaces and the action, -: G x X — X, is continuous,
the space G/G, under the quotient topology is, in general, not homeomorphic to X.
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We will give later sufficient conditions that insure that X is indeed a topological space
or even a manifold. In particular, X will be a manifold when G is a Lie group.

In general, an action -: G x X — X is not transitive on X, but for every x € X, it is
transitive on the set

Ox)=G-z={g-z|geG}
Such a set is called the orbit of x. The orbits are the equivalence classes of the following

equivalence relation:

Definition 2.9 Given an action, -: G x X — X, of some group, GG, on X, the equivalence
relation, ~, on X is defined so that, for all z,y € X,

x~y iff y=g-x, forsomegeQqG.
For every x € X, the equivalence class of z is the orbit of x, denoted O(z) or Orbg(x), with
O(x) ={g-z|geG}

The set of orbits is denoted X/G.

The orbit space, X/G, is obtained from X by an identification (or merging) process: For
every orbit, all points in that orbit are merged into a single point. For example, if X = S?
and G is the group consisting of the restrictions of the two linear maps I and —I of R?® to
S? (where —I(x,y,2) = (—x, —y, —z)), then

X/G = S?/{I,—1} = RP?

Many manifolds can be obtained in this fashion, including the torus, the Klein bottle, the
Mobius band, etc.

Since the action of G is transitive on O(z), by Proposition 2.2, we see that for every
xr € X, we have a bijection

O(r) 2 G/dG,.

As a corollary, if both X and G are finite, for any set, A C X, of representatives from
every orbit, we have the orbit formula:

X =) [G: G.] =) |GI/|G.l.

acA acA

Even if a group action, -: G x X — X is not transitive, when X is a manifold, we can
consider the set of orbits, X/G, and if the action of G on X satisfies certain conditions,
X/G is actually a manifold. Manifolds arising in this fashion are often called orbifolds. In
summary, we see that manifolds arise in at least two ways from a group action:
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(1) As homogeneous spaces, G/G,, if the action is transitive.

(2) As orbifolds, X/G.

Of course, in both cases, the action must satisfy some additional properties.

Let us now determine some stabilizers for the actions of Examples 1-4, and for more
examples of homogeneous spaces.

(a) Consider the action, -: SO(n) x S"! — S~ of SO(n) on the sphere S"! (n > 1)
defined in Example 1. Since this action is transitive, we can determine the stabilizer of any
convenient element of S"™! say e; = (1,0,...,0). In order for any R € SO(n) to leave e;
fixed, the first column of R must be e, so R is an orthogonal matrix of the form

1 U .
R= (0 S)’ with  det(S) = 1.

As the rows of R must be unit vector, we see that U = 0 and S € SO(n — 1). Therefore,
the stabilizer of e; is isomorphic to SO(n — 1), and we deduce the bijection

SO(n)/SO(n — 1) = S" 1,

@ Strictly speaking, SO(n — 1) is not a subgroup of SO(n) and in all rigor, we should
consider the subgroup, SO(n — 1), of SO(n) consisting of all matrices of the form

(é g) with  det(S) = 1

and write

SO(n)/SO(n —1) = 5",
However, it is common practice to identify SO(n — 1) with /S\O/(n —1).

When n = 2, as SO(1) = {1}, we find that SO(2) = S, a circle, a fact that we already
knew. When n = 3, we find that SO(3)/SO(2) = S?%. This says that SO(3) is somehow the
result of glueing circles to the surface of a sphere (in R?), in such a way that these circles do
not intersect. This is hard to visualize!

A similar argument for the complex unit sphere, "', shows that
SU(n)/SU(n — 1) 2yt =2 g2t

Again, we identify SU(n — 1) with a subgroup of SU(n), as in the real case. In particular,
when n = 2, as SU(1) = {1}, we find that

SU(2) = 5,

i.e., the group SU(2) is topologically the sphere S3! Actually, this is not surprising if we
remember that SU(2) is in fact the group of unit quaternions.
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(b) We saw in Example 2 that the action, -: SL(2,R) x H — H, of the group SL(2,R)
on the upper half plane is transitive. Let us find out what the stabilizer of z = ¢ is. We
should have

ar+b .
= Z,
ci+d
that is, ai + b = —c+ di, i.e.,
(d—a)i=0b+ec.
Since a, b, ¢, d are real, we must have d = a and b = —c. Moreover, ad — bc = 1, so we get

a’ +b*> = 1. We conclude that a matrix in SL(2,R) fixes 7 iff it is of the form

(a _b), with a®+b% = 1.
b a

Clearly, these are the rotation matrices in SO(2) and so, the stabilizer of i is SO(2). We
conclude that

SL(2,R)/SO(2) = H.

This time, we can view SL(2,R) as the result of glueing circles to the upper half plane. This
is not so easy to visualize. There is a better way to visualize the topology of SL(2,R) by
making it act on the open disk, D. We will return to this action in a little while.

Now, consider the action of SL(2,C) on CU {oco} = S?. As it is transitive, let us find
the stabilizer of z = 0. We must have

and as ad —bc = 1, we must have b = 0 and ad = 1. Thus, the stabilizer of 0 is the subgroup,
SL(2,C)y, of SL(2,C) consisting of all matrices of the form

(CCL aOl) , where a€C—-{0} and ceC.

We get
SL(2,C)/SL(2,C)y = CU {cc} = S%

but this is not very illuminating.

(c¢) In Example 3, we considered the action, -: GL(n) x SPD(n) — SPD(n), of GL(n)
on SPD(n), the set of symmetric positive definite matrices. As this action is transitive, let
us find the stabilizer of /. For any A € GL(n), the matrix A stabilizes I iff

ATAT = AAT = 1.
Therefore, the stabilizer of I is O(n) and we find that

GL(n)/O(n) = SPD(n).
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Observe that if GL"(n) denotes the subgroup of GL(n) consisting of all matrices with
a strictly positive determinant, then we have an action -: GL™(n) x SPD(n) — SPD(n) of
GL"(n) on SPD(n). This action is transtive and we find that the stabilizer of I is SO(n);
consequently, we get
GL"(n)/SO(n) = SPD(n).

(d) In Example 4, we considered the action, -: SO(n + 1) x RP" — RP", of SO(n + 1)
on the (real) projective space, RP". As this action is transitive, let us find the stabilizer of
the line, L = [ey], where e; = (1,0,...,0). For any R € SO(n + 1), the line L is fixed iff
either R(ej) = ey or R(e1) = —ey, since e; and —e; define the same line. As R is orthogonal
with det(R) = 1, this means that R is of the form

R—(g g), with a==+1 and det(5) = a.

But, S must be orthogonal, so we conclude S € O(n). Therefore, the stabilizer of L = [e;]
is isomorphic to the group O(n) and we find that

SO(n +1)/0(n) = RP™.

g% Strictly speaking, O(n) is not a subgroup of SO(n + 1), so the above equation does not
make sense. We should write

SO(n +1)/0(n) = RP",

where O(n) is the subgroup of SO(n + 1) consisting of all matrices of the form

(((); g) , with S€O0(n), a==+x1 and det(S) = a.

However, the common practice is to write O(n) instead of O(n).

We should mention that RP? and SO(3) are homeomorphic spaces. This is shown using
the quaternions, for example, see Gallier [58], Chapter 8.
A similar argument applies to the action, -: SU(n + 1) x CP" — CP", of SU(n + 1) on
the (complex) projective space, CP". We find that
SU(n+1)/U(n) = CP".

Again, the above is a bit sloppy as U(n) is not a subgroup of SU(n + 1). To be rigorous,
we should use the subgroup, U(n), consisting of all matrices of the form

(‘5‘ g) with SeUm), [a| =1 and det(S) = a.
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The common practice is to write U(n) instead of U(n). In particular, when n = 1, we find
that
SU(2)/U(1) = CP".

But, we know that SU(2) 2 S% and, clearly, U(1) = S'. So, again, we find that S°/S* = CP"
(but we know, more, namely, S%/S* = §% =~ CP'))

(e) We now consider a generalization of projective spaces (real and complex). First,
consider the real case. Given any n > 1, for any k, with 0 < k& < n, let G(k,n) be the
set of all linear k-dimensional subspaces of R" (also called k-planes). Any k-dimensional
subspace, U, of R is spanned by k linearly independent vectors, uq,...,ug, in R"; write
U = span(ug, ..., u;). We can define an action, -: O(n) x G(k,n) — G(k,n), as follows: For
any R € O(n), for any U = span(uy, ..., u), let

R-U = span(Ruy,. .., Ruy).

We have to check that the above is well defined. If U = span(vy,...,v;) for any other k
linearly independent vectors, vy, ..., vs, we have

Ui:Za,-juj, 1§Z§k,
j=1
for some a;; € R, and so,
k
RU,‘ = Zainuj, 1< < ]{?,
j=1
which shows that
span(Ruy, . .., Rug) = span(Ruvq, . .., Rug),

i.e., the above action is well defined. This action is transitive. This is because if U and V are
any two k-planes, we may assume that U = span(uy, ..., ux) and V = span(vy, ..., vg), where
the u;’s form an orthonormal family and similarly for the v;’s. Then, we can extend these
families to orthonormal bases (uy, ..., u,) and (vy,...,v,) or R” and w.r.t. the orthonormal
basis (ug,...,u,), the matrix of the linear map sending w; to v; is orthogonal. Thus, it is
enough to find the stabilizer of any k-plane. Pick U = span(ey, ..., ex), where (e,...,€,)
is the canonical basis of R" (i.e., ¢; = (0,...,0,1,0,...,0), with the 1 in the ith position).
Now, any R € O(n) stabilizes U iff R maps ey, ..., e, to k linearly independent vectors in
the subspace U = span(ey, ..., ex), i.e., R is of the form

S 0
= 7)

where S is k x k and T is (n — k) x (n — k). Moreover, as R is orthogonal, S and 7" must
be orthogonal, i.e., S € O(k) and T' € O(n — k). We deduce that the stabilizer of U is
isomorphic to O(k) x O(n — k) and we find that

0(n)/(O(k) x O(n — k)) = G(k,n).
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It turns out that this makes G(k,n) into a smooth manifold of dimension k(n — k) called a
Grassmannian.

The restriction of the action of O(n) on G(k,n) to SO(n) yields an action, -: SO(n) x
G(k,n) — G(k,n), of SO(n) on G(k,n). Then, it is easy to see that the stabilizer of the
subspace U is isomorphic to the subgroup, S(O(k) x O(n — k)), of SO(n) consisting of the

rotations of the form
o S 0
~\0 T)°

with S € O(k), T' € O(n — k) and det(S)det(T") = 1. Thus, we also have

SO(n)/S(O(k) x O(n — k)) = Gk, n).

If we recall the projection pr: R*"™! — {0} — RP", by definition, a k-plane in RP" is the
image under pr of any (k + 1)-plane in R"™!. So, for example, a line in RP" is the image
of a 2-plane in R"™!, and a hyperplane in RP" is the image of a hyperplane in R"*!. The
advantage of this point of view is that the k-planes in RP" are arbitrary, i.e., they do not
have to go through “the origin” (which does not make sense, anyway!). Then, we see that
we can interpret the Grassmannian, G(k + 1,n + 1), as a space of “parameters” for the
k-planes in RP". For example, G(2,n + 1) parametrizes the lines in RP". In this viewpoint,
G(k + 1,n+ 1) is usually denoted G(k,n).

It can be proved (using some exterior algebra) that G(k,n) can be embedded in RP(:) -1,
Much more is true. For example, G(k,n) is a projective variety, which means that it can be

defined as a subset of RP(+)~! equal to the zero locus of a set of homogeneous equations.
There is even a set of quadratic equations, known as the Plicker equations, defining G(k,n).
In particular, when n = 4 and k = 2, we have G(2,4) C RP° and G(2,4) is defined by
a single equation of degree 2. The Grassmannian G(2,4) = G(1, 3) is known as the Klein
quadric. This hypersurface in RP° parametrizes the lines in RP?.

Complex Grassmannians are defined in a similar way, by replacing R by C and O(n) by
U(n) throughout. The complex Grassmannian, G¢(k,n), is a complex manifold as well as a
real manifold and we have

U(n)/(U(k) x U(n —k)) = Ge(k,n).

As in the case of the real Grassmannians, the action of U(n) on G¢(k,n) yields an action of
SU(n) on Ge(k,n) and we get

SU(n)/S(U(k) x U(n — k)) = Ge(k, n),

where S(U(k) x U(n — k)) is the subgroup of SU(n) consisting of all matrices, R € SU(n),

of the form
S 0
n=(5 1)
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with S € U(k), T € U(n — k) and det(S) det(T) = 1.

We now return to case (b) to give a better picture of SL(2, R). Instead of having SL(2, R)
act on the upper half plane we define an action of SL(2,R) on the open unit disk, D.
Technically, it is easier to consider the group, SU(1, 1), which is isomorphic to SL(2, R), and
to make SU(1,1) act on D. The group SU(1,1) is the group of 2 x 2 complex matrices of

the form
Gl),WMW—%:L

b a
The reader should check that if we let
1 —
9:(1i)’
then the map from SL(2,R) to SU(1, 1) given by
A gAg™!

is an isomorphism. Observe that the Mobius transformation associated with g is

Z—1
241’

Z

which is the holomorphic isomorphism mapping H to D mentionned earlier! Now, we can
define a bijection between SU(1,1) and S x D given by

a b

(5 1) (@/lal /o

We conclude that SL(2,R) = SU(1,1) is topologically an open solid torus (i.e., with the
surface of the torus removed). It is possible to further classify the elements of SL(2,R) into
three categories and to have geometric interpretations of these as certain regions of the torus.

For details, the reader should consult Carter, Segal and Macdonald [31] or Duistermatt and
Kolk [53] (Chapter 1, Section 1.2).

The group SU(1, 1) acts on D by interpreting any matrix in SU(1,1) as a Mébius tran-

formation, i.e.,
<a b) ( az + b>
- =z~ = .
b a bz +a

The reader should check that these transformations preserve D. Both the upper half-plane
and the open disk are models of Lobachevsky’s non-Euclidean geometry (where the parallel
postulate fails). They are also models of hyperbolic spaces (Riemannian manifolds with
constant negative curvature, see Gallot, Hulin and Lafontaine [60], Chapter III). According
to Dubrovin, Fomenko, and Novikov [51] (Chapter 2, Section 13.2), the open disk model is
due to Poincaré and the upper half-plane model to Klein, although Poincaré was the first to
realize that the upper half-plane is a hyperbolic space.
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2.3 The Lorentz Groups O(n, 1), SO(n, 1) and SOy(n,1)

The Lorentz group provides another interesting example. Moreover, the Lorentz group
SO(3,1) shows up in an interesting way in computer vision.

Denote the p x p-identity matrix by I, for p,q, > 1, and define

I 0
Ip?q B (6) _LJ) '

If n = p+ ¢, the matrix I, ; is associated with the nondegenerate symmetric bilinear form

D n
Cpg((@1, - @), (Y1, yn)) = szyz - Z L5Yj
1=1

J=p+1

with associated quadratic form

p n
q)qu((xlv"'axn»:Zm?_ Z .I'JQ
=1

J=p+1
In particular, when p = 1 and ¢ = 3, we have the Lorentz metric

2 2 2 2

In physics, z; is interpreted as time and written ¢ and x5, 3, 24 as coordinates in R3 and
written x,y, z. Thus, the Lozentz metric is usually written a

2 g g? 22

although it also appears as
I )

which is equivalent but slightly less convenient for certain purposes, as we will see later. The
space R* with the Lorentz metric is called Minkowski space. It plays an important role in
Einstein’s theory of special relativity.

The group O(p, q) is the set of all n x n-matrices
O(p,q) ={A € GL(n,R) | A", , A=1,,}.

This is the group of all invertible linear maps of R™ that preserve the quadratic form, @, ,,
i.e., the group of isometries of ®,,. Clearly, I]f’q = I, so the condition ATI,,A = I,, is
equivalent to I, ,A" I, ,A = I, which means that

At=1,,ATL,
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Thus, Al,,A" = I,,, also holds, which shows that O(p, ) is closed under transposition (i.e.,
if A€ O(p,q), then AT € O(p,q)). We have the subgroup

SO(p,q) = {A € O(p,q) | det(A) =1}

consisting of the isometries of (R™, ®,,) with determinant +1. It is clear that SO(p,q) is
also closed under transposition. The condition A" I, ;A = I, , has an interpretation in terms
of the inner product ¢, , and the columns (and rows) of A. Indeed, if we denote the jth
column of A by A;, then

AL A = (ppg( A, Aj)),

so A € O(p, q) iff the columns of A form an “orthonormal basis” w.r.t. ¢, ,, i.e.,

oy 1< <p;
palAis A;) = {—@j ifp+1<ij<p+q

The difference with the usual orthogonal matrices is that ¢, ,(A;, 4;) = —1, if
p+1<i<p+gq As O(p,q) is closed under transposition, the rows of A also form an
orthonormal basis w.r.t. ¢, ,.

It turns out that SO(p, ¢) has two connected components and the component containing
the identity is a subgroup of SO(p, ¢) denoted SOq(p, ¢). The group SOy(p, q) turns out to
be homeomorphic to SO(p) x SO(gq) x RP?, but this is not easy to prove. (One way to prove
it is to use results on pseudo-algebraic subgroups of GL(n,C), see Knapp [89] or Gallier’s
notes on Clifford algebras (on the web)).

We will now determine the polar decomposition and the SVD decomposition of matrices
in the Lorentz groups O(n,1) and SO(n,1). Write J = I, and, given any A € O(n,1),

write
B u
= (1),

where B is an n X n matrix, u,v are (column) vectors in R™ and ¢ € R. We begin with the
polar decomposition of matrices in the Lorentz groups O(n, 1).

Proposition 2.3 Every matriz A € O(n, 1) has a polar decomposition of the form

S UL R (A

v c v c
where Q € O(n) and ¢ =/ ||v|* + 1.

Proof. Write A in block form as above. As the condition for A to be in O(n,1)is AT JA = J,

we get
BT w B u\ (I, O
u' )]\ =" —¢) " \0 -1/
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ie,.

If we remember that we also have AJA" = J, then

Bv = cu,

which can also be deduced from the three equations above. From u'u = |ju|® = ¢ — 1, we
deduce that |c| > 1, and from B'B = I + vv', we deduce that B" B is symmetric, positive
definite. Now, geometrically, it is well known that vv ' /v " v is the orthogonal projection onto
the line determined by v. Consequently, the kernel of vv ' is the orthogonal complement of
v and vv' has the eigenvalue 0 with multiplicity n — 1 and the eigenvalue ¢ — 1 = HUH2 =
vy with multiplicity 1. The eigenvectors associated with 0 are orthogonal to v and the
eigenvectors associated with ¢ — 1 are proportional with v. It follows that I +vv ' has the
eigenvalue 1 with multiplicity n—1 and the eigenvalue ¢ with multiplicity 1, the eigenvectors
being as before. Now, B has polar form B = )5S}, where @) is orthogonal and \S; is symmetric
positive definite and S? = B'B = I +vv'. Therefore, if ¢ > 0, then S; = VI +vv' is a
symmetric positive definite matrix with eigenvalue 1 with multiplicity n — 1 and eigenvalue
¢ with multiplicity 1, the eigenvectors being as before. If ¢ < 0, then change ¢ to —c.

Case 1: ¢ > 0. Then, v is an eigenvector of S for ¢ and we must also have Bv = cu,
which implies

Bv = QS1v = Q(cv) = cQu = cu,

SO

Qv = u.

SR G G R O ]

Therefore, the polar decomposition of A € O(n, 1) is

()T )

0 1 T

v c
where Q € O(n) and ¢ = +/||v* + 1.

Case 2: ¢ < 0. Then, v is an eigenvector of S; for —c and we must also have Bv = cu,
which implies

It follows that

Bv = QS1v = Q(—cv) = cQ(—v) = cu,
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SO
Q(—v) = u.
It follows that

(8- )6 (T )

v'oc v c —v —c
In this case, the polar decomposition of A € O(n,1) is

(@ )T )

0 -1 —v —c

where Q € O(n) and ¢ = —/||v||* + 1. Therefore, we conclude that any A € O(n, 1) has a
polar decomposition of the form

=@ ) e (@ D)

0 1 v’ c 0 —1 vl c

where Q € O(n) and ¢ = /|[v||* + 1. O

Thus, we see that O(n, 1) has four components corresponding to the cases:
(1) @ € O(n); det(Q) < 0; +1 as the lower right entry of the orthogonal matrix;
(2) @ € SO(n); —1 as the lower right entry of the orthogonal matrix;
(3) @ € O(n); det(Q) < 0; —1 as the lower right entry of the orthogonal matrix;
(4) @Q € SO(n); +1 as the lower right entry of the orthogonal matrix.

Observe that det(A) = —1 in cases (1) and (2) and that det(A) = +1 in cases (3) and (4).
Thus, (3) and (4) correspond to the group SO(n, 1), in which case the polar decomposition

is of the form
e (Q 0 > <\/I+UUT v>

0 —1 vl c

where Q € O(n), with det(Q) = —1 and ¢ = \/||v||* + 1 or
=@

0 1 vl c

where Q € SO(n) and ¢ = y/||v||* + 1. The components in (1) and (2) are not groups. We
will show later that all four components are connected and that case (4) corresponds to a

group (Proposition 2.8). This group is the connected component of the identity and it is
denoted SOq(n,1) (see Corollary 2.27). For the time being, note that A € SOq(n,1) iff
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A € SO(n,1) and apt1p+1 (= ¢) > 0 (here, A = (a;;).) In fact, we proved above that if
Antint1 > 0, then apiipnp > 1.

Remark: If we let

Ap = (1"61’1 ?) and Ap=1,;, where I,;= (I" 0 ) ,

then we have the disjoint union

O(?’L, 1) = SOO(TL, 1) U APSOO(TL, 1) U ATSOO(TL, 1) U APATSOO(TL, 1)

In order to determine the SVD of matrices in SOy (n, 1), we analyze the eigenvectors and
the eigenvalues of the positive definite symmetric matrix

s— (VT

(% C

involved in Proposition 2.3. Such a matrix is called a Lorentz boost. Observe that if v = 0,
thenc=1and S = [,1.

Proposition 2.4 Assume v # 0. The eigenvalues of the symmetric positive definite matrix

s- (VTET .

(% C

where ¢ =/ H’UH2 + 1, are 1 with multiplicity n — 1, and e® and e~* each with multiplicity 1

(for some o > 0). An orthonormal basis of eigenvectors of S consists of vectors of the form

(“1) (“nl) (ﬁTlvll) (ﬂ]vn)
PR b) 1 b 1 b
0 0 5/ \-5%

where the u; € R™ are all orthogonal to v and pairwise orthogonal.

Proof. Let us solve the linear system

(1))

VI+ovwT(v)+dv = v

vivded = M,

We get
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that is (since ¢ = 4/||v||* + 1 and VT +vvT (v) = ev),
(c+dv = v
*—1+cd = M.
Since v # 0, we get A = ¢+ d. Substituting in the second equation, we get
& —1+cd=(c+d)d,

that is,
= —1.

Thus, either \y = c++vVcZ—1landd=+vV2—-1,or a =c—+Vc2—-1and d = —vVc2—1.
Since ¢ > 1 and M Ay = 1, set a = log(c+ v ¢ — 1) > 0, so that —a = log(c — V¢ — 1) and
then, A\ = e®* and \y = e™®. On the other hand, if u is orthogonal to v, observe that

(1) 0)-6)

since the kernel of vv ' is the orthogonal complement of v. The rest is clear. [
Corollary 2.5 The singular values of any matrix A € O(n, 1) are 1 with multiplicity n — 1,

e, and e~ %, for some o > 0.

Note that the case o = 0 is possible, in which case, A is an orthogonal matrix of the form

Q 0 Q 0
(0 1) % \o —1)°
with @ € O(n). The two singular values e* and e~ tell us how much A deviates from being

orthogonal.

We can now determine a convenient form for the SVD of matrices in O(n, 1).

Theorem 2.6 Every matriz A € O(n, 1) can be written as

1 --- 0 0 0
A=y o o o 1(50)
0 cosha sinhao
0 0 sinha cosha

with e = £1, P € O(n) and ) € SO(n).

When A € SO(n, 1), we have det(P)e = +1, and

when A € SOq(n, 1), we have € = +1 and P € SO(n), that is,

with P € SO(n) and @ € SO(n).

0 0 0

: : : QT 0
1 0 0 ( 0 1
0 cosha sinha

0 sinha cosha
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Proof. By Proposition 2.3, any matrix A € O(n) can be written as

=0 9

0 e v’ c

where € = +1, R € O(n) and ¢ = \/|[v||> + 1. The case where ¢ = 1 is trivial, so assume
¢ > 1, which means that o from Proposition 2.4 is such that o > 0. The key fact is that the

eigenvalues of the matrix
cosha sinh o
sinha cosh «
are e® and e~ and that
a 11 : 11
e 0\ VRS cosha sinh o 7
0 e @) \/Li —\/Lﬁ sinha  cosh « \/Ai —\/Lﬁ :

From this fact, we see that the diagonal matrix

1 -« 0 0 0
D=1{fo .- 1.0 o0
0 0 e O
0 0 0 e @
of eigenvalues of S is given by
1 --- 0 0 0 1 0 0 0 1 0 O 0
p=lo -~ 10 o ||lo..1 o 0 0 10 0
0 - 0 \/Li \/Lg 0 --- 0 cosha sinha 0 0 \/Li \/Lg
0 - 0 \/Li —\% 0 --- 0 sinha cosha 0 0 \/Li _\/Li

By Proposition 2.4, an orthonormal basis of eigenvectors of S consists of vectors of the form

(“1) (“n—l) (ﬂ]vﬂ) (ﬁTlvll)
AR | ) 1 9 1 9
0 0 5/ \-5%

where the u; € R" are all orthogonal to v and pairwise orthogonal. Now, if we multiply the
matrices

1 -~ 0 0 0
(‘(‘)1 “751 VE[ll \/iufu) o ... 10 o |
V22 0o ... 0 L L
0...0 2 A

Vi Ve
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we get an orthogonal matrix of the form

(@)

where the columns of () are the vectors

v
Upy -+ Unp—1, m

By flipping u; to —u; if necessary, we can make sure that this matrix has determinant +1.
Consequently,

1 --- 0 0 0

0 - 0 cosha sinha

0 - 0 sinha cosha
SO

A‘(o e)(o 1) 0 .- 1 0 0 <o 1)’
O --- 0 cosha sinha
0 --- 0 sinha cosha

and if we let P = RQ), we get the desired decomposition. ]

Remark: We warn our readers about Chapter 6 of Baker’s book [13]. Indeed, this chapter
is seriously flawed. The main two Theorems (Theorem 6.9 and Theorem 6.10) are false
and as consequence, the proof of Theorem 6.11 is wrong too. Theorem 6.11 states that the
exponential map exp: so(n, 1) — SOq(n, 1) is surjective, which is correct, but known proofs
are nontrivial and quite lengthy (see Section 5.5). The proof of Theorem 6.12 is also false,
although the theorem itself is correct (this is our Theorem 5.22, see Section 5.5). The main
problem with Theorem 6.9 (in Baker) is that the existence of the normal form for matrices
in SOg(n, 1) claimed by this theorem is unfortunately false on several accounts. Firstly, it
would imply that every matrix in SOg(n, 1) can be diagonalized, but this is false for n > 2.
Secondly, even if a matrix A € SOq(n,1) is diagonalizable as A = PDP~!, Theorem 6.9
(and Theorem 6.10) miss some possible eigenvalues and the matrix P is not necessarily in
SOy(n,1) (as the case n = 1 already shows). For a thorough analysis of the eigenvalues of
Lorentz isometries (and much more), one should consult Riesz [124] (Chapter I1I).

Clearly, a result similar to Theorem 2.6 also holds for the matrices in the groups O(1,n),
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SO(1,n) and SOq(1,n). For example, every matrix A € SOy(1,n) can be written as

cosha sinha 0 --- 0
Lo sinha cosha O --- 0 Lo
— 0 0 1 - 0
)]t )
0 0 0o --- 1

where P, Q) € SO(n).

In the case n = 3, we obtain the proper orthochronous Lorentz group, SOy(1,3), also
denoted Lor(1,3). By the way, O(1,3) is called the (full) Lorentz group and SO(1,3) is the
special Lorentz group.

Theorem 2.6 (really, the version for SOy(1,n)) shows that the Lorentz group SOy(1, 3)
is generated by the matrices of the form

1 0 .
<O P) with P € SO(3)

and the matrices of the form

cosha sinha 0 0
sinha cosha 0 O
0 0 10
0 0 01

This fact will be useful when we prove that the homomorphism ¢: SL(2,C) — SOy(1,3) is
surjective.

Remark: Unfortunately, unlike orthogonal matrices which can always be diagonalized over
C, not every matrix in SO(1,n) can be diagonalized for n > 2. This has to do with the fact
that the Lie algebra so(1,n) has non-zero idempotents (see Section 5.5).

It turns out that the group SOg(1, 3) admits another interesting characterization involv-
ing the hypersurface

R R

This surface has two sheets and it is not hard to show that SOq(1,3) is the subgroup of
SO(1,3) that preserves these two sheets (does not swap them). Actually, we will prove this
fact for any n. In preparation for this we need some definitions and a few propositions.

Let us switch back to SO(n, 1). First, as a matter of notation, we write every u € R™"*!
as u = (u,t), where u € R" and ¢t € R, so that the Lorentz inner product can be expressed
as

(u,v) = ((u,t),(v,s)) =u-v—ts,
where u - v is the standard Euclidean inner product (the Euclidean norm of x is denoted
|z]]). Then, we can classify the vectors in R"™! as follows:



2.3. THE LORENTZ GROUPS O(N, 1), SO(N, 1) AND SOq(N, 1) 93

Definition 2.10 A nonzero vector, u = (u,t) € R"! is called
(a) spacelike iff (u,u) > 0, ie., iff |ju® >
(b) timelike iff (u,u) < 0, i.e., iff |ul]®> < ¢2;
(c) lightlike or isotropic iff (u,u) = 0, i.e., iff HuH2 = t2.

A spacelike (resp. timelike, resp. lightlike) vector is said to be positive iff t > 0 and negative
iff £ < 0. The set of all isotropic vectors

Ha(0) = {u = (u,1) €R™ | [u]]* =}
is called the light cone. For every r > 0, let
Ha(r) = {u = (u.t) € R | Ju]® — £ = —r},

a hyperboloid of two sheets.

It is easy to check that H,(r) has two connected components as follows: First, since
r > 0 and

lulf* +7 =2,
we have |t| > /r. Now, for any x = (z1,...,2,,t) € H,(r) with ¢ > +/r, we have the
continuous path from (0, ...,0,/r) to x given by
A= (A1, o, AT, T+ AN2(E2 — 1)),

where )\ € [0, 1], proving that the component of (0,...,0,+/r) is connected. Similarly, when
t < —y/r, we have the continuous path from (0,...,0,—+/7) to x given by

A (/\xlw"a/\xn’_ 7""‘/\2('152—7“))7

where A € [0, 1], proving that the component of (0,...,0,—+/r) is connected. We denote the
sheet containing (0, ...,0,+/r) by H; (r) and sheet containing (0, ...,0, —/r) by H, (r)

Since every Lorentz isometry, A € SO(n,1), preserves the Lorentz inner product, we
conclude that A globally preserves every hyperboloid, H,(r), for » > 0. We claim that every
A € SOg(n, 1) preserves both H; () and H,, (). This follows immediately from

Proposition 2.7 If a,.1,01 > 0, then every isometry, A € O(n, 1), preserves all positive
(resp. megative) timelike vectors and all positive (resp. negative) lightlike vectors. Moreover,
if A € O(n,1) preserves all positive timelike vectors, then a,i1n,41 > 0.
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Proof. Let u = (u,t) be a nonzero timelike or lightlike vector. This means that
Jul? <t* and t#0.

Since A € O(n, 1), the matrix A preserves the inner product; if (u,u) = |[ul|* — 2 < 0,
we get (Au, Au) < 0, which shows that Au is also timelike. Similarly, if (u,u) = 0, then
(Au, Au) = 0. As A € O(n, 1), we know that

<An+17 An+1> = -1,

that is
) ) ) B
||A7L+1H —Qpi1nt1 — _]-7

where A,,11 = (Ayt1, Gnt1,nt1) is the (n+1)th row of the matrix A. The (n+1)th component
of the vector Au is

u - AnJrl + an+1,n+1t-

By Cauchy-Schwarz,
(- An)? < [lulf* | An i,

so we get,

(u Ay)? [l | A

<
20 .2 2 2 2
< 1 (an+1,n+1 - 1) =t Api1,nr1 — 3

A\

2 2
t an—‘,—l7 n+1»

since t # 0. It follows that u- A, 11 + ay+1, n+1t has the same sign as ¢, since a,41,n+1 > 0.
Consequently, if a,41,,41 > 0, we see that A maps positive timelike (resp. lightlike) vectors
to positive timelike (resp. lightlike) vectors and similarly with negative timelight (resp.
lightlike) vectors.

Conversely, as e 11 = (0,...,0,1) is timelike and positive, if A preserves all positive
timelike vectors, then Ae,; is timelike positive, which implies a,4+1, 41 > 0. O

Let O*(n, 1) denote the subset of O(n, 1) consisting of all matrices, A = (a;;), such that
ani1n41 > 0. Using Proposition 2.7, we can now show that O™ (n, 1) is a subgroup of O(n, 1)
and that SOg(n, 1) is a subgroup of SO(n, 1). Recall that

SOy(n,1) = {A € SO(n,1) | apt1n+1 > 0}.

Note that SOy(n,1) = OT(n,1) N SO(n, 1).

Proposition 2.8 The set O"(n,1) is a subgroup of O(n,1) and the set SOy(n,1) is a
subgroup of SO(n, 1).
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Proof. Let A € Ot (n,1) C O(n,1), so that a,+1,+1 > 0. The inverse of A in O(n,1) is
JATJ, where
I, 0O
=5 %)

which implies that a,};,,1 = @niing1 > 0 and so, A=t € OF(n,1). If A,B € O*(n,1),
then, by Proposition 2.7, both A and B preserve all positive timelike vectors, so AB preserve
all positive timelike vectors. By Proposition 2.7, again, AB € O*(n, 1). Therefore, O"(n, 1)
is a group. But then, SOy(n,1) = O*(n,1) N SO(n, 1) is also a group. O

Since any matrix, A € SOg(n, 1), preserves the Lorentz inner product and all positive
timelike vectors and since H;" (1) consists of timelike vectors, we see that every A € SOg(n, 1)
maps H; (1) into itself. Similarly, every A € SOg(n,1) maps H, (1) into itself. Thus, we
can define an action -: SOg(n, 1) x H} (1) — H (1) by

A-u=Au
and similarly, we have an action -: SOg(n,1) x H, (1) — H, (1).

Proposition 2.9 The group SOg(n,1) is the subgroup of SO(n, 1) that preserves H.; (1)
(and H, (1)) i.e.,

SOy(n,1) = {A € SO(n, 1) | A(HF (1)) = H:(1) and A(H, (1)) =H, (1)},

n

Proof. We already observed that A(H; (1)) = H}(1) if A € SOgy(n,1) (and similarly,
A(H; (1)) = H,(1)). Conversely, for any A € SO(n,1) such that A(H; (1)) = H/S(1),

n n

as e,y = (0,...,0,1) € HF(1), the vector Ae,,; must be positive timelike, but this says
that an11,n41 > 0, 16, A € SOy(n,1). O

Next, we wish to prove that the action SOg(n, 1) x H, (1) — H; (1) is transitive. For
this, we need the next two propositions.

Proposition 2.10 Let u = (u,t) and v = (v, s) be nonzero vectors in R™* with (u,v) = 0.
If w is timelike, then v is spacelike (i.e., (v,v) > 0).

Proof. We have |[u||* < t2, so t # 0. Since u-v —ts = 0, we get

(u-v)®

t2

2 2
(v,0) = |Iv[I” = s* = [Iv|]" =

But, Cauchy-Schwarz implies that (u - v)2 < |[u||* ||V, so we get

s (u-v)? s (u-v)?
— [v]]* — 5~ >0,
[ull

as ||lul|® < 2. O

Lemma 2.10 also holds if u = (u,t) is a nonzero isotropic vector and v = (v,s) is a
nonzero vector that is not collinear with w: If (u,v) = 0, then v is spacelike (i.e., (v,v) > 0).
The proof is left as an exercise to the reader.
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Proposition 2.11 The action SOg(n, 1) x H (1) — H; (1) is transitive.

Proof. Let e, 1 = (0,...,0,1) € H}(1). It is enough to prove that for every u = (u,t) €
H;(1), there is some A € SOq(n, 1) such that Ae,; = u. By hypothesis,

() = Juf]? = —1.

We show that we can construct an orthonormal basis, eq,...,e,,u, with respect to the
Lorentz inner product. Consider the hyperplane

H = {v e R | (u,v) = 0}.

Since u is timelike, by Proposition 2.10, every nonzero vector v € H is spacelike, i.e.,
(v,v) > 0. Let vy, ...,v, be a basis of H. Since all (nonzero) vectors in H are spacelike, we

can apply the Gramm-Schmidt orthonormalization procedure and we get a basis ey, ..., e,,
of H, such that
<€i7€j> :51',]'; 1 SZ,] §n

Now, by construction, we also have
(ei,u) =0, 1<i<n, and (u,u)=—1.
Therefore, ey, ..., e,,u are the column vectors of a Lorentz matrix, A, such that Ae, .1 = u,
proving our assertion. [
Let us find the stabilizer of e,47 = (0,...,0,1). We must have Ae,y; = €,,1, and the

polar form implies that

A= <]OD ?) ,  with P € SO(n).

Therefore, the stabilizer of e, is isomorphic to SO(n) and we conclude that H; (1), as a
homogeneous space, is
H (1) = SOg(n,1)/SO(n).

We will show in Section 2.5 that SOg(n, 1) is connected.

2.4 More on O(p,q)

Recall from Section 2.3 that the group O(p, ¢) is the set of all n x n-matrices
O(p,q) = {A € GL(n,R) | ATIp,qA = p,q}‘

We deduce immediately that |det(A)] = 1 and we also know that Al,,A" = I,, holds.
Unfortunately, when p # 0,1 and g # 0, 1, it does not seem possible to obtain a formula as
nice as that given in Proposition 2.3. Nevertheless, we can obtain a formula for the polar
form of matrices in O(p, q). First, recall (for example, see Gallier [58], Chapter 12) that if
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S'is a symmetric positive definite matrix, then there is a unique symmetric positive definite
matrix, 7', so that

S =172

We denote T' by Sz or /S. By S‘é, we mean the inverse of Sz. In order to obtain the polar
form of a matrix in O(p, ¢), we begin with the following proposition:

Proposition 2.12 Every matriz X € O(p,q) can be written as

U 0 ar  azZT
X == 1 1 5
(O V) (522 52 )

where « = (I — Z"2)™Y and 6 = (I — ZZ )7, for some orthogonal matrices U € O(p),
V € O(q) and for some q X p matriz, Z, such that [ — Z'Z and I — ZZ" are symmetric
positive definite matrices. Moreover, U, V, Z are uniquely determined by X.

A B
= (& b)
with A a p X p matrix, D a ¢ X ¢ matrix, B a p X ¢ matrix and C' a ¢ X p matrix, then the
equations A'I, , A= 1I,, and Al, ,AT = I,, yield the (not independent) conditions

Proof. If we write

ATA I+C'C
D'D I+B'B
A'B C'D
AAT I+ BB'
DD’ I+cc’
ACT BD'.

Since C'TC is symmetric and since it is easy to show that C'TC has nonnegative eigenval-
ues, we deduce that AT A is symmetric positive definite and similarly for DT D. If we assume
that the above decomposition of X holds, we deduce that

A= UlI-2"2):
B U(l—2"2)227
C = V(I-2Z")3Z2
D = V(I-2Z")z,

which implies
Z=D'C and Z'" =A"'B.

Thus, we must check that
(D'C)T = A™'B
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le.,
CT(D"Y™' =A"B,

namely,

ACT =BDT,

which is indeed the last of our identities. Thus, we must have Z = D71C' = (A7'B)". The
above expressions for A and D also imply that

ATA=(I-2"2)" and D'D=(1-22")",

so we must check that the choice Z = D71C' = (A7'B)T yields the above equations.

Since Z" = A7'B, we have

Z7'Z = AT'BBT(A")™!
= AN AAT —1)(AH!

= I-A71A")!
= I—(ATA™.
Therefore,
(ATA) ' =1-2"Z,
ie.,

ATA=(1-2"2)",
as desired. We also have, this time, with Z = D=1,

zz' = D'cc™(DT)!
= DYDD" —1)(D")™!
-1

= I-DYD"
= I—(D'D)™"
Therefore,
(D'Dy'=1-22",
ie.,

D'D=(I-22")",
as desired. Now, since AT A and DT D are positive definite, the polar form implies that
A=UATA):=UI-2"2)z

and
D=V(D'D)2=V{I-22")¢,
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for some unique matrices, U € O(p) and V € O(q). Since Z = D7!C and ZT = A™1B, we
get C = DZ and B = AZ", but this is

B = UI-2"2)y22"
C = V(I-2zz")22Z,

as required. Therefore, the unique choice of Z = D71C' = (A™'B)", U and V does yield the
formula of the proposition. [J

It remains to show that the matrix

az a2Z"\ ((I-ZTZ)y: (I-ZTZ)y=2ZT
527 62 ) \(U-2Z")yz:zZ (I—-2Z7):

is symmetric. To prove this, we will use power series and a continuity argument.

Proposition 2.13 For any ¢ x p matriz, Z, such that [ —Z"Z and I —ZZ" are symmetric

positive definite, the matriz
1 17T
g_ [ a2/
<5éz 53 )

is symmetric, where « = (I — Z"Z)™ and 6 = (I — ZZ7)~L.

Proof. The matrix S is symmetric iff

[NIES
S

Zaz =027,

ie., iff
Z(I-2"2y2=(1-22")22Z.

Consider the matrices
Bt)=I—tZ"Z)": and ~{t)=I—-tZZ") 2,

for any ¢t with 0 <t < 1. We claim that these matrices make sense. Indeed, since AN
symmetric, we can write

Z'7Z =pPDP"T

where P is orthogonal and D is a diagonal matrix with nonnegative entries. Moreover, as
I-2"Z=PI—-D)P"
and I — Z'Z is positive definite, 0 < X < 1, for every eigenvalue in D. But then, as

I—tZ"Z =PI —tD)P",
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we have 1 — t\ > 0 for every A in D and for all ¢t with 0 < ¢ < 1, so that I —tZ'Z7 is
positive definite and thus, (I —tZ"Z )_% is also well defined. A similar argument applies to
(I —tZZ7)"2. Observe that

lim B(t) = a2

t—1

since

B(t) = — tZTZ)_% = P(I - tD)—%PT’

where (I—tD)~2 is a diagonal matrix with entries of the form (1—¢A)~2 and these eigenvalues
are continuous functions of ¢ for ¢t € [0,1]. A similar argument shows that

N[

lim~(t) = d2.

t—1

Therefore, it is enough to show that

with 0 <t < 1 and our result will follow by continuity. However, when 0 < ¢ < 1, the power
series for 3(t) and ~y(t) converge. Thus, we have

1 1 -1 L-k+1

and

1 1 -1 L—-k+1

and we get

1 1 1E-1)--(3-k+1
Zﬁ(t):Z+§tZZTZ—§t2Z(ZTZ)2+---+2(2 ) (3 )th(ZTZ)’f+.--

k!
and
1 1 TE-1-(i-k+1
Yt)Z = Z + 5tZZTZ - g152(ZZT)ZZ ot 2 (-1 k'(2 )tk’(ZZT)’fZ + -
However

2220V =272"72.-.2"2=22"--.27" 7 =(ZZ2")*Z,
* &
which proves that Z3(t) = v(t)Z, as required. [

Another proof of Proposition 2.13 can be given using the SVD of Z. Indeed, we can write

Z=PDQ"
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where P is a ¢ X q orthogonal matrix, () is a p X p orthogonal matrix and D is a ¢ X p matrix
whose diagonal entries are (strictly) positive and all other entries zero. Then,

[ -2"2Z=1-QD"P"PDQ" =Q(I -D'"D)Q",
a symmetric positive definite matrix. We also have
I-2727Z"=1-PDQ'QD'"P" = P(I-DD")P",
another symmetric positive definite matrix. Then,
Z(I— 2722 =PDQ'QU —D'D)2Q" = PD(I — D' D)"2:Q"
and
(I-22Z"y2=PI—-DD")y2:P"PDQT = P(I—DD")":DQ",
so it suffices to prove that
D(I-D'D)y 2= (I—-DD")zD.
However, D is essentially a diagonal matrix and the above is easily verified, as the reader
should check.

Remark: The polar form can also be obtained via the exponential map and the Lie algebra,
o(p,q), of O(p, q), see Section 5.6.

We also have the following amusing property of the determinants of A and D:

Proposition 2.14 For any matriz X € O(p, q), if we write
A B
(& n)
det(X) = det(A)det(D)™" and |det(A)| =|det(D)| > 1.
Proof. Using the identities A'B = C"D and D" D = I + B" B proved earlier, observe that

AT 0 \ (A B\ ATA ATB _(ATA A'B
BT -p")J\c p) \B"A-D"C B'B-D'D)"\ 0 -I,)°

If we compute determinants, we get

det(A)(—1)?det(D) det(X) = det(A)*(—1)%

then

It follows that

det(X) = det(A) det(D) .
From ATA=T1+CTC and D" D = I + B" B, we conclude that det(A) > 1 and det(D) > 1.
Since | det(X)| = 1, we have |det(A)| = |det(D)| > 1. O

Remark: It is easy to see that the equations relating A, B, C, D established in the proof of
Proposition 2.12 imply that

det(A)=+1 if C=0 iff B=0 iff det(D)==+l.
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2.5 Topological Groups

Since Lie groups are topological groups (and manifolds), it is useful to gather a few basic
facts about topological groups.

Definition 2.11 A set, G, is a topological group iff
(a) G is a Hausdorff topological space;
(b) G is a group (with identity 1);

(c) Multiplication, -: G x G — G, and the inverse operation, G — G: g — g, are
continuous, where G x G has the product topology.

It is easy to see that the two requirements of condition (c) are equivalent to

(¢') The map G x G — G': (g, h) — gh™! is continuous.

Given a topological group G, for every a € G we define left translation as the map,
L,: G — G, such that L,(b) = ab, for all b € G, and right translation as the map, R,: G —
G, such that R,(b) = ba, for all b € G. Observe that L,-1 is the inverse of L, and similarly,
R,-1 is the inverse of R,. As multiplication is continuous, we see that L, and R, are
continuous. Moreover, since they have a continuous inverse, they are homeomorphisms. As
a consequence, if U is an open subset of G, then so is gU = L,(U) (resp. Ug = R,U), for
all g € G. Therefore, the topology of a topological group (i.e., its family of open sets) is
determined by the knowledge of the open subsets containing the identity, 1.

Given any subset, S C G, let S™' = {s7! | s € S}; let S° = {1} and S"*! = S"S, for all
n > 0. Property (c) of Definition 2.11 has the following useful consequences:

Proposition 2.15 If G is a topological group and U is any open subset containing 1, then
there is some open subset, V. C U, with 1 €V, so that V =V ~=! and V? C U. Furthermore,
VCu.

Proof. Since multiplication G x G — G is continuous and G X G is given the product
topology, there are open subsets, U; and U,, with 1 € U; and 1 € U,, so that U;U; C U.
Ley W = U NUyand V = W N WL Then, V is an open set containing 1 and, clearly,
V=V1land V2C U U, CU. If g €V, then gV is an open set containing g (since 1 € V)
and thus, gV NV # (. This means that there are some hy,hy € V so that gh; = hy, but
then, g = hoh' € VV 1 =VV CU. O

A subset, U, containing 1 and such that U = U™, is called symmetric. Using Proposition
2.15, we can give a very convenient characterization of the Hausdorff separation property in
a topological group.

Proposition 2.16 If G is a topological group, then the following properties are equivalent:
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(1) G is Hausdorff;
(2) The set {1} is closed;

(3) The set {g} is closed, for every g € G.

Proof. The implication (1) — (2) is true in any Hausdorff topological space. We just have
to prove that G — {1} is open, which goes as follows: For any g # 1, since G is Hausdorff,
there exists disjoint open subsets U, and V,, with g € U, and 1 € V,. Thus, U, = G —{1},
showing that G — {1} is open. Since L, is a homeomorphism, (2) and (3) are equivalent.
Let us prove that (3) — (1). Let g1, 9> € G with g; # go. Then, g;'g2 # 1 and if U and
V are distinct open subsets such that 1 € U and g;'g, € V, then g1 € ¢;U and g, € g1V,
where ¢;U and ¢,V are still open and disjoint. Thus, it is enough to separate 1 and g # 1.
Pick any g # 1. If every open subset containing 1 also contained g, then 1 would be in the
closure of {g}, which is absurd, since {g} is closed and g # 1. Therefore, there is some open
subset, U, such that 1 € U and g ¢ U. By Proposition 2.15, we can find an open subset,
V, containing 1, so that VV C U and V = V~!. We claim that V and Vg are disjoint open
sets with 1 € V and g € gV.

Since 1 € V, it is clear that 1 € V and ¢g € gV. If we had V N gV # (), then we would
have g € VV~! =VV C U, a contradiction. []

If H is a subgroup of G (not necessarily normal), we can form the set of left cosets, G/H
and we have the projection, p: G — G/H, where p(g) = gH = g. If G is a topological
group, then G/H can be given the quotient topology, where a subset U C G/H is open iff
p~H(U) is open in G. With this topology, p is continuous. The trouble is that G/H is not
necessarily Hausdorff. However, we can neatly characterize when this happens.

Proposition 2.17 If G is a topological group and H is a subgroup of G then the following
properties hold:

(1) The map p: G — G/H is an open map, which means that p(V') is open in G/H
whenever V' is open in G.

(2) The space G/H is Hausdorff iff H is closed in G.

(3) If H is open, then H is closed and G/H has the discrete topology (every subset is open).

(4) The subgroup H is open iff 1 € H (i.e., there is some open subset, U, so that
leUCH).

Proof. (1) Observe that if V' is open in G, then VH = |J, ., V'h is open, since each Vh is
open (as right translation is a homeomorphism). However, it is clear that

p~H(p(V)) =VH,
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i.e., p~1(p(V)) is open, which, by definition, means that p(V) is open.

(2) If G/H is Hausdorff, then by Proposition 2.16, every point of G/H is closed, i.e.,
each coset gH is closed, so H is closed. Conversely, assume H is closed. Let 7 and ¥ be two
distinct point in G/H and let x,y € G be some elements with p(z) = 7 and p(y) = 7. As
T # 7, the elements x and y are not in the same coset, so x ¢ yH. As H is closed, so is
yH, and since = ¢ yH, there is some open containing x which is disjoint from yH, and we
may assume (by translation) that it is of the form Uz, where U is an open containing 1. By
Proposition 2.15, there is some open V' containing 1 so that VV C U and V = V. Thus,
we have

VienyH =0
and in fact,
VieH NyH =0,

since H is a group. Since V = V=1 we get
VaeHNVyH =),

and then, since V' is open, both VxH and VyH are disjoint, open, so p(VaxH) and p(VyH)
are open sets (by (1)) containing Z and 7 respectively and p(VaxH) and p(VyH) are disjoint
(because p~ (p(VzH)) = VaxHH = VzH and p~'(p(VyH)) = VyHH = VyH and
VeHNVyH = ().

(3) If H is open, then every coset gH is open, so every point of G/H is open and G/H
is discrete. Also, Ug(;éH gH is open, i.e., H is closed.

(4) Say U is an open subset such that 1 € U C H. Then, for every h € H, the set hU is
an open subset of H with h € hU, which shows that H is open. The converse is trivial. [J

Proposition 2.18 If G is a connected topological group, then G is generated by any sym-
metric neighborhood, V', of 1. In fact,

G:UV".

n>1
Proof. Since V = V=1 it is immediately checked that H = UnZl V™ is the group generated
by V. As V is a neighborhood of 1, there is some open subset, U C V', with 1 € U, and so

1 € H. From Proposition 2.17, the subgroup H is open and closed and since G is connected,
H=G. O

A subgroup, H, of a topological group G is discrete iff the induced topology on H is
discrete, i.e., for every h € H, there is some open subset, U, of G so that U N H = {h}.

Proposition 2.19 If G is a topological group and H 1is discrete subgroup of G, then H 1is
closed.
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Proof. As H is discrete, there is an open subset, U, of G so that U N H = {1}, and by
Proposition 2.15, we may assume that U = U~'. If ¢ € H, as gU is an open set containing
g, we have gU N H # (). Consequently, there is some y € gU N H = gU ' N H, so g € yU
with y € H. Thus, we have

geyUNHCyUNH = {y} = {y},
since UN H = {1}, y € H and G is Hausdorff. Therefore, g =y € H. O

Proposition 2.20 If G is a topological group and H is any subgroup of G, then the closure,
H, of H is a subgroup of G.

Proof. This follows easily from the continuity of multiplication and of the inverse operation,
the details are left as an exercise to the reader. [J

Proposition 2.21 Let G be a topological group and H be any subgroup of G. If H and G/H
are connected, then G is connected.

Proof. 1t is a standard fact of topology that a space G is connected iff every continuous
function, f, from G to the discrete space {0,1} is constant. Pick any continuous function,
f, from G to {0,1}. As H is connected and left translations are homeomorphisms, all
cosets, gH, are connected. Thus, f is constant on every coset, gH. Thus, the function
f: G — {0,1} induces a continuous function, f: G/H — {0,1}, such that f = f op (where
p: G — G/H; the continuity of f follows immediately from the definition of the quotient
topology on G/H). As G/H is connected, f is constant and so, f = f o p is constant. [J

Proposition 2.22 Let G be a topological group and let V' be any connected symmetric open
subset containing 1. Then, if Gy is the connected component of the identity, we have

Go=|Jvm

n>1
and Gy is a normal subgroup of G. Moreover, the group G /Gy is discrete.

Proof. First, as V is open, every V" is open, so the group Un21 V™ is open, and thus closed,
by Proposition 2.17 (3). For every n > 1, we have the continuous map

Vx...xV | VAL e On, Cee .
v X XV — (91, gn) = g1 g

n

As V' is connected, V' x --- x V is connected and so, V" is connected. Since 1 € V" for all
n > 1, and every V" is connected, we conclude that J,~, V" is connected. Now, |-, V" is
connected, open and closed, so it is the connected component of 1. Finally, for every g € G,
the group gGog~! is connected and contains 1, so it is contained in Gy, which proves that
Gy is normal. Since Gy is open, the group G/GY is discrete. [

A topological space, X, is locally compact iff for every point p € X, there is a compact
neighborhood, C' of p, i.e., there is a compact, C, and an open, U, with p € U C C. For
example, manifolds are locally compact.
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Proposition 2.23 Let G be a topological group and assume that G is connected and locally
compact. Then, G is countable at infinity, which means that G is the union of a countable
family of compact subsets. In fact, if V' is any symmetric compact neighborhood of 1, then

G:UVW

n>1

Proof. Since G is locally compact, there is some compact neighborhood, K, of 1. Then,
V = KN K~ is also compact and a symmetric neighorhood of 1. By Proposition 2.18, we

have
¢=Jv"

n>1

An argument similar to the one used in the proof of Proposition 2.22 to show that V" is
connected if V' is connected proves that each V™ compact if V' is compact. O

If a topological group, GG acts on a topological space, X, and the action -: G x X — X
is continuous, we say that G acts continuously on X. Under some mild assumptions on G
and X, the quotient space, G/G,, is homeomorphic to X. For example, this happens if X
is a Baire space.

Recall that a Baire space, X, is a topological space with the property that if {F'};>; is
any countable family of closed sets, F}, such that each F; has empty interior, then | J,o, F;
also has empty interior. By complementation, this is equivalent to the fact that for every
countable family of open sets, U;, such that each U; is dense in X (i.e., U; = X), then (-, U
is also dense in X. -

Remark: A subset, A C X, is rare if its closure, A, has empty interior. A subset, Y C X,
is meager if it is a countable union of rare sets. Then, it is immediately verified that a space,
X, is a Baire space iff every nonempty open subset of X is not meager.

The following theorem shows that there are plenty of Baire spaces:

Theorem 2.24 (Baire) (1) Every locally compact topological space is a Baire space.

(2) Every complete metric space is a Baire space.
A proof of Theorem 2.24 can be found in Bourbaki [24], Chapter IX, Section 5, Theorem

We can now greatly improve Proposition 2.2 when G and X are topological spaces having
some “nice” properties.

Theorem 2.25 Let G be a topological group which is locally compact and countable at infin-
ity, X a Hausdorff topological space which is a Baire space and assume that G acts transitively
and continuously on X. Then, for any x € X, the map p: G/G, — X is a homeomorphism.



2.5. TOPOLOGICAL GROUPS 107

By Theorem 2.24, we get the following important corollary:

Theorem 2.26 Let G be a topological group which is locally compact and countable at infin-
ity, X a Hausdorff locally compact topological space and assume that G acts transitively and
continuously on X. Then, for any x € X, the map ¢: G/G, — X is a homeomorphism.

Proof of Theorem 2.25. We follow the proof given in Bourbaki [24], Chapter IX, Section
5, Proposition 6 (Essentially the same proof can be found in Mneimné and Testard [110],
Chapter 2). First, observe that if a topological group acts continuously and transitively on
a Hausdorff topological space, then for every z € X, the stabilizer, G, is a closed subgroup
of G. This is because, as the action is continuous, the projection 7: G — X: g +— g -
is continuous, and G, = 7 '({z}), with {z} closed. Therefore, by Proposition 2.17, the
quotient space, G/G,, is Hausdorff. As the map nm: G — X is continuous, the induced
map ¢: G/G, — X is continuous and by Proposition 2.2, it is a bijection. Therefore, to
prove that ¢ is a homeomorphism, it is enough to prove that ¢ is an open map. For this,
it suffices to show that 7 is an open map. Given any open, U, in GG, we will prove that for
any g € U, the element 7(g) = ¢ - « is contained in the interior of U - x. However, observe
that this is equivalent to proving that = belongs to the interior of (¢7! - U) - z. Therefore,
we are reduced to the case: If U is any open subset of G containing 1, then x belongs to the
interior of U - x.

Since G is locally compact, using Proposition 2.15, we can find a compact neighborhood
of the form W = V, such that 1 € W, W = W~ and W? C U, where V is open with
1 eV CU. As G is countable at infinity, G = |J,», K;, where each K; is compact. Since V'
is open, all the cosets gV are open, and as each K; is covered by the gV’s, by compactness
of K;, finitely many cosets gV cover each K; and so,

i>1 i>1

for countably many ¢; € G, where each ¢g;W is compact. As our action is transitive, we
deduce that
X=JoW -z,
i>1

where each ¢g;W - x is compact, since our action is continuous and the g;\W are compact. As
X is Hausdorff, each g;W -x is closed and as X is a Baire space expressed as a union of closed
sets, one of the ¢, - x must have nonempty interior, i.e., there is some w € W, with g;w -
in the interior of ¢;WW - x, for some 7. But then, as the map y — ¢ -y is a homeomorphism
for any given g € G (where y € X), we see that x is in the interior of

wilg (W) =w W2 CW Wz =W 2 CU -z,

as desired. O
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As an application of Theorem 2.26 and Proposition 2.21, we show that the Lorentz group
SOq(n, 1) is connected. Firstly, it is easy to check that SOg(n,1) and H; (1) satisfy the
assumptions of Theorem 2.26 because they are both manifolds, although this notion has not
been discussed yet (but will be in Chapter 3). Also, we saw at the end of Section 2.3 that
the action -: SOg(n, 1) x H; (1) — H; (1) of SOg(n,1) on H; (1) is transitive, so that, as
topological spaces

SOy(n,1)/SO(n) = H(1).

Now, we already showed that H; (1) is connected so, by Proposition 2.21, the connectivity
of SOy(n, 1) follows from the connectivity of SO(n) for n > 1. The connectivity of SO(n)
is a consequence of the surjectivity of the exponential map (for instance, see Gallier [58],
Chapter 14) but we can also give a quick proof using Proposition 2.21. Indeed, SO(n + 1)
and S™ are both manifolds and we saw in Section 2.2 that

SO(n + 1)/SO(n) = S".

Now, S™ is connected for n > 1 and SO(1) = S! is connected. We finish the proof by
induction on n.

Corollary 2.27 The Lorentz group SOg(n, 1) is connected; it is the component of the iden-
tity in O(n,1).

Readers who wish to learn more about topological groups may consult Sagle and Walde
[127] and Chevalley [34] for an introductory account, and Bourbaki [23], Weil [147] and
Pontryagin [120, 121], for a more comprehensive account (especially the last two references).



Chapter 3

Manifolds

3.1 Charts and Manifolds

In Chapter 1 we defined the notion of a manifold embedded in some ambient space, RY.
In order to maximize the range of applications of the theory of manifolds it is necessary to
generalize the concept of a manifold to spaces that are not a priori embedded in some R¥.
The basic idea is still that, whatever a manifold is, it is a topological space that can be
covered by a collection of open subsets, U,, where each U, is isomorphic to some “standard
model”, e.g., some open subset of Euclidean space, R". Of course, manifolds would be very
dull without functions defined on them and between them. This is a general fact learned from
experience: Geometry arises not just from spaces but from spaces and interesting classes of
functions between them. In particular, we still would like to “do calculus” on our manifold
and have good notions of curves, tangent vectors, differential forms, etc. The small drawback
with the more general approach is that the definition of a tangent vector is more abstract.
We can still define the notion of a curve on a manifold, but such a curve does not live in
any given R", so it it not possible to define tangent vectors in a simple-minded way using
derivatives. Instead, we have to resort to the notion of chart. This is not such a strange
idea. For example, a geography atlas gives a set of maps of various portions of the earth and
this provides a very good description of what the earth is, without actually imagining the
earth embedded in 3-space.

The material of this chapter borrows from many sources, including Warner [145], Berger
and Gostiaux [17], O’Neill [117], Do Carmo [50, 49], Gallot, Hulin and Lafontaine [60],
Lang [95], Schwartz [133], Hirsch [76], Sharpe [137], Guillemin and Pollack [69], Lafontaine
[92], Dubrovin, Fomenko and Novikov [52] and Boothby [18]. A nice (not very technical)
exposition is given in Morita [112] (Chapter 1). The recent book by Tu [143] is also highly
recommended for its clarity. Among the many texts on manifolds and differential geometry,
the book by Choquet-Bruhat, DeWitt-Morette and Dillard-Bleick [37] stands apart because
it is one of the clearest and most comprehensive (many proofs are omitted, but this can
be an advantage!) Being written for (theoretical) physicists, it contains more examples and
applications than most other sources.

109
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Given R", recall that the projection functions, pr;: R — R, are defined by

pri(xy, ..., 1) =2 1<i<mn,.

For technical reasons (in particular, to ensure the existence of partitions of unity, see
Section 3.6) and to avoid “esoteric” manifolds that do not arise in practice, from now on, all
topological spaces under consideration will be assumed to be Hausdorff and second-countable
(which means that the topology has a countable basis).

Definition 3.1 Given a topological space, M, a chart (or local coordinate map) is a pair,
(U, ), where U is an open subset of M and ¢: U — € is a homeomorphism onto an open
subset, 2 = p(U), of R™ (for some n, > 1). For any p € M, a chart, (U, ¢), is a chart at p iff
p € U. If (U, p) is a chart, then the functions x; = pr; o ¢ are called local coordinates and for
every p € U, the tuple (x1(p),...,z,(p)) is the set of coordinates of p w.r.t. the chart. The
inverse, (€2, 071), of a chart is called a local parametrization. Given any two charts, (U, ;)
and (U;, @), if U;NU; # B, we have the transition maps, ¢! 0i(U;NU;) — ¢;(U;NU;) and
@' ;Ui NU;) — @i(U; N Uj), defined by

ol =pjop;" and ¢ =00

Clearly, ¢} = (¢))~". Observe that the transition maps ¢/ (resp. ) are maps between
open subsets of R™. This is good news! Indeed, the whole arsenal of calculus is available
for functions on R"”, and we will be able to promote many of these results to manifolds by
imposing suitable conditions on transition functions.

Definition 3.2 Given a topological space, M, given some integer n > 1 and given some k
such that k is either an integer k > 1 or k = oo, a C* n-atlas (or n-atlas of class CF), A, is
a family of charts, {(U;, ¢;)}, such that

(1) ¢;(U;) CR" for all i;
(2) The U; cover M, i.e.,

M:UUZ,

(3) Whenever U; NU; # M, the transition map ¢’ (and ") is a C*-diffeomorphism. When
k = oo, the ¢! are smooth diffeomorphisms.

We must ensure that we have enough charts in order to carry out our program of gener-
alizing calculus on R™ to manifolds. For this, we must be able to add new charts whenever
necessary, provided that they are consistent with the previous charts in an existing atlas.
Technically, given a C* n-atlas, A, on M, for any other chart, (U, ¢), we say that (U, ¢) is
compatible with the altas A iff every map ;0o and po ;' is C* (whenever U NU; # ).
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Two atlases A and A" on M are compatible iff every chart of one is compatible with the
other atlas. This is equivalent to saying that the union of the two atlases is still an atlas.
It is immediately verified that compatibility induces an equivalence relation on C* n-atlases
on M. In fact, given an atlas, A, for M, the collection, A, of all charts compatible with A is
a maximal atlas in the equivalence class of charts compatible with A. Finally, we have our
generalized notion of a manifold.

Definition 3.3 Given some integer n > 1 and given some k such that k is either an integer
k> 1or k= oo, a C*-manifold of dimension n consists of a topological space, M, together
with an equivalence class, A, of C* n-atlases, on M. Any atlas, A, in the equivalence class
A is called a differentiable structure of class C* (and dimension n) on M. We say that M
is modeled on R™. When k = oo, we say that M is a smooth manifold.

Remark: It might have been better to use the terminology abstract manifold rather than
manifold, to emphasize the fact that the space M is not a priori a subspace of RY, for some
suitable V.

We can allow k& = 0 in the above definitions. In this case, condition (3) in Definition 3.2
is void, since a C°-diffeomorphism is just a homeomorphism, but gog is always a homeomor-
phism. In this case, M is called a topological manifold of dimension n. We do not require a
manifold to be connected but we require all the components to have the same dimension, n.
Actually, on every connected component of M, it can be shown that the dimension, n,, of
the range of every chart is the same. This is quite easy to show if £ > 1 but for k£ = 0, this
requires a deep theorem of Brouwer. (Brouwer’s Invariance of Domain Theorem states that
if U C R is an open set and if f: U — R"™ is a continuous and injective map, then f(U)
is open in R”. Using Brouwer’s Theorem, we can show the following fact: If U C R™ and
V' C R™ are two open subsets and if f: U — V is a homeomorphism between U and V, then
m = n. If m > n, then consider the injection, i: R® — R™, where i(z) = (z,0,,_,). Clearly,
i is injective and continuous, so f oi: U — (V) is injective and continuous and Brouwer’s
Theorem implies that (V') is open in R™, which is a contradiction, as (V) =V X {0p,—n}
is not open in R™. If m < n, consider the homeomorphism f=: V — U.)

What happens if n = 07 In this case, every one-point subset of M is open, so every
subset of M is open, i.e., M is any (countable if we assume M to be second-countable) set
with the discrete topology!

Observe that since R™ is locally compact and locally connected, so is every manifold
(check this!).

In order to get a better grasp of the notion of manifold it is useful to consider examples
of non-manifolds. First, consider the curve in R? given by the zero locus of the equation

y? = 2% — 25,
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Figure 3.1: A nodal cubic; not a manifold

namely, the set of points
My = {(z,y) eR* | y* = 2” — 2°}.

This curve showed in Figure 3.1 and called a nodal cubic is also defined as the parametric
curve

r = 1—1¢
= t(1—1?).

We claim that M; is not even a topological manifold. The problem is that the nodal cubic
has a self-intersection at the origin. If M; was a topological manifold, then there would be
a connected open subset, U C M;, containing the origin, O = (0, 0), namely the intersection
of a small enough open disc centered at O with M, and a local chart, ¢: U — €2, where (2
is some connected open subset of R (that is, an open interval), since ¢ is a homeomorphism.
However, U—{O} consists of four disconnected components and 2—¢(O) of two disconnected
components, contradicting the fact that ¢ is a homeomorphism.

Let us now consider the curve in R? given by the zero locus of the equation

namely, the set of points
My = {(z,y) €R* | y* = 2"},

This curve showed in Figure 3.2 and called a cuspidal cubic is also defined as the para-
metric curve

r = t
¢,
Consider the map, ¢: My — R, given by

o(z,y) =y'/%.
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Figure 3.2: A Cuspidal Cubic

Since x = y?/3 on M,, we see that ¢! is given by
el = (£, 1%)

and clearly, ¢ is a homeomorphism, so M, is a topological manifold. However, in the altas
consisting of the single chart, {¢: My — R}, the space Mj is also a smooth manifold! Indeed,
as there is a single chart, condition (3) of Definition 3.2 holds vacuously.

This fact is somewhat unexpected because the cuspidal cubic is usually not considered
smooth at the origin, since the tangent vector of the parametric curve, c: t — (¢%,13), at the
origin is the zero vector (the velocity vector at ¢, is ¢/(t) = (2t, 3t?)). However, this apparent
paradox has to do with the fact that, as a parametric curve, M, is not immersed in R? since
¢’ is not injective (see Definition 3.20 (a)), whereas as an abstract manifold, with this single
chart, M, is diffeomorphic to R.

Now, we also have the chart, ¢: My — R, given by

Y(z,y) =y,

with ¢)=1 given by

¢71(u) = (u2/37u)'
Then, observe that

poyvHu)=u'”,

a map that is not differentiable at u = 0. Therefore, the atlas {¢: My — R,¢: My — R} is
not C' and thus, with respect to that atlas, M, is not a C'-manifold.

The example of the cuspidal cubic shows a peculiarity of the definition of a C* (or C*)
manifold: If a space, M, happens to be a topological manifold because it has an atlas
consisting of a single chart, then it is automatically a smooth manifold! In particular, if
f: U — R™is any continuous function from some open subset, U, of R™, to R™, then the
graph, T'(f) C R™™™_ of f given by

L(f) ={(z, f(z)) eR"™ |z € U}
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is a smooth manifold with respect to the atlas consisting of the single chart, ¢: I'(f) — U,
given by
p(r, f(z)) =,

with its inverse, o=': U — I'(f), given by
p (@) = (2, f(2)).

The notion of a submanifold using the concept of “adapted chart” (see Definition 3.19 in
Section 3.4) gives a more satisfactory treatment of C* (or smooth) submanifolds of R™.
The example of the cuspidal cubic also shows clearly that whether a topological space is a
C*-manifold or a smooth manifold depends on the choice of atlas.

In some cases, M does not come with a topology in an obvious (or natural) way and a
slight variation of Definition 3.2 is more convenient in such a situation:

Definition 3.4 Given a set, M, given some integer n > 1 and given some k such that k is
either an integer k > 1 or k = oo, a C* n-atlas (or n-atlas of class C*), A, is a family of
charts, {(U;, ;) }, such that

(1) Each U; is a subset of M and ¢;: U; — ¢;(U;) is a bijection onto an open subset,
vi(U;) CR™, for all i;

(2) The U; cover M, i.e.,

M:UU“

(3) Whenever U; N U; # 0, the sets ¢;(U; N U;) and ¢;(U; NUj) are open in R™ and the
transition maps ¢! and goé are C*-diffeomorphisms.

Then, the notion of a chart being compatible with an atlas and of two atlases being
compatible is just as before and we get a new definition of a manifold, analogous to Definition
3.3. But, this time, we give M the topology in which the open sets are arbitrary unions of
domains of charts, U;, more precisely, the U;’s of the maximal atlas defining the differentiable
structure on M. It is not difficult to verify that the axioms of a topology are verified and
M is indeed a topological space with this topology. It can also be shown that when M is
equipped with the above topology, then the maps ¢;: U; — ;(U;) are homeomorphisms,
so M is a manifold according to Definition 3.3. We also require that under this topology,
M is Hausdorff and second-countable. A sufficient condition (in fact, also necessary!) for
being second-countable is that some atlas be countable. A sufficient condition of M to be
Hausdorff is that for all p,q € M with p # ¢, either p,q € U; for some U; or p € U; and
q € Uj for some disjoint U;, U;. Thus, we are back to the original notion of a manifold where
it is assumed that M is already a topological space.

One can also define the topology on M in terms of any of the atlases, A, defining M (not
only the maximal one) by requiring U C M to be open iff ¢;(U NU;) is open in R™, for every
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chart, (U;, ¢;), in the altas A. Then, one can prove that we obtain the same topology as the
topology induced by the maximal atlas. For details, see Berger and Gostiaux [17], Chapter
2.

If the underlying topological space of a manifold is compact, then M has some finite
atlas. Also, if A is some atlas for M and (U, ¢) is a chart in A, for any (nonempty) open
subset, V' C U, we get a chart, (V,p | V), and it is obvious that this chart is compatible
with A. Thus, (V,¢ [ V) is also a chart for M. This observation shows that if U is any open
subset of a C*-manifold, M, then U is also a C*-manifold whose charts are the restrictions
of charts on M to U.

Example 1. The sphere S".

Using the stereographic projections (from the north pole and the south pole), we can
define two charts on S™ and show that S™ is a smooth manifold. Let ox: S™ — {N} — R”
and og: S" — {S} — R", where N = (0,---,0,1) € R""! (the north pole) and S =
(0,---,0,—1) € R™ (the south pole) be the maps called respectively stereographic projec-
tion from the north pole and stereographic projection from the south pole given by

1 1

on(T1, . Tpg) = (x1,...,2,) and og(1,...,2001) = TS (X1, ..., Tp).
n+1

11— Tnt1

The inverse stereographic projections are given by

1 n
0';[1<x177xn) :W (21'1,,23:”, (ZZC?) —1)
= i=1

)

and
n

1
U;l(xp...,iUn) = W (21’1,...,2xn,—(2x?> + 1).

i=1
Thus, if we let Uy = S™ — {N} and Ug = S™ — {S}, we see that Uy and Ug are two open
subsets covering S™, both homeomorphic to R™. Furthermore, it is easily checked that on
the overlap, Uy N Ug = S™ — {N, S}, the transition maps

0'500']:[1 :O'NOO'El

are given by
1
(l’l,...,xn) — m (.1'1,...7.%”),

that is, the inversion of center O = (0,...,0) and power 1. Clearly, this map is smooth on
R™ — {O}, so we conclude that (Uy,oy) and (Usg, og) form a smooth atlas for S".

Example 2. The projective space RP".

To define an atlas on RP" it is convenient to view RIP" as the set of equivalence classes
of vectors in R™™ — {0} modulo the equivalence relation,

u~v iff v=>Au, forsome A #0e€R.
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Given any p = [x1,...,2Zn41] € RP", we call (z1,...,2,.1) the homogeneous coordinates
of p. Tt is customary to write (x1: ---: x,y1) instead of [z1,...,2,11]. (Actually, in most
books, the indexing starts with 0, i.e., homogeneous coordinates for RP" are written as
(xg: -+ :xy,).) Forany i, with 1 <i<mn+1, let

Ui={(z1: -+ zpy1) € RP" | z; # 0}.

Observe that U; is well defined, because if (y1: -+ : yny1) = (21: -+ : Tns1), then there is
some A # 0 so that y; = Ax;, for i = 1,...,n+ 1. We can define a homeomorphism, ¢;, of
U; onto R", as follows:

Ty Ti—1 Tita Tn+1
(pi(xlzw-:xmrl): Ty s ey s

where the ith component is omitted. Again, it is clear that this map is well defined since it
only involves ratios. We can also define the maps, 1;, from R" to U; C RP", given by

Vi(wy, .y mn) = (T o sy Loy oo xy),

where the 1 goes in the ith slot, for : = 1,...,n + 1. One easily checks that ¢; and 1; are
mutual inverses, so the ¢; are homeomorphisms. On the overlap, U; N Uj, (where ¢ # j), as
zj # 0, we have

T i1 1 x; Ti 1 X; T
—1 o 1 i—1 % 7j—1 J+1 n

(pj 0w, )(xl,...,$n)—(f,..., = e e — |
L Tj Tj Tj i Ty Ly

(We assumed that i < j; the case j < i is similar.) This is clearly a smooth function from
0i(U; N U;) to ¢;(U; NU;). As the U; cover RP", we conclude that the (U;, ;) are n + 1
charts making a smooth atlas for RP". Intuitively, the space RP" is obtained by glueing the
open subsets U; on their overlaps. Even for n = 3, this is not easy to visualize!

Example 3. The Grassmannian G(k,n).

Recall that G(k,n) is the set of all k-dimensional linear subspaces of R™, also called k-
planes. Every k-plane, W, is the linear span of k linearly independent vectors, uq, ..., u, in
R™; furthermore, uy,...,u and vy, ..., v; both span W iff there is an invertible k x k-matrix,
A = (\;j), such that

k
’Uj:ZAijui, 1§j§]€
i=1
Obviously, there is a bijection between the collection of k linearly independent vectors,

Ui, ..., U, in R™ and the collection of n x k matrices of rank k. Furthermore, two n X k
matrices A and B of rank k& represent the same k-plane iff

B = AA, for some invertible £ x k matrix, A.
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(Note the analogy with projective spaces where two vectors u,v represent the same point
iff v = Au for some invertible A € R.) We can define the domain of charts (according to
Definition 3.4) on G(k,n) as follows: For every subset, S = {iy,...,ix} of {1,...,n}, let Ug
be the subset of n x k matrices, A, of rank k& whose rows of index in S = {iy, ..., i} form
an invertible k x k matrix denoted Ag. Observe that the k& x k matrix consisting of the rows
of the matrix AA;1 whose index belong to S is the identity matrix, I;. Therefore, we can
define a map, @g: Us — R™F)*E where pg(A) is equal to the (n — k) x k matrix obtained
by deleting the rows of index in S from AAEl.

We need to check that this map is well defined, i.e., that it does not depend on the matrix,
A, representing W. Let us do this in the case where S = {1,...,k}, which is notationally
simpler. The general case can be reduced to this one using a suitable permutation.

If B = AA, with A invertible, if we write

A1 B1
A - B =
<A2> and (Bz) ’

as B = AA, we get By = A;A and By = AsA, from which we deduce that

By Bl I _ Iy _ I _ (A e
By) 1 By B! AgAA-LAT? Ay AT! A, )

Therefore, our map is indeed well-defined. It is clearly injective and we can define its
inverse, g, as follows: Let mg be the permutation of {1,...,n} swaping {1,... k} and S
and leaving every other element fixed (i.e., if S = {i1,..., 4}, then mg(j) = i; and wg(i;) = 7,
for j = 1,...,k). If Ps is the permutation matrix associated with mg, for any (n — k) x k

matrix, M, let
I
Ys(M) = Ps(]\f[)-

The effect of 15 is to “insert into M” the rows of the identity matrix [ as the rows of index
from S. At this stage, we have charts that are bijections from subsets, Ug, of G(k,n) to
open subsets, namely, R®~¥)>**  Then, the reader can check that the transition map ¢z o gogl
from ¢g(Us N Uy) to or(Us N Uy) is given by

M — (C+DM)(A+ BM)™*,

A B
(C D):PTP37

is the matrix of the permutation mp o g (this permutation “shuffles” S and T'). This map
is smooth, as it is given by determinants, and so, the charts (Ug, pg) form a smooth atlas
for G(k,n). Finally, one can check that the conditions of Definition 3.4 are satisfied, so the
atlas just defined makes G(k,n) into a topological space and a smooth manifold.

where
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Remark: The reader should have no difficulty proving that the collection of k-planes rep-
resented by matrices in Ug is precisely the set of k-planes, W, supplementary to the (n — k)-
plane spanned by the canonical basis vectors e, ,...,e;, (i.e., span(WU{ej,,,,...,¢€;.}) =
R™, where S = {iy,... i} and {jgy1,.--,Jn} = {1,...,n} = 9).

Example 4. Product Manifolds.

Let M, and M, be two C*-manifolds of dimension n; and ns, respectively. The topological
space, My x M,, with the product topology (the opens of M; x M, are arbitrary unions of
sets of the form U x V, where U is open in M; and V is open in M) can be given the
structure of a C*-manifold of dimension n; + ny by defining charts as follows: For any two
charts, (U;, ;) on M; and (V},;) on Ms, we declare that (U; x Vj,¢; X 1;) is a chart on
My x M,, where @; X 1;: U; x V; — R™*"2 ig defined so that

wi X ;i(p,q) = (pi(p),¥i(q)), forall (p,q) € U; x V.

We define C*-maps between manifolds as follows:

Definition 3.5 Given any two C*-manifolds, M and N, of dimension m and n respectively,
a C*-map is a continuous function, h: M — N, satisfying the following property: For every
p € M, there is some chart, (U, ), at p and some chart, (V,), at ¢ = h(p), with f(U) CV
and

pohoyp™:p(U) — y(V)

a C*-function.

It is easily shown that Definition 3.5 does not depend on the choice of charts. In par-
ticular, if N = R, we obtain a C*-function on M. One checks immediately that a function,
f: M — R, is a Ck-map iff for every p € M, there is some chart, (U, ¢), at p so that

foplipU) —R

is a C*-function. If U is an open subset of M, the set of C*-functions on U is denoted by
C*(U). In particular, C*(M) denotes the set of C*-functions on the manifold, M. Observe
that C*(U) is a ring.

On the other hand, if M is an open interval of R, say M =Ja,b[, then ~: |a,b] — N is
called a C*-curve in N. One checks immediately that a function, v: |a,b[— N, is a C*-map
iff for every ¢ € N, there is some chart, (V,1), at ¢ so that

Yory:la, bl — (V)
is a C*-function.

It is clear that the composition of C*-maps is a C*-map. A C*-map, h: M — N,
between two manifolds is a C*-diffeomorphism iff h has an inverse, h™': N — M (i.e.,
h™'oh =idy and ho h™! = idy), and both h and A~ are C*-maps (in particular, h and
h~! are homeomorphisms). Next, we define tangent vectors.
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3.2 Tangent Vectors, Tangent Spaces,
Cotangent Spaces

Let M be a C* manifold of dimension n, with & > 1. The most intuitive method to define
tangent vectors is to use curves. Let p € M be any point on M and let v: | —e,¢[— M be a
C!-curve passing through p, that is, with (0) = p. Unfortunately, if M is not embedded in
any R the derivative 7/(0) does not make sense. However, for any chart, (U, ¢), at p, the
map ¢ o is a C'-curve in R™ and the tangent vector v = (¢ o )(0) is well defined. The
trouble is that different curves may yield the same v!

To remedy this problem, we define an equivalence relation on curves through p as follows:

Definition 3.6 Given a C* manifold, M, of dimension n, for any p € M, two C'-curves,
Yi: ] — €, 61— M and yo: | — €3, €a] — M, through p (i.e., 71(0) = 12(0) = p) are equivalent
iff there is some chart, (U, ), at p so that

(po71)'(0) = (¢ 072)'(0).

Now, the problem is that this definition seems to depend on the choice of the chart.
Fortunately, this is not the case. For, if (V%) is another chart at p, as p belongs both to U
and V, we have U NV # 0, so the transition function n = 1 o ¢ =1 is C* and, by the chain
rule, we have

(Yom)'(0) = (nowom)(0)
(@) ((pom)'(0))
() (¢ 072)'(0))
= (noypom)(0)

(1 072)'(0).

U
U

This leads us to the first definition of a tangent vector.

Definition 3.7 (Tangent Vectors, Version 1) Given any C*-manifold, M, of dimension n,
with k& > 1, for any p € M, a tangent vector to M at p is any equivalence class of C'-curves
through p on M, modulo the equivalence relation defined in Definition 3.6. The set of all
tangent vectors at p is denoted by T,,(M) (or T,M).

It is obvious that T,(M) is a vector space. If u,v € T,(M) are defined by the curves v,
and 7, then u + v is defined by the curve 7, + 7, (we may assume by reparametrization that
71 and 72 have the same domain.) Similarly, if u € T,(M) is defined by a curve v and A € R,
then A\u is defined by the curve Avy. The reader should check that these definitions do not
depend on the choice of the curve in its equivalence class. We will show that T),(M ) is a vector
space of dimension n = dimension of M. One should observe that unless M = R", in which
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case, for any p, ¢ € R", the tangent space T, (M) is naturally isomorphic to the tangent space
T,(M) by the translation ¢ — p, for an arbitrary manifold, there is no relationship between

T,(M) and T,(M) when p # q.

One of the defects of the above definition of a tangent vector is that it has no clear
relation to the C*-differential structure of M. In particular, the definition does not seem to
have anything to do with the functions defined locally at p. There is another way to define
tangent vectors that reveals this connection more clearly. Moreover, such a definition is more
intrinsic, i.e., does not refer explicitly to charts. Our presentation of this second approach
is heavily inspired by Schwartz [133] (Chapter 3, Section 9) but also by Warner [145].

As a first step, consider the following: Let (U,¢) be a chart at p € M (where M is
a C*-manifold of dimension n, with & > 1) and let x; = pr; o ¢, the ith local coordinate
(1 <i < n). For any function, f, defined on U > p, set

—1
(i) PO A | B
O; p 0X; o(p)

(Here, (0g/0X;)|, denotes the partial derivative of a function g: R” — R with respect to
the ith coordinate, evaluated at y.)

We would expect that the function that maps f to the above value is a linear map on
the set of functions defined locally at p, but there is technical difficulty: The set of functions
defined locally at p is not a vector space! To see this, observe that if f is defined on an open
U > p and g is defined on a different open V' 3 p, then we do not know how to define f + g.
The problem is that we need to identify functions that agree on a smaller open. This leads
to the notion of germs.

Definition 3.8 Given any C*-manifold, M, of dimension n, with k& > 1, for any p € M, a
locally defined function at p is a pair, (U, f), where U is an open subset of M containing p
and f is a function defined on U. Two locally defined functions, (U, f) and (V,g), at p are
equivalent iff there is some open subset, W C U NV, containing p so that

fIW=g[W

The equivalence class of a locally defined function at p, denoted [f] or f, is called a germ at
.

One should check that the relation of Definition 3.8 is indeed an equivalence relation. Of
course, the value at p of all the functions, f, in any germ, f, is f(p). Thus, we set f(p) = f(p).
One should also check that we can define addition of germs, multiplication of a germ by a

scalar and multiplication of germs, in the obvious way: If f and g are two germs at p, and
A € R, then

fl1+1gl = [f+d]
Al = (M
[fllgl = [fgl.
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However, we have to check that these definitions make sense, that is, that they don’t depend
on the choice of representatives chosen in the equivalence classes [f] and [g]. Let us give
the details of this verification for the sum of two germs, [f] and [¢g]. For any two locally
defined functions, (f,U) and (g,V), at p, let f 4+ g be the locally defined function at p
with domain U NV and such that (f + g)(z) = f(z) + g(z) for all x € UNV. We need
to check that for any locally defined functions (U, f1), (Us, f2), (Vi,491), and (Va, ga), at
p, if (Ui, f1) and (Us, f2) are equivalent and if (V3,g;) and (V3,g2) are equivalent, then
(UyNnWV, fi + g1) and (Uy N Vo, fo + g2) are equivalent. However as (Ui, f1) and (Us, fo)
are equivalent, there is some W7 C U; N U, so that f; | = fo | Wy and as (V4,¢91) and
(Va, go) are equivalent, there is some Wy C V3 NV, so that gl [ Wy = go | W5. Then, observe
that (fi +g1) | (Wi NWa) = (fa + g2) | (Wi N W), which means that [f1 + ¢1] = [f2 + g2].
Therefore, [f + g] does not depend on the representatives chosen in the equivalence classes
[f] and [g] and it makes sense to set

[f]+ 9] = [f + gl

We can proceed in a similar fashion to define A[f] and [f][g]. Therefore, the germs at p form

a ring. The ring of germs of C*-functions at p is denoted (’)J(\lf[?p. When k = oo, we usually
drop the superscript oo.

Remark: Most readers will most likely be puzzled by the notation O . In fact, it is
standard in algebraic geometry, but it is not as commonly used in dlfferentlal geometry. For
any open subset, U, of a manifold, M, the ring, C*(U), of C*-functions on U is also denoted

(’)](\]f[)(U ) (certainly by people with an algebraic geometry bent') Then, it turns out that the

map U — (9 '(U) is a sheaf, denoted (’) , and the ring (9 , is the stalk of the sheaf (’)(
at p. Such rings are called local rings. Roughly speaking, all the “local” information about
M at p is contained in the local ring o'k M,p- (This is to be taken with a grain of salt. In the
C*-case where k < 0o, we also need the “stationary germs”, as we will see shortly.)

Now that we have a rigorous way of dealing with functions locally defined at p, observe

that the map
vt [ < 0 ) f
a&:i »

yields the same value for all functions f in a germ f at p. Furthermore, the above map is
linear on Og\?p. More is true. Firstly for any two functions f, g locally defined at p, we have

(ai)p (fg9) = f(p) (ai)pg-f—g(p) <9ii>pf‘

Secondly, if (f o ™) (¢(p)) = 0, then
0
(8$i)p f=0
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The first property says that v; is a derivation. As to the second property, when

(foo™Y(p(p)) =0, we say that f is stationary at p. It is easy to check (using the chain
rule) that being stationary at p does not depend on the chart, (U, ¢), at p or on the function
chosen in a germ, f. Therefore, the notion of a stationary germ makes sense: We say that f
is a stationary germ iff (fop ™) (¢(p)) = 0 for some chart, (U, ¢), at p and some function, f,
in the germ, f. The C*-stationary germs form a subring of Og\?p (but not an ideal!) denoted

Sy

7p‘
Remarkably, it turns out that the dual of the vector space, O](\If[?p / S](\j?p, is isomorphic to

the tangent space, T,(M). First, we prove that the subspace of linear forms on Oj(\l;?p that

vanish on 81(\/[)p has (8%1) R, (%) as a basis.
’ P "/p

Proposition 3.1 Given any C*-manifold, M, of dimension n, with k > 1, for any p € M
and any chart (U, @) at p, the n functions, (i) e (i> defined on (’)5\]2}, by
p

o1 OTn p;

( 0 ) . fop™)
(%ci p N 8X1

1< <n

9

»(p)

are linear forms that vanish on S](\Z)p. Every linear form, L, on (’)](\];?p that vanishes on S](\’/;?p
can be expressed in a unique way as

L= )\’L )
; < Oz P

<3> ) 1=1,...,n
3@ »

form a basis of the vector space of linear forms on (9](\]21, that vanish on S](\’j?p.

where \; € R. Therefore, the

Proof. The first part of the proposition is trivial, by definition of (f o ¢™!)(¢(p)) and of
(),
P

Next, assume that L is a linear form on (’)E\?p that vanishes on S](f[’)p. Consider the locally
defined function at p given by
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Observe that the germ of g is stationary at p, since

o0 = (7o Mel0) = (Fop o) = S0 0)(a) (5) f

i=1

= (For X Xala) - X0 ()

i=1

_<8‘9) f-o.
©(p) Li/)p

But then, as L vanishes on stationary germs, we get

L(f) = il L(prio ) (ai)p f,

as desired. We still have to prove linear independence. If

Z 0

then, if we apply this relation to the functions x; = pr; o ¢, as
; )
P o
<8xi » ! s

As the subspace of linear forms on Og’;?p that vanish on S](\f[?p is isomorphic to the dual,
((’)](\l;?p / S](\?p)*, of the space (’)](\?p / S](\?p, we see that the

(3> ) 1=1,...,n
a.’lﬂ'i P

also form a basis of ((95\]2]3 / S](\f[?p)*.

To define our second version of tangent vectors, we need to define linear derivations.

with X;(¢q) = (pri o p)(q). It follows that

dgop™| _9(foe™)

»(p)

weget \; =0,fore=1,...,n. 0

Definition 3.9 Given any C*-manifold, M, of dimension n, with k& > 1, for any p € M, a
linear derivation at p is a linear form, v, on O](\];?p, such that

v(fg) = f(p)v(g) + g(p)v(f),

for all germs f, g € O](\Z?p. The above is called the Leibnitz property.
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Recall that we observed earlier that the (%) are linear derivations at p. Therefore, we
“Jp
have

Proposition 3.2 Given any C*-manifold, M, of dimension n, with k > 1, for any p € M,
the linear forms on (’)](\l;?p that vanish on S]\’/;p are exactly the linear derivations on Oz\];,p that

vanish on S](\?p.

Proof. By Proposition 3.1, the

(88) ) 1=1,....,n
€T; P

form a basis of the linear forms on (’)J(\}f[?p that vanish on S](;’)p. Since each ( g

ox;

) is a also a
p

linear derivation at p, the result follows. [J

@ Proposition 3.2 says that a linear form on (’)](\];?p that vanishes on SJ(\'j?p is a linear derivation
but in general, when k # oo, a linear derivation on O](\]f[?p does not necessarily vanish on

S](\];?p. However, we will see in Proposition 3.6 that this is true for £ = co.
Here is now our second definition of a tangent vector.

Definition 3.10 (Tangent Vectors, Version 2) Given any C*-manifold, M, of dimension n,
with k£ > 1, for any p € M, a tangent vector to M at p is any linear derivation on (’)](\l;?p that

vanishes on S](f[)p, the subspace of stationary germs.

Let us consider the simple case where M = R. In this case, for every x € R, the tangent
space, T,(R), is a one-dimensional vector space isomorphic to R and (%)x = %‘x is a basis
vector of T,.(R). For every C*-function, f, locally defined at z, we have

0 dfy
(@), =l -7

Thus, (%)z is: compute the derivative of a function at x.

We now prove the equivalence of the two definitions of a tangent vector.

Proposition 3.3 Let M be any C*-manifold of dimension n, with k > 1. For any p €
M, let u be any tangent vector (version 1) given by some equivalence class of C"'-curves,

v: | — € +€— M, through p (i.e., p=(0)). Then, the map L., defined on O](\?p by
Lu(f) = (f 27)'(0)
s a linear derivation that vanishes on S](\f[?p. Furthermore, the map u +— L, defined above is

an isomorphism between T,(M) and (OJ(\Z?p/S](\Z)p)*, the space of linear forms on Og];?p that

vanish on S](\?p.
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Proof . Clearly, L, (f) does not depend on the representative, f, chosen in the germ, f. If
and o are equivalent curves defining u, then (¢ o 0)'(0) = (¢ 0 v)(0), so we get

(foa)(0)=(foe ) (e@)((woa)(0) = (for)(e®)(poy)(0)=(fo)(0),

which shows that L, (f) does not depend on the curve, 7, defining w. If f is a stationary
germ, then pick any chart, (U, ¢), at p and let ) = ¢ o y. We have

Lu(f) = (f0)'(0) = (fo ™) 0 (¢ 09))(0) = (f o ™) (¢(p))(¥'(0)) = O,

since (f o 1)(p(p)) = 0, as f is a stationary germ. The definition of L, makes it clear
that L, is a linear derivation at p. If u # v are two distinct tangent vectors, then there exist
some curves v and o through p so that

(¢ 07)(0) # (¢ 00)(0).

Thus, there is some i, with 1 < ¢ < n, so that if we let f = pr; o ¢, then
(f 09)(0) # (f 0 0)(0),

and so, L, # L,. This proves that the map u +— L, is injective.

For surjectivity, recall that every linear map, L, on O](\l;?p that vanishes on S](\?p can be

uniquely expressed as
- 0
L= Aol =— ) .

p
Define the curve, v, on M through p by

7(25) - gp_l(gp(p) + t(/\b R )\n))7
for t in a small open interval containing 0. Then, we have
FO®) = (foe ) + (A, ..., \)),

and we get

(7020 = (Fo ™Y (plp) o) = 34 A2

This proves that T,(M) and ((’)E\];?p /S](\];?p)* are isomorphic. O
In view of Proposition 3.3, we can identify 7,(M) with ((’)](\];?p/sz(\?p)*. As the space

O](\];?p / S](\?p is finite dimensional, ((’)g\];?p / S](\f[?p)** is canonically isomorphic to (’)E\Z?p / S](\f[?p, SO

we can identify T (M) with (9551,, / S](\’j?p. (Recall that if E is a finite dimensional space, the
map ig: F — E* defined so that, for any v € F,

v— v, where v(f)= f(v), forall fe E*

is a linear isomorphism.) This also suggests the following definition:



126 CHAPTER 3. MANIFOLDS

Definition 3.11 Given any C*-manifold, M, of dimension n, with k > 1, for any p € M,
the tangent space at p, denoted T,(M) is the space of linear derivations on O](\]f[)p that vanish

on S](\?p. Thus, T,(M) can be identified with ((’)](\Z?p /S](\]j?p)*. The space (9](\]21)/ S](\ff?p is called
the cotangent space at p; it is isomorphic to the dual, T;(M), of T,(M). (For simplicity of

notation we also denote T,(M) by T,M and T;(M) by T;M.)

Even though this is just a restatement of Proposition 3.1, we state the following propo-
sition because of its practical usefulness:

Proposition 3.4 Given any C*-manifold, M, of dimension n, with k > 1, for any p € M
and any chart (U, @) at p, the n tangent vectors,

o 0
or:) "\, ) )

form a basis of T,M .

Observe that if x; = pr; o ¢, as

0

the images of x1,..., 2, in O](\]f[?p/Sj(\?p form the dual basis of the basis (%1) ey <%> of
2 "/p

T,(M). Given any C*-function, f, on M, we denote the image of f in T;(M) = Og\Z?p/S](\fl?p
by df,. This is the differential of f at p. Using the isomorphism between Og\?p/S](\Z)p and

((’)](\?p / S](\?p)** described above, df,, corresponds to the linear map in 7);(M) defined by
df,(v) = v(f), for all v € T,(M). With this notation, we see that (dx;),, ..., (dz,), is a basis
of T(M), and this basis is dual to the basis <3%1>p ey (%)p of T,(M). For simplicity of
notation, we often omit the subscript p unless confusion arises.

Remark: Strictly speaking, a tangent vector, v € T,(M), is defined on the space of germs,

(’)](\l;?p, at p. However, it is often convenient to define v on C*-functions, f € C¥(U), where U
is some open subset containing p. This is easy: Set

Given any chart, (U, ), at p, since v can be written in a unique way as

0
0xi
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we get
= 0
v(f) = ;:1 Ai (_8$i>pf'

This shows that v(f) is the directional derivative of f in the direction v. The directional
derivative, v(f), is also denoted v|[f].

When M is a smooth manifold, things get a little simpler. Indeed, it turns out that in
this case, every linear derivation vanishes on stationary germs. To prove this, we recall the
following result from calculus (see Warner [145]):

Proposition 3.5 Ifg: R" — R is a C*-function (k > 2) on a convex open, U, about p € R",
then for every q € U, we have
0?g

(i =) + D (4 —pi) (g —Pj)/o (1-1) IX.0X,

ij=1

dt.

(1-t)p+tq

9(q) = g(p) + Z aa)i

In particular, if g € C*°(U), then the integral as a function of q is C*°.

Proposition 3.6 Let M be any C*°-manifold of dimension n. For any p € M, any linear
deriwation on O](\Zf’; vanishes on S](\fg, the ring of stationary germs.

Proof . Pick some chart, (U, ), at p, where U is convex (for instance, an open ball) and let
f be any stationary germ. If we apply Proposition 3.5 to f o ¢! and then compose with ¢,
we get

(zi — zi(p)) + Z (@i — 2i(p))(x; — 2;(p))h,

©(p) ij=1

_ ~ d(fop™)
f=17rp)+ ; Tox,
near p, where h is C'*°. Since f is a stationary germ, this yields

F=1Fm)+ > (2= xi(p)(w; — a5(p))h.

ij=1

If v is any linear derivation, we get

+ (2 = 2:(p)) (p)o(z; — 2;(P))h(p) + v(w: — 2i(p))(2; — 2; (p))(p)h(p)] =0.

Thus, v vanishes on stationary germs. [

Proposition 3.6 shows that in the case of a smooth manifold, in Definition 3.10, we
can omit the requirement that linear derivations vanish on stationary germs, since this is
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automatic. It is also possible to define T),(M) just in terms of (9 ) Let mps, C (9 ) be the
ideal of germs that vanish at p. Then, we also have the ideal m? M.ps Wthh consists of all finite
sums of products of two elements in m;;,, and it can be shown that T *(M ) is isomorphic to
myy /My, (see Warner [145], Lemma 1.16).

Actually, if we let mM)p denote the C* germs that vanish at p and 5 , denote the

stationary C*-germs that vanish at p, it is easy to show that
/SMp - mMp/sM,p

(Given any f € (’)E\?p, send it to f — f(p) € mg\?p.) Clearly, (mg\l})’p)Q consists of stationary
germs (by the derivation property) and when k = oo, Proposition 3.5 shows that every
stationary germ that vanishes at p belongs to m?va. Therefore, when k£ = oo, we have

(00) _ .2
Sy, = My, and so,

T:(M) = (’)5@2/8](\23 & mM,p/m?mp.

Remark: The ideal mM) is in fact the unique maximal ideal of (’) . This is because

if f e OM ', does not vanish at p, then it IS an invertible element of (’)5\4 p and any ideal

containing mgw)p and f would be equal to O} Mp, which it absurd. Thus, O M7p is a local ring

(in the sense of commutative algebra) called the local ring of germs of C*-functions at p.
These rings play a crucial role in algebraic geometry.

Yet one more way of defining tangent vectors will make it a little easier to define tangent

bundles.

Definition 3.12 (Tangent Vectors, Version 3) Given any C*-manifold, M, of dimension n,
with k > 1, for any p € M, consider the triples, (U, ¢,u), where (U, ¢) is any chart at p and
w is any vector in R™. Say that two such triples (U, ¢, u) and (V,1,v) are equivalent iff

(Yo ), (u) = 0.

A tangent vector to M at p is an equivalence class of triples, [(U, ¢, u)], for the above
equivalence relation.

The intuition behind Definition 3.12 is quite clear: The vector u is considered as a tangent
vector to R™ at p(p). If (U, ) is a chart on M at p, we can define a natural isomorphism,
Ovpp: R" — T,(M), between R™ and T,(M), as follows: For any u € R",

Ovpp: u— [(U,p,u)].
One immediately checks that the above map is indeed linear and a bijection.

The equivalence of this definition with the definition in terms of curves (Definition 3.7)
is easy to prove.
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Proposition 3.7 Let M be any C*-manifold of dimension n, with k > 1. For everyp € M,
for every chart, (U, ), at p, if x is any tangent vector (version 1) given by some equivalence
class of C'-curves, v: | — €, +¢[ — M, through p (i.e., p = (0)), then the map

z = [(U, 0, (v 07)(0))]

is an isomorphism between T,(M)-version 1 and T,(M)-version 3.

Proof. If o is another curve equivalent to 7, then (¢ o v)'(0) = (¢ 0 ¢)’(0), so the map is
well-defined. It is clearly injective. As for surjectivity, define the curve, v, on M through p
by
Y(t) = ¢~ (p(p) + tu).
Then, (¢ o7)(t) = ¢(p) + tu and
(©07)'(0) = u.

O

After having explored thorougly the notion of tangent vector, we show how a C*-map,
h: M — N, between C* manifolds, induces a linear map, dhy,: T,(M) — Ty, (N), for every

p € M. We find it convenient to use Version 2 of the definition of a tangent vector. So, let
u € T,(M) be a linear derivation on (’)g\?p that vanishes on SJ(\f[?p. We would like dh,(u) to be

a linear derivation on O](\];)h(p) that vanishes on S](\];)h(p). So, for every germ, g € (95\];),1(]3), set

dhy(u)(g) = u(g o h).

For any locally defined function, g, at h(p) in the germ, g (at h(p)), it is clear that g o h is
locally defined at p and is C*, so g o h is indeed a C*-germ at p. Moreover, if g is a stationary
germ at h(p), then for some chart, (V,4) on N at ¢ = h(p), we have (g o =) (¢(q)) = 0
and, for any chart, (U, ¢), at p on M, we get

(gohow™)(e(p) = (gov™ ) (W(@)((Yohop™)(p(p)) =0,

which means that g o h is stationary at p. Therefore, dh,(u) € Ty (M). It is also clear that
dh,, is a linear map. We summarize all this in the following definition:

Definition 3.13 Given any two C*-manifolds, M and N, of dimension m and n, respec-
tively, for any C*-map, h: M — N, and for every p € M, the differential of h at p or tangent
map, dhy,: T,(M) — Ty (N), is the linear map defined so that

dhy(u)(g) = u(g o h),

for every u € T,(M) and every germ, g € OE\IZ)}L(I)). The linear map dh,, is also denoted T,h
(and sometimes, h;, or D,h).

The chain rule is easily generalized to manifolds.
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Proposition 3.8 Given any two C*-maps f: M — N and g: N — P between smooth
C*-manifolds, for any p € M, we have

d(go f)p = dgsp) © dfp.

In the special case where N = R, a C*-map between the manifolds M and R is just a
C*-function on M. It is interesting to see what df, is explicitly. Since N = R, germs (of
functions on R) at t; = f(p) are just germs of C*-functions, g: R — R, locally defined at t,.
Then, for any u € T,(M) and every germ g at t,

dfp(u)(g) = u(gof).

If we pick a chart, (U, ¢), on M at p, we know that the (ai) form a basis of T),(M), with

P
1 <i < n. Therefore, it is enough to figure out what df,(u)(g) is when v = <82_> . In this
“/p

case,
0 ~O(gofop™)
dfyp ((8%)}7) (g8) = Tox,

Using the chain rule, we find that

0 ((2))w- (%) %

) = u(f) &

©(p)

to

Therefore, we have

to

This shows that we can identify df, with the linear form in 7);(M) defined by
dfy(u) = u(f), uweTT,M,

by identifying 7}, R with R. This is consistent with our previous definition of df, as the image
of fin Ty(M) = Oj(\lf[?p/S](\f?p (as T,(M) is isomorphic to (OE\?})/SJ(\];?]J)*).
Again, even though this is just a restatement of facts we already showed, we state the

following proposition because of its practical usefulness:

Proposition 3.9 Given any C*-manifold, M, of dimension n, with k > 1, for any p € M
and any chart (U, ) at p, the n linear maps,

(dxy1)p, ..., (dxy),,

Jorm a basis of T; M, where (dzx;),, the differential of x; at p, is identified with the linear
form in TXM such that (dx;),(v) = v(x;), for every v € T,M (by identifying TAR with R).
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In preparation for the definition of the flow of a vector field (which will be needed to
define the exponential map in Lie group theory), we need to define the tangent vector to
a curve on a manifold. Given a C*-curve, v: Ja,b[ — M, on a C*-manifold, M, for any
to €la, b|, we would like to define the tangent vector to the curve 7 at ¢y as a tangent vector

to M at p = v(to). We do this as follows: Recall that £ ,, 18 a basis vector of Ty (R) = R.

So, define the tangent vector to the curve 7 at ty, denoted (o) (or v/(to), or %(to)) by
d

7(?50) = d, (@ ) .

Sometime, it is necessary to define curves (in a manifold) whose domain is not an open
interval. A map, v: [a,b] — M, is a C*¥-curve in M if it is the restriction of some C*-curve,
v:la—e,b+¢€[— M, for some (small) € > 0. Note that for such a curve (if £ > 1) the tangent
vector, (t), is defined for all ¢ € [a,b]. A continuous curve, v: [a,b] — M, is piecewise C*

iff there a sequence, ay = a,ay,...,a, = b, so that the restriction, 7;, of v to each [a;, a; 1]
is a C*-curve, for i = 0,...,m — 1. This implies that v/(a;+1) and 7/, (a;+1) are defined for
t=0,...,m — 1, but there may be a jump in the tangent vector to v at a;, that is, we may

have vi(ais1) # Yip1 (ai)-

3.3 Tangent and Cotangent Bundles, Vector Fields, Lie
Derivative

Let M be a C*-manifold (with & > 2). Roughly speaking, a vector field on M is the
assignment, p — X(p), of a tangent vector, X(p) € T,(M), to a point p € M. Generally,
we would like such assignments to have some smoothness properties when p varies in M,
for example, to be C!, for some [ related to k. Now, if the collection, T'(M), of all tangent
spaces, T,(M), was a C'-manifold, then it would be very easy to define what we mean by a
C'-vector field: We would simply require the map, X: M — T(M), to be C".

If M is a C*-manifold of dimension n, then we can indeed make T(M) into a C*~1-
manifold of dimension 2n and we now sketch this construction.

We find it most convenient to use Version 3 of the definition of tangent vectors, i.e., as
equivalence classes of triples (U, ¢, x), where (U, ) is a chart and z € R™. First, we let
T'(M) be the disjoint union of the tangent spaces T),(M), for all p € M. There is a natural
projection,

m: T(M)— M, where w(v)=p if vel,(M).

We still have to give T'(M) a topology and to define a C*~!-atlas. For every chart, (U, ),
of M (with U open in M) we define the function, @: #=1(U) — R?", by

-1

B(w) = (9o (1), 05 1) (V)



132 CHAPTER 3. MANIFOLDS

where v € 77 H(U) and 6y, is the isomorphism between R™ and T,(M) described just after
Definition 3.12. It is obvious that @ is a bijection between 7! (U) and ¢(U) x R™, an open
subset of R?". We give T'(M) the weakest topology that makes all the @ continuous, i.e., we
take the collection of subsets of the form @~!(1W), where W is any open subset of p(U) x R",
as a basis of the topology of T'(M). One easily checks that T'(M) is Hausdorff and second-
countable in this topology. If (U, ) and (V,1)) are overlapping charts, then the transition
map,

Do pUNV)XR" — p(UNV) x R
is given by

bogTH(za) = (Yo H(2), (o) (x),  (22)€pUNV)xR"

It is clear that 1 o ! is a C¥'-map. Therefore, T(M) is indeed a C*~'-manifold of
dimension 2n, called the tangent bundle.

Remark: Even if the manifold M is naturally embedded in R (for some N > n = dim(M)),
it is not at all obvious how to view the tangent bundle, T'(M), as embedded in RY ", for some
suitable N’. Hence, we see that the definition of an abtract manifold is unavoidable.

A similar construction can be carried out for the cotangent bundle. In this case, we
let T*(M) be the disjoint union of the cotangent spaces T,;(M). We also have a natural
projection, 7m: T*(M) — M, and we can define charts in several ways. One method used by
Warner [145] goes as follows: For any chart, (U, ¢), on M, we define the function,
¢: 71 (U) — R*", by

0= (e (), ) (G2).))

where 7 € 771(U) and the <%> are the basis of T),(M) associated with the chart (U, ).
“/p

Again, one can make T*(M) into a C*~!-manifold of dimension 2n, called the cotangent
bundle. We leave the details as an exercise to the reader (Or, look at Berger and Gostiaux
[17]). Another method using Version 3 of the definition of tangent vectors is presented in
Section 7.2. For simplicity of notation, we also use the notation T'M for T'(M) (resp. T*M
for T*(M)).

Observe that for every chart, (U, ¢), on M, there is a bijection
o m N (U) — U x R,
given by
T (v) = (7(v), eafpm(y) (v)).

Clearly, pry o 7y = m, on 7~ 1(U). Thus, locally, that is, over U, the bundle T'(M) looks like
the product U x R™. We say that T'(M) is locally trivial (over U) and we call 17y a trivializing
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map. For any p € M, the vector space 7 *(p) = T,(M) is called the fibre above p. Observe
that the restriction of 7y to 7 (p) is an isomorphism between T),(M) and {p} x R"* = R"
for any p € M. All these ingredients are part of being a vector bundle (but a little more is
required of the maps 7y7). For more on bundles, see Chapter 7, in particular, Section 7.2 on
vector bundles where the construction of the bundles TM and T*M is worked out in detail.
See also the references in Chapter 7.

When M = R", observe that T(M) = M x R" = R* x R", i.e., the bundle T'(M) is
(globally) trivial.

Given a C*-map, h: M — N, between two C*-manifolds, we can define the function,
dh: T(M) — T(N), (also denoted Th, or h,, or Dh) by setting

dh(u) = dhy(u), iff e T,(M).

We leave the next proposition as an exercise to the reader (A proof can be found in
Berger and Gostiaux [17]).

Proposition 3.10 Given a C*-map, h: M — N, between two C*-manifolds M and N (with
k> 1), the map dh: T(M) — T(N) is a C*'-map.

We are now ready to define vector fields.

Definition 3.14 Let M be a C**! manifold, with & > 1. For any open subset, U of M, a
vector field on U is any section, X, of T(M) over U, i.e., any function, X : U — T (M), such
that 7o X =idy (i.e., X(p) € T,(M), for every p € U). We also say that X is a lifting of U
into T(M). We say that X is a C*-vector field on U iff X is a section over U and a C*-map.
The set of C*-vector fields over U is denoted I'®)(U, T(M)). Given a curve, v: [a,b] — M, a
vector field, X, along v is any section of T'(M) over v, i.e., a C*-function, X : [a,b] — T(M),
such that m o X = ~. We also say that X lifts v into T'(M).

The above definition gives a precise meaning to the idea that a C*-vector field on M is
an assignment, p — X (p), of a tangent vector, X (p) € T,(M), to a point, p € M, so that
X (p) varies in a C*-fashion in terms of p.

Clearly, T®)(U, T(M)) is a real vector space. For short, the space I'® (M, T(M)) is also
denoted by T®)(T(M)) (or X*)(M) or even T'(T'(M)) or X(M)).

Remark: We can also define a C7-vector field on U as a section, X, over U which is a
C7-map, where 0 < j < k. Then, we have the vector space, ['V)(U, T'(M)), etc .

If M =R" and U is an open subset of M, then T'(M) = R" x R and a section of T'(M)
over U is simply a function, X, such that

X(p) = (p,u), with ueR",
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for all p € U. In other words, X is defined by a function, f: U — R"™ (namely, f(p) = u).
This corresponds to the “old” definition of a vector field in the more basic case where the
manifold, M, is just R™.

Given any C*-function, f € C*(U), and a vector field, X € T®)(U, T(M)), we define the
vector field, fX, by
(fX)(p) = f(p)X (), pel.

Obviously, fX € '™ (U, T(M)), which shows that I'®)(U, T(M)) is also a C*(U)-module.
We also denote X (p) by X,. For any chart, (U, ), on M it is easy to check that the map

0
pH(ax)’ pevl,
v/ p

is a C*-vector field on U (with 1 <4 < n). This vector field is denoted <8%i> or %.

Definition 3.15 Let M be a C**! manifold and let X be a C* vector field on M. If U
is any open subset of M and f is any function in C¥(U), then the Lie derivative of f with
respect to X, denoted X (f) or Lx f, is the function on U given by

X(flp) =X,(f) =X,(f), pel

Observe that
X(f)(p) = dfp(X,),
where df, is identified with the linear form in 7,;(M) defined by

df,(v) = v(f), veT,M,

by identifying 73, R with R (see the discussion following Proposition 3.8). The Lie derivative,
Lx f, is also denoted X[f].

As a special case, when (U, ¢) is a chart on M, the vector field, %, just defined above

induces the function 3
p < ) [, pel,
81:1- P

denoted a%i(f) or ((ﬁi) f

It is easy to check that X(f) € C*"}(U). As a consequence, every vector field X €
I'®) (U, T(M)) induces a linear map,

Lx: CHU) — CFH(U),
given by f +— X(f). It is immediate to check that Lx has the Leibnitz property, i.e.,

Lx(fg) = Lx(f)g+ fLx(g)



3.3. TANGENT AND COTANGENT BUNDLES, VECTOR FIELDS 135

Linear maps with this property are called derivations. Thus, we see that every vector field
induces some kind of differential operator, namely, a linear derivation. Unfortunately, not
every linear derivation of the above type arises from a vector field, although this turns out to
be true in the smooth case i.e., when k = oo (for a proof, see Gallot, Hulin and Lafontaine
[60] or Lafontaine [92]).

In the rest of this section, unless stated otherwise, we assume that k£ > 1. The following
easy proposition holds (c.f. Warner [145]):

Proposition 3.11 Let X be a vector field on the C*T'-manifold, M, of dimension n. Then,
the following are equivalent:

(a) X is C*.

(b) If (U, ) is a chart on M and if fi,..., fn are the functions on U uniquely defined by

X1U=Yfi
i=1 v

then each f; is a C*-map.

(c) Whenever U is open in M and f € C*(U), then X(f) € C*Y(U).

Given any two C*-vector field, X,Y, on M, for any function, f € C*(M), we defined
above the function X (f) and Y'(f). Thus, we can form X (Y (f)) (resp. Y (X(f))), which
are in C*~2(M). Unfortunately, even in the smooth case, there is generally no vector field,
Z, such that

Z(f) = X(Y(f)), forall feCk(M).

This is because X (Y (f)) (and Y (X(f))) involve second-order derivatives. However, if we
consider X (Y (f)) =Y (X(f)), then second-order derivatives cancel out and there is a unique
vector field inducing the above differential operator. Intuitively, XY — Y X measures the
“failure of X and Y to commute”.

Proposition 3.12 Given any C**'-manifold, M, of dimension n, for any two C*-vector
fields, X,Y, on M, there is a unique C*~1-vector field, [X,Y], such that

(X, Y)(f) = X(Y () = Y(X(f), forall feC(M).

Proof. First we prove uniqueness. For this it is enough to prove that [X, Y] is uniquely
defined on C*(U), for any chart, (U, ). Over U, we know that

"9 "9
X—;Xiaxi and Y—;Yiaxi,
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where X;,Y; € C*(U). Then, for any f € C*(M), we have

X(Y(f) = X(Zyjaixj( > Z 'ai . +ZX e 8% (f)
B

Ny=2_%
j=1 i,j=1 t,j=1
& 0 & 0 0?
V) = ¥ (S ) = Sl ) )+ Yo X ),
i=1 ¢ ij=1 et

i,j=1

However, as f € Ck(M), with k > 2, we have

62
Z XY g o 83&]8@ Z XY g o O0x;0x; (7);

Z] 1 ’L]—

and we deduce that

XY () - VX)) =Y (Xai (0) ~ Yipe <Xj>) ai ().

ij=1
This proves that [X,Y] = XY — Y X is uniquely defined on U and that it is C*~1. Thus, if
[X, Y] exists, it is unique.

To prove existence, we use the above expression to define [ X, Y]y, locally on U, for every
chart, (U,¢). On any overlap, U NV, by the uniqueness property that we just proved,
[X, Y]y and [X, Y]y must agree. But then, the [X, Y]y patch and yield a C*~!-vector field
defined on the whole of M. [J

Definition 3.16 Given any C**!-manifold, M, of dimension n, for any two C*-vector fields,
X,Y, on M, the Lie bracket, [X,Y], of X and Y, is the C*~! vector field defined so that

(X, Y)(f) = X(Y(f) = Y(X(f), forall fecC"'(M).

An an example, in R3, if X and Y are the two vector fields,

0 0 0
X = . + yaz and Y = ay
then 5

We also have the following simple proposition whose proof is left as an exercise (or, see
Do Carmo [50]):

Proposition 3.13 Given any C**-manifold, M, of dimension n, for any C*-vector fields,
X,Y,Z, on M, for all f,g € CK(M), we have:
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(a) [X,Y],Z]+ (Y, Z], X] +[[Z,X],Y] =0 (Jacobi identity).
(b) [X,X]=0.

(c) [fX,9Y] = fg[X. Y]+ FX(9)Y — gV (f)X.

(d) |-, -] is bilinear.

As a consequence, for smooth manifolds (k = 00), the space of vector fields, ') (T'(M)),

is a vector space equipped with a bilinear operation, [—, —|, that satisfies the Jacobi identity.
This makes ['™)(T(M)) a Lie algebra.

Let ¢: M — N be a diffeomorphism between two manifolds. Then, vector fields can be
transported from N to M and conversely.

Definition 3.17 Let ¢: M — N be a diffeomorphism between two C*+1 manifolds. For
every CF vector field, Y, on N, the pull-back of Y along ¢ is the vector field, ©*Y, on M,
given by

(¥*Y), = dSO;(lp) Yow), pe M.

For every C* vector field, X, on M, the push-forward of X along ¢ is the vector field, ¢, X,
on N, given by
e X = (07X,

that is, for every p € M,
(2x X)p(p) = dipp(X5p),

or equivalently,
(e X)g = dpo—1(9)(Xp-1(g)) g€ N.

It is not hard to check that

Lo.xf=Lx(fop)og™,
for any function f € C*(N).

One more notion will be needed when we deal with Lie algebras.

Definition 3.18 Let ¢: M — N be a C**'-map of manifolds. If X is a C* vector field on
M and Y is a C* vector field on N, we say that X and Y are @-related iff

dpoX =Y oe.

The basic result about ¢-related vector fields is:

Proposition 3.14 Let ¢: M — N be a C**'-map of manifolds, let X and Y be C* vector
fields on M and let X,,Y; be C* wvector fields on N. If X is @-related to X, and Y is
p-related to Yy, then [ X, Y] is p-related to [ X1, Y1].

Proof . Basically, one needs to unwind the definitions, see Warner [145], Chapter 1. O
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3.4 Submanifolds, Immersions, Embeddings

Although the notion of submanifold is intuitively rather clear, technically, it is a bit tricky.
In fact, the reader may have noticed that many different definitions appear in books and
that it is not obvious at first glance that these definitions are equivalent. What is important
is that a submanifold, N, of a given manifold, M, not only have the topology induced M
but also that the charts of N be somewhow induced by those of M. (Recall that if X is a
topological space and Y is a subset of X, then the subspace topology on'Y or topology induced
by X on Y has for its open sets all subsets of the form Y N U, where U is an arbitary open
subset of X.).

Given m,n, with 0 < m < n, we can view R™ as a subspace of R" using the inclusion
R"=2R™ x {(0,...,0)} = R"xR"™=R", (21,...,Zm) — (T1,...,Zm,0,...,0).
—— S——
n—m n—m

Definition 3.19 Given a C*-manifold, M, of dimension n, a subset, N, of M is an m-
dimensional submanifold of M (where 0 < m < n) iff for every point, p € N, there is a
chart, (U, ¢), of M, with p € U, so that

p(UNN) = oU) N R™ X {0n-m}).

(We write 0,_,, = (0,...,0).)
———

n—m

The subset, U N N, of Definition 3.19 is sometimes called a slice of (U, ) and we say
that (U, ¢) is adapted to N (See O’Neill [117] or Warner [145]).

@ Other authors, including Warner [145], use the term submanifold in a broader sense than
us and they use the word embedded submanifold for what is defined in Definition 3.19.

The following proposition has an almost trivial proof but it justifies the use of the word
submanifold:

Proposition 3.15 Given a C*-manifold, M, of dimension n, for any submanifold, N, of
M of dimension m < n, the family of pairs (U N N, | UN N), where (U, ) ranges over
the charts over any atlas for M, is an atlas for N, where N is given the subspace topology.
Therefore, N inherits the structure of a C*-manifold.

In fact, every chart on N arises from a chart on M in the following precise sense:

Proposition 3.16 Given a C*-manifold, M, of dimension n and a submanifold, N, of M
of dimension m < n, for any p € N and any chart, (W,n), of N at p, there is some chart,
(U, ), of M at p so that

p(UNN)=pU)NR" x{0p-m}) and @[ UNN=n[UNN,
wherepe UNN CW.
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Proof. See Berger and Gostiaux [17] (Chapter 2). O

It is also useful to define more general kinds of “submanifolds”.

Definition 3.20 Let p: N — M be a C*-map of manifolds.
(a) The map ¢ is an immersion of N into M iff dy, is injective for all p € N.
(b) The set p(N) is an immersed submanifold of M iff ¢ is an injective immersion.

(¢) The map ¢ is an embedding of N into M iff ¢ is an injective immersion such that the
induced map, N — ¢(N), is a homeomorphism, where ¢(N) is given the subspace
topology (equivalently, ¢ is an open map from N into ¢(N) with the subspace topol-
ogy). We say that ¢(IN) (with the subspace topology) is an embedded submanifold of
M.

(d) The map ¢ is a submersion of N into M iff dp, is surjective for all p € N.

@ Again, we warn our readers that certain authors (such as Warner [145]) call ¢(N), in
(b), a submanifold of M! We prefer the terminology immersed submanifold.

The notion of immersed submanifold arises naturally in the framewok of Lie groups.
Indeed, the fundamental correspondence between Lie groups and Lie algebras involves Lie
subgroups that are not necessarily closed. But, as we will see later, subgroups of Lie groups
that are also submanifolds are always closed. It is thus necessary to have a more inclusive
notion of submanifold for Lie groups and the concept of immersed submanifold is just what’s
needed.

Immersions of R into R? are parametric curves and immersions of R? into R?® are para-
metric surfaces. These have been extensively studied, for example, see DoCarmo [49], Berger
and Gostiaux [17] or Gallier [58].

Immersions (i.e., subsets of the form ¢(N), where N is an immersion) are generally neither
injective immersions (i.e., subsets of the form ¢(/N), where N is an injective immersion) nor
embeddings (or submanifolds). For example, immersions can have self-intersections, as the
plane curve (nodal cubic): z = t?—1;y = #(t*—1). Note that the cuspidal cubic, t — (¢, 3),
is an injective map, but it is not an immersion since its derivative at the origin is zero.

Injective immersions are generally not embeddings (or submanifolds) because p(N) may
not be homeomorphic to N. An example is given by the Lemniscate of Bernoulli, an injective
immersion of R into R?:

t(14 %)
r = —,
1+t
t(1 —t?
y = )

L4+t
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Another interesting example is the immersion of R into the 2-torus, 7? = S! x S! C R,
given by
t +— (cost,sint, cos ct,sin ct),

where ¢ € R. One can show that the image of R under this immersion is closed in T? iff
c is rational. Moreover, the image of this immersion is dense in 7?2 but not closed iff ¢ is
irrational. The above example can be adapted to the torus in R?®: One can show that the
immersion given by

t— ((2+ cost) cos(vV2t), (2 + cost) sin(v/2t), sint),
is dense but not closed in the torus (in R?) given by
(s,t) — ((2 4 coss) cost, (2 + cos s)sint, sin s),
where s,t € R.

There is, however, a close relationship between submanifolds and embeddings.

Proposition 3.17 If N is a submanifold of M, then the inclusion map, j: N — M, is an
embedding. Conversely, if o: N — M is an embedding, then o(N) with the subspace topology
is a submanifold of M and ¢ is a diffeomorphism between N and ¢(N).

Proof. See O’Neill [117] (Chapter 1) or Berger and Gostiaux [17] (Chapter 2). O

In summary, embedded submanifolds and (our) submanifolds coincide. Some authors
refer to spaces of the form ¢ (IV), where ¢ is an injective immersion, as immersed submanifolds
and we have adopted this terminology. However, in general, an immersed submanifold is not
a submanifold. One case where this holds is when N is compact, since then, a bijective
continuous map is a homeomorphism. For yet a notion of submanifold intermediate between
immersed submanifolds and (our) submanifolds, see Sharpe [137] (Chapter 1).

Our next goal is to review and promote to manifolds some standard results about ordinary
differential equations.

3.5 Integral Curves, Flow of a Vector Field,
One-Parameter Groups of Diffeomorphisms
We begin with integral curves and (local) flows of vector fields on a manifold.

Definition 3.21 Let X be a C*~! vector field on a C*-manifold, M, (k > 2) and let py be a
point on M. An integral curve (or trajectory) for X with initial condition py is a C*~1-curve,
~v: I — M, so that

(t) = X(y(t)), foralltel and ~(0)= po,

where I =]a,b] C R is an open interval containing 0.
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What definition 3.21 says is that an integral curve, v, with initial condition p, is a curve
on the manifold M passing through py and such that, for every point p = (t) on this curve,
the tangent vector to this curve at p, i.e., (), coincides with the value, X (p), of the vector
field X at p.

Given a vector field, X, as above, and a point py € M, is there an integral curve through
po? Is such a curve unique? If so, how large is the open interval 17 We provide some answers
to the above questions below.

Definition 3.22 Let X be a C*~! vector field on a C*¥-manifold, M, (k > 2) and let py be
a point on M. A local flow for X at py is a map,

p: JxU— M,

where J C R is an open interval containing 0 and U is an open subset of M containing py,
so that for every p € U, the curve t — ©(t,p) is an integral curve of X with initial condition

p.

Thus, a local flow for X is a family of integral curves for all points in some small open set
around pg such that these curves all have the same domain, J, independently of the initial
condition, p € U.

The following theorem is the main existence theorem of local flows. This is a promoted
version of a similar theorem in the classical theory of ODE’s in the case where M is an open
subset of R". For a full account of this theory, see Lang [95] or Berger and Gostiaux [17].

Theorem 3.18 (Eristence of a local flow) Let X be a C*~! vector field on a C*-manifold,
M, (k> 2) and let py be a point on M. There is an open interval, J C R, containing 0 and
an open subset, U C M, containing py, so that there is a unique local flow, p: J xU — M,
for X at po. Furthermore, ¢ is C*~1,

Theorem 3.18 holds under more general hypotheses, namely, when the vector field satisfies
some Lipschitz condition, see Lang [95] or Berger and Gostiaux [17].

Now, we know that for any initial condition, py, there is some integral curve through py.
However, there could be two (or more) integral curves v,: Iy — M and vo: [ — M with
initial condition py. This leads to the natural question: How do ~; and ~, differ on Iy N 57
The next proposition shows they don’t!

Proposition 3.19 Let X be a C*~! vector field on a C*-manifold, M, (k > 2) and let py be
a point on M. If v: Iy — M and vo: Is — M are any two integral curves both with initial
condition pg, then v = v9 on Iy N Is.
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Proof. Let Q = {t € I1NIy | v1(t) = 1(t)}. Since v1(0) = 12(0) = po, the set Q is nonempty.
If we show that @ is both closed and open in I; N I, as I; N I is connected since it is an
open interval of R, we will be able to conclude that Q) = I, N I5.

Since by definition, a manifold is Hausdorff, it is a standard fact in topology that the
diagonal, A = {(p,p) | p € M} C M x M, is closed, and since

Q=LNLN(1,7) " (A)

and vy, and 7, are continuous, we see that () is closed in I1 N I5.

Pick any u € @ and consider the curves 3; and [y given by

Bi(t) =t +u) and Fa(t) = y2(t + u),

where t € I} — u in the first case and ¢ € I, — u in the second. (Here, if I = ]a,b[, we have
I —u=]a—wub—uf[.) Observe that

Bit) =4 (t+u) = X(n(t+u) = X(Bi(1))
and similarly, G5(t) = X (3a(t)). We also have

P1(0) = m(u) = 72(u) = 52(0) = g,

since u € @ (where v (u) = vo(u)). Thus, f1: (I} —u) — M and [y: (I —u) — M are
two integral curves with the same initial condition, g. By Theorem 3.18, the uniqueness of
local flow implies that there is some open interval, I C I N Iy — u, such that §; = (3, on I.
Consequently, v; and v, agree on I + u, an open subset of (), proving that () is indeed open
in Il N [2. ]

Proposition 3.19 implies the important fact that there is a unique mazimal integral curve
with initial condition p. Indeed, if {7;: I; — M};ck is the family of all integral curves with
initial condition p (for some big index set, K), if we let I(p) = U,k Ij, we can define a
curve, v,: I(p) — M, so that

W(t) = ;(t), if telj.

Since 7y; and v; agree on I; N [; for all j,1 € K, the curve v, is indeed well defined and it is
clearly an integral curve with initial condition p with the largest possible domain (the open
interval, I(p)). The curve =, is called the mazimal integral curve with initial condition p
and it is also denoted by 7(p,t). Note that Proposition 3.19 implies that any two distinct
integral curves are disjoint, i.e., do not intersect each other.

Consider the vector field in R? given by

0 0
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If we write y(t) = (z(t),y(t)), the differential equation, 4(t) = X ((¢)), is expressed by

or, in matrix form,

If we write X = (Z) and A = (? _01>, then the above equation is written as
X' =AX.
Now, as
A A? A"
A =T+t P
1! 2! n!
we get
d, 4 2 A3 A" _
el — A4+ T T2 oo = AetA
A A T I s T €

so we see that ep is a solution of the ODE X’ = AX with initial condition X = p, and
by uniqueness, X = ep is the solution of our ODE starting at X = p. Thus, our integral
curve, v,, through p = (zg) is the circle given by

x\  [cost —sint o
y) \sint cost vo )
Observe that I(p) = R, for every p € R2.

The following interesting question now arises: Given any py € M, if v, : I(py) — M is the
maximal integral curve with initial condition py and, for any ¢, € I(po), if p1 = Yy, (t1) € M,
then there is a maximal integral curve, v,,: I(p1) — M, with initial condition p;; what is
the relationship between ~,, and ~,,, if any? The answer is given by

Proposition 3.20 Let X be a C*=! vector field on a C*-manifold, M, (k > 2) and let py
be a point on M. If v, : 1(po) — M is the mazimal integral curve with initial condition po,
for any ty € I(po), if pr = Vpo(t1) € M and vy, : I(p1) — M is the mazimal integral curve
with initial condition py, then

I(p1) =1(po) —t1 and () = %/po(tl)(t) =Y (t+1t1), forallte I(py) —t1.

Proof. Let ~(t) be the curve given by

Y(t) = v (t+t1), forall t e I(py) —ti.
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Clearly, ~ is defined on I(pg) — ¢; and

V() = o (E + 1) = X (o (1 + 11)) = X(7(1))

and v(0) = 7,,(t1) = p1. Thus, v is an integal curve defined on I(py) — ¢; with initial
condition py. If v was defined on an interval, I D I(po) — t; with I # I(pg) — t1, then 7,
would be defined on I +#; O I (po), an interval strictly bigger than I(pg), contradicting the
maximality of I(pg). Therefore, I(py) —t1 = I(p1). O

It is useful to restate Proposition 3.20 by changing point of view. So far, we have been
focusing on integral curves, i.e., given any py € M, we let t vary in I(py) and get an integral
curve, ,,, with domain I(py).

Instead of holding py € M fixed, we can hold ¢ € R fixed and consider the set
Dy(X)={peM|tellp}

i.e., the set of points such that it is possible to “travel for ¢ units of time from p” along
the maximal integral curve, ~,, with initial condition p (It is possible that D;(X) = (). By
definition, if Dy(X) # 0, the point 7,(t) is well defined, and so, we obtain a map,

®X: Dy(X) — M, with domain D;(X), given by

(I)i(@) = (1)
The above suggests the following definition:

Definition 3.23 Let X be a C*~! vector field on a C*-manifold, M, (k > 2). For any t € R,
let
Dy(X)={peM|tel(p)} and D(X)=A{(t,p) eRxM|tel(p)}

and let ®X: D(X) — M be the map given by
(1) = (1)

The map ®¥ is called the (global) flow of X and D(X) is called its domain of definition.
For any ¢ € R such that D;(X) # 0, the map, p € Dy(X) — ®*(¢,p) = 7,(t), is denoted by

O (ie., @ (p) = 2¥(t,p) = 7(1))-

Observe that
D(X) = [ J(I(p) x {p}).

Also, using the @ notation, the property of Proposition 3.20 reads

DX o ®) =0, (%)
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whenever both sides of the equation make sense. Indeed, the above says
07 (D7 (p) = 5 (W(t) = 1,0 (5) = (s +1) = 2Ly (p).

Using the above property, we can easily show that the ®X are invertible. In fact, the
inverse of ®X is ®%,. First, note that

Do(X)=M and &F =id,
because, by definition, ®F (p) = 7,(0) = p, for every p € M. Then, () implies that
DX o, =), =df =id,

which shows that ®X: Dy(X) — D_;(X) and ®%,: D_;(X) — D;(X) are inverse of each
other. Moreover, each ®¥ is a C*~!-diffeomorphism. We summarize in the following propo-
sition some additional properties of the domains D(X), D;(X) and the maps ® (for a proof,
see Lang [95] or Warner [145]):

Theorem 3.21 Let X be a C*~1 vector field on a C*-manifold, M, (k > 2). The following
properties hold:

(a) For everyt € R, if Dy(X) # 0, then Dy(X) is open (this is trivially true if Dy(X) = 0).

(b) The domain, D(X), of the flow, ®X, is open and the flow is a C*~' map,
¢X: D(X) — M.

(¢) Each ®: Dy(X) — D_(X) is a C*L-diffeomorphism with inverse ®%,.

(d) For all s,t € R, the domain of definition of ®X o ®;X is contained but generally not
equal to Dyy4(X). However, dom(®X o ®X) = D, (X) if s and t have the same sign.
Moreover, on dom(®X o &), we have

X X _ »X
X 0 ®X = ¢,

Remarks:
(1) We may omit the superscript, X, and write ® instead of ®¥ if no confusion arises.

(2) The reason for using the terminology flow in referring to the map ®* can be clarified as
follows: For any ¢ such that D;(X) # (), every integral curve, ,, with initial condition
p € Dy(X), is defined on some open interval containing [0,¢], and we can picture these
curves as “flow lines” along which the points p flow (travel) for a time interval ¢. Then,
®X(t,p) is the point reached by “flowing” for the amount of time ¢ on the integral
curve 7, (through p) starting from p. Intuitively, we can imagine the flow of a fluid
through M, and the vector field X is the field of velocities of the flowing particles.
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Given a vector field, X, as above, it may happen that D;(X) = M, for all ¢t € R. In this
case, namely, when D(X) = R x M, we say that the vector field X is complete. Then, the &
are diffeomorphisms of M and they form a group. The family {®;* },cg a called a 1-parameter
group of X. In this case, ®* induces a group homomorphism, (R, +) — Diff(M), from the
additive group R to the group of C*~!-diffeomorphisms of M.

By abuse of language, even when it is not the case that D, (X) = M for all ¢, the family
{®;  }ser is called a local 1-parameter group generated by X, even though it is not a group,
because the composition ®X o ®:X may not be defined.

If we go back to the vector field in R? given by

0 0

since the integral curve, 7,(t), through p = (ﬁg) is given by

x\  fcost —sint) (Zo
y) \sint cost vo)’
the global flow associated with X is given by

cost —sint
O (t,p) = ( )p,

sint cost
and each diffeomorphism, ®¥, is the rotation,
X _ (cost — sin t)
t sint cost )’
The 1-parameter group, {®F };,cr, generated by X is the group of rotations in the plane,

SO(2).

More generally, if B is an n x n invertible matrix that has a real logarithm, A (that is,
if e = B), then the matrix A defines a vector field, X, in R, with

= 0
X = Z(aijﬂfj)a—xi,
2,7=1
whose integral curves are of the form,
Ww(t) = ep.

The one-parameter group, {® };cr, generated by X is given by {e!},cg.

When M is compact, it turns out that every vector field is complete, a nice and useful
fact.
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Proposition 3.22 Let X be a C*1 vector field on a C*-manifold, M, (k > 2). If M
is compact, then X is complete, i.e., D(X) = R x M. Moreover, the map t — ®; is a
homomorphism from the additive group R to the group, Diff(M), of (C*1) diffeomorphisms
of M.

Proof. Pick any p € M. By Theorem 3.18, there is a local flow, ¢,: J(p) x U(p) — M,
where J(p) C R is an open interval containing 0 and U(p) is an open subset of M containing
p, so that for all ¢ € U(p), the map t — ¢(t, q) is an integral curve with initial condition ¢
(where t € J(p)). Thus, we have J(p) x U(p) C D(X). Now, the U(p)’s form an open cover
of M and since M is compact, we can extract a finite subcover, |J werU (q) = M, for some
finite subset, F* C M. But then, we can find € > 0 so that | — €, +¢[ C J(q), for all ¢ € F
and for all t € | — ¢, +¢[ and, for all p € M, if 7, is the maximal integral curve with initial
condition p, then | — €, +¢[ C I(p).

For any ¢t €] — ¢, +¢[, consider the integral curve, v, ), with initial condition ~,(¢). This
curve is well defined for all t €] — €, +¢€[, and we have

Yy (t) = Yp(t + 1) = (21),
which shows that ~, is in fact defined for all ¢ € | — 2¢,4+2¢[. By induction, we see that
| — 2%, +2%[ C I(p),

for all n > 0, which proves that I(p) = R. As this holds for all p € M, we conclude that
DX)=Rx M. O

Remarks:

(1) The proof of Proposition 3.22 also applies when X is a vector field with compact
support (this means that the closure of the set {p € M | X(p) # 0} is compact).

(2) If p: M — N is a diffeomorphism and X is a vector field on M, then it can be shown
that the local 1-parameter group associated with the vector field, ¢, X, is

(po@f o).

A point p € M where a vector field vanishes, i.e., X(p) = 0, is called a critical point of X.
Critical points play a major role in the study of vector fields, in differential topology (e.g.,
the celebrated Poincaré-Hopf index theorem) and especially in Morse theory, but we won'’t
go into this here (curious readers should consult Milnor [105], Guillemin and Pollack [69]
or DoCarmo [49], which contains an informal but very clear presentation of the Poincaré-
Hopf index theorem). Another famous theorem about vector fields says that every smooth
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vector field on a sphere of even dimension (S*") must vanish in at least one point (the so-
called “hairy-ball theorem”. On S?, it says that you can’t comb your hair without having a
singularity somewhere. Try it, it’s true!).

Let us just observe that if an integral curve, v, passes through a critical point, p, then ~
is reduced to the point p, i.e., y(t) = p, for all £. Indeed, such a curve is an integral curve
with initial condition p. By the uniqueness property, it is the only one. Then, we see that
if a maximal integral curve is defined on the whole of R, either it is injective (it has no
self-intersection), or it is simply periodic (i.e., there is some 7" > 0 so that y(t + T') = (1),
for all t € R and # is injective on [0,77), or it is reduced to a single point.

We conclude this section with the definition of the Lie derivative of a vector field with
respect to another vector field.

Say we have two vector fields X and Y on M. For any p € M, we can flow along the
integral curve of X with initial condition p to ®;(p) (for ¢ small enough) and then evaluate
Y there, getting Y (®;(p)). Now, this vector belongs to the tangent space Ty, (M), but
Y(p) € T,(M). So to “compare” Y (®:(p)) and Y (p), we bring back Y (P:(p)) to T,(M) by
applying the tangent map, d®_;, at ®;(p), to Y (P,(p)) (Note that to alleviate the notation,
we use the slight abuse of notation d®_; instead of d(®_;)s,).) Then, we can form the
difference d®_,(Y (®.(p))) — Y (p), divide by ¢ and consider the limit as ¢ goes to 0.

Definition 3.24 Let M be a C**! manifold. Given any two C* vector fields, X and Y on
M, for every p € M, the Lie derivative of Y with respect to X at p, denoted (LxY),, is
given by

AP (Y(®(p))) = Y(p) _ d

(LxY),= Jim t - G @)
It can be shown that (Lx Y'), is our old friend, the Lie bracket, i.e.,
(LxY)p = [X,Y]p.
(For a proof, see Warner [145] or O’Neill [117]).
In terms of Definition 3.17, observe that
(@) Y)p) =Y . (BY)) Y  d .,
(LxY), = Jim p = lim ; = < (@Y))]

t=0
since (®_;)7! = @,.

3.6 Partitions of Unity

To study manifolds, it is often necessary to construct various objects such as functions, vector
fields, Riemannian metrics, volume forms, etc., by gluing together items constructed on the
domains of charts. Partitions of unity are a crucial technical tool in this gluing process.
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The first step is to define “bump functions” (also called plateau functions). For any
r > 0, we denote by B(r) the open ball

B(T):{(xla---;l’n)ERn’JI%+"'+I%<T},

and by B(r) = {(x1,...,1,) € R" | 22 + .- - + 22 < r}, its closure.

Proposition 3.23 There is a smooth function, b: R™ — R, so that

1 ifzeB()
b@)_{o if t € R" — B(2).

Proof. There are many ways to construct such a function. We can proceed as follows:
Consider the function, h: R — R, given by

1z if x>0
h — (& 1
(@) {0 if z < 0.

It is easy to show that h is C*° (but not analytic!). Then, define b: R" — R, by

ha—a = —a?)
h(4—af—- —x2)+h(zi+--- 422 -1)

b(xy,...,x,) =

It is immediately verified that b satisfies the required conditions. [

Given a topological space, X, for any function, f: X — R, the support of f, denoted
supp f, is the closed set,

supp f = {z € X | f(z) # 0}.

Proposition 3.23 yields the following useful technical result:

Proposition 3.24 Let M be a smooth manifold. For any open subset, U C M, any p € U
and any smooth function, f: U — R, there exist an open subset, V, with p € V' and a smooth
function, f: M — R, defined on the whole of M, so that V is compact,

VCu, suppng

and N
fla) = f(q), forall qeV.

Proof. Using a scaling function, it is easy to find a chart, (W, ) at p, so that W C U,
B(3) C (W) and ¢(p) = 0. Let b = bo ¢, where b is the function given by Proposition
3.23. Then, b is a smooth function on W with support ¢~ 1(B(2)) € W. We can extend b
outside W, by setting it to be 0 and we get a smooth function on the whole M. If we let
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V = ¢ Y(B(1)), then V is an open subset around p, V = ¢~'(B(1)) C W is compact and,

clearly, b = 1 on V. Therefore, if we set

7o - [ 0@ f(q) ifqew
f(Q)_{oq ! ifZeM—W,

we see that fsatisﬁes the required properties. [J

If X is a (Hausdorff) topological space, a family, {U,}aes, of subsets U, of X is a cover
(or covering) of X iff X = (J,c;Ua. A cover, {Us}aer, such that each U, is open is an
open cover. If {U,}aer is a cover of X, for any subset, J C I, the subfamily {U,}aes is a
subcover of {Us}aer if X = U,ey U, i€, {Uataes is still a cover of X. Given two covers,
{Us}acr and {Vs}ges, we say that {U, }taer is a refinement of {Vs} e, iff there is a function,

h: I — J,so that U, C Vi), for all a € 1.

A cover, {U, }taer, is locally finite iff for every point, p € X, there is some open subset,
U, with p € U, so that UNU, # 0 for only finitely many « € I. A space, X, is paracompact
iff every open cover has an open locally finite refinement.

Remark: Recall that a space, X, is compact iff it is Hausdorff and if every open cover
has a finite subcover. Thus, the notion of paracompactess (due to Jean Dieudonné) is a
generalization of the notion of compactness.

Recall that a topological space, X, is second-countable if it has a countable basis, i.e., if
there is a countable family of open subsets, {U; }i>1, so that every open subset of X is the
union of some of the U;’s. A topological space, X, if locally compact iff it is Hausdorff and
for every a € X, there is some compact subset, K, and some open subset, U, with a € U
and U C K. As we will see shortly, every locally compact and second-countable topological
space is paracompact.

It is important to observe that every manifold (even not second-countable) is locally
compact. Indeed, for every p € M, if we pick a chart, (U, ¢), around p, then o(U) = Q for
some open 2 C R"™ (n = dim M). So, we can pick a small closed ball, B(q,€) C Q, of center
q = ¢(p) and radius €, and as ¢ is a homeomorphism, we see that

p €y (Blg,€/2) € ¢ ' (Blg.e)),
where ¢! (B(q,€)) is compact and ¢ ~!(B(q,€/2)) is open.

Finally, we define partitions of unity.

Definition 3.25 Let M be a (smooth) manifold. A partition of unity on M is a family,
{fi}ier, of smooth functions on M (the index set I may be uncountable) such that

(a) The family of supports, {supp f;}icr, is locally finite.
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(b) For alli € I and all p € M, we have 0 < f;(p) < 1, and

Zf,(p) =1, foreverype M.

If {Uy}acs is a cover of M, we say that the partition of unity {f;}ies is subordinate to the
cover {Uq }aes if {supp fi}icr is a refinement of {U,}oacys. When I = J and supp f; C U;, we
say that {f;}icr is subordinate to {U, }aer with the same index set as the partition of unity.

In Definition 3.25, by (a), for every p € M, there is some open set, U, with p € U and U
meets only finitely many of the supports, supp f;. So, fi(p) # 0 for only finitely many i € [
and the infinite sum ), fi(p) is well defined.

Proposition 3.25 Let X be a topological space which is second-countable and locally com-
pact (thus, also Hausdorff). Then, X is paracompact. Moreover, every open cover has a
countable, locally finite refinement consisting of open sets with compact closures.

Proof. The proof is quite technical, but since this is an important result, we reproduce
Warner’s proof for the reader’s convenience (Warner [145], Lemma 1.9).

The first step is to construct a sequence of open sets, GG;, such that

1. G; is compact,
2. G; C Gy,
3. X =2, G

As M is second-countable, there is a countable basis of open sets, {U;};>1, for M. Since M
is locally compact, we can find a subfamily of {U;},>1 consisting of open sets with compact
closures such that this subfamily is also a basis of M. Therefore, we may assume that we
start with a countable basis, {U;};>1, of open sets with compact closures. Set G; = U; and
assume inductively that

Gp=U,U---UU,,.

Since G, is compact, it is covered by finitely many of the Uj’s. So, let ji41 be the smallest
integer greater than j; so that
Gy, CUU---UU;

Jk4+1
and set

Gk+1 :U1UUUJ
Obviously, the family {G};};>; satisfies (1)—(3).

k+1°

Now, let {U,}aer be an arbitrary open cover of M. For any i > 3, the set G, — Gy is
compact and contained in the open Giiq — GL_Q. For each 7 > 3, choose a finite subcover
of the open cover {U, N (G;11 — Gi—2) }aer of G; — G;_1, and choose a finite subcover of the
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open cover {U, N G3}aer of the compact set G5. We leave it to the reader to check that this
family of open sets is indeed a countable, locally finite refinement of the original open cover
{Uq }aer and consists of open sets with compact closures. [

Remarks:

1. Proposition 3.25 implies that a second-countable, locally compact (Hausdorff) topo-
logical space is the union of countably many compact subsets. Thus, X is countable at
infinity, a notion that we already encountered in Proposition 2.23 and Theorem 2.26.
The reason for this odd terminology is that in the Alexandroff one-point compactifica-
tion of X, the family of open subsets containing the point at infinity (w) has a countable
basis of open sets. (The open subsets containing w are of the form (M — K) U {w},
where K is compact.)

2. A manifold that is countable at infinity has a countable open cover by domains of
charts. This is because, if M = J,5, K;, where the K; C M are compact, then for any
open cover of M by domains of charts, for every K;, we can extract a finite subcover,
and the union of these finite subcovers is a countable open cover of M by domains
of charts. But then, since for every chart, (U;, ¢;), the map ¢; is a homeomorphism
onto some open subset of R™, which is second-countable, so we deduce easily that M
is second-countable. Thus, for manifolds, second-countable is equivalent to countable
at infinity.

We can now prove the main theorem stating the existence of partitions of unity. Recall
that we are assuming that our manifolds are Hausdorff and second-countable.

Theorem 3.26 Let M be a smooth manifold and let {Uy}acs be an open cover for M.
Then, there is a countable partition of unity, {f;}i>1, subordinate to the cover {U,}aer and
the support, supp f;, of each f; is compact. If one does not require compact supports, then
there is a partition of unity, { fo}acr, subordinate to the cover {U,}aer with at most countably
many of the f, not identically zero. (In the second case, supp fo C U,.)

Proof. Again, we reproduce Warner’s proof (Warner [145], Theorem 1.11). As our manifolds
are second-countable, Hausdorff and locally compact, from the proof of Proposition 3.25, we
have the sequence of open subsets, {G;};>1 and we set Gy = ). For any p € M, let i, be the
largest integer such that p € M — @ip. Choose an a, such that p € U,,; we can find a chart,

(U, ¢), centered at p such that U C U,, N (Gj,42 — Gj,) and such that B(2) C p(U). Define

W, = boyp onU
P10 on M —U,
where 0 is the bump function defined just before Proposition 3.23. Then, 1, is a smooth
function on M which has value 1 on some open subset, I, containing p and has compact
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support lying in U C Uy, N (G 42 —@p). For each 7 > 1, choose a finite set of points, p € M,
whose corresponding opens, W, cover G; — Gi_1. Order the corresponding 1, functions in
a sequence, ¥;, j = 1,2,... . The supports of the v; form a locally finite family of subsets
of M. Thus, the function
= 1
j=1

is well-defined on M and smooth. Moreover, ¥(p) > 0 for each p € M. For each i > 1, set

o
&

Then, the family, {f;}i>1, is a partition of unity subordinate to the cover {U, }acr and supp f;
is compact for all i > 1.

fi

Now, when we don’t require compact support, if we let f, be identically zero if no f;
has support in U, and otherwise let f, be the sum of the f; with support in U,, then we
obtain a partition of unity subordinate to {U,}4c; with at most countably many of the f,
not identically zero. We must have supp f, C U, because for any locally finite family of
closed sets, {Fs}pes, we have Uy, Fs = Uge; Fp- O

We close this section by stating a famous theorem of Whitney whose proof uses partitions
of unity.

Theorem 3.27 (Whitney, 1935) Any smooth manifold (Hausdorff and second-countable),
M, of dimension n is diffeomorphic to a closed submanifold of R*"+1,

For a proof, see Hirsch [76], Chapter 2, Section 2, Theorem 2.14.

3.7 Manifolds With Boundary

Up to now, we have defined manifolds locally diffeomorphic to an open subset of R™. This
excludes many natural spaces such as a closed disk, whose boundary is a circle, a closed ball,
m, whose boundary is the sphere, S™™ 1, a compact cylinder, S* x [0, 1], whose boundary
consist of two circles, a Mobius strip, etc. These spaces fail to be manifolds because they
have a boundary, that is, neighborhoods of points on their boundaries are not diffeomorphic
to open sets in R™. Perhaps the simplest example is the (closed) upper half space,

H™ ={(z1,...,2m) € R™ | 2, > 0}.
Under the natural emdedding R™~! = R™~1 x {0} — R™, the subset OH™ of H™ defined by

OH™ = {z € H" | x,,, = 0}
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is isomorphic to R™~! and is called the boundary of H™. We also define the interior of H™
as

Int(H™) = H™ — 9H™,

Now, if U and V' are open subsets of H™, where H™ C R™ has the subset topology, and
if f: U — V is a continuous function, we need to explain what we mean by f being smooth.
We say that f: U — V, as above, is smooth if it has an extension, f U — V', where U and
V are open subsets of R™ with U C U and V C V and with f a smooth functlon We say
that f is a (smooth) diffeomorphism iff f~1 exists and if both f and f~! are smooth, as just
defined.

To define a manifold with boundary, we replace everywhere R by H in Definition 3.1 and
Definition 3.2. So, for instance, given a topological space, M, a chart is now pair, (U, ¢),
where U is an open subset of M and ¢: U — () is a homeomorphism onto an open subset,
Q= p(U), of H" (for some n, > 1), etc. Thus, we obtain

Definition 3.26 Given some integer n > 1 and given some k such that k is either an integer
k> 1ork = oo, a C*-manifold of dimension n with boundary consists of a topological space,
M, together with an equivalence class, A, of C* n-atlases, on M (where the charts are now
defined in terms of open subsets of H"). Any atlas, A, in the equivalence class A is called a
differentiable structure of class C* (and dimension n) on M. We say that M is modeled on
H". When k& = oo, we say that M is a smooth manifold with boundary.

It remains to define what is the boundary of a manifold with boundary! By definition, the
boundary, OM, of a manifold (with boundary), M, is the set of all points, p € M, such that
there is some chart, (Uy, pq), with p € U, and ¢, (p) € OH". We also let Int(M) = M —OM
and call it the interior of M.

@ Do not confuse the boundary OM and the interior Int(M) of a manifold with bound-
ary embedded in RY with the topological notions of boundary and interior of M as a
topological space. In general, they are different.

Note that manifolds as defined earlier (In Definition 3.3) are also manifolds with bound-
ary: their boundary is just empty. We shall still reserve the word “manifold” for these, but
for emphasis, we will sometimes call them “boundaryless”.

The definition of tangent spaces, tangent maps, etc., are easily extended to manifolds
with boundary. The reader should note that if M is a manifold with boundary of dimension
n, the tangent space, T),M, is defined for all p € M and has dimension n, even for boundary
points, p € M. The only notion that requires more care is that of a submanifold. For more
on this, see Hirsch [76], Chapter 1, Section 4. One should also beware that the product of two
manifolds with boundary is generally not a manifold with boundary (consider the product
[0,1] x [0, 1] of two line segments). There is a generalization of the notion of a manifold with
boundary called manifold with corners and such manifolds are closed under products (see
Hirsch [76], Chapter 1, Section 4, Exercise 12).
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If M is a manifold with boundary, we see that Int(M) is a manifold without boundary.
What about OM? Interestingly, the boundary, OM, of a manifold with boundary, M, of
dimension n, is a manifold of dimension n — 1. For this, we need the following Proposition:

Proposition 3.28 If M is a manifold with boundary of dimension n, for any p € OM on
the boundary on M, for any chart, (U, ), with p € M, we have p(p) € OH".

Proof. Since p € OM, by definition, there is some chart, (V,4), with p € V and ¢ (p) € OH".
Let (U, ) be any other chart, with p € M and assume that ¢ = ¢(p) € Int(H"). The
transition map, Yoo ~t: p(UNV) — (UNV), is a diffeomorphism and g = ¢(p) € Int(H").
By the inverse function theorem, there is some open, W C (U N V) N Int(H") C R", with
q € W, so that 1 o ¢! maps W homeomorphically onto some subset, €2, open in Int(H"),
with ¥ (p) € Q, contradicting the hypothesis, ¥ (p) € OH". O

Using Proposition 3.28, we immediately derive the fact that 0M is a manifold of dimen-
sion n — 1. We obtain charts on dM by considering the charts (U NOM, Lo ¢), where (U, ¢)
is a chart on M such that U NOM = o }(OH") # () and L: OH" — R"! is the natural
isomorphism (see see Hirsch [76], Chapter 1, Section 4).

3.8 Orientation of Manifolds

Although the notion of orientation of a manifold is quite intuitive it is technically rather
subtle. We restrict our discussion to smooth manifolds (although the notion of orientation
can also be defined for topological manifolds but more work is involved).

Intuitively, a manifold, M, is orientable if it is possible to give a consistent orientation to
its tangent space, T),M, at every point, p € M. So, if we go around a closed curve starting
at p € M, when we come back to p, the orientation of T, M should be the same as when we
started. For exampe, if we travel on a Mdobius strip (a manifold with boundary) dragging a
coin with us, we will come back to our point of departure with the coin flipped. Try it!

To be rigorous, we have to say what it means to orient 7,M (a vector space) and what
consistency of orientation means. We begin by quickly reviewing the notion of orientation of
a vector space. Let E be a vector space of dimension n. If uq,...,u, and vq,...,v, are two
bases of E, a basic and crucial fact of linear algebra says that there is a unique linear map,
g, mapping each u; to the corresponding v; (i.e., g(u;) =v;, i =1,...,n). Then, look at the
determinant, det(g), of this map. We know that det(g) = det(P), where P is the matrix
whose j-th columns consist of the coordinates of v; over the basis uy, ..., u,. Either det(g)
is negative or it is positive. Thus, we define an equivalence relation on bases by saying that
two bases have the same orientation iff the determinant of the linear map sending the first
basis to the second has positive determinant. An orientation of E is the choice of one of the
two equivalence classes, which amounts to picking some basis as an orientation frame.

The above definition is perfectly fine but it turns out that it is more convenient, in the long
term, to use a definition of orientation in terms of alternate multi-linear maps (in particular,
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to define the notion of integration on a manifold). Recall that a function, h: E¥ — R, is
alternate multi-linear (or alternate k-linear) iff it is linear in each of its arguments (holding
the others fixed) and if

h(...;z,...,x,...) =0,

that is, h vanishes whenever two of its arguments are identical. Using multi-linearity, we
immediately deduce that h vanishes for all k-tuples of arguments, uy, ..., ux, that are linearly
dependent and that h is skew-symmetric, i.e.,

h(..oyy,..,z,..)=—=h(...,x,...;y,...).
In particular, for £ = n, it is easy to see that if uq,...,u, and vy, ..., v, are two bases, then
h(vy,...,v,) =det(g)h(ug,. .., uy,),

where ¢ is the unique linear map sending each u; to v;. This shows that any alternating
n-linear function is a multiple of the determinant function and that the space of alternating
n-linear maps is a one-dimensional vector space that we will denote A" E*.! We also call
an alternating n-linear map an n-form. But then, observe that two bases uq,...,u, and
v1,...,0, have the same orientation iff

w(ug,...,u,) and w(vy,...,v,) have the same sign for all w € A" E* — {0}

(where 0 denotes the zero n-form). As A" E* is one-dimensional, picking an orientation of
E is equivalent to picking a generator (a one-element basis), w, of A" E*, and to say that
Uy, ..., U, has positive orientation iff w(uy,...,u,) > 0.

Given an orientation (say, given by w € A" E*) of E, a linear map, f: E — E, is orien-
tation preserving iff w(f(uy),..., f(u,)) > 0 whenever w(uy, ..., u,) > 0 (or equivalently, iff
det(f) > 0).

Now, to define the orientation of an n-dimensional manifold, M, we use charts. Given
any p € M, for any chart, (U, ), at p, the tangent map, dgo;(lp): R™ — T, M makes sense.
If (e1,...,e,) is the standard basis of R", as it gives an orientation to R™, we can orient
T,M by giving it the orientation induced by the basis dgp;(lp)(el), e dgo;(lp)(en). Then, the
consistency of orientations of the 7),M’s is given by the overlapping of charts. We require that
the Jacobian determinants of all p; o ;' have the same sign, whenever (U;, ;) and (Uj, ;)
are any two overlapping charts. Thus, we are led to the definition below. All definitions and
results stated in the rest of this section apply to manifolds with or without boundary.

'We are using the wedge product notation of exterior calculus even though we have not defined alternating
tensors and the wedge product yet. This is standard notation and we hope that the reader will not be
confused. In fact, in finite dimension, the space of alternating n-linear maps and A" E* are isomorphic. A
thorough treatment of tensor algebra, including exterior algebra, and of differential forms, will be given in
Chapters 22 and 8.



3.8. ORIENTATION OF MANIFOLDS 157

Definition 3.27 Given a smooth manifold, M, of dimension n, an orientation atlas of M
is any atlas so that the transition maps, ¢! = @, 0@y, (from o;(U; NU;) to ¢, (U; N U;)) all
have a positive Jacobian determinant for every point in ¢;(U; NU;). A manifold is orientable
iff its has some orientation atlas.

Definition 3.27 can be hard to check in practice and there is an equivalent criterion is
terms of n-forms which is often more convenient. The idea is that a manifold of dimension
n is orientable iff there is a map, p — w,, assigning to every point, p € M, a nonzero
n-form, w, € A" Ty M, so that this map is smooth. In order to explain rigorously what it
means for such a map to be smooth, we can define the exterior n-bundle, \"T*M (also
denoted A" M) in much the same way that we defined the bundles TM and T*M. There
is an obvious smooth projection map, 7: A"T*M — M. Then, leaving the details of the
fact that A" T*M can be made into a smooth manifold (of dimension n) as an exercise, a
smooth map, p — wy, is simply a smooth section of the bundle A" T*M, i.e., a smooth map,
w: M — N"T*M, so that 7 ow = id.

Definition 3.28 If M is an n-dimensional manifold, a smooth section, w € T'(M, \" T*M),
is called a (smooth) n-form. The set of n-forms, I'(M, A" T*M), is also denoted A™(M).
An n-form, w, is a nowhere-vanishing n-form on M or volume form on M iff w, is a nonzero
form for every p € M. This is equivalent to saying that wy(us,...,u,) # 0, for all p € M
and all bases, u,...,uy, of T,M.

The determinant function, (ui,...,u,) — det(uy,...,u,), where the u; are expressed
over the canonical basis (ej,...,e,) of R” is a volume form on R". We will denote this
volume form by wy. Another standard notation is dx; A --- A dx,, but this notation may
be very puzzling for readers not familiar with exterior algebra. Observe the justification
for the term volume form: the quantity det(uq,...,u,) is indeed the (signed) volume of the
parallelepiped

M+ + A | 0< N <1,1<i <nb.

A volume form on the sphere S™ C R™*! is obtained as follows:

wp(uy, ... u,) =det(p,ug,...uy,),

where p € S™ and uy,...u, € T,5". As the u; are orthogonal to p, this is indeed a volume
form.

Observe that if f is a smooth function on M and w is any n-form, then fw is also an
n-form.

Definition 3.29 Let ¢: M — N be a smooth map of manifolds of the same dimension, n,
and let w € A"(N) be an n-form on N. The pull-back, p*w, of w to M is the n-form on M
given by

Qp*wp(ulv Tt 7“”) = ww(p)<d<pp(u1>7 s 7d90p(un))7
for all p € M and all wy,...,u, € T,M.
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One checks immediately that ¢*w is indeed an n-form on M. More interesting is the
following Proposition:

Proposition 3.29 (a) If p: M — N is a local diffeomorphism of manifolds, where dim M =
dim N =n, and w € A"(N) is a volume form on N, then p*w is a volume form on M. (b)
Assume M has a volume form, w. Then, for every n-form, n € A™(M), there is a unique
smooth function, f € C®(M), so that n = fw. If n is a volume form, then f(p) # 0 for all
pe M.

Proof. (a) By definition,

Qp*wp(ulv s ’U’N) - w@(p)(dcpp(ul% s 7d30p<un))v

for all p € M and all uy,...,u, € T,M. As ¢ is a local diffecomorphism, d,¢ is a bijection for
every p. Thus, if uy,...,u, is a basis, then so is dy,(u1), ..., dp,(u,), and as w is nonzero
at every point for every basis, p*w,(uy, ..., u,) # 0.

(b) Pick any p € M and let (U, ) be any chart at p. As ¢ is a diffeomorphism, by (a), we
see that o~ !"w is a volume form on (U). But then, it is easy to see that p~'"n = gp~'"w, for
some unique smooth function, g, on ¢(U) and so, n = fyw, for some unique smooth function,
fu, on U. For any two overlapping charts, (U;, ¢;) and (U;, p;), for every p € U; N Uj, for
every basis u1, ..., u, of T,M, we have

np(ulv s 7un) - fi(p>wp(u17 s ,Un) = fj(p)wp(uh s 7“”)?

and as wy(uq,...,u,) # 0, we deduce that f; and f; agree on U; N U;. But, then the f;’s
patch on the overlaps of the cover, {U;}, of M, and so, there is a smooth function, f, defined
on the whole of M and such that f [ U; = f;. As the f;’s are unique, so is f. If i is a volume
form, then 7, does not vanish for all p € M and since w, is also a volume form, w, does not
vanish for all p € M, so f(p) #0 for all pe M. O

Remark: If ¢ and ¢ are smooth maps of manifolds, it is easy to prove that

(pod)) =4 oy
and that
P (fw) = (feop)p'w,
where f is any smooth function on M and w is any n-form.
The connection between Definition 3.27 and volume forms is given by the following im-

portant theorem whose proof contains a wonderful use of partitions of unity.

Theorem 3.30 A smooth manifold (Hausdorff and second-countable) is orientable iff it pos-
sesses a volume form.
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Proof. First, assume that a volume form, w, exists on M, and say n = dim M. For any atlas,
{(Ui, 05) }i, of M, by Proposition 3.29, each n-form, ¢; " w, is a volume form on ¢;(U;) C R"
and

p; W = fiwo,

for some smooth function, f;, never zero on ¢;(U;), where wy is a volume form on R". By
composing ; with an orientation-reversing linear map if necessary, we may assume that for
this new altlas, f; > 0 on ¢;(U;). We claim that the family (U;, ¢;); is an orientation atlas.
This is because, on any (nonempty) overlap, U; N Uy, as w = ¢}( fjwo) and

(500 ')" = ()" 0], we have
(05097 )" (fiwo) = fiwo,
and by the definition of pull-backs, we see that for every = € ¢,;(U; N Uj), if we let
y=@;jop; (x), then
fi@)(wo)aler, ... en) = (@500 )(fiwo)ler,. .. en)

= fi)(wo)yd(w; 097 Naler), .. d(p; 0 97 ' )alen))

- fj<y>‘]((90j o 901‘_1>I)(w0>y(617 ce 7671)7
where ey, ..., e, is the standard basis of R™ and J((¢; o ¢; '),) is the Jacobian determinant
of pjo ;" at . As both f;(y) > 0 and f;(x) > 0, we have J((¢; 0 ¢; ').) > 0, as desired.

Conversely, assume that J((p;0p;"),) > 0, for all = € ,(U; NU;), whenever U;NU; # (.

We need to make a volume form on M. For each U;, let

*
w; = @;Wo,

where wy is a volume form on R". As ¢; is a diffeomorphism, by Proposition 3.29, we see
that w; is a volume form on U;. Then, if we apply Theorem 3.26, we can find a partition of
unity, {fi}, subordinate to the cover {U;}, with the same index set. Let,

w = Z fzwz

We claim that w is a volume form on M.

It is clear that w is an n-form on M. Now, since every p € M belongs to some U;, check
that on ¢;(U;), we have

pitw= Y e (fw) = (Z(fj o @; ) J(p; 0 90?1)) Wo
jé€finite set J

and this sum is strictly positive because the Jacobian determinants are positive and as
> ; /i =1and f; > 0, some term must be strictly positive. Therefore, ¢; "W is a volume
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form on ¢;(U;) and so, gofgpi_l*w = w is a volume form on U;. As this holds for all U;, we
conclude that w is a volume form on M. [

Since we showed that there is a volume form on the sphere, S™, by Theorem 3.30, the
sphere S™ is orientable. It can be shown that the projective spaces, RP", are non-orientable
iff n is even an thus, orientable iff n is odd. In particular, RPP? is not orientable. Also, even
though M may not be orientable, its tangent bundle, T'(M), is always orientable! (Prove it).
It is also easy to show that if f: R*™ — R is a smooth submersion, then M = f~1(0) is a
smooth orientable manifold. Another nice fact is that every Lie group is orientable.

By Proposition 3.29 (b), given any two volume forms, w; and wy on a manifold, M, there
is a function, f: M — R, never 0 on M such that wy = fw;. This fact suggests the following
definition:

Definition 3.30 Given an orientable manifold, M, two volume forms, w; and ws, on M are
equivalent iff wy = fw; for some smooth function, f: M — R, such that f(p) > 0 for all
p € M. An orientation of M is the choice of some equivalence class of volume forms on
M and an oriented manifold is a manifold together with a choice of orientation. If M is a
manifold oriented by the volume form, w, for every p € M, a basis, (by,...,b,) of T,M is
posively oriented iff wy(b1,...,b,) > 0, else it is negatively oriented (where n = dim(M)).

If M is an orientable manifold, for any two volume forms w; and ws on M, as ws = fw;
for some function, f, on M which is never zero, f has a constant sign on every connected
component of M. Consequently, a connected orientable manifold has two orientations.

We will also need the notion of orientation-preserving diffeomorphism.

Definition 3.31 Let ¢: M — N be a diffeomorphism of oriented manifolds, M and N,
of dimension n and say the orientation on M is given by the volume form w; while the
orientation on N is given by the volume form wy,. We say that ¢ is orientation preserving ift
Y*wy determines the same orientation of M as wy.

Using Definition 3.31 we can define the notion of a positive atlas.

Definition 3.32 If M is a manifold oriented by the volume form, w, an atlas for M is positive
iff for every chart, (U, ¢), the diffeomorphism, ¢: U — ¢(U), is orientation preserving, where
U has the orientation induced by M and ¢(U) C R™ has the orientation induced by the
standard orientation on R" (with dim(M) = n).

The proof of Theorem 3.30 shows

Proposition 3.31 If a manifold, M, has an orientation altas, then there is a uniquely
determined orientation on M such that this atlas is positive.
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3.9 Covering Maps and Universal Covering Manifolds

Covering maps are an important technical tool in algebraic topology and more generally in
geometry. This brief section only gives some basic definitions and states a few major facts.
We apologize for his sketchy nature. Appendix A of O’Neill [117] gives a review of definitions
and main results about covering manifolds. Expositions including full details can be found
in Hatcher [71], Greenberg [65], Munkres [113] and Massey [103, 104] (the most extensive).

We begin with covering maps.

Definition 3.33 A map, 7: M — N, between two smooth manifolds is a covering map (or
cover) iff

(1) The map 7 is smooth and surjective.

(2) For any ¢ € N, there is some open subset, V' C N, so that ¢ € V and
~—'(v)=Ju,
icl

where the U; are pairwise disjoint open subsets, U; C M, and 7: U; — V is a diffeo-
morphism for every ¢ € I. We say that V' is evenly covered.

The manifold, M, is called a covering manifold of N.

A homomorphism of coverings, my: M; — N and my: My — N, is a smooth map,
p: My — M, so that
T = T2 0Q,

that is, the following diagram commutes:

i M, .
N

We say that the coverings m: M; — N and my: My — N are equivalent iff there is a
homomorphism, ¢: M; — M,, between the two coverings and ¢ is a diffeomorphism.

M,y

As usual, the inverse image, 7~!(q), of any element ¢ € N is called the fibre over g, the
space N is called the base and M is called the covering space. As 7 is a covering map, each
fibre is a discrete space. Note that a homomorphism maps each fibre 7;*(¢) in M; to the
fibre 7, ' (¢(q)) in My, for every q € M;.

Proposition 3.32 Let m: M — N be a covering map. If N is connected, then all fibres,
7 1(q), have the same cardinality for all ¢ € N. Furthermore, if 7=1(q) is not finite then it
is countably infinite.
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Proof. Pick any point, p € N. We claim that the set
S={geN|[|= (g =" ()}

is open and closed.

If ¢ € S, then there is some open subset, V', with ¢ € V, so that 7=1(V) is evenly covered
by some family, {U,; };¢s, of disjoint open subsets, U;, each diffeomorphic to V under . Then,
every s € V must have a unique preimage in each U;, so

11| = |77 1(s)], forall s € V.
However, as ¢ € S, |7 (¢q)| = |7~ (p)], so
[T = |7 *(p)| = |7 (s)], for all s € V,
and thus, V' C S. Therefore, S is open. Similary the complement of S is open. As N is
connected, S = N.

Since M is a manifold, it is second-countable, that is every open subset can be written as
some countable union of open subsets. But then, every family, {U,};c;, of pairwise disjoint
open subsets forming an even cover must be countable and since |I| is the common cardinality
of all the fibres, every fibre is countable. [J

When the common cardinality of fibres is finite it is called the multiplicity of the covering
(or the number of sheets).

For any integer, n > 0, the map, z +— 2", from the unit circle S* = U(1) to itself is a
covering with n sheets. The map,

t: — (cos(2mt),sin(27t)),
is a covering, R — S!, with infinitely many sheets.

It is also useful to note that a covering map, 7: M — N is a local diffeomorphism (which
means that dm,: T,M — TN is a bijective linear map for every p € M). Indeed, given
any p € M, if ¢ = w(p), then there is some open subset, V' C N, containing ¢ so that V is
evenly covered by a family of disjoint open subsets, {U; };er, with each U; C M diffeomorphic
to V under w. As p € U; for some i, we have a diffeomorphism, = [ U;: U; — V/, as required.

The crucial property of covering manifolds is that curves in N can be lifted to M, in a
unique way. For any map, ¢: P — N, a lift of ¢ through 7 is a map, ¢: P — M, so that

=m0,

as in the following commutative diagram:

P—2~ M.

N

N

We state without proof the following results:
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Proposition 3.33 Ifn: M — N s a covering map, then for every smooth curve, a: [ — N,
in N (with 0 € I) and for any point, ¢ € M, such that w(q) = «(0), there is a unique smooth
curve, a: I — M, lifting o through © such that a(0) = q.

Proposition 3.34 Let m: M — N be a covering map and let p: P — N be a smooth map.
For any py € P and any qo € M with 7(qo) = ¢(po), the following properties hold:

(1) If P is connected then there is at most one lift, o: P — M, of ¢ through 7 such that
@(po) = qo-

(2) If P is simply connected, such a lift exists.

Theorem 3.35 Every connected manifold, M, possesses a simply connected covering map,
m: M — M, that is, with M simply connected. Any two simply connected coverings of N
are equivalent.

In view of Theorem 3.35, it is legitimate to speak of the simply connected cover, M , of
M, also called universal covering (or cover) of M.

Given any point, p € M, let w1 (M, p) denote the fundamental group of M with basepoint
p (see any of the references listed above, in particular, Massey [103, 104]). If op: M — N
is a smooth map, for any p € M, if we write ¢ = ¢(p), then we have an induced group
homomorphism

@.: m(M,p) — m(N,q).

Proposition 3.36 If 7: M — N is a covering map, for every p € M, if ¢ = w(p), then the
induced homomorphism, m,: m (M, p) — w1 (N, q), is injective.

Basic Assumption: For any covering, 7: M — N, if N is connected then we also
assume that M is connected.

Using Proposition 3.36, we get

Proposition 3.37 If r: M — N is a covering map and N is simply connected, then w is a
diffeomorphism (recall that M is connected); thus, M is diffeomorphic to the universal cover,

N, of N.

Proof. Pick any p € M and let ¢ = ¢(p). As N is simply connected, m(N,q) = (0). By
Proposition 3.36, since 7, : w1 (M, p) — w1 (N, q) is injective, m(M,p) = (0) so M is simply
connected (by hypothesis, M is connected). But then, by Theorem 3.35, M and N are
diffeomorphic. [

The following proposition shows that the universal covering of a space covers every other
covering of that space. This justifies the terminology “universal covering”.



164 CHAPTER 3. MANIFOLDS

Proposition 3.38 Say m: M; — N and my: My — N are two coverings of N, with N
connected. Every homomorphism, p: My — Ma, between these two coverings is a covering

map. As a consequence, if m: N — N is a uniwersal covering of N, then for every covering,
7' M — N, of N, there is a covering, ¢: N — M, of M.

The notion of deck-transformation group of a covering is also useful because it yields a
way to compute the fundamental group of the base space.

Definition 3.34 If 7: M — N is a covering map, a deck-transformation is any diffeomor-
phism, ¢: M — M, such that 7 = m o ¢, that is, the following diagram commutes:

x;/M

Note that deck-transformations are just automorphisms of the covering map. The com-
mutative diagram of Definition 3.34 means that a deck transformation permutes every fibre.
It is immediately verified that the set of deck transformations of a covering map is a group
denoted I'; (or simply, I'), called the deck-transformation group of the covering.

M

Observe that any deck transformation, ¢, is a lift of = through 7. Consequently, if M is
connected, by Proposition 3.34 (1), every deck-transformation is determined by its value at
a single point. So, the deck-transformations are determined by their action on each point of
any fixed fibre, 77!(g), with ¢ € N. Since the fibre 77!(q) is countable, T is also countable,
that is, a discrete Lie group. Moreover, if M is compact, as each fibre, 771(q), is compact
and discrete, it must be finite and so, the deck-transformation group is also finite.

The following proposition gives a useful method for determining the fundamental group
of a manifold.

Proposition 3.39 If «: M — M is the universal covering of a connected manifold, M,
then the deck-transformation group, T, is isomorphic to the fundamental group, m (M), of
M.

Remark: When 7: M — M is the universal covering of M, it can be shown that the group
I" acts simply and transitively on every fibre, 771(¢q). This means that for any two elements,
z,y € 7 '(q), there is a unique deck-transformation, ¢ € I' such that ¢(z) = y. So, there is

a bijection between 7, (M) 2 T and the fibre 771 (q).

Proposition 3.35 together with previous observations implies that if the universal cover
of a connected (compact) manifold is compact, then M has a finite fundamental group. We
will use this fact later, in particular, in the proof of Myers’” Theorem.



Chapter 4

Construction of Manifolds From
Gluing Data

4.1 Sets of Gluing Data for Manifolds

The definition of a manifold given in Chapter 3 assumes that the underlying set, M, is
already known. However, there are situations where we only have some indirect information
about the overlap of the domains, U;, of the local charts defining our manifold, M, in terms
of the transition functions,

pji (Ui N Uj) — ¢;(U; N T;),
but where M itself is not known. For example, this situation happens when trying to
construct a surface approximating a 3D-mesh. If we let Q;; = ¢;(U; NU;) and Q;; =
©;(U; NUj), then ¢j; can be viewed as a “gluing map”,
wjit iy — i,
between two open subets of €2; and €}, respectively.

For technical reasons, it is desirable to assume that the images, Q; = ¢;(U;) and Q; =
©;(Uj), of distinct charts are disjoint but this can always be achieved for manifolds. Indeed,
the map

ﬁ: (331,...

T v1+2?:1%2"”’v1+2?:1%2

is a smooth diffeomorphism from R"™ to the open unit ball B(0, 1) with inverse given by

— X T
B (wy, .. m) — e — )
\/1_21':13722 vl—zizﬂf’?

Since M has a countable basis, using compositions of 3 with suitable translations, we can
make sure that the €2;’s are mapped diffeomorphically to disjoint open subsets of R"™.

165
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Remarkably, manifolds can be constructed using the “gluing process” alluded to above
from what is often called sets of “gluing data.” In this chapter, we are going to describe this
construction and prove its correctness in details, provided some mild assumptions on the
gluing data. It turns out that this procedure for building manifolds can be made practical.
Indeed, it is the basis of a class of new methods for approximating 3D meshes by smooth
surfaces, see Siqueira, Xu and Gallier [138].

It turns out that care must be exercised to ensure that the space obtained by gluing
the pieces ;; and €2;; is Hausdorff. Some care must also be exercised in formulating the
consistency conditions relating the ¢;;’s (the so-called “cocycle condition”). This is because
the traditional condition (for example, in bundle theory) has to do with triple overlaps
of the U; = ¢;*(Q;) on the manifold, M, (see Chapter 7, especially Theorem 7.4) but in
our situation, we do not have M nor the parametrization maps 6; = ¢; ' and the cocycle
condition on the ¢;;’s has to be stated in terms of the §2;’s and the €2};’s.

Finding an easily testable necessary and sufficient criterion for the Hausdorff condition
appears to be a very difficult problem. We propose a necessary and sufficient condition, but
it is not easily testable in general. If M is a manifold, then observe that difficulties may arise
when we want to separate two distinct point, p,q € M, such that p and ¢ neither belong
to the same open, 6;(€);), nor to two disjoint opens, 6;(€2;) and 6;(€2;), but instead, to the
boundary points in (9(6;(£2;;)) N 6:(€2)) U (0(6;(£25:)) N O;(€2;)). In this case, there are some
disjoint open subsets, U, and U,, of M with p € U, and ¢ € U, and we get two disjoint open
subsets, V, = 0, *(U,) C Q; and V,, = 071 (U,y) C €, with 6;(z) = p, 0;(y) = ¢, and such
that € 9(;) N, y € () N, and no point in V,, N Q;; is the image of any point in
Ve N Q45 by ¢ji. Since V, and V, are open, we may assume that they are open balls. This
necessary condition turns out to be also sufficient.

With the above motivations in mind, here is the definition of sets of gluing data.

Definition 4.1 Let n be an integer with n > 1 and let k be either an integer with £ > 1 or
k= o00. A set of gluing data is a triple, G = ((%)er, (i5) G j)erx1s (¥5i)j)ek ), satisfying the
following properties, where I is a (nonempty) countable set:

(1) For every i € I, the set ; is a nonempty open subset of R™ called a parametrization
domain, for short, p-domain, and the Q; are pairwise disjoint (i.e., Q; N §; = () for all

i #5).
(2) For every pair (i,7) € I x I, the set §;; is an open subset of €;. Furthermore, €; = €,
and €Q;; # 0 iff Q;; # 0. Each nonempty Q;; (with i # j) is called a gluing domain.

(3) If we let
K ={(i,j) € I x I|Q;; # 0},

then p;;: Q;; — Qj; is a CF bijection for every (i,7) € K called a transition function
(or gluing function) and the following condition holds:
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(C) For all i7j, ]{?, if jS N ij 7é @, then (p]_Zl(sz N ij) g sz and
ori(r) = oy o pu(x),  forall @€ ;' (Q N Q).

Condition (c) is called the cocycle condition.

(4) For every pair (i,7) € K, with i # j, for every x € 0(£;;)NQ; and every y € 9(€2;;) N8,
there are open balls, V, and V|, centered at x and y, so that no point of V,, N (};; is the
image of any point of V, N, by ¢j;.

Remarks.

(1) In practical applications, the index set, I, is of course finite and the open subsets, €2,
may have special properties (for example, connected; open simplicies, etc.).

(2) We are only interested in the €;;’s that are nonempty but empty €2;;’s do arise in proofs
and constructions and this is why our definition allows them.

(3) Observe that €2;; C €; and ;; C Q;. If i # 7, as Q; and Q; are disjoint, so are €);; and

(4) The cocycle condition (¢) may seem overly complicated but it is actually needed to
guarantee the transitivity of the relation, ~, defined in the proof of Proposition 4.1.
Flawed versions of condition (c) appear in the literature, see the discussion after the
proof of Proposition 4.1. The problem is that ¢g; o ¢j; is a partial function whose
domain, gpj’il(jS N€ji), is not necessarily related to the domain, Q;, of ;. To ensure
the transitivity of ~, we must assert that whenever the composition ¢; o ¢;; has a
nonempty domain, this domain is contained in the domain of ¢y; and that ¢y;0¢;; and
©r; agree. Since the pj; are bijections, condition (c¢) implies the following conditions:

(a) i =idg,, for all i € 1.
(b) wi; = @', for all (i,5) € K.

To get (a), set i = j = k. Then, (b) follows from (a) and (c) by setting k = i.

(5) If M is a C* manifold (including k = 00), then using the notation of our introduction,
it is easy to check that the open sets €);, {};; and the gluing functions, ¢;;, satisfy
the conditions of Definition 4.1 (provided that we fix the charts so that the images
of distinct charts are disjoint). Proposition 4.1 will show that a manifold can be
reconstructed from a set of guing data.

The idea of defining gluing data for manifolds is not new. André Weil introduced this
idea to define abstract algebraic varieties by gluing irreducible affine sets in his book [146]
published in 1946. The same idea is well-known in bundle theory and can be found in
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standard texts such as Steenrod [139], Bott and Tu [19], Morita [112] and Wells [148] (the
construction of a fibre bundle from a cocycle is given in Chapter 7, see Theorem 7.4).

The beauty of the idea is that it allows the reconstruction of a manifold, M, without
having prior knowledge of the topology of this manifold (that is, without having explicitly
the underlying topological space M) by gluing open subets of R (the €;’s) according to
prescribed gluing instructions (namely, glue €; and €2; by identifying ;; and €2;; using ¢;;).
This method of specifying a manifold separates clearly the local structure of the manifold
(given by the €2;’s) from its global structure which is specified by the gluing functions.
Furthermore, this method ensures that the resulting manifold is C* (even for k = co) with
no extra effort since the gluing functions ¢;; are assumed to be C*.

Grimm and Hughes [67, 68] appear to be the first to have realized the power of this latter
property for practical applications and we wish to emphasize that this is a very significant
discovery. However, Grimm [67] uses a condition stronger than our condition (4) to ensure
that the resulting space is Hausdorff. The cocycle condition in Grimm and Hughes [67, 68]
is also not strong enough to ensure transitivity of the relation ~. We will come back to these
points after the proof of Proposition 4.1.

Working with overlaps of open subsets of the parameter domain makes it much easier to
enforce smoothness conditions compared to the traditional approach with splines where the
parameter domain is subdivided into closed regions and where enforcing smoothness along
boundaries is much more difficult.

Let us show that a set of gluing data defines a C* manifold in a natural way.

Proposition 4.1 For every set of gluing data, G = ((S%)er, (%)) i jyerxi, (i) Ggex), there
is an n-dimensional C* manifold, Mg, whose transition functions are the p;;’s.

Proof . Define the binary relation, ~, on the disjoint union, []._; €2;, of the open sets, ;, as

follows: For all z,y € []..; Q,

el
il

r~y it (3(i,7) € K)(z € Qyy, y € Qji, y = wji(x)).
Note that if x ~ y and x # y, then ¢ # j, as ¢; = id. But then, as z € €;; C Q,,
y€Q; CQiand ,NQ; =0 when i # 7, if & ~y and z,y € Q;, then z = .

We claim that ~ is an equivalence relation. This follows easily from the cocycle condition
but to be on the safe side, we provide the crucial step of the proof. Clearly, condition
(a) ensures reflexivity and condition (b) ensures symmetry. The crucial step is to check
transitivity. Assume that x ~ y and y ~ z. Then, there are some ¢, j, k such that

(1) x € Qz‘j, Y < jS N ij, A ij and

(i) ¥ = pji(z) and z = py;(y).
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Consequently, €2;;NQ;, # 0 and z € goj_il(leﬂij), so by (c), we get cpj_il(jSﬂij) C Qi
and thus, pg;(x) is defined and by (c) again,
pri() = @rj 0 pji(r) = 2,
that is, x ~ z, as desired.
Since ~ is an equivalence relation let
iel

be the quotient set and let p: [[,.; € — Mg be the quotient map, with p(x) = [z], where
[z] denotes the equivalence class of z. Also, for every ¢ € I, let in;: ; — J],.; s be the
natural injection and let

T, =poin;: ; — Mg.

Since we already noted that if z ~ y and z,y € €);, then x = y, we conclude that every 7; is
injective.

We give Mg the coarsest topology that makes the bijections, 7;: €; — 7;(€2;), into home-
omorphisms. Then, if we let U; = 7;(€;) and ¢; = 7, ', it is immediately verified that
the (U;, ;) are charts and this collection of charts forms a C* atlas for Mg. As there are
countably many charts, Mg is second-countable. Therefore, for Mg to be a manifold it only
remains to check that the topology is Hausdorff. For this, we use the following:

Claim. For all (i,7) € I x I, we have 7,(€;) N 7;(Q;) # 0 iff (4,5) € K and if so,
i(§) N 75(8y) = 7(Qij) = 75().
Proof of Claim. Assume that 7;(€;) N 7;(2;) # 0 and let [z] € 7:(Q;) N 7;(£2;). Observe that

z| € () N () iff 2z~ 2 and z ~ y, for some x € ; and some y € 2;. Consequently,
G 3¢5 Yy Yy j q Y
x ~ y, which implies that (7, j) € K, z € ;; and y € Qj;.

We have [z] € 7;(€;;) iff 2 ~ x for some = € €;;. Then, either i = j and z =z or i # j
and z € (Qj;, which shows that [z] € 7;(€;;) and so,

Jiy
7i(€ij) € 75 (80).
Since the same argument applies by interchanging ¢ and j, we have
7i(Qi) = 75(Q1),
for all (’l,j) € K. Since Qij Q Qi, jS Q Qj and TZ(Q”> = Tj(jS) for all (Z,j) € K, we have
7i(Qi5) = 75(Q) € () N75(8y),

for all (i,5) € K.
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For the reverse inclusion, if [z] € 7;(€2;) N 7;(£2;), then we know that there is some z € €2,
and some y € j; such that z ~ z and z ~ y, so [z] = [z] € 7;,(;), [2] = [y] € 7;(2;;) and
we get

7i(€4) N 75(8Y) € 7(82;) = 75(Qa).-
This proves that if 7;(Q;) N 7;(©;) # 0, then (4,7) € K and

7i(Q:) N 75(Q;) = 7i(Qiz) = 75(Qj0)-

Finally, assume (¢,j) € K. Then, for any x € €;; C €;, we have y = p;;(z) € Q;; C €,
and x ~ y, so that 7;(x) = 7;(y), which proves that 7,(€;) N 7;(©;) # 0 and our claim is
proved.

We now prove that the topology of Mg is Hausdorff. Pick [z], [y] € Mg with [z] # [y],
for some x € §; and some y € Q. Either 7;(€;) N 7;(€2;) = 0, in which case, as 7; and 7; are
homeomorphisms, [z] and [y] belong to the two disjoint open sets 7;(€);) and 7;(€2;). If not,
then by the Claim, (i,7) € K and

7i(Q:) N 75(2y) = 7(Qiy) = 75(Lj)-
There are several cases to consider:

(a) If ¢ = j, then z and y can be separated by disjoint opens, V, and V,, and as 7; is
a homeomorphism, [x] and [y] are separated by the disjoint open subsets 7;(V,) and

Ti(Vy)-

(b) Ifi#j,xeQ—Qyand y € Q; — Qyy, then 7,(Q; — Q) and 7;(2; — Q;) are disjoint
opens subsets separating [z] and [y].

(c) If i # j, x € ; and y € Qy, as [z] # [y] and y ~ ¢;;(y), then = # ¢;;(y). We can
separate x and ;;(y) by disjoint open subsets, V, and V,, and [z] and [y] = [¢;;(y)] are
separated by the disjoint open subsets 7;(V,) and 7;(V}).

(d) Ifi # j, x € 0(;) N and y € 9(£2;) N2, then we use condition (4). This condition
yields two disjoint open subsets V,, and V,, with € V; and y € V,, such that no point
of V, N Q;; is equivalent to any point of V,, N €Y;, and so, 7;(V;) and 7;(V}) are disjoint
open subsets separating [x] and [y].

Therefore, the topology of Mg is Hausdorff and Mg is indeed a manifold.

Finally, it is trivial to verify that the transition functions of Mg are the original gluing
functions, ¢;;. O

It should be noted that as nice as it is, Proposition 4.1 is a theoretical construction that
yields an “abstract” manifold but does not yield any information as to the geometry of this
manifold. Furthermore, the resulting manifold may not be orientable or compact, even if we
start with a finite set of p-domains.
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Here is an example showing that if condition (4) of Definition 4.1 is omitted then we
may get non-Hausdorff spaces. Cindy Grimm uses a similar example in her dissertation [67]
(Appendix C2, page 126), but her presentation is somewhat confusing because her ; and
(), appear to be two disjoint copies of the real line in R?, but these are not open in R?!

Let 2 = (—3,—1), Q2 = (1,3), Q2 = (—3,-2), Qo1 = (1,2) and y9;(z) = z + 4. The
resulting space, M, is a curve looking like a “fork”, and the problem is that the images of
—2 and 2 in M, which are distinct points of M, cannot be separated. Indeed, the images of
any two open intervals (=2 —¢, —2+¢€) and (2—17,2+n) (for €, > 0) always intersect since
(—2 — min(e, n), —2) and (2 — min(e, n), 2) are identified. Clearly, condition (4) fails.

Cindy Grimm [67] (page 40) uses a condition stronger than our condition (4) to ensure
that the quotient, Mg is Hausdorff, namely, that for all (i,j) € K with ¢ # j, the quotient
(Q; 119;)/ ~ should be embeddable in R™. This is a rather strong condition that prevents
obtaining a 2-sphere by gluing two open discs in R? along an annulus (see Grimm [67],
Appendix C2, page 126).

Grimm uses the following cocycle condition in [67] (page 40) and [68] (page 361):

(¢’) For all = € Q;; N Qyy,
eri(x) = pij © Pji(T).

This condition is not strong enough to imply transitivity of the relation ~, as shown by the
following counter-example:

Let Ql - (073)7 QQ - (47 5)7 Q3 - (679)7 Ql? - (071)7 Ql3 - (273)7 QQI - Q23 - (47 5)7
Q32 = (8,9), Q31 = (6,7), po1(x) =z +4, p32(x) =2 +4 and p31(x) = x + 4.

Note that the pairwise gluings yield Hausdorff spaces. Obviously, @32 0 wo1(z) =  + 8,
for all © € Qyo, but Q15 N Q3 = (. Thus, 0.5 ~ 4.5 ~ 8.5, but 0.5 £ 8.5 since ¢31(0.5) is
undefined.

Here is another counter-example in which Q5 N Q43 # (), using a disconnected open, 2.

Let Ql == (0,3), QQ - (4, 5) U (6,7), Qg - (8,11), le = (0,1) U (2,3), ng - (2,3),
QQI = Q23 = (47 5)U(67 7)7 Q32 = (879>U(107 11)7 931 = (87 9)7 9021(37) = $+4, 9032($> = $+2
on (6,7), ps2(z) =2+ 6 on (4,5), w31(z) =z + 6.

Note that the pairwise gluings yield Hausdorff spaces. Obviously, @32 0 o1(x) =2 +6 =
p31(x) for all x € Q15N Q3 = (2,3). Thus, 0.5 ~ 4.5 ~ 8.5, but 0.5 ¢ 8.5 since p31(0.5) is
undefined.

It is possible to give a construction, in the case of a surface, which builds a compact man-
ifold whose geometry is “close” to the geometry of a prescribed 3D-mesh (see Siqueira, Xu
and Gallier [138]). Actually, we are not able to guarantee, in general, that the parametriza-
tion functions, 6;, that we obtain are injective, but we are not aware of any algorithm that
achieves this.
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Given a set of gluing data, G = ((€%)er, (%ij)Gj)erxr, (i) @j)ex), it is natural to consider
the collection of manifolds, M, parametrized by maps, 6;: 2; — M, whose domains are the
(2;’s and whose transitions functions are given by the ¢j;, that is, such that

oni = 0]_1 o} Qz

We will say that such manifolds are induced by the set of gluing data, G.

The proof of Proposition 4.1 shows that the parametrization maps, 7;, satisfy the prop-

erty: () N 7;(Q;) # 0 iff (4,7) € K and if so,
() N 75(8y) = 1(Qy) = 75(0).
Furthermore, they also satisfy the consistency condition:
Ti = Tj © Pji,

for all (7,7) € K. If M is a manifold induced by the set of gluing data, G, because the 6;’s
are injective and ¢;; = (9;1 o 6;, the two properties stated above for the 7;’s also hold for the
0;’s. We will see in Section 4.2 that the manifold, Mg, is a “universal” manifold induced by
G in the sense that every manifold induced by G is the image of Mg by some C* map.

Interestingly, it is possible to characterize when two manifolds induced by the same set
of gluing data are isomorphic in terms of a condition on their transition functions.

Proposition 4.2 Given any set of gluing data, G = ((S%)er, (j)Gjyerxr (i) @g)ex), for
any two manifolds M and M’ induced by G given by families of parametrizations (€, 6;)icr
and (Q4,0))icr, respectively, if f: M — M is a C* isomorphism, then there are C* bijections,

pi: Wiy — Wi, for some open subsets Wi;, W/, C Q;, such that

Piile) = pjopjiop; (x),  forall x€Wy,

with pj; = 9j_1 of; and ¢, = 9;._1 ofl. Furthermore, p; = (9271 ofob;) | Wi; and ifé)fl ofob;
is a bijection from Q; to itself and 0" o f o 0:(€2ij) = Quz, for all i, j, then Wi; = Wi, = Q.
Proof. The composition 9;71 o f o6, is actually a partial function with domain

dom(0, o fob) ={xeQ|bi(x)e fob(Q)}
and its “inverse” 0, ' o f~! o @ is a partial function with domain

dom(0; ' o f1 o) ={x €| bi(zx) € fobi()}
The composition 9}71 ofofjopjo 0;' o f~1 o ! is also a partial function and we let

Wi; = QN dom(@;_l ofofjopjo 9;1 o f_1 00), pi = (9;_1 ofob;) W
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and W}; = p;(W;;). Observe that 0; o @j; = 0; 0 Qj_l o6; = 6;, that is,
Qi == 6]' ¢ ¢]Z
Using this, on W;;, we get
-1 7 —1 7—1 —1
piowjiop; = b ofobjopjo(f ofob;)
= 63._1ofo¢9jog0ﬁ06iflofflo(9;
= 0 ofofi0b o f T od
_ 9;*1 0 = 903'1‘:
as claimed. The last part of the proposition is clear. OJ

Proposition 4.2 suggests defining a notion of equivalence on sets of gluing data which
yields a converse of this proposition.

Definition 4.2 Two sets of gluing data, Q = ((Qi)e[, (Qij)(i,j)ejxj, (Soji)(i,j)eK) and g, =
(Q)er, () igyerxrs (W) ig)ex ), over the same sets of €;’s and €2;;’s are equivalent iff there
is a family of C* bijections, (p;: Qi — Q)ier, such that p;(€Q;;) = Q;; and

¢;Z(x) = p; 0 pji O pi Hx), for all z € Qy;,

for all 1, 5.

Here is the converse of Proposition 4.2. It is actually nicer than Proposition 4.2 because
we can take W;; = VVZ’] = Q.

Proposition 4.3 If two sets of gluing data G = ((C%)er, (%j).j)erxrs (i) Gj)er) and G' =
((Q)er, (j)gerxr (P)i)agex) are equivalent, then there is a C* isomorphism, f: Mg —
Mg, between the manifolds induced by G and G'. Furthermore, f o1, =1/ 0 p;, for alli € I.

Proof. Let fi: 7:(S%) — 7/(Q;) be the C* bijection given by

/ -1
Ji=TopioT

where the p;: ©; — €;’s are the maps giving the equivalence of G and G'. If we prove that f;
and f; agree on the overlap, 7;(§2;) N 7;(€2;) = 7;(€%;) = 7;(2;;), then the f; patch and yield
a OF isomorphism, f: Mg — Mg. The conditions of Proposition 4.3 imply that

@i © pi = pj © Pji

and we know that
! ! /
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Consequently, for every [z] € 7;(€2;;) = 7:(€;), with = € Q;;, we have

fillz]) = 7jopjor([a])
750 pj o 75 (@)
= Tfopjos%(x)

= T]’.ocp;.iopi(cc)

= 7, 0pi(7)

= 1iopor ([z])

fillx)),

which shows that f; and f; agree on 7;(€;) N 7;(2;), as claimed. O

In the next section, we describe a class of spaces that can be defined by gluing data
and parametrization functions, 6;, that are not necessarily injective. Roughly speaking,
the gluing data specify the topology and the parametrizations define the geometry of the
space. Such spaces have more structure than spaces defined parametrically but they are
not quite manifolds. Yet, they arise naturally in practice and they are the basis of efficient
implementations of very good approximations of 3D meshes.

4.2 Parametric Pseudo-Manifolds

In practice, it is often desirable to specify some n-dimensional geometric shape as a subset of
R? (usually for d = 3) in terms of parametrizations which are functions, ;, from some subset
of R™ into R (usually, n = 2). For “open” shapes, this is reasonably well understood but
dealing with a “closed” shape is a lot more difficult because the parametrized pieces should
overlap as smoothly as possible and this is hard to achieve. Furthermore, in practice, the
parametrization functions, #;, may not be injective. Proposition 4.1 suggests various ways
of defining such geometric shapes. For the lack of a better term, we will call these shapes,
parametric pseudo-manifolds.

Definition 4.3 Let n, k,d be three integers with d > n > 1 and k > 1 or k = co. A
parametric C* pseudo-manifold of dimension n in R? is a pair, M = (G, (6;)icr), where
G = (()er, (j)Gjerxr, (@ji)ujek) is a set of gluing data for some finite set, /, and each
0; is a C* function, 6;: ©; — R?, called a parametrization such that the following property
holds:

(C) For all (i,5) € K, we have
0i = 0; 0 @ji.

For short, we use terminology parametric pseudo-manifold. The subset, M C R, given by

M = J6i()

icl
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is called the image of the parametric pseudo-manifold, M. When n = 2 and d = 3, we say
that M is a parametric pseudo-surface.

Condition (C) obviously implies that
0:(€) = 0;(250),

for all (i,5) € K. Consequently, 6; and 6; are consistent parametrizations of the overlap,
0;(92;;) = 0;(Q;;). Thus, the shape, M, is covered by pieces, U; = 6;(2;), not necessarily open,
with each U; parametrized by ¢; and where the overlapping pieces, U; N Uj, are parametrized
consistently. The local structure of M is given by the 6;’s and the global structure is given
by the gluing data. We recover a manifold if we require the 6; to be bijective and to satisfy
the following additional conditions:

(C") For all (i,5) € K,
0:(2:) N 0;(€25) = 0;(Qiy) = 0;(;:)-

(C”) For all (i,75) ¢ K,
6,() NO; () = 0.

Even if the 6;’s are not injective, properties (C’) and (C”) would be desirable since they
guarantee that 6;(€2; —Q;;) and 6;(€; —Q;;) are parametrized uniquely. Unfortunately, these
properties are difficult to enforce. Observe that any manifold induced by G is the image of
a parametric pseudo-manifold.

Although this is an abuse of language, it is more convenient to call M a parametric
pseudo-manifold, or even a pseudo-manifold.

We can also show that the parametric pseudo-manifold, M, is the image in R? of the
abstract manifold, Mg.

Proposition 4.4 Let M = (G, (0;)ic1) be parametric C* pseudo-manifold of dimension n in
RY, where G = ((N)er, (%)) jerxts (9ji)aex) is a set of gluing data for some finite set, 1.
Then, the parametrization maps, 6;, induce a surjective map, ©: Mg — M, from the abstract
manifold, Mg, specified by G to the image, M C R?, of the parametric pseudo-manifold, M,
and the following property holds: For every €2;,

02‘ = @ o T,
where the 7;: Q; — Mg are the parametrization maps of the manifold Mg (see Proposition

4.1). In particular, every manifold, M, induced by the gluing data G is the image of Mg by
a map ©: Mg — M.
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Proof. Recall that

Mg = (HQZ>/ ~,

icl
where ~ is the equivalence relation defined so that, for all z,y € [, X,
zr~y M (3(65) € K)(@ € Qy, y € Qi y = i),
The proof of Proposition 4.1 also showed that 7;(£2;) N 7;(€2;) # 0 iff (4,j) € K and if so,
() N 7€) = 73(Qy) = 75(25).-
In particular,
7i( — Qi) N7(Qy — Qi) = 0

for all (i,5) € I x I (€; = Q5 = 0 when (i,j) ¢ K). These properties with the fact
that the 7;’s are injections show that for all (i,) ¢ K, we can define ©;: 7;(€;) — R? and
0;: 1:(Q2;) — R? by

O([z]) = bi(z), v € Q4 O;([y]) =0;(y), y € Q.
For (i,j) € K, as the the 7;’s are injections we can define ©;: 7;(Q; — ;) — R? and
@jl Ti(Qj - Q]z) — ]Rd by
O;([z]) = bi(z), € U —Qy;  O;([y]) =0;(y), y € Q; — Q.

It remains to define ©; on 7;(€;;) and ©; on 7;(€2;;) in such a way that they agree on
7;(€25) = 7;(€2;). However, condition (C) in Definition 4.3 says that for all z € €;;,

0i(x) = 0;(0ji(x))-
Consequently, if we define ©; on 7;(€2;;) and ©; on 7;(€2;;) by
Oi([z]) = bi(z), = € Qij,  O;([y]) = 0;(y), y € Qjs,

as x ~ @j;(z), we have

Oi([z]) = 0i(x) = 0;(ji(x)) = O;([wji(x)]) = ©;([z]),

which means that ©; and ©, agree on 7;(£;;) = 7;(£2;;). But then, the functions, ©;, agree
whenever their domains overlap and so, they patch to yield a function, ©, with domain Mg
and image M. By construction, §; = © o 7; and as a manifold induced by G is a parametric
pseudo-manifold, the last statement is obvious. [

The function, ©: Mg — M, given by Proposition 4.4 shows how the parametric pseudo-
manifold, M, differs from the abstract manifold, Mg. As we said before, a practical method
for approximating 3D meshes based on parametric pseudo surfaces is described in Siqueira,
Xu and Gallier [138].



Chapter 5

Lie Groups, Lie Algebras and the
Exponential Map

5.1 Lie Groups and Lie Algebras

In Chapter 1 we defined the notion of a Lie group as a certain type of manifold embedded in
RY, for some N > 1. Now that we have the general concept of a manifold, we can define Lie
groups in more generality. Besides classic references on Lie groups and Lie Algebras, such
as Chevalley [34], Knapp [89], Warner [145], Duistermaat and Kolk [53], Brocker and tom
Dieck [25], Sagle and Walde [127], Helgason [73], Serre [135, 134], Kirillov [86], Fulton and
Harris [57] and Bourbaki [22], one should be aware of more introductory sources and surveys
such as Hall [70], Sattinger and Weaver [132], Carter, Segal and Macdonald [31], Curtis [38],
Baker [13], Rossmann [125], Bryant [26], Mneimné and Testard [110] and Arvanitoyeogos [8].

Definition 5.1 A Lie group is a nonempty subset, G, satisfying the following conditions:
(a) G is a group (with identity element denoted e or 1).
(b) G is a smooth manifold.

(c) G is a topological group. In particular, the group operation, - : G x G — G, and the
inverse map, ~!: G — G, are smooth.

We have already met a number of Lie groups: GL(n,R), GL(n,C), SL(n,R), SL(n, C),
O(n), SO(n), U(n), SU(n), E(n,R). Also, every linear Lie group (i.e., a closed subgroup
of GL(n,R)) is a Lie group.

We saw in the case of linear Lie groups that the tangent space to G at the identity,
g = T1G, plays a very important role. In particular, this vector space is equipped with a
(non-associative) multiplication operation, the Lie bracket, that makes g into a Lie algebra.
This is again true in this more general setting.

Recall that Lie algebras are defined as follows:

177



178 CHAPTER 5. LIE GROUPS, LIE ALGEBRA, EXPONENTIAL MAP

Definition 5.2 A (real) Lie algebra, A, is a real vector space together with a bilinear map,
[,:]: Ax A — A, called the Lie bracket on A such that the following two identities hold for
all a,b,c € A:

[&7 a] =0,

and the so-called Jacobi identity
la, [b, c]] + [c, [a, b]] + [b, [c, a]] = 0.
It is immediately verified that [b, a] = —[a, b].
Let us also recall the definition of homomorphisms of Lie groups and Lie algebras.

Definition 5.3 Given two Lie groups G; and Gs, a homomorphism (or map) of Lie groups
is a function, f: G; — Go, that is a homomorphism of groups and a smooth map (between
the manifolds G; and G5). Given two Lie algebras A; and Ay, a homomorphism (or map)
of Lie algebras is a function, f: A; — As, that is a linear map between the vector spaces
A; and A; and that preserves Lie brackets, i.e.,

f([A, B]) = [f(A4), f(B)]
for all A, B € A,.

An isomorphism of Lie groups is a bijective function f such that both f and f~! are
maps of Lie groups, and an isomorphism of Lie algebras is a bijective function f such that
both f and f~! are maps of Lie algebras.

The Lie bracket operation on g can be defined in terms of the so-called adjoint represen-
tation.

Given a Lie group G, for every a € GG we define left translation as the map, L,: G — G,
such that L,(b) = ab, for all b € G, and right translation as the map, R,: G — G, such
that R,(b) = ba, for all b € G. Because multiplication and the inverse maps are smooth,
the maps L, and R, are diffeomorphisms, and their derivatives play an important role. The
inner automorphisms R,-1 o L, (also written R,-1L, or Ad,) also play an important role.
Note that

Ry-1L4(b) = aba™.

The derivative
d(Ry-1Lg)1:9— @

of R,-1L, at 1 is an isomorphism of Lie algebras, denoted by Ad,: g — g. The map a — Ad,
is a map of Lie groups
Ad: G — GL(yg),

called the adjoint representation of G (where GL(g) denotes the Lie group of all bijective
linear maps on g).
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In the case of a linear group, one can verify that
Ad(a)(X) = Ady(X) = aXa™*
for all a € G and all X € g. The derivative
dAd;: g — gl(g)
of Ad at 1 is map of Lie algebras, denoted by

ad: g — gl(g),
called the adjoint representation of g (where gl(g) denotes the Lie algebra, End(g, g), of all
linear maps on g).

In the case of a linear group, it can be verified that
ad(A)(B) = [A, B] = AB — BA,

for all A, B € g.

One can also check (in general) that the Jacobi identity on g is equivalent to the fact
that ad preserves Lie brackets, i.e., ad is a map of Lie algebras:

ad([u, v]) = [ad(u), ad(v)],

for all u,v € g (where on the right, the Lie bracket is the commutator of linear maps on g).

This is the key to the definition of the Lie bracket in the case of a general Lie group (not
just a linear Lie group).

Definition 5.4 Given a Lie group, GG, the tangent space, g = T1G, at the identity with the
Lie bracket defined by
[u, v] = ad(u)(v), for all u,v € g,

is the Lie algebra of the Lie group G.

Actually, we have to justify why g really is a Lie algebra. For this, we have

Proposition 5.1 Given a Lie group, G, the Lie bracket, [u, v] = ad(u)(v), of Definition 5.4
satisfies the axioms of a Lie algebra (given in Definition 5.2). Therefore, g with this bracket
is a Lie algebra.

Proof. The proof requires Proposition 5.9, but we prefer to defer the proof of this Proposition
until section 5.3. Since
Ad: G — GL(g)
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is a Lie group homomorphism, by Proposition 5.9, the map ad = dAd; is a homomorphism
of Lie algebras, ad: g — gl(g), which means that

ad([u,v]) = ad(u) o ad(v) — ad(v) o ad(u), for all u,v € g,

since the bracket in gl(g) = End(g,g), is just the commutator. Applying the above to
w € g, we get the Jacobi identity. We still have to prove that [u,u] = 0, or equivalently,
that [v,u] = —[u, v]. For this, following Duistermaat and Kolk [53] (Chapter 1, Section 1),
consider the map

G x G — G: (a,b) — aba b

It is easy to see that its differential at (1,1) is the zero map. We can then compute the
differential w.r.t. b at b = 1 and evaluate at v € g, getting (Ad, — id)(v). Then, the second
derivative w.r.t. a at a = 1 evaluated at u € g is [u,v]. On the other hand if we differentiate
first w.r.t. a and then w.r.t. b, we first get (id — Ad,)(u) and then —[v,u]. As our original
map is smooth, the second derivative is bilinear symmetric, so [u,v] = —[v,u]. O

Remark: After proving that g is isomorphic to the vector space of left-invariant vector fields
on (G, we get another proof of Proposition 5.1.

5.2 Left and Right Invariant Vector Fields, the Expo-
nential Map

A fairly convenient way to define the exponential map is to use left-invariant vector fields.

Definition 5.5 If G is a Lie group, a vector field, X, on G is left-invariant (resp. right-
invariant) iff

d(L)y(X (D)) = X (La(b)) = X(ab), for all a,b € G.

(resp.
’ d(Ry)s(X (b)) = X (Ro(b)) = X (ba), forall a,be G.)

Equivalently, a vector field, X is left-invariant iff the following diagram commutes (and
similarly for a right-invariant vector field):

d(La)
¢ — TG
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which shows that X is determined by its value, X (1) € g, at the identity (and similarly for
right-invariant vector fields).

Conversely, given any v € g, we can define the vector field, v¥, by
v (a) = d(Ly),(v), foralla€ G.
We claim that v” is left-invariant. This follows by an easy application of the chain rule:

vi(ab) = d

Furthermore, v*(1) = v. Therefore, we showed that the map, X +— X(1), establishes an
isomorphism between the space of left-invariant vector fields on G and g. In fact, the map
G x g — TG given by (a,v) — v¥(a) is an isomorphism between GG x g and the tangent
bundle, TG.

Remark: Given any v € g, we can also define the vector field, v%, by
vf(a) = d(R,)1(v), forallacG.

It is easily shown that v¥ is right-invariant and we also have an isomorphism G x g — T'G
given by (a,v) — v%(a).

Another reason why left-invariant (resp. right-invariant) vector fields on a Lie group are
important is that they are complete, i.e., they define a flow whose domain is R x G. To
prove this, we begin with the following easy proposition:

Proposition 5.2 Given a Lie group, G, if X is a left-invariant (resp. right-invariant)
vector field and ® s its flow, then

O(t,g) = gP(t,1) (resp. P@(t,g) = D(t,1)g), forall(t,g) € D(X).

Proof. Write
(1) = g®(t,1) = Ly(®(t,1)).
Then, v(0) = ¢ and, by the chain rule

V() = d(Lg)ay (®(F, 1)) = d(Lg)aqen) (X (P(1, 1)) = X(Ly(®(t,1))) = X(7(1)).

By the uniqueness of maximal integral curves, v(t) = ®(¢, g) for all ¢, and so,

O(t,g9) = gP(t,1).

A similar argument applies to right-invariant vector fields. O
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Proposition 5.3 Gwen a Lie group, G, for every v € g, there is a unique smooth homo-
morphism, h,: (R,+) — G, such that h,(0) = v. Furthermore, h,(t) is the mazimal integral
curve of both vl and v¥ with initial condition 1 and the flows of v and v® are defined for
allt € R.

Proof . Let ®?(g) denote the flow of v¥. As far as defined, we know that
Oy (1) = (@;(1)) = @7 (1) (1),

by Proposition 5.2. Now, if ®}(1) is defined on | — €, €[, setting s = ¢, we see that ®¥(1) is
actually defined on | — 2¢,2¢[ . By induction, we see that ®¥(1) is defined on | — 2"¢, 2"¢[ ,
for all n > 0, and so, ®¥(1) is defined on R and the map ¢ — ®}(1) is a homomorphism,
hy: (R,4) — G, with h,(0) = v. Since ®Y(g) = g®?(1), the flow, ®¥(g), is defined for all
(t,g) € R x G. A similar proof applies to v*. To show that h, is smooth, consider the map

RxGxg— Gxg, where (t g,v)+— (gP;(1),0v).
It is immediately seen that the above is the flow of the vector field
(g,0) = (v(9),0),

and thus, it is smooth. Consequently, the restriction of this smooth map to R x {1} x {v},
which is just ¢ — ®Y(1) = h,(t), is also smooth.

Assume h: (R, +) — G is a smooth homomorphism with A(0) = v. From
h(t + s) = h(t)h(s) = h(s)h(t),

if we differentiate with respect to s at s = 0, we get

dh

% 6) = AL (v) = v (A (D)
and

dh R

= (1) = d(Bu)1(v) = v (h(1)).
Therefore, h(t) is an integral curve for v and v® with initial condition h(0) = 1 and
h=®7(1). O

Since h,: (R,+) — G is a homomorphism, the integral curve, h,, if often referred to as
a one-parameter group. Proposition 5.3 yields the definition of the exponential map.

Definition 5.6 Given a Lie group, G, the exponential map, exp: g — G, is given by

exp(v) = hy(1) = ®J(1), forallv € g.
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We can see that exp is smooth as follows. As in the proof of Proposition 5.3, we have

the smooth map
RxGxg— Gxg, where (t g,v)— (gPi(1),0),
which is the flow of the vector field
(9,v) = (v(9),0).

Consequently, the restriction of this smooth map to {1} x {1} x g, which is just
v — ®Y(1) = exp(v), is also smooth.

Observe that for any fixed ¢t € R, the map
s +— hy(st)
is a smooth homomorphism, h, such that h(O) = tv. By uniqueness, we have
hy(st) = hy(s).
Setting s = 1, we find that
hy(t) = exp(tv), for allv € g and all t € R.
Then, differentiating with respect to t at t = 0, we get

v = dexpy(v),

i.e., dexp, = idg. By the inverse function theorem, exp is a local diffeomorphism at 0. This
means that there is some open subset, U C g, containing 0, such that the restriction of exp
to U is a diffeomorphism onto exp(U) C G, with 1 € exp(U). In fact, by left-translation, the
map v — gexp(v) is a local diffeomorphism between some open subset, U C g, containing
0 and the open subset, exp(U), containing g. The exponential map is also natural in the

following sense:

Proposition 5.4 Given any two Lie groups, G and H, for every Lie group homomorphism,

f: G — H, the following diagram commutes:

¢ -l-m
expT Texp
g df1 b

Proof. Observe that the map h: t — f(exp(tv)) is a homomorphism from (R, +) to G such

that 2(0) = df;(v). Proposition 5.3 shows that f(exp(v)) = exp(dfi(v)). O

A useful corollary of Proposition 5.4 is:
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Proposition 5.5 Let G be a connected Lie group and H be any Lie group. For any two
homomorphisms, p1: G — H and ¢o: G — H, if d(p1)1 = d(p2)1, then v1 = @a.

Proof. We know that the exponential map is a diffeomorphism on some small open subset,
U, containing 0. Now, by Proposition 5.4, for all a € exp(U), we have

vi(a) = expy (d(g;)1(expg'(a))), i=1,2.

Since d(p1)1 = d(p2)1, we conclude that ¢1 = ¢y on expg(U). However, as G is connected,
Proposition 2.18 implies that G is generated by exps(U) (we can easily find a symmetric
neighborhood of 1 in expg(U)). Therefore, ;1 = o on G. O

The above proposition shows that if G is connected, then a homomorphism of Lie groups,
¢: G — H, is uniquely determined by the Lie algebra homomorphism, dy;: g — bh.

We obtain another useful corollary of Proposition 5.4 when we apply it to the adjoint
representation of G,
Ad: G — GL(g)

and to the conjugation map,
Ad,: G — G,

where Ad,(b) = aba™!. In the first case, dAd; = ad, with ad: g — gl(g) and in the second
case, d(Ad,); = Ad,.

Proposition 5.6 Given any Lie group, G, the following properties hold:

(1)
Ad(exp(u)) = e, for allu € g,

where exp: g — G is the exponential of the Lie group, G, and f — e/ is the exponential

map given by
©  rk
=35
k!’
k=0

for any linear map (matriz), f € gl(g). Equivalently, the following diagram commutes:

G —2 GL(g)

expT Tf._)ef

g — gl(g).

(2)

exp(tAdy(u)) = gexp(tu)g ™,
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forallueg, all g€ G and allt € R. Equivalently, the following diagram commutes:

Since the Lie algebra g = TG is isomorphic to the vector space of left-invariant vector
fields on G and since the Lie bracket of vector fields makes sense (see Definition 3.16), it
is natural to ask if there is any relationship between, [u, v], where [u, v] = ad(u)(v), and
the Lie bracket, [u”, v], of the left-invariant vector fields associated with u,v € g. The
answer is: Yes, they coincide (via the correspondence u — u). This fact is recorded in the
proposition below whose proof involves some rather acrobatic uses of the chain rule found in
Warner [145] (Chapter 3), Brocker and tom Dieck [25] (Chapter 1, Section 2), or Marsden
and Ratiu [102] (Chapter 9).

Proposition 5.7 Given a Lie group, G, we have

[u”,v"](1) = ad(u)(v), for allu,v € g.

We can apply Proposition 2.22 and use the exponential map to prove a useful result
about Lie groups. If G is a Lie group, let Gy be the connected component of the identity.
We know G is a topological normal subgroup of G' and it is a submanifold in an obvious
way, so it is a Lie group.

Proposition 5.8 If G is a Lie group and Gy is the connected component of 1, then Gq is
generated by exp(g). Moreover, Gy is countable at infinity.

Proof. We can find a symmetric open, U, in g in containing 0, on which exp is a diffeo-
morphism. Then, apply Proposition 2.22 to V' = exp(U). That Gy is countable at infinity
follows from Proposition 2.23. O

5.3 Homomorphisms of Lie Groups and Lie Algebras,
Lie Subgroups
If G and H are two Lie groups and ¢: G — H is a homomorphism of Lie groups, then

dp1: g — b is a linear map between the Lie algebras g and h of G and H. In fact, it is a Lie
algebra homomorphism, as shown below.
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Proposition 5.9 If G and H are two Lie groups and p: G — H is a homomorphism of Lie
groups, then

dpy o Ady = Adyg) o dpy, forall g € G,

that is, the following diagram commutes

dp1
—_—

g b
Adgi lAdw(g)
g dp1 h

and dp1: g — b is a Lie algebra homomorphism.

Proof. Recall that
R,1Ly(b) = aba™', foralla,be G

and that the derivative
d(Ry-1Lg)1:9— @

of R,-1L, at 1 is an isomorphism of Lie algebras, denoted by Ad,: g — g. The map a — Ad,
is a map of Lie groups

Ad: G — GL(g),
(where GL(g) denotes the Lie group of all bijective linear maps on g) and the derivative

dAd;: g — gl(g)
of Ad at 1 is map of Lie algebras, denoted by
ad: g — gl(g),

called the adjoint representation of g (where gl(g) denotes the Lie algebra of all linear maps
on g). Then, the Lie bracket is defined by

[u, v] = ad(u)(v), for all u,v € g.
Now, as ¢ is a homomorphism, we have
p(Ra-1La(b)) = p(aba™") = p(a)p(b)p(a) ™" = Rog)-1 Lia) (#(b),
and by differentiating w.r.t. b at b = 1 in the direction, v € g, we get
dp1(Ada(v)) = Ady(a)(dpr (),

proving the first part of the proposition. Differentiating again with respect to a at a = 1 in
the direction, u € g, (and using the chain rule), we get

dpi(ad(u)(v)) = ad(de: (u))(dp(v)),
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€ dipr[u, v] = [dip1 (u), dp1 ()],

which proves that dy; is indeed a Lie algebra homomorphism. O

Remark: If we identify the Lie algebra, g, of G with the space of left-invariant vector fields
on G, the map dp;: g — b is viewed as the map such that, for every left-invariant vector
field, X, on G, the vector field dy;(X) is the unique left-invariant vector field on H such
that

dp1(X)(1) = dey (X (1)),
i.e., dpi(X) = dpi(X(1))*. Then, we can give another proof of the fact that dy; is a Lie
algebra homomorphism using the notion of ¢-related vector fields.

Proposition 5.10 If G and H are two Lie groups and ¢: G — H is a homomorphism of
Lie groups, if we identify g (resp. b) with the space of left-invariant vector fields on G (resp.
left-invariant vector fields on H ), then,

(a) X and dp1(X) are p-related, for every left-invariant vector field, X, on G;
(b) dp1: g — b is a Lie algebra homomorphism.

Proof. The proof uses Proposition 3.14. For details, see Warner [145].

We now consider Lie subgroups. As a preliminary result, note that if o: G — H is an
injective Lie group homomorphism, then dy,: T,G — T, H is injective for all g € G. As
g = 11G and T,G are isomorphic for all g € G (and similarly for h = T1H and T} H for all
h € H), it is sufficient to check that dy;: g — b is injective. However, by Proposition 5.4,
the diagram

G =0
expT Texp
g dp1 b

commutes, and since the exponential map is a local diffeomorphism at 0, as ¢ is injective,
then dp; is injective, too. Therefore, if ¢: G — H is injective, it is automatically an
immersion.

Definition 5.7 Let G be a Lie group. A set, H, is an immersed (Lie) subgroup of G iff
(a) H is a Lie group;

(b) There is an injective Lie group homomorphism, ¢: H — G (and thus, ¢ is an immer-
sion, as noted above).

We say that H is a Lie subgroup (or closed Lie subgroup) of G iff H is a Lie group that is a
subgroup of GG and also a submanifold of G.
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Observe that an immersed Lie subgroup, H, is an immersed submanifold, since ¢ is an
injective immersion. However, ¢(H) may not have the subspace topology inherited from G
and ¢(H) may not be closed.

An example of this situation is provided by the 2-torus, T? = SO(2) x SO(2), which can
be identified with the group of 2 x 2 complex diagonal matrices of the form

er
0 e

where 0,0, € R. For any ¢ € R, let S, be the subgroup of 72 consisting of all matrices of

the form .
e 0
( O eict) ) t e R

It is easily checked that S. is an immersed Lie subgroup of T2 iff ¢ is irrational. However,
when c is irrational, one can show that S, is dense in 7 but not closed.

As we will see below, a Lie subgroup, is always closed. We borrowed the terminology
“Iimmersed subgroup” from Fulton and Harris [57] (Chapter 7), but we warn the reader that
most books call such subgroups “Lie subgroups” and refer to the second kind of subgroups
(that are submanifolds) as “closed subgroups”.

Theorem 5.11 Let G be a Lie group and let (H, @) be an immersed Lie subgroup of G.
Then, ¢ is an embedding iff (H) is closed in G. As as consequence, any Lie subgroup of G
15 closed.

Proof. The proof can be found in Warner [145] (Chapter 1, Theorem 3.21) and uses a little
more machinery than we have introduced. However, we prove that a Lie subgroup, H, of G
is closed. The key to the argument is this: Since H is a submanifold of GG, there is chart,
(U, p), of G, with 1 € U, so that

p(UNH) = oU) N (B™ X {0n-m}).

By Proposition 2.15, we can find some open subset, V C U, with 1 € V, so that V = V!
and V C U. Observe that

(VN H)=o(V)N(R™ x {0n-m})

and since V is closed and ¢ is a homeomorphism, it follows that V' N H is closed. Thus,
VNH=VNH (asVNH=VNH). Now, pick any y € H. As 1 € V™!, the open set yV !
contains y and since y € H, we must have yV ' N H # (. Let x € yV "' N H, then v € H
and y € V. Then, y € £V N H, which implies 2=y € VN H C VN H =V N H. Therefore,
r 'y € H and since x € H, we get y € H and H is closed. [J

We also have the following important and useful theorem: If GG is a Lie group, say that
a subset, H C G, is an abstract subgroup iff it is just a subgroup of the underlying group of
G (i.e., we forget the topology and the manifold structure).
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Theorem 5.12 Let G be a Lie group. An abstract subgroup, H, of G is a submanifold (i.e.,
a Lie subgroup) of G iff H is closed (i.e, H with the induced topology is closed in G).

Proof. We proved the easy direction of this theorem above. Conversely, we need to prove
that if the subgroup, H, with the induced topology is closed in G, then it is a manifold.
This can be done using the exponential map, but it is harder. For details, see Brocker and
tom Dieck [25] (Chapter 1, Section 3) or Warner [145], Chapter 3. O

5.4 The Correspondence Lie Groups—Lie Algebras

Historically, Lie was the first to understand that a lot of the structure of a Lie group is
captured by its Lie algebra, a simpler object (since it is a vector space). In this short
section, we state without proof some of the “Lie theorems”, although not in their original
form.

Definition 5.8 If g is a Lie algebra, a subalgebra, b, of g is a (linear) subspace of g such
that [u,v] € b, for all u,v € h. If b is a (linear) subspace of g such that [u,v] € b for all
u € b and all v € g, we say that b is an ideal in g.

For a proof of the theorem below, see Warner [145] (Chapter 3) or Duistermaat and Kolk
[53] (Chapter 1, Section 10).

Theorem 5.13 Let G be a Lie group with Lie algebra, g, and let (H,p) be an immersed
Lie subgroup of G with Lie algebra by, then dp.b is a Lie subalgebra of g. Conversely, for
each subalgebra, by, of g, there is a unique connected immersed subgroup, (H, ), of G so that
dp1h = 6 In fact, as a group, p(H) is the subgroup of G generated by exp(H). Furthermore,
normal subgroups correspond to ideals.

Theorem 5.13 shows that there is a one-to-one correspondence between connected im-
mersed subgroups of a Lie group and subalgebras of its Lie algebra.

Theorem 5.14 Let G and H be Lie groups with G connected and simply connected and let
g and b be their Lie algebras. For every homomorphism, ¢: g — b, there is a unique Lie
group homomorphism, p: G — H, so that dp, = 1.

Again a proof of the theorem above is given in Warner [145] (Chapter 3) or Duistermaat
and Kolk [53] (Chapter 1, Section 10).

Corollary 5.15 If G and H are connected and simply connected Lie groups, then G and H
are isomorphic iff g and b are isomorphic.
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It can also be shown that for every finite-dimensional Lie algebra, g, there is a connected
and simply connected Lie group, GG, such that g is the Lie algebra of G. This is a consequence
of deep theorem (whose proof is quite hard) known as Ado’s theorem. For more on this, see
Knapp [89], Fulton and Harris [57], or Bourbaki [22].

In summary, following Fulton and Harris, we have the following two principles of the Lie
group/Lie algebra correspondence:

First Principle: If G and H are Lie groups, with G connected, then a homomorphism of Lie
groups, ¢: G — H, is uniquely determined by the Lie algebra homomorphism, dy;: g — b.

Second Principle: Let G and H be Lie groups with G connected and simply connected and
let g and § be their Lie algebras. A linear map, ¥: g — b, is a Lie algebra map iff there is a
unique Lie group homomorphism, ¢: G — H, so that dyp; = .

5.5 More on the Lorentz Group SOy(n, 1)

In this section, we take a closer look at the Lorentz group SOg(n, 1) and, in particular, at the
relationship between SOq(n, 1) and its Lie algebra, so(n,1). The Lie algebra of SOq(n, 1)
is easily determined by computing the tangent vectors to curves, t — A(t), on SOqy(n, 1)
through the identity, I. Since A(t) satisfies

ATJA =1,
differentiating and using the fact that A(0) = I, we get
AT+ JA =0.

Therefore,
so(n,1) = {A € Mat, 11,11 (R) | AT J + JA = 0}.

This means that JA is skew-symmetric and so,

B
50(”, 1) = {(UT g) - Matn+17n+1(R) | u € Rn’ _B—r — —B} X

Observe that every matrix A € so(n, 1) can be written uniquely as

(e 0)= (" o)+ (i b)

where the first matrix is skew-symmetric, the second one is symmetric and both belong to
s0(n,1). Thus, it is natural to define

SCHIERS
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pz{(uoT 3) |ueR”}.

It is immediately verified that both € and p are subspaces of so(n, 1) (as vector spaces) and
that € is a Lie subalgebra isomorphic to so(n), but p is not a Lie subalgebra of so(n,1)
because it is not closed under the Lie bracket. Still, we have

[e,e]Ce [ep]Cp, [p,pCE

and

Clearly, we have the direct sum decomposition
so(n,1) =t D p,

known as Cartan decomposition. There is also an automorphism of so(n, 1) known as the

Cartan involution, namely,
0(A) = —AT,

and we see that

t={Acso(n1)|0(A) =A} and p={Acso(nl)|0(A) =—-A}.

Unfortunately, there does not appear to be any simple way of obtaining a formula for
exp(A), where A € so(n, 1) (except for small n—there is such a formula for n = 3 due to
Chris Geyer). However, it is possible to obtain an explicit formula for the matrices in p.
This is because for such matrices, A, if we let w = ||u|| = VuTu, we have

A% = WA,
Thus, we get

Proposition 5.16 For every matriz, A € p, of the form
0 wu
()

(coshw—1) T  sinhw sinh? w T sinhw
eA—<]+—w2 (TR u>_ I+ =~y Dou)

we have

sinhw, T -

Proof. Using the fact that A3 = w?A, we easily prove that

sinth+ coshw — 1

et =1+ A?

w w? ’

which is the first equation of the proposition, since

A2 uw' 0\ (uu’ 0
N0 uw'w) L0 W)
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We leave as an exercise the fact that

2 :
<I+ (coshw — l)uuT) 4 smhgwuuT‘

w? w?
O

Now, it clear from the above formula that each e, with B € p is a Lorentz boost.
Conversely, every Lorentz boost is the exponential of some B € p, as shown below.

Proposition 5.17 FEvery Lorentz boost,

A_(\/I—I—vvT v)
N v’ c)’

with ¢ = 4/ H’U”2 + 1, is of the form A = eB, for B € p, i.e., for some B € so(n,1) of the

form
0 wu
b= (80).

0 wu
(2 )

<\/I+ Si’g‘j‘”uuT Sinj“’u) _ <\/I+UUT v)

Proof. We need to find some

solving the equation

T

sinh w uT v C

w

cosh w

with w = ||ul| and ¢ = y/||v||* + 1. When v = 0, we have A = I, and the matrix B = 0
corresponding to u = 0 works. So, assume v # 0. In this case, ¢ > 1. We have to solve the

equation coshw = ¢, that is,
e — 2ce” +1=0.

The roots of the corresponding algebraic equation X2 — 2cX + 1 = 0 are
X=ctve?—1.

As ¢ > 1, both roots are strictly positive, so we can solve for w, say w = log(c++v/¢2 — 1) # 0.
Then, sinhw # 0, so we can solve the equation

sinh w

U=,
w

which yields a B € so(n, 1) of the right form with A = e?. [

Remarks:
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(1)

It is easy to show that the eigenvalues of matrices

0 wu
(8

are 0, with multiplicity n — 1, ||u|| and — ||u||. Eigenvectors are also easily determined.

The matrices, B € so(n, 1), of the form

0 - 0 a
0 a 0

are easily seen to form an abelian Lie subalgebra, a, of so(n, 1) (which means that for
all B,C € a, [B,C] =0, i.e., BC' = CB). One will easily check that for any B € a, as
above, we get

1 --- 0 0 0
=10 ... 1 0 0

0 -+ 0 cosha sinha

0 --- 0 sinha cosha

The matrices of the form, e®, with B € a, form an abelian subgroup, A, of SO¢(n, 1)
isomorphic to SOg(1,1). As we already know, the matrices, B € so(n, 1), of the form

B 0
(0 0)
where B is skew-symmetric, form a Lie subalgebra, £, of so(n,1). Clearly, £ is isomor-
phic to s0(n) and using the exponential, we get a subgroup, K, of SOg(n, 1) isomorphic
to SO(n). It is also clear that €N a = (0), but €& a is not equal to so(n,1). What is
the missing piece? Consider the matrices, N € so(n, 1), of the form

0 —u u
N=[u" 0 0],
u' 0 0

where u € R®™ . The reader should check that these matrices form an abelian Lie
subalgebra, n, of so(n, 1) and that

so(n,1)=tdadn.

This is the Iwasawa decomposition of the Lie algebra so(n, 1). Furthermore, the reader
should check that every N € n is nilpotent; in fact, N3 = 0. (It turns out that n is
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a nilpotent Lie algebra, see Knapp [89]). The connected Lie subgroup of SOg(n,1)
associated with n is denoted N and it can be shown that we have the Iwasawa decom-
position of the Lie group SOq(n, 1):

It is easy to check that [a,n] C n, so a @ n is a Lie subalgebra of so(n,1) and n is an
ideal of a®n. This implies that N is normal in the group corresponding to a®n, so AN
is a subgroup (in fact, solvable) of SO¢(n, 1). For more on the Iwasawa decomposition,
see Knapp [89]. Observe that the image, n, of n under the Cartan involution, 6, is the
Lie subalgebra

0 U U
n= —u" 0 0] |ueR"!
u' 0 0

It is easy to see that the centralizer of a is the Lie subalgebra

m= {(? 8) € Mat, 1 ,41(R) | B € so(n — 1)}
and the reader should check that
so(n,l)=m@PadnPpn.

We also have
[m,n] Cn,

so m@adn is a subalgebra of so(n, 1). The group, M, associated with m is isomorphic
to SO(n —1) and it can be shown that B = M AN is a subgroup of SOg(n,1). In fact,

SOy(n,1)/(MAN) = KAN/MAN = K/M = SO(n)/SO(n — 1) = S,

It is customary to denote the subalgebra m & a by gg, the algebra n by g; and n by
g_1, so that so(n,1) =m® a®n@n is also written

so(n,1) =go® g_1 D g1

By the way, if N € n, then

1
eN:I+N+§N2,

and since N + %N 2 is also nilpotent, eV can’t be diagonalized when N # 0. This
provides a simple example of matrices in SOq(n, 1) that can’t be diagonalized.

Combining Proposition 2.3 and Proposition 5.17, we have the corollary:
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Corollary 5.18 Fvery matriz, A € O(n, 1), can be written as

4= (2 0>e(u0T H

€

where @ € O(n), e = +1 and u € R™.

Observe that Corollary 5.18 proves that every matrix, A € SOy(n, 1), can be written as
A= Pe®, with P € K =2 8S0(n) and S € p,

ie.,

SOy(n,1) = K exp(p),
a version of the polar decomposition for SOg(n, 1).

Now, it is known that the exponential map, exp: so(n) — SO(n), is surjective. So, when
A € SOy(n, 1), since then ) € SO(n) and € = +1, the matrix

(@)

is the exponential of some skew symmetric matrix

B 0
C= (0 O) € so(n, 1),

and we can write A = e“e?, with C' € £ and Z € p. Unfortunately, C' and Z generally
don’t commute, so it is generally not true that A = e“*%. Thus, we don’t get an “ecasy”
proof of the surjectivity of the exponential, exp: so(n,1) — SOg(n,1). This is not too
surprising because, to the best of our knowledge, proving surjectivity for all n is not a simple
matter. One proof is due to Nishikawa [116] (1983). Nishikawa’s paper is rather short, but
this is misleading. Indeed, Nishikawa relies on a classic paper by Djokovic [48], which itself
relies heavily on another fundamental paper by Burgoyne and Cushman [27], published in
1977. Burgoyne and Cushman determine the conjugacy classes for some linear Lie groups
and their Lie algebras, where the linear groups arise from an inner product space (real or
complex). This inner product is nondegenerate, symmetric, or hermitian or skew-symmetric
of skew-hermitian. Altogether, one has to read over 40 pages to fully understand the proof
of surjectivity.

In his introduction, Nishikawa states that he is not aware of any other proof of the
surjectivity of the exponential for SOg(n, 1). However, such a proof was also given by Marcel
Riesz as early as 1957, in some lectures notes that he gave while visiting the University of
Maryland in 1957-1958. These notes were probably not easily available until 1993, when
they were published in book form, with commentaries, by Bolinder and Lounesto [124].
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Interestingly, these two proofs use very different methods. The Nishikawa—Djokovic—
Burgoyne and Cushman proof makes heavy use of methods in Lie groups and Lie algebra,
although not far beyond linear algebra. Riesz’s proof begins with a deep study of the
structure of the minimal polynomial of a Lorentz isometry (Chapter III). This is a beautiful
argument that takes about 10 pages. The story is not over, as it takes most of Chapter IV
(some 40 pages) to prove the surjectivity of the exponential (actually, Riesz proves other
things along the way). In any case, the reader can see that both proofs are quite involved.

It is worth noting that Milnor (1969) also uses techniques very similar to those used by
Riesz (in dealing with minimal polynomials of isometries) in his paper on isometries of inner
product spaces [106].

What we will do to close this section is to give a relatively simple proof that the exponen-
tial map, exp: s0(1,3) — SOy(1,3), is surjective. In the case of SOy(1,3), we can use the
fact that SL(2,C) is a two-sheeted covering space of SOq(1,3), which means that there is
a homomorphism, ¢: SL(2,C) — SOy(1,3), which is surjective and that Ker ¢ = {—1,TI).
Then, the small miracle is that, although the exponential, exp: sl(2,C) — SL(2,C), is not
surjective, for every A € SL(2,C), either A or —A is in the image of the exponential!

Proposition 5.19 Given any matriz

B= (‘; b) € sl(2,C),

—a
let w be any of the two complex roots of a* + be. If w # 0, then

B sinh w

e’ =coshwl + B

)
w

and e® = I + B, if a®> + bc = 0. Furthermore, every matriv A € SL(2,C) is in the image of
the exponential map, unless A = —I + N, where N is a nonzero nilpotent (i.e., N* = 0 with
N #0). Consequently, for any A € SL(2,C), either A or —A is of the form B, for some
B € s1(2,C).

Proof. Observe that

Then, it is straighforward to prove that

B sinh w

e’ =coshw ! + B

)
w

where w is a square root of a® + bc is w # 0, otherwise, e = I + B.

Let 5
(0%
4= (v 5)
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be any matrix in SL(2,C). We would like to find a matrix, B € s[(2,C), so that A = eZ. In
view of the above, we need to solve the system

sinh w
coshw + a = «
w
sinh w
coshw — a = 6
w
sinh w
= f
w
sinh w
c = 7.
w
From the first two equations, we get
a+0
coshw =
2
sinh w a—0
a =
w 2

Thus, we see that we need to know whether complex cosh is surjective and when complex
sinh is zero. We claim:

(1) cosh is surjective.
(2) sinh z = 0 iff z = nwi, where n € Z.
Given any ¢ € C, we have coshw = c iff
e —2ec+1=0.
The corresponding algebraic equation
77 —2cZ+1=0
has discriminant 4(c? — 1) and it has two complex roots

J=ctvc2-1

where v/c2 — 1 is some square root of ¢ — 1. Observe that these roots are never zero.
Therefore, we can find a complex log of ¢ + v/¢2 — 1, say w, so that e = c+ V2 —11is a
solution of e?* — 2¢“c + 1 = 0. This proves the surjectivity of cosh.

We have sinhw = 0 iff €% = 1; this holds iff 2w = n2ni, i.e., w = nmi.
Observe that

sinh nmi sinh nmi

=0 ifn#0, but

nm nm

=1 whenn=0.
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We know that

coshw = ato
2
can always be solved.
Case 1. If w # nmi, with n # 0, then
sinh w 20
w

and the other equations can be solved, too (this includes the case w = 0). Therefore, in this
case, the exponential is surjective. It remains to examine the other case.

Case 2. Assume w = nmi, with n # 0. If n is even, then e* = 1, which implies
a+6=2.

However, ad — fy =1 (since A € SL(2,C)), so we deduce that A has the double eigenvalue,
1. Thus, N = A — I is nilpotent (i.e., N*> = 0) and has zero trace; but then, N € sl(2,C)
and

N=I+N=I+A-1=A

If n is odd, then e* = —1, which implies
a+o=-2

In this case, A has the double eigenvalue —1 and A + [ = N is nilpotent. So, A= -1+ N,
where N is nilpotent. If N # 0, then A cannot be diagonalized. We claim that there is no
B € 5l(2,C) so that e = A.

Indeed, any matrix, B € sl(2,C), has zero trace, which means that if A\; and Ay are the
eigenvalues of B, then A\ = —X\y. If A\; # 0, then \; # Ay so B can be diagonalized, but
then ef can also be diagonalized, contradicting the fact that A can’t be diagonalized. If
A1 = Mg = 0, then e has the double eigenvalue +1, but A has eigenvalues —1. Therefore,
the only matrices A € SL(2, C) that are not in the image of the exponential are those of the
form A = —I + N, where N is a nonzero nilpotent. However, note that —A =1 — N is in
the image of the exponential. [J

Remark: If we restrict our attention to SL(2,R), then we have the following proposition
that can be used to prove that the exponential map, exp: so(1,2) — SOq(1,2), is surjective:

Proposition 5.20 Given any matriz
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if a> +b >0, then let w = Va2 +bc > 0 and if a®> + b < 0, then let w = \/—(a® + bc) > 0
(i.e., w? = —(a® + bc)). In the first case (a® +bc > 0), we have

B sinh w

e” =coshw I + B,
w
and in the second case (a* +bc < 0), we have
sin w
ef =cosw I+ B.
w

If a>+bc = 0, then eB = I+ B. Furthermore, every matriz A € SL(2,R) whose trace satisfies
tr(A) > —2 in the image of the exponential map. Consequently, for any A € SL(2,R), either
A or —A is of the form P, for some B € sl(2,R).

We now return to the relationship between SL(2, C) and SOg(1,3). In order to define a
homomorphism, ¢: SL(2,C) — SOq(1, 3), we begin by defining a linear bijection, h, between
R* and H(2), the set of complex 2 x 2 Hermitian matrices, by

t+x y—1iz
- (10420

Those familiar with quantum physics will recognize a linear combination of the Pauli matri-
ces! The inverse map is easily defined and we leave it as an exercise. For instance, given a

Hermitian matrix
a b
c d

a—+d a—d

we have

Next, for any A € SL(2,C), we define a map, 14: H(2) — H(2), via
S ASA*.
(Here, A* = ZT.) Using the linear bijection, h: R* — H(2), and its inverse, we obtain a
map, lors: R* — R*, where

lory =htolyoh.

As ASA* is hermitian, we see that [4 is well defined. It is obviously linear and since
det(A) =1 (recall, A € SL(2,C)) and

t+x y—ZZ ) 2 2 2
det(y—l—iz t—x)_t o=y — 27,
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we see that lory preserves the Lorentz metric! Furthermore, it is not hard to prove that
SL(2,C) is connected (use the polar form or analyze the eigenvalues of a matrix in SL(2, C),
for example, as in Duistermatt and Kolk [53] (Chapter 1, Section 1.2)) and that the map

p: A lory

is a continuous group homomorphism. Thus, the range of ¢ is a connected subgroup of
SOy(1,3). This shows that ¢: SL(2,C) — SOq(1, 3) is indeed a homomorphism. It remains
to prove that it is surjective and that its kernel is {1, —1}.

Proposition 5.21 The homomorphism, ¢: SL(2,C) — SOq(1,3), is surjective and its ker-
nel is {I,—1I}.

Proof. Recall that from Theorem 2.6, the Lorentz group SQOg(1,3) is generated by the
matrices of the form

1 0 .
(O P) with P € SO(3)

and the matrices of the form

cosha sinha 0 0
sinha cosha 0 O
0 0 10
0 0 01

Thus, to prove the surjectivity of ¢, it is enough to check that the above matrices are in the
range of . For matrices of the second kind, the reader should check that

A (eéa 0l )
0 e 2¢

does the job. For matrices of the first kind, we recall that the group of unit quaternions,
q = al + bi+ cj + dk, can be viewed as SU(2), via the correspondence

a + b c+z’d)

al +bi+ cj+ dk — (—c+z’d 0 ib

where a,b,c,d € R and a® + b> + ¢ + d? = 1. Moreover, the algebra of quaternions, H, is
the real algebra of matrices as above, without the restriction a? + b + ¢ + d?> = 1 and R?
is embedded in H as the pure quaternions, i.e., those for which a = 0. Observe that when

a =0,
b c+ad) . b d—aic) .
(—c—l—id —1ib ) _Z(d—l—ic —b )—zh((),b,d,c).

Therefore, we have a bijection between the pure quaternions and the subspace of the hermi-

tian matrices
b d—ic
d+1ic —=b
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for which a = 0, the inverse being division by ¢, i.e., multiplication by —i. Also, when ¢ is a
unit quaternion, let ¢ = al — bi — ¢j — dk, and observe that § = ¢~!. Using the embedding
R? < H, for every unit quaternion, ¢ € SU(2), define the map, p,: R* — R?, by

pe(X) =qXq=qXq ",

for all X € R®> — H. Then, it is well known that p, is a rotation (i.e., p, € SO(3))
and, moreover, the map ¢ — p,, is a surjective homomorphism, p: SU(2) — SO(3), and
Ker ¢ = {I,—1I} (For example, see Gallier [58], Chapter 8).

Now, consider a matrix, A, of the form

1 0 :
(0 P) with P € SO(3).

We claim that we can find a matrix, B € SL(2,C), such that ¢(B) = lorg = A. We claim
that we can pick B € SU(2) C SL(2,C). Indeed, if B € SU(2), then B* = B™!, so

p(ite v=i\pe_y (L Y _yp( W FTW)pa
y+iz t—x 01 —z+wy -

The above shows that lorg leaves the coordinate ¢ invariant. The term

B( 1 . z+'iy> g

—z+wy -

is a pure quaternion corresponding to the application of the rotation pgp induced by the
quaternion B to the pure quaternion associated with (x,y, z) and multiplication by —i is

just the corresponding hermitian matrix, as explained above. But, we know that for any
P € SO(3), there is a quaternion, B, so that pg = P, so we can find our B € SU(2) so that

lorg = ((1) Ig> = A.

Finally, assume that ¢(A) = I. This means that
ASA* =S,

for all hermitian matrices, S, defined above. In particular, for S = I, we get AA* =1, i.e.,
A € SU(2). We have
AS =SA

for all hermitian matrices, .S, defined above, so in particular, this holds for diagonal matrices

of the form
t+x 0
0 t—a)’
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with t +x # t — . We deduce that A is a diagonal matrix, and since it is unitary, we must
have A = +1I. Therefore, Ker o = {I,—I}. O

Remark: The group SL(2,C) is isomorphic to the group Spin(1,3), which is a (simply-
connected) double-cover of SOy(1,3). This is a standard result of Clifford algebra theory,
see Brocker and tom Dieck [25] or Fulton and Harris [57]. What we just did is to provide a
direct proof of this fact.

We just proved that there is an isomorphism

However, the reader may recall that SL(2,C)/{I,—I} = PSL(2,C) = Mé&b*. Therefore,
the Lorentz group is isomorphic to the Mobius group.

We now have all the tools to prove that the exponential map, exp: so(1,3) — SOq(1,3),
is surjective.

Theorem 5.22 The exponential map, exp: so0(1,3) — SOq(1,3), is surjective.
Proof. First, recall from Proposition 5.4 that the following diagram commutes:

SL(2,C) —%= S0y(1,3).

exp T T exp

5[(2, (C) ?‘50(1, 3)

®1

Pick any A € SOy(1,3). By Proposition 5.21, the homomorphism ¢ is surjective and as
Ker ¢ = {I,—1}, there exists some B € SL(2,C) so that

Now, by Proposition 5.19, for any B € SL(2,C), either B or —B is of the form e, for some
C € sl(2,C). By the commutativity of the diagram, if we let D = dy1(C) € so(1,3), we get

A= p(£e%) = e#1(©) = D

with D € so(1, 3), as required. O

Remark: We can restrict the bijection, h: R* — H(2), defined earlier to a bijection between
R? and the space of real symmetric matrices of the form

t+z oy
y t—x)°
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Then, if we also restrict ourselves to SL(2,R), for any A € SL(2,R) and any symmetric
matrix, S, as above, we get a map

S ASAT.

The reader should check that these transformations correspond to isometries in SOg(1,2) and
we get a homomorphism, ¢: SL(2,R) — SOy(1,2). Then, we have a version of Proposition
5.21 for SL(2,R) and SOy(1,2):

Proposition 5.23 The homomorphism, ¢: SL(2,R) — SOy(1,2), is surjective and its ker-
nel is {I,—1I}.
Using Proposition 5.23 and Proposition 5.20, we get a version of Theorem 5.22 for

800(1, 2)

Theorem 5.24 The exponential map, exp: so0(1,2) — SOq(1,2), is surjective.

Also observe that SOg(1, 1) consists of the matrices of the form
A cosha sinha
~ \sinha cosha

and a direct computation shows that

0 «
A\ 0 _<cosha sinha)

sinha cosha

Thus, we see that the map exp: so(1,1) — SOy(1, 1) is also surjective. Therefore, we have
proved that exp: so(1,n) — SOq(1,n) is surjective for n = 1,2,3. This actually holds for
all n > 1, but the proof is much more involved, as we already discussed earlier.

5.6 More on the Topology of O(p,q) and SO(p, q)

It turns out that the topology of the group, O(p, ¢), is completely determined by the topology
of O(p) and O(q). This result can be obtained as a simple consequence of some standard
Lie group theory. The key notion is that of a pseudo-algebraic group.

Consider the group, GL(n, C), of invertible n x n matrices with complex coefficients. If
A = (ag) is such a matrix, denote by xj; the real part (resp. yy, the imaginary part) of ay

(s0, ag = Tp + Y1)

Definition 5.9 A subgroup, G, of GL(n,C) is pseudo-algebraic iff there is a finite set of
polynomials in 2n? variables with real coefficients, {P;(X1, ..., X2, Y1, ..., Y2)}_,, so that

A= (zy+iyy) € G it Plz11, .- Ty Y11, - - Ynn) = 0, fori=1,... ¢
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Recall that if A is a complex n x n-matrix, its adjoint, A*, is defined by A* = (A)T.
Also, U(n) denotes the group of unitary matrices, i.e., those matrices, A € GL(n,C), so
that AA* = A*A = I, and H(n) denotes the vector space of Hermitian matrices, i.e., those
matrices, A, so that A* = A. Then, we have the following theorem which is essentially a
refined version of the polar decomposition of matrices:

Theorem 5.25 Let G be a pseudo-algebraic subgroup of GL(n,C) stable under adjunction
(i.e., we have A* € G whenever A € G). Then, there is some integer, d € N, so that G is
homeomorphic to (G NU(n)) x R, Moreover, if g is the Lie algebra of G, the map

(Un)NG) x (H(n)Ng) — G, given by (U, H)+— Ue",
is a homeomorphism onto G.

Proof. A proof can be found in Knapp [89], Chapter 1, or Mneimné and Testard [110],
Chapter 3. O

We now apply Theorem 5.25 to determine the structure of the space O(p,q). We know
that O(p, q¢) consists of the matrices, A, in GL(p + ¢, R) such that

AL A=1,,

and so, O(p, q) is clearly pseudo-algebraic. Using the above equation, it is easy to determine
the Lie algebra, o(p, q), of O(p,q). We find that o(p, q) is given by

o(p,q) = { (j((j iz) ’ X1T = —Xy, XST =—-X3, X5 arbitrary}

where X7 is a p X p matrix, X3 is a ¢ X ¢ matrix and X5 is a p x ¢ matrix. Consequently, it
immediately follows that

0 X .
o(p,q) NH(p+q) = { (XQT 02) ‘ X, arbltrary} :

a vector space of dimension pq.

Some simple calculations also show that

O(p,q) NU(p+q) = { (281 )22) ' X1€0(p), Xz € O(q)} = O(p) x O(q).

Therefore, we obtain the structure of O(p, q):

Proposition 5.26 The topological space O(p, q) is homeomorphic to O(p) x O(q) x RP1.
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Since O(p) has two connected components when p > 1, we see that O(p,q) has four
connected components when p,q > 1. It is also obvious that

SO(p,q)NU(p+q) = { <)él )22) ' X, € 0(p), X, €0(q), det(X;)det(Xs) = 1} .

This is a subgroup of O(p) x O(q) that we denote S(O(p) x O(q)). Furthermore, it is easy
to show that so(p, q) = o(p, q). Thus, we also have

Proposition 5.27 The topological space SO(p, q) is homeomorphic to S(O(p) x O(q)) x RP1.

Observe that the dimension of all these space depends only on p+¢: It is (p+¢q)(p+q—1)/2.
Also, SO(p, q) has two connected components when p,q > 1. The connected component of
I+ is the group SOy(p, q). This latter space is homeomorphic to SO(p) x SO(g) x R¥?.

Theorem 5.25 gives the polar form of a matrix A € O(p, q): We have
A=Ue with UcO(p)x0(g) and S €so(p,q)NSp+q),

where U is of the form

U— (103 g) . with PeO(p) and Qe O(q)

and s0(p,q) N S(p + ¢) consists of all (p+ q) x (p+ ¢) symmetric matrices of the form

0 X
SZ(XT 0)7

with X an arbitrary p X ¢ matrix. It turns out that it is not very hard to compute explicitly
the exponential, e”, of such matrices (see Mneimné and Testard [110]). Recall that the
functions cosh and sinh also make sense for matrices (since the exponential makes sense)
and are given by

h(A) = — "% 7 oy,
cosh(4) = bt
and A A A3 A2k+1
e’ —e
inh(A) = — — — A4+ 4 ... ...
sinh(4) > LTI Y s
We also set
sinh(A)_[+A_2+ N Ak N
A a 3! (2k + 1)! ’

which is defined for all matrices, A (even when A is singular). Then, we have
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Proposition 5.28 For any matriz S of the form
0 X
S = <XT 0) )

cosh((XXT)%) sinh((XXT)3)X

(XXT)2
sinh((X T X)

X" Ty)4
X cosh((X ' X)z)

we have

[N TN

Proof. By induction, it is easy to see that

g2 _ ((XXT)k 0 )

0 (XTX)’“
and .
(0 (XXT)X
(XTX)’“XT 0 ’

The rest is left as an exercise. [J

Remark: Although at first glance, e® does not look symmetric, but it is!
As a consequence of Proposition 5.28, every matrix, A € O(p, q), has the polar form

TVl sinh((XXT)2)X
A= (P O) e (XXT)2
0 @

sinh((XTX)%)XT Ty L
ol cosh((X ' X)2)

with P € O(p), Q € O(q) and X an arbitrary p X ¢ matrix.

5.7 Universal Covering Groups

Every connected Lie group, G, is a manifold and, as such, from results in Section 3.9, it has
a universal cover, 7: G — G, where G is simply connected. It is possible to make G into a
group so that G is a Lie group and 7 is a Lie group homomorphism. We content ourselves
with a sketch of the construction whose details can be found in Warner [145], Chapter 3.

Consider the map, a: GxG— G, given by

a(a,b) = m(a)x(b)

for all Ei,g € é, and pick some ¢ € 77 1(e). Since G x G is simply connected, it follows by
Proposition 3.34 that there is a unique map, a: G X G — G, such that

a=moa and e=aflee).
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For all Ei,g € CNJ, define B B B B
b =a(eb), ab = a(a,b™t). (%)
Using Proposition 3.34, it can be shown that the above operations make G into a group and

as a is smooth, into a Lie group. Moreover, ™ becomes a Lie group homomorphism. We
summarize these facts as

Theorem 5.29 Every connected Lie group has a simply connected covering map, : G — G,
where G 1s a Lie group and w is a Lie group homomorphism.

The group, é is called the universal covering group of G. Consider D = ker 7. Since the
fibres of 7 are countable The group D is a countable closed normal subgroup of G that is,
a discrete normal subgroup of G. It follows that G = G /D, where G is a simply connected
Lie group and D is a discrete normal subgroup of G.

We conclude this section by stating the following useful proposition whose proof can be
found in Warner [145] (Chapter 3, Proposition 3.26):

Proposition 5.30 Let ¢: G — H be a homomorphism of connected Lie groups. Then ¢ is
a covering map iff dp.: g — b is an isomorphism of Lie algebras.

For example, we know that su(2) = s0(3), so the homomorphism from SU(2) to SO(3)
provided by the representation of 3D rotations by the quaternions is a covering map.
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Chapter 6

The Derivative of exp and Dynkin’s
Formula

6.1 The Derivative of the Exponential Map

We know that if [X,Y] = 0, then exp(X +Y) = exp(X)exp(Y), but this generally false if
X and Y do not commute. For X and Y in a small enough open subset, U, containing 0,
we know that exp is a diffeomorphism from U to its image, so the function, u: U x U — U,
given by
u(X,Y) = log(exp(X) exp(Y))

is well-defined and it turns out that, for U small enough, it is analytic. Thus, it is natural to
seek a formula for the Taylor expansion of u near the origin. This problem was investigated
by Campbell (1897/98), Baker (1905) and in a more rigorous fashion by Hausdorff (1906).
These authors gave recursive identities expressing the Taylor expansion of p at the origin
and the corresponding result is often referred to as the Campbell-Baker-Hausdorff Formula.
F. Schur (1891) and Poincaré (1899) also investigated the exponential map, in particular
formulae for its derivative and the problem of expressing the function u. However, it was
Dynkin who finally gave an explicit formula (see Section 6.3) in 1947.

The proof that p is analytic in a suitable domain can be proved using a formula for the
derivative of the exponential map, a formula that was obtained by F. Schur and Poincaré.
Thus, we begin by presenting such a formula.

First, we introduce a convenient notation. If A is any real (or complex) n X n matrix,
the following formula is clear:

! tA - Ak

k=0
If A is invertible, then the right-hand side can be written explicitly as
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and we also write the latter as
oA

-1 K AR
A :;(k+1)!' (+)

0

Even if A is not invertible, we use (%) as the definition of eAT’I.

We can use the following trick to figure out what (dx exp)(Y) is:

d
exp(X +€Y) = e

(dx exp)(V) = 5

dRexp(XJreY) ( 1) )

e=0 e=0

since by Proposition 5.2, the map, s — Rexps(x+cy) is the flow of the left-invariant vector
field (X + €Y)X on G. Now, (X + €Y)* is an e-dependent vector field which depends on ¢
in a C! fashion. From the theory of ODE’s, if p — v(p) is a smooth vector field depending
in a C! fashion on a real parameter ¢ and if ® denotes its flow (after time), then the map
e — @y is differentiable and we have

ov; ! ¢ Ove .
5o@) = [ duo (@) GE @i()s

See Duistermaat and Kolk [53], Appendix B, Formula (B.10). Using this, the following is
proved in Duistermaat and Kolk [53] (Chapter 1, Section 1.5):

Proposition 6.1 Given any Lie group, G, for any X € g, the linear map,
dexpyx: g — Tepx)G, is given by

eadX -1

1
dexpyx = <dReXp(X))lo/0 e X ds = (dRexp(X))low

I — e—adX

1
= (dLexp(x))1 0 /0 e ds = (dLegh © —— =

Remark: If GG is a matrix group of n x n matrices, we see immediately that the derivative
of left multiplication (X — L, X = AX) is given by

(dLa)xY = AY,

for all n x n matrices, X,Y. Consequently, for a matrix group, we get

[_e—adX
d —X ().
o= (55)

Now, if A is a real matrix, it is clear that the (complex) eigenvalues of fol e’4ds are of

the form
et —1

A
where A\ ranges over the (complex) eigenvalues of A. Consequently, we get

(=1 ifA=0),
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Proposition 6.2 The singular points of the exponential map, exp: g — G, that s, the set
of X € g such that dexpy is singular (not invertible) are the X € g such that the linear
map, ad X : g — @, has an eigenvalue of the form k2wi, with k € Z and k # 0.

Another way to describe the singular locus, 32, of the exponential map is to say that it
is the disjoint union

where ¥ is the algebraic variety in g given by
Y ={X eg|det(ad X —2mi I) = 0}.

For example, for SL(2,R),

21:{(a b)€5[(2)|a2+bc:—ﬂ2},
c —a

a two-sheeted hyperboloid mapped to —I by exp.

. eadXil
Let g. = g — X be the set of X € g such that “——<
of g containing 0.

is invertible. This is an open subset

6.2 The Product in Logarithmic Coordinates

Since the map,

eadX -7

ad X
is invertible for all X € g. = g — X, in view of the chain rule, the inverse of the above map,

X —

ad X
X = pad X _ [
is an analytic function from g, to gl

(g,9). Let g2 be the subset of g x g. consisting of all
(X,Y) such that the solution, t — Z(t
(

), of the differential equation
dZ(t) ad Z(t)

At eadZ(t) _ ](X)

with initial condition Z(0) = Y (€ g.), is defined for all ¢ € [0,1]. Set

X, Y)=2(1), (X,)Y)eg,.

The following theorem is proved in Duistermaat and Kolk [53] (Chapter 1, Section 1.6,
Theorem 1.6.1):
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Theorem 6.3 Given any Lie group G with Lie algebra, g, the set g* is an open subset of
g x g containing (0,0) and the map, u: g*> — g, is real-analytic. Furthermore, we have

eXp(X) eXp(Y) = exp(u(X, Y)), <X7 Y) € gga

where exp: g — G. If g is a complex Lie algebra, then p is complez-analytic.

We may think of 1 as the product in logarithmic coordinates. It is explained in Duister-
maat and Kolk [53] (Chapter 1, Section 1.6) how Theorem 6.3 implies that a Lie group can
be provided with the structure of a real-analytic Lie group. Rather than going into this, we
will state a remarkable formula due to Dynkin expressing the Taylor expansion of p at the
origin.

6.3 Dynkin’s Formula

As we said in Section 6.3, the problem of finding the Taylor expansion of y near the origin
was investigated by Campbell (1897/98), Baker (1905) and Hausdorff (1906). However, it
was Dynkin who finally gave an explicit formula in 1947. There are actually slightly different
versions of Dynkin’s formula. One version is given (and proved convergent) in Duistermaat
and Kolk [53] (Chapter 1, Section 1.7). Another slightly more explicit version (because it
gives a formula for the homogeneous components of 1(X, Y')) is given (and proved convergent)
in Bourbaki [22] (Chapter II, §6, Section 4) and Serre [134] (Part I, Chapter IV, Section 8).
We present the version in Bourbaki and Serre without proof. The proof uses formal power
series and free Lie algebras.

Given X,Y € g2, we can write
WX, Y) = Z (X, Y),
n=1

where z,(X,Y) is a homogeneous polynomial of degree n in the non-commuting variables
X,Y.

Theorem 6.4 (Dynkin’s Formula) If we write (X, Y) =5 7 2,(X,Y), then we have

n=1

1

a(X,Y) = — > (2 (X,Y) + 2 (X)),
ptg=n
with
B (=1t [ (35 (ad X)P (ad V)% ) (ad X )P
Z;”q(X’ )= Z m H pi! q! P! &)
p1+-+pm=p =1

qttgm-1=g-1
Pi+qi>1, pm>1, m>1
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and

2y = 3 #(ﬂ(ad)()m (adY)qZV)(X).

| .

p1t+-+Pm-1=p—1 =1 pi di
q1+-+qm-1=¢q
pitqi21, m=>1

As a concrete illustration of Dynkin’s formula, after some labor, the following Taylor
expansion up to order 4 is obtained:
1

W(X.Y) = XY 4 X Y]+ X XY 4 Y Y, X - o X Y X V)

+ higher order terms.

Observe that due the lack of associativity of the Lie bracket quite different looking ex-
pressions can be obtained using the Jacobi identity. For example,

—[X IV XY = I X Y XD

There is also an integral version of the Campbell-Baker-Hausdorff formula, see Hall [70]
(Chapter 3).
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Chapter 7

Bundles, Riemannian Manifolds and
Homogeneous Spaces, 11

7.1 Fibre Bundles

We saw in Section 2.2 that a transitive action, -: G x X — X, of a group, G, on a set,
X, yields a description of X as a quotient G/G,, where GG, is the stabilizer of any element,
x € X. In Theorem 2.26, we saw that if X is a “well-behaved” topological space, G is a
“well-behaved” topological group and the action is continuous, then G /G, is homeomorphic
to X. In particular the conditions of Theorem 2.26 are satisfied if G is a Lie group and
X is a manifold. Intuitively, the above theorem says that G can be viewed as a family of
“fibres”, G, all isomorphic to GG, these fibres being parametrized by the “base space”, X,
and varying smoothly when  moves in X. We have an example of what is called a fibre
bundle, in fact, a principal fibre bundle. Now that we know about manifolds and Lie groups,
we can be more precise about this situation.

Although we will not make extensive use of it, we begin by reviewing the definition of a
fibre bundle because we believe that it clarifies the notions of vector bundles and principal
fibre bundles, the concepts that are our primary concern. The following definition is not the
most general but it is sufficient for our needs:

Definition 7.1 A fibre bundle with (typical) fibre, F', and structure group, G, is a tuple,

¢ =(E,m,B,F,G), where E, B, F are smooth manifolds, 7: £ — B is a smooth surjective
map, G is a Lie group of diffeomorphisms of F' and there is some open cover, U = (Uy)aer,
of B and a family, ¢ = (¢a)acr, of diffecomorphisms,

Yo: T HUy) — Uy X F.

The space, B, is called the base space, E is called the total space, F is called the (typical)
fibre, and each ¢, is called a (local) trivialization. The pair, (U,, ¢.), is called a bundle
chart and the family, {(Uy, pa)}, is a trivializing cover. For each b € B, the space, 7 !(b),
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is called the fibre above b; it is also denoted by Fj, and 7~ !(U,) is also denoted by E | U,.
Furthermore, the following properties hold:

(a)

()

The diagram
Uy, x F

\/

commutes for all o € I, where p;: U, x F' — U, is the first projection. Equivalently,
for all (b,y) € U, X F,

mop,l(by) =0
For every (U,, ¢o) and every b € U,, we have the diffecomorphism,

(p2owa) | Ep: By — F,

where py: U, X F' — F is the second projection, which we denote by ¢4 5. (So, we have
the diffeomorphism, ¢, 4: 7 1(b) (= E) — F.) Furthermore, for all U,, Uz in U such
that U, N Ug # 0, for every b € U, N Ug, there is a relationship between ¢, and ¢gp
which gives the twisting of the bundle:

The diffeomorphism,
Pa,b © cpg’}): F— F,

is an element of the group G.

The map, gag: Uy NUs — G, defined by

9ap(b) = Pap 0 P55,

is smooth. The maps g, are called the transition maps of the fibre bundle.

A fibre bundle, £ = (E, m, B, F, G), is also referred to, somewhat loosely, as a fibre bundle
over B or a G-bundle and it is customary to use the notation

or

I'— F — B,

F—F

|

B

even though it is imprecise (the group G is missing!) and it clashes with the notation for
short exact sequences. Observe that the bundle charts, (U,, ¢, ), are similar to the charts of
a manifold.
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Actually, Definition 7.1 is too restrictive because it does not allow for the addition of
compatible bundle charts, for example, when considering a refinement of the cover, ¢. This
problem can easily be fixed using a notion of equivalence of trivializing covers analogous to
the equivalence of atlases for manifolds (see Remark (2) below). Also Observe that (b) and
(¢) imply that the isomorphism, ¢, o cpgl: (UaNUp) x F — (U, NUg) x F, is related to the
smooth map, gag: Uy N Uz — G, by the identity

Pa 095 (b,2) = (b, gap(b)(x)),
forallbe U,NUs and all z € F.

Note that the isomorphism, ¢, o gpglz (UaNUg) x F'— (U,NUgz) x F, describes how the
fibres viewed over Uy are viewed over U,. Thus, it might have been better to denote g, g by
gg3, so that

9o = 0860 P
where the subscript, «a, indicates the source and the superscript, (3, indicates the target.

Intuitively, a fibre bundle over B is a family, F = (Ej)pep, of spaces, E;, (fibres) indexed
by B and varying smoothly as b moves in B, such that every Fj is diffeomorphic to F'. The
bundle, £ = B x F, where 7 is the first projection, is called the trivial bundle (over B). The
trivial bundle, B x F, is often denoted €. The local triviality condition (a) says that locally,
that is, over every subset, U,, from some open cover of the base space, B, the bundle £ | U,
is trivial. Note that if G is the trivial one-element group, then the fibre bundle is trivial. In
fact, the purpose of the group G is to specify the “twisting” of the bundle, that is, how the
fibre, Ey, gets twisted as b moves in the base space, B.

A Mobius strip is an example of a nontrivial fibre bundle where the base space, B, is
the circle S' and the fibre space, F, is the closed interval [—1,1] and the structural group
is G = {1, —1}, where —1 is the reflection of the interval [—1, 1] about its midpoint, 0. The
total space, F, is the strip obtained by rotating the line segment [—1, 1] around the circle,
keeping its midpoint in contact with the circle, and gradually twisting the line segment so
that after a full revolution, the segment has been tilted by 7. The reader should work out
the transition functions for an open cover consisting of two open intervals on the circle.

A Klein bottle is also a fibre bundle for which both the base space and the fibre are the
circle, S*. Again, the reader should work out the details for this example.

Other examples of fibre bundles are:

1) SO(n + 1), an SO(n)-bundle over the sphere S™ with fibre SO(n). (for n > 0).

(1) (
(2) SU(n + 1), an SU(n)-bundle over the sphere S?"*! with fibre SU(n) (for n > 0).
(3) SL(2,R), an SO(2)-bundle over the upper-half space H, with fibre SO(2).

(4)

4) GL(n,R), an O(n)-bundle over the space, SPD(n), of symmetric, positive definite
matrices, with fibre O(n).
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(5) GL*(n,R), an SO(n)-bundle over the space, SPD(n), of symmetric, positive definite
matrices, with fibre SO(n).

(6) SO(n + 1), an O(n)-bundle over the real projective space RP" with fibre O(n) (for
n > 0).

(7) SU(n + 1), an U(n)-bundle over the complex projective space CP" with fibre U(n)
(for n > 0).

(8) O(n), an O(k) x O(n — k)-bundle over the Grassmannian, G(k,n) with fibre
O(k) x O(n — k).

(9) SO(n) an S(O(k) x O(n — k))-bundle over the Grassmannian, G(k,n) with fibre
S(O(k) x O(n — k)).

(10) From Section 2.5, we see that the Lorentz group, SOg(n, 1), is an SO(n)-bundle over
the space, H; (1), consisting of one sheet of the hyperbolic paraboloid, H, (1), with
fibre SO(n).

Observe that in all the examples above, F' = (G, that is, the typical fibre is identical to the
group G. Special bundles of this kind are called principal fibre bundles.

Remarks:

(1) The above definition is slightly different (but equivalent) to the definition given in Bott
and Tu [19], page 47-48. Definition 7.1 is closer to the one given in Hirzebruch [77].
Bott and Tu and Hirzebruch assume that G acts effectively on the left on the fibre,
F. This means that there is a smooth action, -: G X F' — F, and recall that G acts
effectively on F' iff for every g € G,

if grx=a forallz e F, then ¢g=1.
Every g € G induces a diffeomorphism, ¢,: F' — F', defined by
py(z) =g,

for all z € F'. The fact that G acts effectively on F' means that the map, g — ¢, is
injective. This justifies viewing G as a group of diffeomorphisms of F', and from now
on, we will denote ¢, (z) by g(z).

(2) We observed that Definition 7.1 is too restrictive because it does not allow for the
addition of compatible bundle charts. We can fix this problem as follows: Given a
trivializing cover, {(U,, ¢a)}, for any open, U, of B and any diffeomorphism,

o: 7 H(U) = U X F,
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we say that (U, ) is compatible with the trivializing cover, {(Uy, pa)}, iff whenever
UNU, # 0, there is some smooth map, g,: U NU, — G, so that

po @, (bx) = (b, ga(b)(x)),

forall b e UNU, and all z € F. Two trivializing covers are equivalent iff every bundle
chart of one cover is compatible with the other cover. This is equivalent to saying that
the union of two trivializing covers is a trivializing cover. Then, we can define a fibre
bundle as a tuple, (E, 7, B, F,G,{(Uy, ¢a)}), where {(U,, ¢)} is an equivalence class
of trivializing covers. As for manifolds, given a trivializing cover, {(Ua,, ¢a)}, the set of
all bundle charts compatible with {(U,, ¢»)} is a maximal trivializing cover equivalent

to {(Ua, ¢a)}-

A special case of the above occurs when we have a trivializing cover, {(U,, ¢4 )}, with
U = {U,} an open cover of B and another open cover, V = (Vj3)ges, of B which is a
refinement of /. This means that there is a map, 7: J — I, such that Vg C U, for
all 8 € J. Then, for every Vg € V, since V3 C U, (g), the restriction of -5 to Vs is a
trivialization

P (Va) = Vo x F
and conditions (b) and (c) are still satisfied, so (Vj, p};) is compatible with {(Us, o)}

(For readers familiar with sheaves) Hirzebruch defines the sheaf, G, where T'(U, G )
is the group of smooth functions, g: U — G, where U is some open subset of B and
G is a Lie group acting effectively (on the left) on the fibre F. The group operation
on I'(U, G,) is induced by multiplication in G, that is, given two (smooth) functions,
g:U—Gand h: U — G,

forallbe U.

Beware that gh is not function composition, unless G itself is a group of functions,
which is the case for vector bundles.

Our conditions (b) and (c) are then replaced by the following equivalent condition: For
all Uy, Ugs in U such that U, NUs # 0, there is some g,5 € I'(U, N Up, G ) such that

Pa © @El(ba l‘) = (b7 gag(b)(l')),
forallbe U,NUs and all z € F..

The family of transition functions (g,g) satisfies the cocycle condition,

9ap(0) g5, (D) = gar (),
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for all «, 8,7 such that U, NUgNU, # 0 and all b € U, NUzNU,. Setting o = 5 = 7,
we get

Joa = 1d7
and setting v = «, we get

9o = g;gl
Again, beware that this means that gg.(b) = g;ﬁl(b)7 where g;ﬁl(b) is the inverse of
9sa(b) in G. In general, g;ﬁl is not the functional inverse of gg,.

The classic source on fibre bundles is Steenrod [139]. The most comprehensive treatment
of fibre bundles and vector bundles is probably given in Husemoller [82]. However, we can
hardly recommend this book. We find the presentation overly formal and intuitions are
absent. A more extensive list of references is given at the end of Section 7.5.

Remark: (The following paragraph is intended for readers familiar with Cech cohomology.)
The cocycle condition makes it possible to view a fibre bundle over B as a member of a
certain (Cech) cohomology set, H'(B,G), where G denotes a certain sheaf of functions from
the manifold B into the Lie group G, as explained in Hirzebruch [77], Section 3.2. However,
this requires defining a noncommutative version of Cech cohomology (at least, for H'), and
clarifying when two open covers and two trivializations define the same fibre bundle over B,
or equivalently, defining when two fibre bundles over B are equivalent. If the bundles under
considerations are line bundles (see Definition 7.6), then H'(B,G) is actually a group. In
this case, G = GL(1,R) = R* in the real case and G = GL(1,C) = C* in the complex case
(where R* = R—{0} and C* = C—{0}), and the sheaf G is the sheaf of smooth (real-valued
or complex-valued) functions vanishing nowhere. The group, H Y(B,G), plays an important
role, especially when the bundle is a holomorphic line bundle over a complex manifold. In
the latter case, it is called the Picard group of B.

The notion of a map between fibre bundles is more subtle than one might think because
of the structure group, G. Let us begin with the simpler case where G = Diff(F'), the group
of all smooth diffeomorphisms of F'.

Definition 7.2 If § = (Ey, 7, By, F,Diff (F)) and & = (Fs,m, Be, F, Diff(F')) are two
fibre bundles with the same typical fibre, F'; and the same structure group, G = Diff(F),
a bundle map (or bundle morphism), f: & — &, is a pair, f = (fg, fB), of smooth maps,
fE: E1 — Eg and fB: Bl — BQ, such that

(a) The following diagram commutes:
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(b) For every b € By, the map of fibres,
o 1wt (b): myt(b) — my ' (fB (D)),

is a diffeomorphism (preservation of the fibre).

A bundle map, f: & — &, is an isomorphism if there is some bundle map, g: & — &1, called
the inverse of f such that

gEOfEZId and fE'OgE =id.

The bundles &; and & are called isomorphic. Given two fibre bundles, & = (B, m, B, F,G)
and & = (Fs, mo, B, F, ), over the same base space, B, a bundle map (or bundle morphism),
f:& — &, is apair, f = (fg, fB), where fg = id (the identity map). Such a bundle map is
an tsomorphism if it has an inverse as defined above. In this case, we say that the bundles
& and & over B are isomorphic.

Observe that the commutativity of the diagram in Definition 7.2 implies that fp is
actually determined by fr. Also, when f is an isomorphism, the surjectivity of m and
7y implies that

ggo fg=id and fgogp =id.

Thus, when f = (fg, fg) is an isomorphism, both fr and fp are diffeomorphisms.

Remark: Some authors do not require the “preservation” of fibres. However, it is automatic
for bundle isomorphisms.

When we have a bundle map, f: & — &, as above, for every b € B, for any trivializations
Po: 1 (Us) = Uq X Fof & and @2 751 (V) — Vg x F of &, with b € U, and f5(b) € Vj,
we have the map,

gp’ﬁ ofrow.t: (Uy ﬂfgl(VQ)) x F— V3 x F.
Consequently, as ¢, and ¢, are diffeomorphisms and as f is a diffeomorphism on fibres, we

have a map, pas: Us N f5' (V) — Diff(F), such that

0 frowa (b,x) = (f5(b), pas(b)(2)),

for all b € U, N f5'(V3) and all x € F. Unfortunately, in general, there is no garantee that
pa,p(b) € G or that it be smooth. However, this will be the case when ¢ is a vector bundle
or a principal bundle.

Since we may always pick U, and Vj so that fg(U,) C V3, we may also write p, instead
of pa,p, with p,: Uy, — G. Then, observe that locally, fz is given as the composition

~ ;=1

T (Uy) 22> U, x F I Vg X F 7

w5 (V)

g (b2) ——= (f5(b), pa(b)(x)) —= 2~ (f5(b), pa(b)(2)),
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with fa(b,2) = (f5(b), pa(b)(2)), that is,
fe(2) = ¢ (f5(b), pa(b)(x)),  with z € 7" (Ua) and (b,x) = @a(2).

Conversely, if (fg, fp) is a pair of smooth maps satisfying the commutative diagram of Defini-
tion 7.2 and the above conditions hold locally, then as ¢, go’ﬂ’l and p,(b) are diffeomorphisms
on fibres, we see that fg is a diffeomorphism on fibres.

In the general case where the structure group, G, is not the whole group of diffeomor-
phisms, Diff(F’), following Hirzebruch [77], we use the local conditions above to define the
“right notion” of bundle map, namely Definition 7.3. Another advantage of this definition
is that two bundles (with the same fibre, structure group, and base) are isomorphic iff they
are equivalent (see Proposition 7.1 and Proposition 7.2).

Definition 7.3 Given two fibre bundles, & = (Fy,m, By, F,G) and & = (Ey, me, B, F, G),
a bundle map, f: & — &, is a pair, f = (fg, fg), of smooth maps, fr: E; — FE, and
fB: By — By, such that

(a) The diagram

By o By
commutes.

(b) There is an open cover, U = (U,)aer, for By, an open cover, V = (Vj)ges, for By,
a family, ¢ = (@a)acr, of trivializations, . : 77 (Uy) — Uy x F, for &, a family,
¢ = (¢)pes, of trivializations, ¢ : 7y (V) — Vax F, for &, such that for every b € B,
there are some trivializations, ¢, : 77 '(Ua) — Us X F and @ly: w1 (V) — Va X F, with
fB(Us) € Vi, b € U, and some smooth map,

Pa Uoc - G7
such that pj o fpo g ': Uy X F — Vo x F is given by
9023 © fE' © @;l(ba :L‘) = (fB(b)apoc(b)(x))7
forallbe U, and all z € F.

A bundle map is an isomorphism if it has an inverse as in Definition 7.2. If the bundles &
and & are over the same base, B, then we also require fp = id.

As we remarked in the discussion before Definition 7.3, condition (b) insures that the
maps of fibres,

fe 1t (0): m (0) — w3 ' (f(0)),
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are diffeomorphisms. In the special case where £; and & have the same base, By = By, = B,
we require fp = id and we can use the same cover (i.e., Y = V) in which case condition (b)
becomes: There is some smooth map, p,: U, — G, such that

Yoo fopa (bx) = (b, pa(b)(2)),
forallbe U, and all z € F.

We say that a bundle, &, with base B and structure group G is trivial iff £ is isomorphic
to the product bundle, B x F', according to the notion of isomorphism of Definition 7.3.

We can also define the notion of equivalence for fibre bundles over the same base space, B
(see Hirzebruch [77], Section 3.2, Chern [33], Section 5, and Husemoller [82], Chapter 5). We
will see shortly that two bundles over the same base are equivalent iff they are isomorphic.

Definition 7.4 Given two fibre bundles, & = (Ey,m, B, F,G) and & = (Fa, m, B, F,G),
over the same base space, B, we say that & and & are equivalent if there is an open cover,
U = (Uy)aer, for B, a family, ¢ = (pq)acs, of trivializations, ¢a: m*(Us) — U, x F, for
¢1, a family, @' = (¢))acr, of trivializations, ¢/, : 7, ' (Uy) — U, x F, for &, and a family,
(Pa)acr, of smooth maps, p,: U, — G, such that

9ns() = pa(b)gas(b)ps(b)',  forall b e U, NUs.

Since the trivializations are bijections, the family (pa)aer is unique. The following propo-
sition shows that isomorphic fibre bundles are equivalent:

Proposition 7.1 If two fibre bundles, & = (E1,m, B, F,G) and & = (Es, m, B, F, G), over
the same base space, B, are isomorphic, then they are equivalent.

Proof. Let f: & — & be a bundle isomorphism. Then, we know that for some suitable
open cover of the base, B, and some trivializing families, (¢,) for & and (¢)) for &, there
is a family of maps, p,: U, — G, so that

a0 fowa (bx) = (b, pa(b)(x)),
for all b € U, and all z € F'. Recall that
Pa 0 @5 (b,x) = (b, gap(b)(x)),
for all b € U, NUpg and all x € F. This is equivalent to
5 (0,) = 95 (b, gap(b) (@),

so it is notationally advantageous to introduce 1, such that ¢, = ¢;!. Then, we have

¥p(b, ) = Ya(b, gap(b)())
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and
Po o fopi(bx) = (b, pa(b)(z))
becomes
Ya(b,x) = [~ 0ty (b, pa(b) ().
We have
V(b ) = Ya(b, gap(D)(2)) = 1 01y, (b, pa (D) (gas(b) (x)))
and also

bp(b, ) = [ o(b, pa(b)(x)) = 1 o i (b, g (D) (ps(b) (x)))
from which we deduce
Pa(b)(9ap(0)(x)) = go5(b) (p5(b) (7)),

that is
9a3(D) = pa(b)gas(b)ps(b) ", for all b € U, N Us,

as claimed. [J

Remark: If & = (Ey,m, By, F,G) and & = (FEs, 79, Bs, F, G) are two bundles over different
bases and f: & — & is a bundle isomorphism, with f = (fg, fr), then fgr and fp are
diffeomorphisms and it is easy to see that we get the conditions

90p(fB(0)) = pa(D)gas(D)ps(b) ™, forallb € U, NUp.

The converse of Proposition 7.1 also holds.

Proposition 7.2 If two fibre bundles, & = (Ey,m, B, F,G) and & = (Eq, m, B, F, G), over
the same base space, B, are equivalent then they are isomorphic.

Proof. Assume that & and & are equivalent. Then, for some suitable open cover of the
base, B, and some trivializing families, (¢, ) for & and (¢) for &, there is a family of maps,
pa: Uy — G, so that

9o (D) = pa(b)gas(b)ps(b)~",  for all b e U, NUs,

which can be written as
Jos(0)ps(b) = pa(b)gas ().

For every U,, define f, as the composition

~ ;) —1

fa Ua % F Pa 7T2_1(Ua)

i (Us) 2> Uy X F

z————(b,2) —— (b, pa(0)(2)) —= ¢, 7 (b, pa(b) (),
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that is,
fal2) = & (b, pa(b)(@),  with z € ' (Ua) and (b,2) = pal2).
Clearly, the definition of f, implies that
o0 faopa” (b,x) = (b, pa(b) (),

for all b € U, and all x € F' and, locally, f, is a bundle isomorphism with respect to p,. If
we can prove that any two f, and fz agree on the overlap, U, NUg, then the f,’s patch and
yield a bundle map between &; and &. Now, on U, N Ug,

a0 @5 (b,x) = (b, gap(b)(2))
yields

5 (b,2) = ;" (b, gas(b)(@)).
We need to show that for every z € U, N Us,

fa(2) = @l (b, pa(b)(@)) = &3 (b, pa(b)(a)) = fo(2),
where ¢, (z) = (b, z) and pg(z) = (b, 2').
From z = ¢ (b,2') = ¢3! (b, gap(b)(2')), we get
T = gap(b)(z').

We also have
Py (b, pa(D)(2) = 0l (b, gs(B) (s (B) ()
and since g (8)ps(5) = pa(b)gas(6) and & = gas(b)(') we get

P (0, ps (D)) = @ (b pa(B)(gas(9)) (@) = @ (b, pal(b)(x)),

as desired. Therefore, the f,’s patch to yield a bundle map, f, with respect to the family
of maps, p,: U, — G. The map f is bijective because it is an isomorphism on fibres but it
remains to show that it is a diffeomorphism. This is a local matter and as the ¢, and ¢/,
are diffeomorphisms, it suffices to show that the map, jZ: U, x F— U, x F, given by

(b, ) = (b, pa(b)(2))-

is a diffeomorphism. For this, observe that in local coordinates, the Jacobian matrix of this

map is of the form
(& soin)
J = )
C J(pa(b))

where I is the identity matrix and J(pq(b)) is the Jacobian matrix of p,(b). Since pq(b)
is a diffeomorphism, det(J) # 0 and by the Inverse Function Theorem, the map f, is a
diffeomorphism, as desired. [
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Remark: If in Proposition 7.2, & = (Ey,m, By, F,G) and & = (Fa, ma, Be, F, G) are two
bundles over different bases and if we have a diffeomorphism, fg: B; — Bs, and the condi-
tions

g;ﬁ(fB(b)) = pa(b)gaﬂ(b)pﬂ(b)ila for all b € U, N Uﬁ
hold, then there is a bundle isomorphism, (fg, fr) between & and &.

It follows from Proposition 7.1 and Proposition 7.2 that two bundles over the same base
are equivalent iff they are isomorphic, a very useful fact. Actually, we can use the proof of
Proposition 7.2 to show that any bundle morphism, f: & — &, between two fibre bundles
over the same base, B, is a bundle isomorphism. Because a bundle morphism, f, as above
is fibre preserving, f is bijective but it is not obvious that its inverse is smooth.

Proposition 7.3 Any bundle morphism, f: & — &, between two fibre bundles over the
same base, B, is an isomorphism.

Proof. Since f is bijective, this is a local matter and it is enough to prove that each,
fo: Uy x FF— U, x F, is a diffeomorphism, since f can be written as

f:(p:yilof;o@aa
with B
Jfa(b,z) = (b, pa(b)()).
However, the end of the proof of Proposition 7.2 shows that ﬁ; is a diffeomorphism. [J

Given a fibre bundle, ¢ = (E,w, B, F,G), we observed that the family, ¢ = (gag), of
transition maps, gns: U, N Ug — G, induced by a trivializing family, ¢ = (¢4 )aer, relative
to the open cover, U = (U, )aer, for B satisfies the cocycle condition,

9ap(0)g5+(b) = gar (),

for all o, 3, v such that U,NUzNU, # 0 and all b € U,NUzNU,. Without altering anything,
we may assume that g,s is the (unique) function from () to G when U,NUsz = (). Then, we call
a family, g = (gag)(a,p)crx1, @s above a U-cocycle, or simply, a cocycle. Remarkably, given
such a cocycle, g, relative to U, a fibre bundle, §;, over B with fibre, I, and structure group,
G, having ¢ as family of transition functions, can be constructed. In view of Proposition 7.1,
we say that two cocycles, g = (gap)(a,8)crxr ad ¢ = (gas)(a,8)cix1, are equivalent if there is
a family, (pa)acr, of smooth maps, p,: U, — G, such that

65(8) = pa(B)gas(Bps() !, for all b€ Uy N U,

Theorem 7.4 Given two smooth manifolds, B and F', a Lie group, G, acting effectively
on F, an open cover, U = (Uy)acr, of B, and a cocycle, g = (gas)(a,8)cixi, there is a
fibre bundle, {, = (E, 7, B, F,G), whose transition maps are the maps in the cocycle, g.
Furthermore, if g and ¢’ are equivalent cocycles, then &, and £y are isomorphic.
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Proof sketch. First, we define the space, Z, as the disjoint sum

Z:HUaxF.

acl

We define the relation, ~, on Z x Z, as follows: For all (b,z) € Ug x F and (b,y) € U, X F,
if U, NUsz # 0,

(0,2) = (b,y) iff ¥ = gas(b)(2).
We let £ = Z/ ~, and we give E the largest topology such that the injections,
No: Uy X F — Z, are smooth. The cocycle condition insures that ~ is indeed an equivalence
relation. We define 7: F — B by w([b,z]) = b. If p: Z — E is the the quotient map, observe
that the maps, pon,: U, X F' — E, are injective, and that

mopon,(bx)=nb.

Thus,
pong: Uy x F— 7 YU,)

is a bijection, and we define the trivializing maps by setting
o= (Pon.) "

It is easily verified that the corresponding transition functions are the original g,3. There are

some details to check. A complete proof (the only one we could find!) is given in Steenrod

[139], Part I, Section 3, Theorem 3.2. The fact that &, and £, are equivalent when g and

¢’ are equivalent follows from Proposition 7.2 (see Steenrod [139], Part I, Section 2, Lemma

2.10). 00

Remark: (The following paragraph is intended for readers familiar with Cech cohomology.)
Obviously, if we start with a fibre bundle, £ = (E, 7, B, F,G), whose transition maps are
the cocycle, g = (gap), and form the fibre bundle, ,, the bundles £ and &, are equivalent.
This leads to a characterization of the set of equivalence classes of fibre bundles over a base
space, B, as the cohomology set, H'(B,G). In the present case, the sheaf, G, is defined such
that I'(U, G) is the group of smooth maps from the open subset, U, of B to the Lie group,
G. Since G is not abelian, the coboundary maps have to be interpreted multiplicatively. If
we define the sets of cochains, C*(U,G), so that

6)=][9W.). Cc'w.¢)=][9W.nUs)., C*WU.G)= ][] 6U.NUsNT,),

a<pf a<f<y

etc., then it is natural to define,
50: Co(uv g) - Cl(“? g)7

by
(609)as = 95" 95,
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for any g = (ga), with g, € I'(U,, G). As to
§1: CHU,G) — C*(U,G),
since the cocycle condition in the usual case is

Jap + 98y = Gary

we set
(019)apy = gaﬂgﬁWQO_z’)}?

for any g = (gap), With gag € I'(U, N Up, G). Note that a cocycle, ¢ = (gag), is indeed an
element of Z'(U,G), and the condition for being in the kernel of

(51: Cl(“a g) - CQ(ua g)

is the cocycle condition,
9ap(0)gpy (D) = gary (D),

for all b € U, NUg N U,. In the commutative case, two cocycles, g and ¢', are equivalent if
their difference is a boundary, which can be stated as

Jop + 08 = GaB + Pa = Pa + Jas;

where p, € T'(Uy, G), for all a € I. In the present case, two cocycles, g and ¢, are equivalent
iff there is a family, (pa)acr, With p, € I'(U,, G), such that

s () = Pa(b)gas(b)ps(b) ™",

for all b € U, N Upg. This is the same condition of equivalence defined earlier. Thus, it is
easily seen that if g,h € Z'(U,G), then &, and &, are equivalent iff g and h correspond to
the same element of the cohomology set, H'(U,G). As usual, H'(B,G) is defined as the
direct limit of the directed system of sets, H'(U,G), over the preordered directed family of
open covers. For details, see Hirzebruch [77], Section 3.1. In summary, there is a bijection
between the equivalence classes of fibre bundles over B (with fibre F' and structure group G)
and the cohomology set, H'(B,G). In the case of line bundles, it turns out that H'(B,G) is
in fact a group.

As an application of Theorem 7.4, we define the notion of pullback (or induced) bundle.
Say £ = (E,m, B, F,G) is a fibre bundle and assume we have a smooth map, f: N — B. We
seek a bundle, f*¢, over N, together with a bundle map, (f*, f): f*¢ — &,

FELSE

ml g

N ——

f
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where, in fact, f*F is a pullback in the categorical sense. This means that for any other
bundle, ¢, over N and any bundle map,

E/L>E
N? B7

there is a unique bundle map, (f,id): & — f*€, so that (f, f) = (f*,f) o (f',id). Thus,
there is an isomorphism (natural),

Hom(¢', €) = Hom(¢,' f*€).

As a consequence, by Proposition 7.3, for any bundle map betwen & and &,

E/L>E
N?B,

there is an isomorphism, & 22 f*¢.

The bundle, f*¢, can be constructed as follows: Pick any open cover, (U,), of B, then
(f~%(Uy)) is an open cover of N and check that if (gag) is a cocycle for &, then the maps,
Jap o 1 1 (Us) N f71(Ug) — G, satisty the cocycle conditions. Then, f*¢ is the bundle
defined by the cocycle, (gas 0 f). We leave as an exercise to show that the pullback bundle,
f*€, can be defined explicitly if we set

f'E={(ne) e NxE|f(n)=mn(e)},
7 = pry and f* = pry. For any trivialization, oo : 7= (Us) — Ua % F, of € we have
(m)7HfTH(UL) ={(n,e) e N x E[n € fT(Us)e € 7 (f(n))},
and so, we have a bijection, o : (7)1 (f~1(Ua)) — f~1(Us) x F, given by
Paln,e) = (n,pra(pale))).

By giving f*E the smallest topology that makes each ¢, a diffeomorphism, ¢, is a trivial-
ization of f*¢ over f~1(U,) and f*¢ is a smooth bundle. Note that the fibre of f*¢ over a
point, n € N, is isomorphic to the fibre, 77(f(n)), of £ over f(n). If g: M — N is another
smooth map of manifolds, it is easy to check that

(feg)€=g"(f¢).
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Given a bundle, £ = (E,m, B, F,G), and a submanifold, N, of B, we define the restriction
of £ to N as the bundle, £ | N = (7~ }(N),n | 7~ Y(N), B, F,G).

Experience shows that most objects of interest in geometry (vector fields, differential
forms, etc.) arise as sections of certain bundles. Furthermore, deciding whether or not a
bundle is trivial often reduces to the existence of a (global) section. Thus, we define the
important concept of a section right away.

Definition 7.5 Given a fibre bundle, £ = (E, 7, B, F, G), a smooth section of £ is a smooth
map, s: B — FE, so that m o s = idg. Given an open subset, U, of B, a (smooth) section of
¢ over U is a smooth map, s: U — E, so that o s(b) = b, for all b € U; we say that s is
a local section of . The set of all sections over U is denoted I'(U, §) and I'(B,§) (for short,
['(€)) is the set of global sections of &.

Here is an observation that proves useful for constructing global sections. Let s: B — E
be a global section of a bundle, £. For every trivialization, p,: 771 (U,) — U, X F, let
So: Uy — E and o0,: U, — F be given by

Sa =5 [ U, and o0, =pryoy,o sy,

so that

sa(b) = ¢3! (b, 0a(D)).
Obviously, 7o s, = id, so s, is a local section of £ and o, is a function, o,: U, — F. We
claim that on overlaps, we have

Ta(b) = Gap(b)os(b).

Indeed, recall that

Pa © @El(ba 33') = (b7 gaﬂ(b)x>:
forallb e Uy,NUz and all z € F and as s, = s | U, and sg = s | Ug, s, and s agree on
U, N Up. Consequently, from

sa(b) = @5 (b,0a(b) and  s5(b) = @5 (b, 05(D)),
we get
o' (b,04(D) = 54 (D) = 55(b) = 95" (b,05(0)) = ¢ (b, gap(b)as (b)),
which implies 0,(b) = gas(b)os(b), as claimed.
Conversely, assume that we have a collection of functions, o,: U, — F, satisfying

a(b) = gas(b)os(b)

on overlaps. Let s,: U, — FE be given by

sa(b) = @5 (b, 0a(b)).
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Each s, is a local section and we claim that these sections agree on overlaps, so they patch
and define a global section, s. We need to show that

sa(b) = ¢ (0, 0a(b)) = 5" (b, 05(b)) = s5(b),

for b € U, N Ug, that is,
(bv Oa(b)) = Pa© 9051(@ Uﬁ(b))’

and since ¢, © ;' (b, 05(b)) = (b, gap(b)as(b)) and by hypothesis, ga(b) = gas(b)as(b), our
equation s, (b) = sg(b) is verified.

There are two particularly interesting special cases of fibre bundles:

(1) Vector bundles, which are fibre bundles for which the typical fibre is a finite-dimensional
vector space, V', and the structure group is a subgroup of the group of linear isomor-

phisms (GL(n,R) or GL(n,C), where n = dim V).

(2) Principal fibre bundles, which are fibre bundles for which the fibre, F, is equal to the
structure group, GG, with G acting on itself by left translation.

First, we discuss vector bundles.

7.2 Vector Bundles

Given a real vector space, V, we denote by GL(V) (or Aut(V')) the vector space of linear
invertible maps from V to V. If V has dimension n, then GL(V') has dimension n?. Obviously,
GL(V) is isomorphic to GL(n, R), so we often write GL(n, R) instead of GL(V') but this may
be slightly confusing if V' is the dual space, W* of some other space, W. If V is a complex
vector space, we also denote by GL(V') (or Aut(V')) the vector space of linear invertible maps
from V' to V but this time, GL(V') is isomorphic to GL(n,C), so we often write GL(n, C)
instead of GL(V).

Definition 7.6 A rank n real smooth vector bundle with fibre V' is a tuple, £ = (E,m, B, V),
such that (E, 7, B, V,GL(V)) is a smooth fibre bundle, the fibre, V| is a real vector space of
dimension n and the following conditions hold:

(a) For every b € B, the fibre, 771(b), is an n-dimensional (real) vector space.

(b) For every trivialization, ¢, : 7~ 1(U,) — U, x V, for every b € U,, the restriction of ¢,
to the fibre, 771(b), is a linear isomorphism, 7—!(b) — V.

A rank n complex smooth vector bundle with fibre V is a tuple, £ = (E, 7, B,V), such
that (E, 7, B,V,GL(V)) is a smooth fibre bundle such that the fibre, V', is an n-dimensional
complex vector space (viewed as a real smooth manifold) and conditions (a) and (b) above
hold (for complex vector spaces). When n = 1, a vector bundle is called a line bundle.
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The trivial vector bundle, £ = B x V, is often denoted €. When V = RF, we also
use the notation €®. Given a (smooth) manifold, M, of dimension n, the tangent bundle,
T M, and the cotangent bundle, T* M, are rank n vector bundles. Indeed, in Section 3.3, we
defined trivialization maps (denoted 7y7) for T'M. Let us compute the transition functions
for the tangent bundle, TM, where M is a smooth manifold of dimension n. Recall from
Definition 3.12 that for every p € M, the tangent space, T, M, consists of all equivalence
classes of triples, (U, ¢, x), where (U, ¢) is a chart with p € U, x € R", and the equivalence
relation on triples is given by

U,p,2) = (Vihyy) iff (oo ) (@) =y.
We have a natural isomorphism, 0y ,: R" — T,M, between R" and T),M given by
QU#PJJ: L= [(U7 ©; I)]? YOS R".

Observe that for any two overlapping charts, (U, ¢) and (V, ),
0y yp 0 0ugp = (007 ) 0.
We let T'M be the disjoint union,

™™ = | ] T,M,

peEM

define the projection, 7: TM — M, so that w(v) = p if v € T,M, and we give T'M the
weakest topology that makes the functions, @: 771(U) — R*", given by

B(v) = (pom(v),05, 1) V),

continuous, where (U, ¢) is any chart of M. Each function, ¢: 77 1(U) — ¢(U) x R" is a
homeomorphism and given any two overlapping charts, (U, ¢) and (V,1)), as

ex;j/;,p 00y ,p= (Yo cpfl)fp(p), the transition map,

Vop i pUNV)xR" — p(UNV) x R,
is given by
P Hza)=(WopT(2), (o Nla),  (z2) €pUNV)XR"
It is clear that {/;o @' is smooth. Moreover, the bijection,

o N (U) — U x R,

given by
-1

7 () = (7(0), 6, 10y ()
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satisfies pry o 7y = 7 on w!(U), is a linear isomorphism restricted to fibres and so, it is a
trivialization for 7M. For any two overlapping charts, (U,, po) and (Ug, ¢g), the transition
function, g.5: Uy N Ug — GL(n,R), is given by

9as(D)(®) = (Pa 0 95" o) (T)-
We can also compute trivialization maps for 7*M. This time, T*M is the disjoint union,

"M = | ;M

peEM

and m: T*M — M is given by 7(w) = p if w € Ty M, where T M is the dual of the tangent
space, T, M. For each chart, (U, ¢), by dualizing the map, 0y, ,: R" — T,(M), we obtain an
1som0rphlsm 00 pp: TyM — (R™)*. Composing 67, ,, with the isomorphism, ¢: (R")* — R"
(induced by the canomcal basis (e, ..., e,) of R" and its dual basis), we get an isomorphism,

0 pp =10 chpp TyM — R™. Then, deﬁne the bijection,

o Y (U) — p(U) x R* C R*™,

by
P (w) = (pom(w), 07, w W),
withw € 771 (U). We give T* M the weakest topology that makes the functions @* continuous
and then each function, ¢*, is a homeomorphism. Given any two overlapping charts, (U, )
and (V,4), as
0V1ﬁp 0Oupp = (Vo )so(p)

by dualization we get

egwp (‘9‘;1/1,1))7 = egapp (9V1va> = <<¢ © ()071):0(p))T’

then
Q‘IW’ © (9[}%))—1 = (((¢po 90_1):0(17))T)_17
and so
Lo 9‘;1/’10 (95@ p)_l ot =uo(((¥o ‘P_l):p(p)>T)_1 or
that is,

er/ﬂlﬂp <01*J<pp>7 =to(((op™ ) (p))T)fl ou L.
Consequently, the transition map,
o (T p(UNV) xR — (UNV) x R™,

is given by

Vo (@) (za) = (o (2), o (Vo ™)) )T o (x),  (2,2) €p(UNV) xR
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If we view (¢ o 1), as a matrix, then we can forget + and the second component of

90 () (2 is ((Wow 1)) e
We also have trivialization maps, 7j;: 7~ (U) — U x (R")*, for T*M given by

T;(W) :< ( ) 9U<p7r(w (w))7

for all w € 77H(U). The transition function, g%z: Uy N Uz — GL(n,R), is given by

Gap(®)) = 7, 0 (75,,) 7 (1)
_ T T -1

- 9Ua JPa,m(n <9U5 ©8s 71'(77)) (77)

1

1 T\—
- ((QUQ,goaJr(n) QUB#’BJ"(W)) )

= (a0 95 o) )7 (),

with n € (R™)*. Also note that GL(n,R) should really be GL((R")*), but GL((R")*) is
isomorphic to GL(n,R). We conclude that

(n)

9op(p) = (gaﬁ(p)T)_l, for every p € M.

This is a general property of dual bundles, see Property (f) in Section 7.3.

Maps of vector bundles are maps of fibre bundles such that the isomorphisms between
fibres are linear.

Definition 7.7 Given two vector bundles, & = (Ey,m, By, V) and & = (Es, s, By, V),
with the same typical fibre, V', a bundle map (or bundle morphism), f: & — &s, is a pair,
f = (fg, fB), of smooth maps, fr: E; — Es and fg: By — By, such that

(a) The following diagram commutes:

fe I a (0): w7 (b) — my ' (£5(D)),
is a bijective linear map.

A bundle map isomorphism, f: & — &, is defined as in Definition 7.2. Given two vector
bundles, & = (Ey, 71, B, V) and & = (Ey, me, B, V'), over the same base space, B, we require
fp =id.
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Remark: Some authors do not require the preservation of fibres, that is, the map

fe P t(b): mt(b) — w3 (f5(D))
is simply a linear map. It is automatically bijective for bundle isomorphisms.

Note that Definition 7.7 does not include condition (b) of Definition 7.3. However,
because the restrictions of the maps ., ¢ and f to the fibres are linear isomorphisms,
it turns out that condition (b) (of Definition 7.3) does hold. Indeed, if f5(U,) C V3, then

o fop, iUy xV — VgxV

is a smooth map and, for every b € B, its restriction to {b} x V is a linear isomorphism
between {b} x V and {fp(b)} x V. Therefore, there is a smooth map, p,: U, — GL(n,R),
so that

o fowg (bx) = (fs(b), pa(b)(w))
and a vector bundle map is a fibre bundle map.

A holomorphic vector bundle is a fibre bundle where F, B are complex manifolds, V' is a
complex vector space of dimension n, the map 7 is holomorphic, the ¢, are biholomorphic,
and the transition functions, g.g, are holomorphic. When n = 1, a holomorphic vector
bundle is called a holomorphic line bundle.

Definition 7.4 also applies to vector bundles (just replace G by GL(n,R) or GL(n,C))
and defines the notion of equivalence of vector bundles over B. Since vector bundle maps
are fibre bundle maps, Propositions 7.1 and 7.2 immediately yield

Proposition 7.5 Two vector bundles, & = (Ey, w1, B, V) and & = (Ey, e, B, V'), over the
same base space, B, are equivalent iff they are isomorphic.

Since a vector bundle map is a fibre bundle map, Proposition 7.3 also yields the useful
fact:

Proposition 7.6 Any vector bundle map, f: & — &, between two vector bundles over the
same base, B, is an isomorphism.

Theorem 7.4 also holds for vector bundles and yields a technique for constructing new
vector bundles over some base, B.

Theorem 7.7 Given a smooth manifold, B, an n-dimensional (real, resp. complex) vector
space, V', an open cover, U = (Uy)acr of B, and a cocycle, g = (gap)(ag)cixr (with

gap: Us N Uz — GL(n,R), resp. gag: Uy N Uz — GL(n,C)), there is a vector bundle,
& = (E,m, B, V), whose transition maps are the maps in the cocycle, g. Furthermore, if g
and g’ are equivalent cocycles, then &, and £y are equivalent.
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Observe that a coycle, g = (gag)(a,8)crx1, is given by a family of matrices in GL(n,R)
(resp. GL(n,C)).

A vector bundle, &, always has a global section, namely the zero section, which assigns
the element 0 € 7=1(b), to every b € B. A global section, s, is a non-zero section iff s(b) # 0
for all b € B. It is usually difficult to decide whether a bundle has a nonzero section.
This question is related to the nontriviality of the bundle and there is a useful test for
triviality. Assume £ is a trivial rank n vector bundle. Then, there is a bundle isomorphism,
f: BxV — & For every b € B, we know that f(b, —) is a linear isomorphism, so for any
choice of a basis, (ey,...,¢e,) of V, we get a basis, (f(b,e1),..., f(b,e,)), of the fibre, 7=1(b).
Thus, we have n global sections, s; = f(—,e1),...,8, = f(—,en), such that (s1(b), ..., s,(b))
forms a basis of the fibre, 771(b), for every b € B.

Definition 7.8 Let { = (E, 7, B, V) be arank n vector bundle. For any open subset, U C B,
an n-tuple of local sections, (s1,...,s,), over U if called a frame over U iff (s1(b),...,s,(D))
is a basis of the fibre, 77(b), for every b € U. If U = B, then the s; are global sections and
(81,...,8p) is called a frame (of &).

The notion of a frame is due to Elie Cartan who (after Darboux) made extensive use of
them under the name of moving frame (and the moving frame method). Cartan’s terminology
is intuitively clear: As a point, b, moves in U, the frame, (s1(b), ..., s,(b)), moves from fibre
to fibre. Physicists refer to a frame as a choice of local gauge.

The converse of the property established just before Definition 7.8 is also true.

Proposition 7.8 A rank n vector bundle, £, is trivial iff it possesses a frame of global
sections.

Proof. We only need to prove that if £ has a frame, (sq,...,s,), then it is trivial. Pick a
basis, (e1,...,e,), of V and define the map, f: B x V — &, as follows:

n

Fb,v) =) visi(b),

=1

where v = Y"1 v;e;. Clearly, f is bijective on fibres, smooth, and a map of vector bundles.
By Proposition 7.6, the bundle map, f, is an isomorphism. ]

As an illustration of Proposition 7.8 we can prove that the tangent bundle, T'S', of the
circle, is trivial. Indeed, we can find a section that is everywhere nonzero, i.e. a non-vanishing
vector field, namely

s(cos @, sinf) = (—sin#, cos ).

The reader should try proving that T'S® is also trivial (use the quaternions). However, T'S?
is nontrivial, although this not so easy to prove. More generally, it can be shown that T'S™ is
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nontrivial for all even n > 2. It can even be shown that S*, S® and S” are the only spheres
whose tangent bundle is trivial. This is a rather deep theorem and its proof is hard.

Remark: A manifold, M, such that its tangent bundle, T'M, is trivial is called parallelizable.

The above considerations show that if £ is any rank n vector bundle, not necessarily
trivial, then for any local trivialization, p,: 7= 1(U,) — U, X V, there are always frames
over U,. Indeed, for every choice of a basis, (e1,...,e,), of the typical fibre, V', if we set

s2(b) = ot (bye)), beEU,, 1<i<n,

then (s§,...,s%) is a frame over U,.

ren

Given any two vector spaces, V and W, both of dimension n, we denote by Iso(V, W)
the space of all linear isomorphisms between V' and W. The space of n-frames, F(V), is the
set of bases of V. Since every basis, (vq,...,v,), of V is in one-to-one correspondence with
the map from R"™ to V given by e; — v;, where (eq, ..., e,) is the canonical basis of R™ (so,
e; = (0,...,1,...0) with the 1 in the ith slot), we have an isomorphism,

F(V) = Iso(R™, V).
(The choice of a basis in V' also yields an isomorphism, Iso(R", V') = GL(n,R), so
F(V) 2 GL(n,R).)

For any rank n vector bundle, £, we can form the frame bundle, F(§), by replacing the
fibre, 7=1(b), over any b € B by F(7~(b)). In fact, F(£) can be constructed using Theorem
7.4. Indeed, identifying F'(V') with Iso(R", V), the group GL(n,R) acts on F(V') effectively
on the left via

A-v=voA "

(The only reason for using A~! instead of A is that we want a left action.) The resulting
bundle has typical fibre, F'(V) = GL(n,R), and turns out to be a principal bundle. We will
take a closer look at principal bundles in Section 7.5.

We conclude this section with an example of a bundle that plays an important role in
algebraic geometry, the canonical line bundle on RP". Let HX C RP" x R™"! be the subset,

HE = {(L,v) e RP" x R™"! | v € L},

where RP" is viewed as the set of lines, L, in R"*! through 0, or more explicitly,

HE ={((xo: -+ : m), Mz, -+, 20)) | (2o: -+ : 2,) € RP", A € R}
Geometrically, HY consists of the set of lines, [(zo,...,,)], associated with points,
(xg: -+ : x,), of RP"™. If we consider the projection, 7: HX — RP", of HX onto RP", we see

that each fibre is isomorphic to R. We claim that HE is a line bundle. For this, we exhibit
trivializations, leaving as an exercise the fact that HY is a manifold.
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Recall the open cover, Uy, ..., U,, of RP", where
Ui:{(l'oi HRR .fl?n) GR]P)“'ZUZ?AO}
Then, the maps, ¢;: 71(U;) — U; x R, given by

oil(w0 -+ 2 Ao, - 20) = (07 -+ ), Ai)
are trivializations. The transition function, g;;: U; N U; — GL(1,R), is given by

X
Gij(zo: -+t xp)(u) = ;u,
j

where we identify GL(1,R) and R* =R — {0}.

Interestingly, the bundle HE is nontrivial for all n > 1. For this, by Proposition 7.8 and
since HE is a line bundle, it suffices to prove that every global section vanishes at some point.
So, let ¢ be any section of HX. Composing the projection, p: S — RP", with o, we get a
smooth function, s = g op: S — HX and we have

since s(—z) = s(z). As S™ is connected and f is continuous, by the intermediate value
theorem, there is some x such that f(x) = 0, and thus, o vanishes, as desired.

The reader should look for a geometric representation of Hy. It turns out that HY is
an open Mobius strip, that is, a Mobius strip with its boundary deleted (see Milnor and
Stasheff [109], Chapter 2). There is also a complex version of the canonical line bundle on
CP", with

H, ={(L,v) € CP" x C"*" |v € L},

where CP" is viewed as the set of lines, L, in C"*! through 0. These bundles are also
nontrivial. Furthermore, unlike the real case, the dual bundle, A, is not isomorphic to H,,.
Indeed, H; turns out to have nonzero global holomorphic sections!

7.3 Operations on Vector Bundles

Because the fibres of a vector bundle are vector spaces all isomorphic to some given space, V,
we can perform operations on vector bundles that extend familiar operations on vector spaces,
such as: direct sum, tensor product, (linear) function space, and dual space. Basically, the
same operation is applied on fibres. It is usually more convenient to define operations on
vector bundles in terms of operations on cocycles, using Theorem 7.7.
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(a)

(b)

(d)

()

(Whitney Sum or Direct Sum)

If ¢ =(E, 7, B, V) is arank m vector bundle and ¢ = (E’, 7', B, W) is a rank n vector
bundle, both over the same base, B, then their Whitney sum, £ B¢, is the rank (m+n)
vector bundle whose fibre over any b € B is the direct sum, £, & Ej, that is, the vector
bundle with typical fibre V@& W (given by Theorem 7.7) specified by the cocycle whose

matrices are (b)
, e U, NU;3.
( 0 g;g(b) 7

(Tensor Product)

If ¢ =(E,m, B, V) is arank m vector bundle and ¢ = (E’, 7', B, W) is a rank n vector
bundle, both over the same base, B, then their tensor product, £ ® £, is the rank mn
vector bundle whose fibre over any b € B is the tensor product, E, ® Ej, that is, the
vector bundle with typical fibre V@ W (given by Theorem 7.7) specified by the cocycle
whose matrices are

9ap(b) ® gos(b), b€ UaNUp.

(Here, we identify a matrix with the corresponding linear map.)

(Tensor Power)

If £ = (E,7, B,V) is a rank m vector bundle, then for any & > 0, we can define the
tensor power bundle, £¥% whose fibre over any b € £ is the tensor power, E;?k and with
typical fibre V¥, (When k = 0, the fibre is R or C). The bundle £** is determined
by the cocycle

955(b), be U, NUs.

(Exterior Power)

If £ = (E,m B,V) is a rank m vector bundle, then for any & > 0, we can define the
exterior power bundle, /\k§ , whose fibre over any b € ¢ is the exterior power, /\k Ey
and with typical fibre A* V. The bundle A" ¢ is determined by the cocycle

k
/\gag(b), be UaﬂUﬂ.

Using (a), we also have the ezterior algebra bundle, \§ = @, A€ (When k = 0,
the fibre is R or C).

(Symmetric Power) If £ = (E, 7, B, V) is a rank m vector bundle, then for any k£ > 0,
we can define the symmetric power bundle, Sym” £, whose fibre over any b € ¢ is the
exterior power, Sym” F, and with typical fibre Sym” V. (When k = 0, the fibre is R
or C). The bundle Sym*¢ is determined by the cocycle

Sym”* gas(b), be U,NUs.
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(Dual Bundle) If £ = (E, 7, B, V) is a rank m vector bundle, then its dual bundle, £*,
is the rank m vector bundle whose fibre over any b € B is the dual space, E}, that is,
the vector bundle with typical fibre V* (given by Theorem 7.7) specified by the cocycle
whose matrices are

(gag(b)—r)il, be UaﬂUg.

The reason for this seemingly complicated formula is this: For any trivialization,
o T HU,) — U, x V, for any b € B, recall that the restriction, @, 5: 7 1(b) — V,
of gpa to 771(b) is a linear isomorphism. By dualization we get a map,

Pap: V* — (m71(b))*, and thus, ¢ , for £ is given by

cpab (Qoa b) 1: (ﬂ-_l(b))* — V.
As gh5(b) = @l 0 (9h) 7", we get

925@) = (90 b) O@gb
((90,317) O<Pab)
= (¢55) 0 ¥ap)”
=
(

1

(saabw@b) o

Jas(0) )"

as claimed.

(Hom Bundle)

If £ = (E,n,B,V) is a rank m vector bundle and ¢ = (E',n',B,W) is a rank n
vector bundle, both over the same base, B, then their Hom bundle, Hom(¢,¢'), is
the rank mn vector bundle whose fibre over any b € B is Hom(E,, E}), that is, the
vector bundle with typical fibre Hom(V,W). The transition functions of this bun-
dle are obtained as follows: For any trivializations, ¢,: 71 (U,) — U, x V and
ol ()N U,) — Uy x W, for any b € B, recall that the restrictions, @, p: 7 1(b) — V
and ¢, ,: (7')7"(b) — W are linear isomorphisms. Then, we have a linear isomorphism,
oag™: Hom (7 (b), (7')~' (b)) — Hom(V, W), given by

Pos () = vapo fowgy,  f€Hom(n™(b), (7)7 (b))
Then, g™ (b) = 53" o (ph3™) "

(Tensor Bundle of type (r,s))

If ¢ = (FE,m B,V) is a rank m vector bundle, then for any r, s > 0, we can define the
bundle, T™* ¢, whose fibre over any b € £ is the tensor space T"* Fj, and with typical
fibre T™* V. The bundle T"*¢ is determined by the cocycle

9a5(0) ® ((9ap(0))™H*(V),  beUaNUs.
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In view of the canonical isomorphism, Hom(V, W) = V* @ W, it is easy to show that
Hom(&,€'), is isomorphic to £ ® £'. Similarly, £** is isomorphic to £&. We also have the
isomorphism

TT,sg o~ £®r ® (£*>®s.

@ Do not confuse the space of bundle morphisms, Hom(¢,¢'), with the Hom bundle,
Hom(&,&"). However, observe that Hom(&, £') is the set of global sections of Hom/(&, ).

As an illustration of (d), consider the exterior power, A" T*M, where M is a manifold of
dimension n. We have trivialization maps, 77;: 7~ (U) — U x A" (R")*, for A" T*M given
by

le(w) = (ﬂ-(w>7 /\ 95,(,0,71‘(0.)) (w))v

for all w € 771 (U). The transition function, gé\;: U,NUz — GL(n,R), is given by

T

A ) @) = (A (a0 50 ) W),

for all w € 71 (U). Consequently,

T

gl (@) = N(gas(®) ),
for every p € M, a special case of (h).

For rank 1 vector bundles, that is, line bundles, it is easy to show that the set of equiv-
alence classes of line bundles over a base, B, forms a group, where the group operation is
®, the inverse is * (dual) and the identity element is the trivial bundle. This is the Picard
group of B.

In general, the dual, E*, of a bundle is not isomorphic to the original bundle, £. This is
because, V* is not canonically isomorphic to V' and to get a bundle isomorphism between &
and &*, we need canonical isomorphisms between the fibres. However, if ¢ is real, then (using
a partition of unity) £ can be given a Euclidean metric and so, £ and £* are isomorphic.

@ It is not true in general that a complex vector bundle is isomorphic to its dual because
a Hermitian metric only induces a canonical isomorphism between E* and E, where F
is the conjugate of F, with scalar multiplication in £ given by (z,w) — wz.

Remark: Given a real vector bundle, &, the complexification, ¢, of £ is the complex vector
bundle defined by

§c = & ®r €,
where ec = B x C is the trivial complex line bundle. Given a complex vector bundle, &, by

viewing its fibre as a real vector space we obtain the real vector bundle, &g. The following
facts can be shown:
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(1) For every real vector bundle, &,
(Eclr HEBE.

(2) For every complex vector bundle, &,

((r)c =EDE

The notion of subbundle is defined as follows:

Definition 7.9 Given two vector bundles, £ = (E,m, B,V) and ¢ = (E’, 7', B,V"), over the
same base, B, we say that £ is a subbundle of £ iff E' is a submanifold of E’, V' is a subspace
of V' and for every b € B, the fibre, 771(b), is a subspace of the fibre, (7')~1(b).

If £ is a subbundle of ¢, we can form the quotient bundle, {'/¢, as the bundle over B
whose fibre at b € B is the quotient space (7/)~(b)/m~1(b). We leave it as an exercise
to define trivializations for /€. In particular, if N is a submanifold of M, then TN is a
subbundle of TM | N and the quotient bundle ("M | N)/T'N is called the normal bundle
of N in M.

7.4 Metrics on Bundles, Riemannian Manifolds,
Reduction of Structure Groups, Orientation

Fortunately, the rich theory of vector spaces endowed with a Euclidean inner product can,
to a great extent, be lifted to vector bundles.

Definition 7.10 Given a (real) rank n vector bundle, ¢ = (E,w, B,V), we say that ¢ is
Euclidean iff there is a family, ((—, —)3)sep, of inner products on each fibre, 7=1(b), such
that (—, —), depends smoothly on b, which means that for every trivializing map,

Yo: ™ HUy) — U,y x V, for every frame, (sy,...,s,), on Uy, the maps

b (si(0),s;(b))p,  bEUs, 1<4,j<n

are smooth. We say that (—, —) is a Fuclidean metric (or Riemannian metric) on . If £
is a complex rank n vector bundle, £ = (E, 7, B, V), we say that £ is Hermitian iff there is
a family, ((—, —)p)pep, of Hermitian inner products on each fibre, 771(b), such that (—, —),
depends smoothly on b. We say that (—, —) is a Hermitian metric on £. For any smooth
manifold, M, if TM is a Euclidean vector bundle, then we say that M is a Riemannian
manifold.
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If M is a Riemannian manifold, the smoothness condition on the metric, {(—, =), }pen,
on T'M, can be expressed a little more conveniently. If dim(M) = n, then for every chart,
(U, ), since dgp;(lp): R™ — T,M is a bijection for every p € U, the n-tuple of vector fields,
(S1,--y8n), With s;(p) = dgo;(lp)(ei), is a frame of TM over U, where (ey,...,e,) is the
canonical basis of R". Since every vector field over U is a linear combination, Y., f;s;, for
some smooth functions, f;: U — R, the condition of Definition 7.10 is equivalent to the fact

that the maps,
p = (dogiy (e dogi(e))y,  p €U, 1<i,j<n,
are smooth. If we let z = ¢(p), the above condition says that the maps,
v {dpy (e), dor (€)1, T € @(U), 1<i0,5 <,

are smooth.

If M is a Riemannian manifold, the metric on T'M is often denoted g = (g,)pem- In a
chart, (U, ¢), using local coordinates, we often use the notation, g = .. gijdv; ® dx;, or
simply, g = > _,; gijdv;dx;, where

9:(p) = <(8§:i)p’ (8%3));7

For every p € U, the matrix, (g;;(p)), is symmetric, positive definite.

The standard Euclidean metric on R™, namely,
g=dr]+ - +da2,

makes R” into a Riemannian manifold. Then, every submanifold, M, of R™ inherits a metric
by restricting the Euclidean metric to M. For example, the sphere, S"~!, inherits a metric
that makes S”~! into a Riemannian manifold. It is a good exercise to find the local expression
of this metric for S? in polar coordinates.

A nontrivial example of a Riemannian manifold is the Poincaré upper half-space, namely,
the set H = {(z,y) € R? | y > 0} equipped with the metric

_da? + dy?
==

A way to obtain a metric on a manifold, /V, is to pull-back the metric, g, on another man-
ifold, M, along a local diffeomorphism, ¢: N — M. Recall that ¢ is a local diffeomorphism
iff

d(ppi TpN — T¢(p)M
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is a bijective linear map for every p € N. Given any metric g on M, if ¢ is a local diffeo-
morphism, we define the pull-back metric, ¢*g, on N induced by g as follows: For all p € N,
for all u,v € T,N,

(" 9)p(u, v) = Go(p)(dpp(u), dpy(v)).

We need to check that (¢*g), is an inner product, which is very easy since dyp, is a linear
isomorphism. Our map, ¢, between the two Riemannian manifolds (N, ¢*g) and (M, g) is a
local isometry, as defined below.

Definition 7.11 Given two Riemannian manifolds, (M, g1) and (Ma, g2), a local isometry
is a smooth map, ¢: M; — Mo, such that dp,: T,M; — T, M, is an isometry between the
Euclidean spaces (T,Mj, (g1)p) and (Ty) M2, (92)4()), for every p € M, that is,

(91)p(u,v) = (92>g0(p)(d90p(u)7d90p(v))a

for all w,v € T, M, or, equivalently, p*gs = ¢g1. Moreover, ¢ is an isometry iff it is a local
isometry and a diffeomorphism.

The isometries of a Riemannian manifold, (M, g), form a group, Isom(M, g), called the
isometry group of (M,g). An important theorem of Myers and Steenrod asserts that the
isometry group, Isom(M, g), is a Lie group.

Given a map, ¢: My — M, and a metric g; on M, in general, ¢ does not induce any
metric on Ms. However, if ¢ has some extra properties, it does induce a metric on M. This
is the case when M arises from M; as a quotient induced by some group of isometries of
M. For more on this, see Gallot, Hulin and Lafontaine [60], Chapter 2, Section 2.A.

Now, given a real (resp. complex) vector bundle, &, provided that B is a sufficiently nice
topological space, namely that B is paracompact (see Section 3.6), a Euclidean metric (resp.
Hermitian metric) exists on . This is a consequence of the existence of partitions of unity
(see Theorem 3.26).

Theorem 7.9 Every real (resp. complex) vector bundle admits a Euclidean (resp. Hermi-
tian) metric. In particular, every smooth manifold admits a Riemannian metric.

,5%), over U,.
For every b € U, the basis, (s§(b),...,s%(b)) defines a Euclidean (resp. Hermitian) inner

ren

product, (—, —), on the fibre 771(b), by declaring (s¥(b), ..., s%(b)) orthonormal w.r.t. this
inner product. (For x = Y7 z;s%(b) and y = > y:s¥(b), let (x,y)p = Do Vi, TESD.
(x,y)p = >.», x;J;, in the complex case.) The (—, —), (with b € U,) define a metric on
71 (U,), denote it (—, —),. Now, using Theorem 3.26, glue these inner products using a

partition of unity, (f,), subordinate to (U,), by setting

(@,9) =Y fal®, Y)a

Proof. Let (U,) be a trivializing open cover for £ and pick any frame, (s¢,...,s%
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We verify immediately that (—, —) is a Euclidean (resp. Hermitian) metric on £. O

The existence of metrics on vector bundles allows the so-called reduction of structure
group. Recall that the transition maps of a real (resp. complex) vector bundle, £, are
functions, g.g: U, N Us — GL(n,R) (resp. GL(n,C)). Let GL*(n,R) be the subgroup
of GL(n,R) consisting of those matrices of positive determinant (resp. GL¥(n,C) be the
subgroup of GL(n, C) consisting of those matrices of positive determinant).

Definition 7.12 For every real (resp. complex) vector bundle, &, if it is possible to find a
cocycle, g = (gap), for & with values in a subgroup, H, of GL(n,R) (resp. of GL(n,C)), then
we say that the structure group of & can be reduced to H. We say that £ is orientable if its
structure group can be reduced to GL™(n,R) (resp. GL*(n,C)).

Proposition 7.10 (a) The structure group of a rank n real vector bundle, &, can be reduced
to O(n); it can be reduced to SO(n) iff £ is orientable.

(b) The structure group of a rank n complex vector bundle, £, can be reduced to U(n); it
can be reduced to SU(n) iff £ is orientable.

Proof. We prove (a), the proof of (b) being similar. Using Theorem 7.9, put a metric on &.
For every U, in a trivializing cover for £ and every b € B, by Gram-Schmidt, orthonormal
bases for 7~1(b) exit. Consider the family of trivializing maps, @o: 7 1 (U,) — Uy X V,
such that @,,: 71(b) — V maps orthonormal bases of the fibre to orthonormal bases of
V. Then, it is easy to check that the corresponding cocycle takes values in O(n) and if ¢ is
orientable, the determinants being positive, these values are actually in SO(n). O

Remark: If ¢ is a Euclidean rank n vector bundle, then by Proposition 7.10, we may assume
that £ is given by some cocycle, (gag), where goz(b) € O(n), for all b € U, N Uz. We saw in
Section 7.3 (f) that the dual bundle, £*, is given by the cocycle

(gap(b) )71, be U,NUsg.

As gap(b) is an orthogonal matrix, (gas(b) ") ™! = gas(b), and thus, any Euclidean bundle is
isomorphic to its dual. As we noted earlier, this is false for Hermitian bundles.

Let £ = (E, 7, B,V) be a rank n vector bundle and assume ¢ is orientable. A family of
trivializing maps, @, : 7 H(U,) — U, X V, is oriented iff for all o, 3, the transition function,
9ap(b) has positive determinant for all b € U, N Ug. Two oriented families of trivializing
maps, po: ™ (U,) — U, x V and ¢g: 77 (Wp) — W, x V, are equivalent iff for every
b € U, N Ws, the map pry o p, 0 @bﬁ_l [ {b} x V: V — V has positive determinant. It
is easily checked that this is an equivalence relation and that it partitions all the oriented
families of trivializations of ¢ into two equivalence classes. Either equivalence class is called
an orientation of £.

If M is a manifold and & = T M, the tangent bundle of £, we know from Section 7.2 that
the transition functions of T'M are of the form

9as(P) (1) = (Pa © 05" )i (1),
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where each ¢, : U, — R" is a chart of M. Consequently, 7'M is orientable iff the Jacobian of
(pa © @El):ﬁ (p) 18 positive, for every p € M. This is equivalent to the condition of Definition
3.27 for M to be orientable. Therefore, the tangent bundle, T'M, of a manifold, M, is

orientable iff M is orientable.

@ The notion of orientability of a vector bundle, £ = (E, 7, B, V), is not equivalent to the
orientability of its total space, E. Indeed, if we look at the transition functions of the
total space of T'M given in Section 7.2, we see that T'M, as a manifold, is always orientable,
even if M is not orientable. Yet, as a bundle, T'M is orientable iff M.

On the positive side, if ¢ = (E,r, B, V) is an orientable vector bundle and its base, B, is
an orientable manifold, then E is orientable too.

To see this, assume that B is a manifold of dimension m, £ is a rank n vector bundle
with fibre V, let ((Uy,%a))a be an atlas for B, let ¢, : 7= 1(U,) — U, x V be a collection of
trivializing maps for £ and pick any isomorphism, ¢: V' — R"™. Then, we get maps,

(¢a X l’) o 9004: W—l(Ua) — Rm X Rn

It is clear that these maps form an atlas for . Check that the corresponding transition
maps for E are of the form

(z,y) — (V5 03 (2), gas(Wa (2))y).

Moreover, if B and & are orientable, check that these transition maps have positive Jacobian.

The fact that every bundle admits a metric allows us to define the notion of orthogonal
complement of a subbundle. We state the following theorem without proof. The reader is
invited to consult Milnor and Stasheff [109] for a proof (Chapter 3).

Proposition 7.11 Let & and n be two vector bundles with & a subbundle of n. Then, there
exists a subbundle, £+, of n, such that every fibre of £+ is the orthogonal complement of the
fibre of £ in the fibre of n, over every b € B and

naEDE

In particular, if N is a submanifold of a Riemannian manifold, M, then the orthogonal
complement of TN in TM [ N is isomorphic to the normal bundle, (TM [ N)/TN.

Remark: It can be shown (see Madsen and Tornehave [100], Chapter 15) that for every
real vector bundle, &, there is some integer, k, such that ¢ has a complement, 7, in €*, where

€® = B x R is the trivial rank k vector bundle, so that

Eon=¢é".
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This fact can be used to prove an interesting property of the space of global sections, T'(§).
First, observe that I'(£) is not just a real vector space but also a C*°(B)-module (see Section
22.19). Indeed, for every smooth function, f: B — R, and every smooth section, s: B — FE,
the map, fs: B — FE, given by

(f5)(b) = f(b)s(b),  be B,

is a smooth section of . In general, I'(¢) is not a free C°(B)-module unless ¢ is trivial.
However, the above remark implies that

L) ® T(n) = T(e"),

where I'(€¥) is a free C°°(B)-module of dimension dim(¢) + dim(n). This proves that I'(€)
is a finitely generated C'*°(B)-module which is a summand of a free C*°(B)-module. Such
modules are projective modules, see Definition 22.9 in Section 22.19. Therefore, I'(§) is a
finitely generated projective C*°(B)-module. The following isomorphisms can be shown (see
Madsen and Tornehave [100], Chapter 16):

Proposition 7.12 The following isomorphisms hold for vector bundles:

L(Hom(&,n))

I

Homee(5)(I'(€),I'(n))

L(Ewn) = T(E) ®@cemn T'(n)
['(§) = Homew(p)(T'(§),C*(B)) = (T'(E))"
TN = A T©).
C>=(B)

7.5 Principal Fibre Bundles

We now consider principal bundles. Such bundles arise in terms of Lie groups acting on
manifolds.

Definition 7.13 Let GG be a Lie group. A principal fibre bundle, for short, a principal
bundle, is a fibre bundle, £ = (F, 7, B, G, G), in which the fibre is G and the structure group
is also G, viewed as its group of left translations (ie., G acts on itself by multiplication on
the left). This means that every transition function, g.s: U, N Uz — G, satisfies

9o (b)(R) = g(b)h, for some ¢(b) € G,

for all b € U, N Uz and all h € G. A principal G-bundle is denoted { = (E, 7, B, G).

Note that G in g.p: U, N Ug — G is viewed as its group of left translations under the
isomorphism, g — L, and so, g,3(b) is some left translation, L,(b). The inverse of the above
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isomorphism is given by L +— L(1), so g(b) = gas(b)(1). In view of these isomorphisms, we
allow ourself the (convenient) abuse of notation

gaﬂ(b) (h) = ga,g(b)h,

where, on the left, g,5(b) is viewed as a left translation of G and on the right, as an element
of G.

When we want to emphasize that a principal bundle has structure group, GG, we use the
locution principal G-bundle.

It turns out that if £ = (E, 7, B, G) is a principal bundle, then G acts on the total space,
E. on the right. For the next proposition, recall that a right action, -: X x G — X, is free
iff for every g € G, if g # 1, then - g # x for all z € X.

Proposition 7.13 If¢ = (E,m, B,G) is a principal bundle, then there is a right action of
G on E. This action takes each fibre to itself and is free. Moreover, E/G is diffeomorphic
to B.

Proof. We show how to define the right action and leave the rest as an exercise. Let
{(Uq, ¥a)} be some trivializing cover defining £. For every z € E, pick some U, so that
7(z) € U, and let p,(2) = (b, h), where b = 7(z) and h € G. For any g € G, we set

2.9 =, (b hg).

If we can show that this action does not depend on the choice of U,, then it is clear that
it is a free action. Suppose that we also have b = 7(z) € Us and that ¢s(z) = (b,h'). By
definition of the transition functions, we have

h' = gga(b)h and  @g(z - g) = (b, gga(b)(hg)).
However,
98a(b)(hg) = (gsa(b)h)g = I'g,
hence
z-9=p5 (b, hg),
which proves that our action does not depend on the choice of U,. [J

Observe that the action of Proposition 7.13 is defined by

29 = (pc_yl(ba ‘Pa,b(z)g)7 with b= 7T(Z)7

for all z € F and all g € G. It is clear that this action satisfies the following two properties:
For every (U, 9a),

(1) m(z-g) =m(z) and
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(2) pal(z-9) =pa(2) g, forall z€ E and all g € G,

where we define the right action of G on U, x G so that (b, h) - g = (b, hg). We say that ¢,
is G-equivariant (or equivariant).

The following proposition shows that it is possible to define a principal G-bundle using
a suitable right action and equivariant trivializations:

Proposition 7.14 Let E be a smooth manifold, G a Lie group and let -: £ x G — E be a
smooth right action of G on E and assume that

(a) The right action of G on E is free;

(b) The orbit space, B = E/G, is a smooth manifold under the quotient topology and the
projection, w: E — E/G, is smooth;

(c) There is a family of local trivializations, {(Ua, pa)}, where {U,} is an open cover for
B = E/G and each
Yo: T HUy) — Uy X G

is an equivariant diffeomorphism, which means that
Pa(z - 9) = va(2) - 9,

for all z € m=Y(U,) and all g € G, where the right action of G on U, X G is
Then, £ = (E, 7, E/G,G) is a principal G-bundle.
Proof. Since the action of G on FE is free, every orbit, b = 2z - (G, is isomorphic to G and
so, every fibre, 7—1(b), is isomorphic to G. Thus, given that we have trivializing maps, we

just have to prove that G acts by left translation on itself. Pick any (b, h) in Uz x G and let
z € m1(Us) be the unique element such that pgz(z) = (b, h). Then, as

(2 9) = p(2)-g, forallged,

we have
0s(0g' (b, h) - g) = ps(z-g) = s(z) - g = (b h) - g,
which implies that
05 (b,h) - g = 5" ((b,h) - g).
Consequently,
Pa 0@ (b, h) = a0y ((b,1)-h) = @alps' (b,1) - h) = a0 05 (b1) - h,

and since

a0 @5 (bh) = (b,gap(0)(h)) and a0z (b,1) = (b, gas(b)(1))
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we get
9a5(0)(h) = gap(0)(1)h.

The above shows that g,5(b): G — G is the left translation by g,5(b)(1) and thus, the
transition functions, g.(b), constitute the group of left translations of G and € is indeed a
principal G-bundle. O

Brocker and tom Dieck [25] (Chapter I, Section 4) and Duistermaat and Kolk [53] (Ap-
pendix A) define principal bundles using the conditions of Proposition 7.14. Propositions
7.13 and 7.14 show that this alternate definition is equivalent to ours (Definition 7.13).

It turns out that when we use the definition of a principal bundle in terms of the conditions
of Proposition 7.14, it is convenient to define bundle maps in terms of equivariant maps. As
we will see shortly, a map of principal bundles is a fibre bundle map.

Definition 7.14 If & = (Ey, 71, B1, G) and & = (B, ms, By, G) are two principal bundles
a bundle map (or bundle morphism), f: & — &, is a pair, f = (fg, fB), of smooth maps
fEe: 1 — Es and fp: By — B, such that

(a) The following diagram commutes:

By —> B»

(b) The map, fg, is G-equivariant, that is,

fela-g) = fe(a)- g, for all a € E; and all g € G.

A bundle map is an isomorphism if it has an inverse as in Definition 7.2. If the bundles
&1 and & are over the same base, B, then we also require fp = id.

At first glance, it is not obvious that a map of principal bundles satisfies condition (b) of

Definition 7.3. If we define }2: Uy x G — V3 x G by

fa = SD,/BOfE 090(;17
then locally, fg is expressed as
—1 -~
Je= SD,IB ° fa © Pa-

Furthermore, it is trivial that if a map is equivariant and invertible then its inverse is equiv-
ariant. Consequently, since

fa =0 frow,’,
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as @1, ¢} and fg are equivariant, f; is also equivariant and so, }; is a map of (trivial)
principal bundles. Thus, it it enough to prove that for every map of principal bundles,

0: Uy x G — Vg xG,
there is some smooth map, p,: U, — G, so that

o(b,g9) = (fB(b), pa(b)(9)), forall b € U, and all g € G.

Indeed, we have the following

Proposition 7.15 For every map of trivial principal bundles,
0: Uy x G — Vg xG,
there are smooth maps, fg: Uy — Vg and ro: Uy, — G, so that

o(b,g9) = (fB(b),14(b)g), forallbe U, and all g € G.

In particular, ¢ 1s a diffeomorphism on fibres.

Proof. As ¢ is a map of principal bundles,
o(b,1) = (fB(b),ral(b)), for all b € U,

for some smooth maps, fgp: U, — V3 and r,: U, — G. Now, using equivariance, we get

©(b,9) = w((b,1)g) = v(g,1) - g = (fB(),7a(b) - g = (fB(D),7a(b)g),

as claimed. [J

Consequently, the map, p,: U, — G, given by
Pa(D)(g) = 1a(b)g for all b € U, and all g € G

satisfies
w(b,9) = (f(b), palb)(9)), forallbe U, and all g € G

and a map of principal bundles is indeed a fibre bundle map (as in Definition 7.3). Since a
principal bundle map is a fibre bundle map, Proposition 7.3 also yields the useful fact:

Proposition 7.16 Any map, f: & — &, between two principal bundles over the same base,
B, is an isomorphism.
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Even though we are not aware of any practical applications in computer vision, robotics,
or medical imaging, we wish to digress briefly on the issue of the triviality of bundles and
the existence of sections.

A natural question is to ask whether a fibre bundle, &, is isomorphic to a trivial bundle.
If so, we say that £ is trivial. (By the way, the triviality of bundles comes up in physics, in
particular, field theory.) Generally, this is a very difficult question, but a first step can be
made by showing that it reduces to the question of triviality for principal bundles.

Indeed, if £ = (E, 7, B, F,G) is a fibre bundle with fibre, F', using Theorem 7.4, we
can construct a principal fibre bundle, P(§), using the transition functions, {g.s}, of £, but
using G itself as the fibre (acting on itself by left translation) instead of F'. We obtain the
principal bundle, P(§), associated to . For example, the principal bundle associated with
a vector bundle is the frame bundle, discussed at the end of Section 7.3. Then, given two
fibre bundles £ and &', we see that £ and &' are isomorphic iff P(§) and P({’) are isomorphic
(Steenrod [139], Part I, Section 8, Theorem 8.2). More is true: The fibre bundle ¢ is trivial
iff the principal fibre bundle P(§) is trivial (this is easy to prove, do it! Otherwise, see
Steenrod [139], Part I, Section 8, Corollary 8.4). Morever, there is a test for the triviality of
a principal bundle, the existence of a (global) section.

The following proposition, although easy to prove, is crucial:

Proposition 7.17 If & is a principal bundle, then & is trivial iff it possesses some global
section.

Proof. 1f f: B x G — £ is an isomorphism of principal bundles over the same base, B, then
for every g € G, the map b— f(b, g) is a section of &.

Conversely, let s: B — E be a section of £&. Then, observe that the map, f: B x G — &,
given by

f(b,g) = s(b)g
is a map of principal bundles. By Proposition 7.16, it is an isomorphism, so £ is trivial. [J

Generally, in geometry, many objects of interest arise as global sections of some suitable
bundle (or sheaf): vector fields, differential forms, tensor fields, etc.

Given a principal bundle, £ = (E, 7, B, G), and given a manifold, F, if G acts effectively
on F from the left, again, using Theorem 7.4, we can construct a fibre bundle, {[F], from
¢, with F' as typical fibre and such that £[F] has the same transitions functions as . In
the case of a principal bundle, there is another slightly more direct construction that takes
us from principal bundles to fibre bundles (see Duistermaat and Kolk [53], Chapter 2, and
Davis and Kirk [39], Chapter 4, Definition 4.6, where it is called the Borel construction).
This construction is of independent interest so we describe it briefly (for an application of
this construction, see Duistermaat and Kolk [53], Chapter 2).
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As £ is a principal bundle, recall that G acts on E from the right, so we have a right
action of G on E X F', via

(z.f)-9g=(2-9,97"f)

Consequently, we obtain the orbit set, £ x '/ ~, denoted F X F', where ~ is the equivalence
relation

(2. /)~ f) it BgeG) (=29 f=9g""f)
Note that the composed map,
ExF™ F- B,

factors through E x4 F, since
m(pri(z, f)) = (2) = 7w(z - g) = w(pri(z- 9,97 - f)).

Let p: £ Xg FF — B be the corresponding map. The following proposition is not hard to
show:

Proposition 7.18 If{ = (E,n, B,G) is a principal bundle and F is any manifold such that
G acts effectively on F' from the left, then, {[F| = (E Xg F,p, B, F, Q) is a fibre bundle with
fibre F' and structure group G and &[F| and & have the same transition functions.

Let us verify that the charts of £ yield charts for {[F]. For any U, in an open cover for
B, we have a diffeomorphism

Ya: T H(Uy) — Uy X G,
Observe that we have an isomorphism
(Uy x G) xg F 2 U, X F,
where, as usual, G acts on U, x G via (z,h) - g = (2, hg), an isomorphism
p~H(Ua) = a7 (Ua) %6 F,
and that ¢, induces an isomorphism
7 HUL) xg F 2% (Uy x G) x¢ F.

So, we get the commutative diagram
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which yields a local trivialization for {[F]. It is easy to see that the transition functions of
£[F] are the same as the transition functions of &.

The fibre bundle, £[F], is called the fibre bundle induced by {. Now, if we start with a
fibre bundle, &, with fibre, F', and structure group, G, if we make the associated principal
bundle, P(§), and then the induced fibre bundle, P(£)[F], what is the relationship between
¢ and P(&)[F]?

The answer is: € and P(§)[F] are equivalent (this is because the transition functions are
the same.)

Now, if we start with a principal G-bundle, £, make the fibre bundle, {[F], as above, and
then the principal bundle, P(£[F]), we get a principal bundle equivalent to . Therefore, the
maps

= EF] and €= P(E),

are mutual inverses and they set up a bijection between equivalence classes of principal G-
bundles over B and equivalence classes of fibre bundles over B (with structure group, G).
Moreover, this map extends to morphisms, so it is functorial (see Steenrod [139], Part I,
Section 2, Lemma 2.6-Lemma 2.10). As a consequence, in order to “classify” equivalence
classes of fibre bundles (assuming B and G fixed), it is enough to know how to classify
principal G-bundles over B. Given some reasonable conditions on the coverings of B, Milnor
solved this classification problem, but this is taking us way beyond the scope of these notes!

The classical reference on fibre bundles, vector bundles and principal bundles, is Steenrod
[139]. More recent references include Bott and Tu [19], Madsen and Tornehave [100], Morita
[112], Griffith and Harris [66], Wells [148], Hirzebruch [77], Milnor and Stasheft [109], Davis
and Kirk [39], Atiyah [10], Chern [33], Choquet-Bruhat, DeWitt-Morette and Dillard-Bleick
[37], Hirsh [76], Sato [131], Narasimham [115], Sharpe [137] and also Husemoller [82], which

covers more, including characteristic classes.

Proposition 7.14 shows that principal bundles are induced by suitable right actions but
we still need sufficient conditions to guarantee conditions (a), (b) and (c). Such conditions
are given in the next section.

7.6 Homogeneous Spaces, 11

Now that we know about manifolds and Lie groups, we can revisit the notion of homogeneous
space given in Definition 2.8, which only applied to groups and sets without any topology
or differentiable structure.

Definition 7.15 A homogeneous space is a smooth manifold, M, together with a smooth
transitive action, -: G x M — M, of a Lie group, GG, on M.

In this section, we prove that GG is the total space of a principal bundle with base space
M and structure group, G, the stabilizer of any x € M.
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If M is a manifold, G is a Lie group and -: M x G — M is a smooth right action, in
general, M /G is not even Hausdorff. A sufficient condition can be given using the notion
of a proper map. If X and Y are two Hausdorff topological spaces,! a continuous map,
p: X — Y is proper iff for every topological space, Z, the map ¢ xid: X x Z —-Y x Z is
a closed map (A map, f, is a closed map iff the image of any closed set by f is a closed set).
If we let Z be a one-point space, we see that a proper map is closed. It can be shown (see
Bourbaki, General Topology [23], Chapter 1, Section 10) that a continuous map, p: X — Y,
is proper iff ¢ is closed and if ¢~ (y) is compact for every y € Y. If ¢ is proper, it is easy
to show that ¢~1(K) is compact in X whenever K is compact in Y. Moreover, if Y is also
locally compact, then Y is compactly generated, which means that a subset, C', of Y is closed
ifft K NC is closed in C for every compact subset K of Y (see Munkres [113]). In this case
(Y locally compact), ¢ is a closed map iff ¢! (K) is compact in X whenever K is compact
in Y (see Bourbaki, General Topology [23], Chapter 1, Section 10).> In particular, this is
true if Y is a manifold since manifolds are locally compact. Then, we say that the action,
- M x G — M, is proper iff the map,

MXG—>MXM, ($,g)'—>($ax9)y
is proper.

If G and M are Hausdorff and G is locally compact, then it can be shown (see Bourbaki,
General Topology [23], Chapter 3, Section 4) that the action -: M x G — M is proper iff
for all z,y € M, there exist some open sets, V, and V,, in M, with x € V, and y € V}, so
that the closure, K, of the set K = {g € G | V.- gNV, # 0} is compact in G. In particular,
if G has the discrete topology, this conditions holds iff the sets {g € G | V, - g NV, # 0}
are finite. Also, if G is compact, then K is automatically compact, so every compact group
acts properly. If the action, -: M x G — M, is proper, then the orbit equivalence relation is
closed since it is the image of M x G in M x M, and so, M /G is Hausdorff. We then have
the following theorem proved in Duistermaat and Kolk [53] (Chapter 1, Section 11):

Theorem 7.19 Let M be a smooth manifold, G be a Lie group and let -: M x G — M
be a right smooth action which is proper and free. Then, M/G is a principal G-bundle of
dimension dim M — dim G.

Theorem 7.19 has some interesting corollaries. Let G be a Lie group and let H be a
closed subgroup of G. Then, there is a right action of H on G, namely
GxH—G, (g,h)w gh,

and this action is clearly free and proper. Because a closed subgroup of a Lie group is a Lie
group, we get the following result whose proof can be found in Brécker and tom Dieck [25]
(Chapter I, Section 4) or Duistermaat and Kolk [53] (Chapter 1, Section 11):

Tt is not necessary to assume that X and Y are Hausdorff but, if X and/or Y are not Hausdorff, we
have to replace “compact” by “quasi-compact.” We have no need for this extra generality.

2Duistermaat and Kolk [53] seem to have overlooked the fact that a condition on Y (such as local
compactness) is needed in their remark on lines 5-6, page 53, just before Lemma 1.11.3.
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Corollary 7.20 If G is a Lie group and H is a closed subgroup of G, then, the right action
of H on G defines a principal H-bundle, ¢ = (G,7,G/H,H), where 7: G — G/H 1is the
canonical projection. Moreover, m is a submersion, which means that dm, is surjective for
all g € G (equivalently, the rank of dmy is constant and equal to dim G/H, for all g € G).

Now, if -: G x M — M is a smooth transitive action of a Lie group, G, on a manifold,
M, we know that the stabilizers, G, are all isomorphic and closed (see Section 2.5, Remark
after Theorem 2.26). Then, we can let H = GG, and apply Corollary 7.20 to get the following
result (mostly proved in in Brocker and tom Dieck [25] (Chapter I, Section 4):

Proposition 7.21 Let -: G x M — M be smooth transitive action of a Lie group, G, on a
manifold, M. Then, G/G, and M are diffeomorphic and G is the total space of a principal
bundle, £ = (G, m, M,G,), where G, is the stabilizer of any element x € M.

Thus, we finally see that homogeneous spaces induce principal bundles. Going back to
some of the examples of Section 2.2, we see that

(1) SO(n+ 1) is a principal SO(n)-bundle over the sphere S™ (for n > 0).

(2) SU(n+ 1) is a principal SU(n)-bundle over the sphere S?"*! (for n > 0).
(3) SL(2,R) is a principal SO(2)-bundle over the upper-half space, H.
(4)

4) GL(n,R) is a principal O(n)-bundle over the space SPD(n) of symmetric, positive
definite matrices.

(5) GL*(n,R), is a principal SO(n)-bundle over the space, SPD(n), of symmetric, posi-
tive definite matrices, with fibre SO(n).

(6) SO(n + 1) is a principal O(n)-bundle over the real projective space RP" (for n > 0).

(7) SU(n + 1) is a principal U(n)-bundle over the complex projective space CP" (for
n > 0).

(8) O(n) is a principal O(k) x O(n — k)-bundle over the Grassmannian, G(k,n).
(9) SO(n) is a principal S(O(k) x O(n — k))-bundle over the Grassmannian, G(k,n).

(10) From Section 2.5, we see that the Lorentz group, SOg(n,1), is a principal SO(n)-
bundle over the space, H, (1), consisting of one sheet of the hyperbolic paraboloid
H,(1).

Thus, we see that both SO(n+1) and SOg(n, 1) are principal SO(n)-bundles, the differ-
ence being that the base space for SO(n + 1) is the sphere, S™, which is compact, whereas
the base space for SOg(n, 1) is the (connected) surface, H; (1), which is not compact. Many
more examples can be given, for instance, see Arvanitoyeogos [8].



Chapter 8

Differential Forms

8.1 Differential Forms on Subsets of R”" and de Rham
Cohomology

The theory of differential forms is one of the main tools in geometry and topology. This
theory has a surprisingly large range of applications and it also provides a relatively easy
access to more advanced theories such as cohomology. For all these reasons, it is really an
indispensable theory and anyone with more than a passible interest in geometry should be
familiar with it.

The theory of differential forms was initiated by Poincaré and further elaborated by Elie
Cartan at the end of the nineteenth century. Differential forms have two main roles:

(1) Describe various systems of partial differential equations on manifolds.

(2) To define various geometric invariants reflecting the global structure of manifolds or
bundles. Such invariants are obtained by integrating certain differential forms.

As we will see shortly, as soon as one tries to define integration on higher-dimensional
objects, such as manifolds, one realizes that it is not functions that are integrated but instead,
differential forms. Furthermore, as by magic, the algebra of differential forms handles changes
of variables automatically and yields a neat form of “Stokes formula”.

Our goal is to define differential forms on manifolds but we begin with differential forms
on open subsets of R” in order to build up intuition.

Differential forms are smooth functions on open subset, U, of R", taking as values al-
ternating tensors in some exterior power, A”(R™)*. Recall from Sections 22.14 and 22.15,
in particular, Proposition 22.24, that for every finite-dimensional vector space, E, the iso-
morphisms, u: A"(E*) — Alt"(E;R), induced by the linear extensions of the maps given
by

pop A Ao ) (g, - ug) = det(ug(u;))

257
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yield a canonical isomorphism of algebras, u: A\(E*) — Alt(E), where

Alt(E) = 5 Alt™(E;R)

n>0

and where Alt"(F;R) is the vector space of alternating multilinear maps on R™. In view
of these isomorphisms, we will identify w and p(w) for any w € A\"(E*) and we will write
w(u, ..., u,) as an abbrevation for p(w)(u, ..., uy,).

Because Alt(R™) is an algebra under the wedge product, differential forms also have a
wedge product. However, the power of differential forms stems from the exterior differential,
d, which is a skew-symmetric version of the usual differentiation operator.

Definition 8.1 Given any open subset, U, of R", a smooth differential p-form on U, for
short, p-form on U, is any smooth function, w: U — AP(R™)*. The vector space of all
p-forms on U is denoted AP(U). The vector space, A*(U) = P, A"(U), is the set of
differential forms on U.

Observe that A°(U) = C*(U, R), the vector space of smooth functions on U and
ANU) = C>=(U, (R™)*), the set of smooth functions from U to the set of linear forms on R™.
Also, AP(U) = (0) for p > n.

Remark: The space, A*(U), is also denoted A®*(U). Other authors use 2(U) instead of
AP(U) but we prefer to reserve QP for holomorphic forms.

Recall from Section 22.12 that if (eq,...,e,) is any basis of R and (e7,...,e}) is its dual
basis, then the alternating tensors,

* % *
ep=¢€, N~ Ng

ip?

form basis of A"(R™)*, where I = {iy,...,i,} € {1,...,n}, with iy < --- < 4,. Thus, with
respect to the basis (ey,...,e,), every p-form, w, can be uniquely written

w(z) = fo(:v) e, N Nep = Z fr(x)er zeU,
T I

where each f; is a smooth function on U. For example, if U = R? — {0}, then

—Y * €z *
w(r,y) = mel m%
is a 2-form on U, (with e; = (1,0) and ey = (0, 1)).

We often write w, instead of w(x). Now, not only is A*(U) a vector space, it is also an
algebra.
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Definition 8.2 The wedge product on A*(U) is defined as follows: For all p,q > 0, the
wedge product, A: AP(U) x AYU) — APT(U), is given by

(wAN)(z) =w(x) An(z), xeU.

For example, if w and n are one-forms, then
(W A M)a(u,v) = we(u) Ane(v) = we(v) A1a(u).

For f € A%(U) = C*(U,R) and w € AP(U), we have f Aw = fw. Thus, the algebra,
A*(U), is also a C°°(U,R)-module,

Proposition 22.22 immediately yields

Proposition 8.1 For all forms w € AP(U) and n € AY(U), we have

nAw=(=1)"Mw An.

We now come to the crucial operation of exterior differentiation. First, recall that if
f: U — V is a smooth function from U C R" to a (finite-dimensional) normed vector space,
V, the derivative, f': U — Hom(R", V), of f (also denoted, Df) is a function where f’(x)
is a linear map, f'(x) € Hom(R", V'), for every z € U, and such that

— Of; .
f/(x)(ej) = Z ) (IE) U;, 1 <7 <n,
im1 9T
where (eq,...,e,) is the canonical basis of R™ and (uy,...,u,,) is a basis of V. The m x n
matrix,

Of;
(5%) ’

is the Jacobian matriz of f. We also write f/(u) for f'(z)(u). Observe that since a p-form
is a smooth map, w: U — AP(R™)*, its derivative is a map,

p

w': U — Hom(R", A\ (R")"),

such that o/, is a linear map from R™ to A"(R™)*, for every x € U. By the isomorphism,
AP (R™)* = AltP(R™; R), we can view w/, as a linear map, w,: R” — Alt?(R™;R), or equiva-
lently, as a multilinear form, w’: (R")P** — R, which is alternating in its last p arguments.
The exterior derivative, (dw),, is obtained by making w’ into an alternating map in all of
its p + 1 arguments.
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Definition 8.3 For every p > 0, the exterior differential, d: A?(U) — APT1(U), is given by

p+1
(dw)a(ur, o tupyr) = > (=1 W) (un, o Ty Upg),
i=1
for all w € AP(U) and all uy, ..., u,+1 € R", where the hat over the argument u; means that

it should be omitted.

One should check that (dw), is indeed alternating but this is easy. If necessary to avoid
confusion, we write d?: A?(U) — AP*(U) instead of d: AP(U) — APTH(U).

Remark: Definition 8.3 is the definition adopted by Cartan [29, 30]' and Madsen and
Tornehave [100]. Some authors use a different approach often using Propositions 8.2 and 8.3
as a starting point but we find the approach using Definition 8.3 more direct. Furthermore,
this approach extends immediately to the case of vector valued forms.

For any smooth function, f € A°(U) = C*(U,R), we get

dfo(u) = fr(u).

Therefore, for smooth functions, the exterior differential, df, coincides with the usual deriva-
tive, f' (we identify A'(R™)* and (R™)*). For any 1-form, w € AY(U), we have

dwy(u,v) = W (u)(v) — W (v)(w).
It follows that the map
(u,v) = W (u)(v)
is symmetric iff dw = 0.

For a concrete example of exterior differentiation, if

-y * z *

€1 €9,
T2 + y2 2

w(z,y) = 2442

check that dw = 0.

The following observation is quite trivial but it will simplify notation: On R", we have
the projection function, pr;: R — R, with pr;(uy,...,u,) = u;. Note that pr; = e}, where
(é1,...,e,) is the canonical basis of R". Let z;: U — R be the restriction of pr; to U. Then,
note that x} is the constant map given by

xi(x) = pry, zel.

'We warn the reader that a few typos have crept up in the English translation, Cartan [30], of the orginal
version Cartan [29].
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It follows that dx; = z is the constant function with value pr; = ef. Now, since every p-form,
w, can be uniquely expressed as

Wy = Zf[(x) e N Nep = Z fr(z)er, zeU,
I I

using Definition 8.2, we see immediately that w can be uniquely written in the form

w :fo(x) dl’il /\"'/\d.flfip, (*)
I

where the f; are smooth functions on U.
Observe that for f € A°(U) = C*(U,R), we have

df, = i of (x)e; and df = i g—xf dx;.
i=1 "

i=1 Oz;

Proposition 8.2 For every p form, w € AP(U), with w = fdx; N--- Ndx,,, we have
dw = df Ndx;; N+ Ndzxy,.
Proof . Recall that w, = fej A---Aej = fe], so

wy(u) = fr(u)er = dfo(u)e;
and by Definition 8.3, we get

p+1

dwy(ur, . upn) = Y (=17 dfawi)er (ur, o Ty up) = (dfa A€l (un, - ),

i=1
where the last equation is an instance of the equation stated just before Proposition 22.24.

O
We can now prove
Proposition 8.3 For allw € AP(U) and all n € AYU),
dlwAn) =dwAn+(—1)Pw Adn.
Proof. In view of the unique representation, (%), it is enough to prove the proposition when
w = fe} and n = geY. In this case, as w An = fgej A e, by Proposition 8.2, we have
dwAn) = d(fg) NepAej
= ((df)g + f(dg)) Ner Nej
= (df)ger Nej+ fldg) Nep Nej
= (df)er ANges+ (=1)"f Nep Al(dg) Ae
= dwAn+ (—1)Pw Adn,
as claimed. O

We say that d is an anti-derivation of degree —1. Finally, here is the crucial and almost
magical property of d:
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Proposition 8.4 For every p > 0, the composition AP(U) — APHL(U) - APF2(U) is
identically zero, that 1s,
dod=0,

or, using superscripts, dP** o dP = 0.

Proof. It is enough to prove the proposition when w = fej. We have

9 %)
dwx:dfx/\@:a—i(gj)e’{Ae§+...+axf

(x) ey Nej.

n
Asej Nej = —ej Nej and ef ANef =0, we get

(dod)w = (x)e; NeiNel
=1 8%8% J

an 02f . ) )

i<j

since partial derivatives commute (as f is smooth).

Propositions 8.2, 8.3 and 8.4 can be summarized by saying that A*(U) together with the
product, A, and the differential, d, is a differential graded algebra. As A*(U)) = D, A (U)
and d?: AP(U) — APT1(U), we can view d = (dP) as a linear map, d: A*(U) — A*(U), such
that

dod=0.

The diagram
AU) = ANU) = o AHU) 5 A(U) =5 APU) — -

is called the de Rham complex of U. It is a cochain complez.

Let us consider one more example. Assume n = 3 and consider any function, f € A°(U).

We have o/ of of
and the vector
of of of
ox’ Oy 0Oz

is the gradient of f. Next, let
w = Pdr 4+ Qdy + Rdz

be a 1-form on some open, U C R3. An easy calculation yields

_(OR  0Q oP OR 0Q 0P
dw-(ay 8z>dy/\dz+(8z 8x)dz/\dx+(ax ay)dw/\dy.
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The vector field given by
OR 0Q 9P OR 0Q 0P

oy 8z 8z 0Oz dxr Oy
is the curl of the vector field given by (P, @, R). Now, if
n = Ady Ndz + Bdz N\ dx + Cdx N\ dy

is a 2-form on R3, we get

0A 0B 0C
dn = (%—I—a_y—'—a) dr Ndy Ndz.

The real number,

0A N 0B N oC
or Oy 0z
is called the divergence of the vector field (A, B, C'). When is there a smooth field, (P, Q, R),

whose curl is given by a prescribed smooth field, (A4, B,C)? Equivalently, when is there a
1-form, w = Pdx + Qdy + Rdz, such that

dw=mn= Ady Ndz + Bdz A\ dx + Cdx A dy?

By Proposition 8.4, it is necessary that dn = 0, that is, that (A, B, ') has zero divergence.
However, this condition is not sufficient in general; it depends on the topology of U. If U is
star-like, Poincaré’s Lemma (to be considered shortly) says that this condition is sufficient.

Definition 8.4 A differential form, w, is closed iff dw = 0, ezact iff w = dn, for some
differential form, . For every p > 0, let

ZP(U) = {w € AP(U) | dw = 0} = Kerd: A?(U) — APTH(U),
be the vector space of closed p-forms, also called p-cocycles and for every p > 1, let
Br(U)={we A(U) | In € A (U), w=dn} =Imd: A (U) — AP(U),

be the vector space of exact p-forms, also called p-coboundaries. Set B°(U) = (0). Forms in
AP(U) are also called p-cochains. As BP(U) C ZP(U) (by Proposition 8.4), for every p > 0,
we define the pt" de Rham cohomology group of U as the quotient space

Hpgp(U) = Z°(U)/B"(U).

An element of HYz(U) is called a cohomology class and is denoted [w], where w € ZP(U) is a
cocycle. The real vector space, Hpg (U) = €D,5o Hpr(U), is called the de Rham cohomology
algebra of U.
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We often drop the subscript pr and write HP(U) for Hfg (U) (resp. H*(U) for Hyr(U))
when no confusion arises. Proposition 8.4 shows that every exact form is closed but the
converse is false in general. Measuring the extent to which closed forms are not exact is the
object of de Rham cohomology. For example, if we consider the form

Y _de+ -2y,

on U = R? — {0}, we have dw = 0. Yet, it is not hard to show (using integration, see Madsen
and Tornehave [100], Chapter 1) that there is no smooth function, f, on U such that df = w.
Thus, w is a closed form which is not exact. This is because U is punctured.

Observe that HY(U) = Z°(U) = {f € C=(U,R) | df = 0}, that is, H°(U) is the space of
locally constant functions on U, equivalently, the space of functions that are constant on the
connected components of U. Thus, the cardinality of H°(U) gives the number of connected
components of U. For a large class of open sets (for example, open sets that can be covered
by finitely many convex sets), the cohomology groups, H?(U), are finite dimensional.

Going back to Definition 8.4, we define the vector spaces Z*(U) and B*(U) by

7'(U) =P z°(U) and B*(U) =D B (U).

p=>0 p=0

Now, A*(U) is a graded algebra with multiplication, A. Observe that Z*(U) is a subalgebra
of A*(U), since
dlwAn)=dwAn+ (—1)Pw A dn,

so dw = 0 and dn = 0 implies d(w A ) = 0. Furthermore, B*(U) is an ideal in Z*(U),
because if w = dn and dr = 0, then

dint) =dn A7+ (=1D)P'pAdr =w AT,

with n € AP~1(U). Therefore, Hhr = Z*(U)/B*(U) inherits a graded algebra structure from
A*(U). Explicitly, the multiplication in HYy is given by

[wl ] = lw An.

It turns out that Propositions 8.3 and 8.4 together with the fact that d coincides with
the derivative on A°(U) characterize the differential, d.

Theorem 8.5 There is a unique linear map, d: A*(U) — A*(U), with d = (d?) and
d?: AP(U) — APYY(U) for every p > 0, such that

(1) df = f', for every f € A°(U) = C>(U,R).
(2) dod = 0.
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(3) For every w € AP(U) and every n € AY(U),

dlwAn) =dwAn+(—1)Pw Adn.

Proof. Existence has already been shown so we only have to prove uniqueness. Let § be
another linear map satisfying (1)—(3). By (1), df = 6f = f/, if f € A°(U). In particular,
this hold when f = x;, with x;: U — R the restriction of pr; to U. In this case, we know
that dz; = e, the constant function, e} = pr;. By (2), def = 0. Using (3), we get dej = 0,
for every nonempty subset I C {1,...,n}. If w = fe}, by (3), we get

w=0f Nej+fANde;=0f Nep =df Nej = dw.

Finally, since every differential form is a linear combination of special forms, f;e}, we conclude

that 0 =d. O

We now consider the action of smooth maps, ¢: U — U’, on differential forms in A*(U").
We will see that ¢ induces a map from A*(U’) to A*(U) called a pull-back map. This
correspond to a change of variables.

Recall Proposition 22.21 which states that if f: F — F' is any linear map between two
finite-dimensional vector spaces, E and F', then

,u((/p\fT>(w)>(u1,...,up) = p(w)(f(ur), ..., fluy)), wE ;\F*, Uy ... up € E.

We apply this proposition with £ =R", FF=R™, and f = ¢! (x € U), and get

i((ANEDT) @) (o) = i) Gl o)), 0 € A(V), € B

This gives us the behavior of AP(¢”)" under the identification of AP(R)* and Alt"(R"; R) via
the isomorphism p. Consequently, denoting A?(".) " by ¢*, we make the following definition:

Definition 8.5 Let U C R”™ and V C R™ be two open subsets. For every smooth map,
p: U —V, for every p > 0, we define the map, ¢*: A?(V) — AP(U), by

w*(w)w(ulv s 7up> = w@(z)(QO;(ln), ce 790;(up))7
for all w € AP(V), all z € U and all uy,...,u, € R". We say that ¢*(w) (for short, ¢*w) is
the pull-back of w by .

As ¢ is smooth, p*w is a smooth p-form on U. The maps ¢*: A?(V) — AP(U) induce a
map also denoted ¢*: A*(V) — A*(U). Using the chain rule, we check immediately that

id* = id,
(Yop) = ¢ oyt
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As an example, consider the constant form, w = ef. We claim that ¢p*e; = dy;, where
p; = pri o p. Indeed,

(e7e))z(u) = €i(gy(u))

For another example, assume U and V are open subsets of R", w = fdzi A--- Adx,, and
write x = ¢(y), with & coordinates on V' and y coordinates on U. Then

(p*w)y = flp(y)) det (g(’;; (y)> dyr N+ Ndyp = f(o(y)J(0)y dyr A -+ A dyp,

where

J(p)y = det (gfj (y))

is the Jacobian of p at y € U.

Proposition 8.6 Let U C R"™ and V C R™ be two open sets and let ¢: U — V be a smooth
map. Then

(1) *(wAn) =@ wAe'n, for allwe AP(V) and alln € AYV).
(i) ¢*(f) = f o, forall f € A(V).

(117) do*(w) = ¢*(dw), for all w € AP(V), that is, the following diagram commutes for all
p=0:

A(V) —E s AP(U)

| Jo

APV £ AP,

Proof. We leave the proof of (i) and (ii) as an exercise (or see Madsen and Tornehave [100],
Chapter 3). First, we prove (iii) in the case w € A°(V). Using (i) and (ii) and the calculation
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just before Proposition 8.6, we have

) = o (35) neten

1 al‘k
o of ) ( e )
= — O /\ _— 1
R (0 (2)-
1 =1 a]?k 8@ !
_ (3 (2L, %)
(%k 6a:l !
=1 k=

= d(f o) =d(¥"(f))-
For the case where w = fej], we know that dw = df A ej. We claim that
de*(e7) = 0.
This is because

dp*(er) = d(@™(ef) N~ Ng'(e,))

= D (=DM (e ) A Ad(pt(e]) A Agt(e])
since p*(e; ) = dy;, and d o d = 0. Consequently,

d(e™(f) Np*(e7)) = d(¥™ f) N p™(e]).

=0,

Then, we have

o (dw) = @ (df) A @™ (e1) = d(" ) A" (e7) = d(e*(f) Np*(er)) = d(@™(fer)) = d(p*w).
Since every differential form is a linear combination of special forms, fej, we are done. [J

The fact that d and pull-back commutes is an important fact: It allows us to show that a
map, ¢: U — V, induces a map, H*(¢): H*(V) — H*(U), on cohomology and it is crucial
in generalizing the exterior differential to manifolds.

To a smooth map, ¢: U — V, we associate the map, H?(y): H?(V) — HP(U), given by

H?(p)([w]) = [#"(w)].

This map is well defined because if we pick any representative, w + dn in the cohomology
class, [w], specified by the closed form, w, then

de*w = @ dw =0
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so w*w is closed and

P (w A+ dn) = oo+ " (dn) = o+ de™,
so HP(p)([w]) is well defined. It is also clear that

H" (@) ([w][n]) = H? (@) (W) H () ([n]),

which means that H*(y) is a homomorphism of graded algebras. We often denote H*(yp)
again by ¢*.

We conclude this section by stating without proof an important result known as the
Poincaré Lemma. Recall that a subset, S C R" is star-shaped iff there is some point, ¢ € 9,
such that for every point, x € S, the closed line segment, [c, x], joining ¢ and z is entirely
contained in S.

Theorem 8.7 (Poincaré’s Lemma) If U C R™ is any star-shaped open set, then we have
H?(U) = (0) for p > 0 and H°(U) = R. Thus, for every p > 1, every closed form w € AP(U)

1s exact.

Proof. Pick ¢ so that U is star-shaped w.r.t. ¢ and let g: U — U be the constant function
with value c. Then, we see that

“ 0 ifwe A(U), with p > 1,
IY =V w(e) ifwe AU),

where w(c) denotes the constant function with value w(c). The trick is to find a family of
linear maps, h?: AP(U) — AP~ (U), for p > 1, with h° = 0, such that

doh? + W lod=id—g¢*, p>0

called a chain homotopy. Indeed, if w € AP(U) is closed and p > 1, we get dh’w = w, so w is
exact and if p = 0, we get hldw = 0 = w — w(c), so w is constant. It remains to find the AP,
which is not obvious. A construction of these maps can be found in Madsen and Tornehave
[100] (Chapter 3), Warner [145] (Chapter 4), Cartan [30] (Section 2) Morita [112] (Chapter
3). O

In Section 8.2, we promote differential forms to manifolds. As preparation, note that
every open subset, U C R", is a manifold and that for every x € U the tangent space, T,.U,
to U at x is canonically isomorphic to R”. It follows that the tangent bundle, TU, and the
cotangent bundle, T*U, are trivial, namely, TU = U x R" and T*U = U x (R™)*, so the
bundle,

p p
NTU=Ux AR,
is also trivial. Consequently, we can view AP(U) as the set of smooth sections of the vector

bundle, A” T*(U). The generalization to manifolds is then to define the space of differential
p-forms on a manifold, M, as the space of smooth sections of the bundle, A” T*M.
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8.2 Differential Forms on Manifolds

Let M be any smooth manifold of dimension n. We define the vector bundle, A T*M, as

the direct sum bundle,
n p
AT =@ AT
p=0

see Section 7.3 for details.

Definition 8.6 Let M be any smooth manifold of dimension n. The set, AP(M), of smooth
differential p-forms on M is the set of smooth sections, I'(M, AP T* M), of the bundle A” T* M
and the set, A*(M), of all smooth differential forms on M is the set of smooth sections,
['(M, \NT*M), of the bundle A\ T*M.

Observe that A°(M) = C*(M,R), the set of smooth functions on M, since the bundle
/\0 T*M is isomorphic to M x R and smooth sections of M x R are just graphs of smooth
functions on M. We also write C*°(M) for C*°(M,R). If w € A*(M), we often write w, for
w(x).

Definition 8.6 is quite abstract and it is important to get a more down-to-earth feeling by
taking a local view of differential forms, namely, with respect to a chart. So, let (U, ¢) be a
local chart on M, with ¢: U — R", and let z; = pr; o ¢, the ith local coordinate (1 <1i < n)
(see Section 3.2). Recall that by Proposition 3.4, for any p € U, the vectors

o 9
or;) "\ o, )

form a basis of the tangent space, T, M. Furthermore, by Proposition 3.9 and the discussion
following Proposition 3.8, the linear forms, (dx1)y, ..., (dr,), form a basis of T M, (where
(dx;),, the differential of x; at p, is identified with the linear form such that df,(v) = v(f),
for every smooth function f on U and every v € T,M). Consequently, locally on U, every
k-form, w € A*(M), can be written uniquely as

w=Y_ fidz, A+ Ndxy, =Y frdzy,  peU,
1 1

where I = {iy,...,ix} C {1,...,n}, with 4y < ... < iy and doxy = dx; A -+ A dzy,.
Furthermore, each f; is a smooth function on U.

Remark: We define the set of smooth (r,s)-tensor fields as the set, I'(M,T"*(M)), of
smooth sections of the tensor bundle T"*(M) = T®"M & (T*M)®*. Then, locally in a chart
(U, @), every tensor field w € I'(M,T™*(M)) can be written uniquely as

i O 0
w= ) [ (axh)@'“@(axi)®d$jl®"'®d%‘
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The operations on the algebra, A T*M, yield operations on differential forms using point-
wise definitions. If w,n € A*(M) and A € R, then for every z € M,

(w + n)m = W+
M)z = Awy
(WAN)e = Wi AN

Actually, it is necessary to check that the resulting forms are smooth but this is easily done
using charts. When, f € A°(M), we write fw instead of f Aw. It follows that A*(M) is a
graded real algebra and a C'*°(M)-module.

Proposition 8.1 generalizes immediately to manifolds.
Proposition 8.8 For all forms w € A"(M) and n € A*(M), we have
nAw=(—=1)"MwAn.
For any smooth map, ¢: M — N, between two manifolds, M and N, we have the

differential map, dp: TM — TN, also a smooth map and, for every p € M, the map
de,: T,M — T )N is linear. As in Section 8.1, Proposition 22.21 gives us the formula

u((/k\wgopf) (o)) (1, - 0) = p@p) (dipylun), - i), w € AF(N),

for all uy, ..., uz € T,M. This gives us the behavior of A*(dg,)™ under the identification of
/\k Ty M and AItM(T, »M;R) via the isomorphism p. Here is the extension of Definition 8.5
to differential forms on a manifold.

Definition 8.7 For any smooth map, ¢: M — N, between two smooth manifolds, M and
N, for every k > 0, we define the map, ¢*: A¥(N) — A¥(M), by
P (Wlp(un, - u) = W) (dpp(u), -+ dipy(ur)),

for all w € A*(N), all p € M, and all uy,...,ux € T,M. We say that ¢*(w) (for short, ¢*w)
is the pull-back of w by .

The maps ¢*: A*(N) — A*(M) induce a map also denoted ¢*: A*(N) — A*(M). Using
the chain rule, we check immediately that

id* = id,
(Yop)' = @ oy

We need to check that ¢*w is smooth and for this, it is enough to check it locally on a
chart, (U, ). On U, we know that w € A*(M) can be written uniquely as

w=Y_ fidz, A+ Adxy,,  peU,
I
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with f; smooth and it is easy to see (using the definition) that
p'w="> (frop)d(wi op) A Nd(x;, o),
I

which is smooth.

Remark: The fact that the pull-back of differential forms makes sense for arbitrary smooth
maps, ¢: M — N, and not just diffeomorphisms is a major technical superiority of forms
over vector fields.

The next step is to define d on A*(M). There are several ways to proceed but since
we already considered the special case where M is an open subset of R", we proceed using
charts.

Given a smooth manifold, M, of dimension n, let (U, ) be any chart on M. For any
w € A¥(M) and any p € U, define (dw), as follows: If k = 0, that is, w € C®°(M), let

(dw), = dw,, the differential of w at p

and if £ > 1, let
(dw)p =" (d((@_l)*w)cﬂ(p))

where d is the exterior differential on A*(p(U)). More explicitly, (dw), is given by

p7

(dw)p(ulv cee ,Uk-i-l) = d((90_1>*w)90(10)(d90p(u1)7 cee 7d90p(uk+1))7

for every p € U and all uy, ..., upy1 € T,M. Observe that the above formula is still valid
when k& = 0 if we interpret the symbold d in d((¢™")*w),) = d(wop ™), as the differential.

Since ¢~ ': p(U) — U is map whose domain is an open subset, W = ¢(U), of R", the
form (¢~ !)*w is a differential form in A*(W), so d((¢ !)*w) is well-defined. We need to
check that this definition does not depend on the chart, (U, ¢). For any other chart, (V, ),
with U NV # 0, the map 0 = ¢ o o~ ! is a diffeomorphism between the two open subsets,
e(UNV)and p(UNV), and p = 0o p. Let x = ¢(p). We need to check that

(™) w)aldipp(ua), ., deop(urs)) = d((¥ ™) w)a(dipy(un), -, difp(ursr)),

for every p e UNV and all uy, ..., ux1 € T,M. However,

(W) W) e (diby(ur), - . s diby(upsr)) = d((@ 0071 W) (d(0 0 @), (wr), . .., d(0 0 p)p(urs1)),

and since

and, by Proposition 8.6 (iii),

d(((071) 0 (™) )w) = d((07) (™) 'w)) = (071)"(d((¢~")'w)),
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and then

(07 (d((0™") ' w))otw) (d(0 0 P)p(ur), ..., (6 0 )p(urs1))
= d((¢™") w)a (0o (d(0 0 ©)p(u1)), - - (Ao (d(O © @)y (un11)))-

As (d07 1)) (d(0 0 p)p(ur)) = d(6 0 (0 0 ¢))p(w;) = dp(u;), by the chain rule, we obtain

A7) w)a(dp(u), .., difp(ursr)) = d((07") w)a(dipp(ua), -, dipp(urin)),

as desired.

Observe that (dw), is smooth on U and as our definition of (dw), does not depend on
the choice of a chart, the forms (dw) | U agree on overlaps and yield a differential form, dw,
defined on the whole of M. Thus, we can make the following definition:

Definition 8.8 If M is any smooth manifold, there is a linear map, d: A*(M) — A*1(M),
for every k > 0, such that, for every w € A¥(M), for every chart, (U, ¢), for every p € U, if
k =0, that is, w € C*(M), then

(dw), = dw,, the differential of w at p,

else if &k > 1, then
(dw)p = ¢* (d((w_l)*w)w(p))

where d is the exterior differential on A*(,p(U)) from Definition 8.3. We obtain a linar map,
d: A*(M) — A*(M), called exterior differentiation.

p’

Propositions 8.3, 8.4 and 8.6 generalize to manifolds.

Proposition 8.9 Let M and N be smooth manifolds and let p: M — N be a smooth map.
(1) For allw € A"(M) and alln € A*(M),

dlwAn)=dwAn+(—1)"wAdn.

(2) For every k > 0, the composition A*(M) —% AF1(M) - AF2(M) is identically
zero, that is,
dod=0.

(3) p*(wAnN) =¢*wAe'n, for allw e A" (N) and all n € A*(N).
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(4) ¢*(f) = fo, for all f € A°(N).

(5) dp*(w) = ¢*(dw), for all w € A*(N), that is, the following diagram commutes for all
k>0:

AH(N) s (M)
Ak+1(N)L*> ARHL(M).

Proof . 1t is enough to prove these properties in a chart, (U, ), which is easy. We only check
(2). We have

(d(dw)), = d(e*(d((¢™")w))),
* (SO* (d((¢_1)*w>))¢(p)]p

Yw)) )

*

[d(so‘l)
atace

= ¢

p

I
RS

Y

o,

as (p~ 1) op* = (poyp™)* =id" =id and dod = 0 on forms in A*(p(U)), with ¢(U) C R™.

O

As a consequence, Definition 8.4 of the de Rham cohomology generalizes to manifolds.
For every manifold, M, we have the de Rham complex,

AO(M) s AN M) — - — A (M) =5 AR(M) S A (M) — -

and we can define the cohomology groups, HEg (M), and the graded cohomology algebra,
HYR(M). For every k > 0, let

ZHM) = {w e A¥(M) | dw = 0} = Kerd: A¥(M) — AFTH(M),
be the vector space of closed k-forms and for every k > 1, let
BY(M) = {w e A*(M) | 3n € A Y (M), w=dn} =Tmd: A& (M) — A¥(M),

be the vector space of exact k-forms and set BY(M) = (0). Then, for every k > 0, we define
the k™ de Rham cohomology group of M as the quotient space

Hpy (M) = Z*(M)/B*(M).

The real vector space, Hg (M) = @,5o Hhr (M), is called the de Rham cohomology algebra
of M. We often drop the subscript, pr, when no confusion arises. Every smooth map,
¢: M — N, between two manifolds induces an algebra map, ¢*: H*(N) — H*(M).

Another important property of the exterior differential is that it is a local operator, which
means that the value of dw at p only depends of the values of w near p. More precisely, we
have



274 CHAPTER 8. DIFFERENTIAL FORMS

Proposition 8.10 Let M be a smooth manifold. For every open subset, U C M, for any
two differential forms, w,n € A*(M), ifw [ U =mn U, then (dw) [ U = (dn) | U.

Proof. By linearity, it is enough to show that if w [ U = 0, then (dw) [ U = 0. The crucial
ingredient is the existence of “bump functions”. By Proposition 3.24 applied to the constant
function with value 1, for every p € U, there some open subset, V' C U, containing p and a
smooth function, f: M — R, such that supp f C U and f =1 on V. Consequently, fw is a
smooth differential form which is identically zero and by Proposition 8.9 (1),

d(fw)=df Nw+ fdw,
which, evaluated ap p, yields
0=0Aw,+ ldw,,
that is, dw, = 0, as claimed. [

As in the case of differential forms on R", the operator d is uniquely determined by the
properties of Theorem 8.5.

Theorem 8.11 Let M be a smooth manifold. There is a unique local linear map,
d: A*(M) — A*(M), with d = (d*) and d*: A*(M) — AFL(M) for every k > 0, such that

(1) (df), = df,, where df, is the differential of f at p € M, for every
feA(M)=C>®(M).

(2) dod = 0.

(3) For every w € A"(M) and every n € A*(M),

dlwAn)=dwAn+(=1)"wAdn.

Proof. Existence has already been established. It is enough to prove uniqueness locally. If
(U, ) is any chart and x; = pr; o ¢ are the corresponding local coordinate maps, we know
that every k-form, w € A*(M), can be written uniquely as

w:Zfldxil/\---/\dxik peU.
I

Consequently, the proof of Theorem 8.5 will go through if we can show that ddx;, [ U = 0,

since then,
d(frdxy, N+ Ndzy, ) = dfy Ndx;, A -+ ANdx,.

The problem is that dz;, is only defined on U. However, using Proposition 3.24 again,
for every p € U, there some open subset, V C U, containing p and a smooth function,
J: M — R, such that supp f C U and f =1 on V. Then, fz;, is a smooth form defined on
M such that fz;, [ V =z [ V, so by Proposition 8.10 (applied twice),

0=dd(fz;,) |V = ddz;, | V,
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which concludes the proof. [J

Remark: A closer look at the proof of Theorem 8.11 shows that it is enough to assume
ddw = 0 on forms w € A°(M) = C>(M).

Smooth differential forms can also be defined in terms of alternating C'*°(M )-multilinear
maps on smooth vector fields. Let w € AP(M) be any smooth k-form on M. Then, w induces
an alternating multilinear map

w: X(M) x - xX(M) — C™(M)

(. /
v~
k

as follows: For any k smooth vector fields, Xi,..., X} € X(M),

w(X1, .., Xi)(p) = wp(X1(p), - -, Xk(p)).

This map is obviously alternating and R-linear, but it is also C°°(M)-linear, since for every

fe=(M),

WXty f X X)) (p) = wp(Xa(p), -, F(R)Xa(D), - -, Xi(p))
= fP)wp(Xi(p), ..., Xi(p), ..., Xi(p))
- (fw)p<X1(p)7'"7Xi(p)7"'an p))

(Recall, that the set of smooth vector fields, X(M), is a real vector space and a C*°(M)-
module.)

Interestingly, every alternating C'°°(M )-multilinear maps on smooth vector fields deter-
mines a differential form. This is because w(X7,..., X;)(p) only depends on the values of
Xq,..., X at p.

Proposition 8.12 Let M be a smooth manifold. For every k > 0, there is an isomor-
phism between the space of k-forms, A¥(M), and the space, Alt’éoo(M) (X(M)), of alternating
C*°(M)-multilinear maps on smooth vector fields. That is,

AF(M) 2 Altgoe py (X(M)),
viewed as C*°(M )-modules.

Proof. Let ®: X(M) x --- x X(M) — C>°(M) be an alternating C*°(M )-multilinear map.

J/

v~

k
First, we prove that for any vector fields Xi,..., Xy and Yi,...,Y}, for every p € M, if
Xi(p) =Yi(p), then
O(Xq,...,Xk)(p) = D(Y,...,Y)(p).
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Observe that
O(Xy,..., Xg) —P(Yy,...,Ye) = (X, -V, X, o, Xp) +O(V), Xy — Yo, X, .00, X5)
— +®(}/17}/2aX3_}/3a7Xk)+
= + (Y1, ..., Yo, Xpm1 — Vi1, Xi)
= ++(I)<}/laayk—lan_Yk)
As a consequence, it is enough to prove that if X;(p) = 0, for some 7, then

O(X1,..., X)(p) = 0.

Without loss of generality, assume i = 1. In any local chart, (U, ), near p, we can write

“ 0
X1 :Z;fiﬁ_ﬂfi’

and as X;(p) = 0, we have f;(p) =0, for i = 1,...,n. Since the expression on the right-hand
side is only defined on U, we extend it using Proposition 3.24, once again. There is some
open subset, V' C U, containing p and a smooth function, h: M — R, such that supph C U
and h =1 on V. Then, we let h; = hf;, a smooth function on M, Y; = ha%i, a smooth vector

field on M, and we have h; [V = f; [V and Y; |V = 8%1- I V. Now, it it obvious that

X1 =) hiYi+ (1-h")Xy,

i=1

so, as ® is C*°(M)-multilinear, h;(p) = 0 and h(p) = 1, we get

(X, Xoy ..o, Xi)(p) = ‘I)(Z hiYi+ (1= 1*) X1, X, ..., X3)(p)
i=1

n

= D BV, Xoy oo, Xi)(p) + (1= () D(X1, Xa, ., Xi)(p) = 0,

i=1
as claimed.

Next, we show that ® induces a smooth differential form. For every p € M, for any
uy,...,u, € T,M, we can pick smooth functions, f;, equal to 1 near p and 0 outside some
open near p so that we get smooth vector fields, X, ..., X, with Xx(p) = ug. We set

Wy, ..o u,) = O(X, ..., Xi)(p).

As we proved that ®(X,..., X)(p) only depends on Xi(p) = uy,..., Xp(p) = ug, the
function w, is well defined and it is easy to check that it is smooth. Therefore, the map,
® — w, just defined is indeed an isomorphism. [

Remarks:
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(1) The space, Homeoo (apy(X(M), C®(M)), of all C*°(M)-linear maps, X(M) — C°(M),
is also a C'°(M)-module called the dual of X(M) and sometimes denoted X*(M).
Proposition 8.12 shows that as C°°(M)-modules,

AY(M) = Homeee (1) (X(M),C(M)) = X*(M).

(2) A result analogous to Proposition 8.12 holds for tensor fields. Indeed, there is an
isomorphism between the set of tensor fields, I'(M,T™*(M)), and the set of C>°(M)-
multilinear maps,

O ANM) x - x ANM) x X(M) x -+ x X(M) — C®(M),

where A'(M) and X(M) are C°°(M)-modules.

Recall from Section 3.3 (Definition 3.15) that for any function, f € C*°(M), and every
vector field, X € X(M), the Lie derivative, X[f] (or X (f)) of f w.r.t. X is defined so that

X[flp = dfp(X(p)).

Also recall the notion of the Lie bracket, [X,Y], of two vector fields (see Definition 3.16).
The interpretation of differential forms as C°°(M)-multilinear forms given by Proposition
8.12 yields the following formula for (dw)(X1, ..., Xk+1), where the X; are vector fields:

Proposition 8.13 Let M be a smooth manifold. For every k-form, w € A*(M), we have

k+1
(dw)(Xh s 7Xk+1) = Z(_l)lile[w(Xlu s 7Xi7 s 7Xk+1)]
=1
+ > (D)X, X)L X X X X)),

1<J

for all vector fields, Xi,..., Xpi1 € X(M):

Proof sketch. First, one checks that the right-hand side of the formula in Proposition 8.13
is alternating and C°°(M)-multilinear. For this, use Proposition 3.13 (c). Consequently, by
Proposition 8.12, this expression defines a (k + 1)-form. Second, it is enough to check that
both sides of the equation agree on charts, (U, ¢). Then, we know that dw can be written
uniquely as

w = f[d[L'Z /\/\dl’z eU.
D Judz, .op
1

Also, as differential forms are C'°(M )-multilinear, it is enough to consider vector fields of

the form X; = aj . However, for such vector fields, [X;, X;] = 0, and then it is a simple

Ji
matter to check that the equation holds. For more details, see Morita [112] (Chapter 2). O
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In particular, when & = 1, Proposition 8.13 yields the often used formula:
dw(X,Y) = Xw(Y)] = Yw(X)] - w([X,Y]).

There are other ways of proving the formula of Proposition 8.13, for instance, using Lie
derivatives.

Before considering the Lie derivative of differential forms, Lxw, we define interior multi-
plication by a vector field, i(X)(w). We will see shortly that there is a relationship between
Lx, i(X) and d, known as Cartan’s Formula.

Definition 8.9 Let M be a smooth manifold. For every vector field, X € X(M), for all
k > 1, there is a linear map, i(X): A*(M) — A*1(M), defined so that, for all w € A*(M),
for all p € M, for all uy,...,up_y € T,M,

((X)w)p(ur, ... up—1) = wp(Xp, u, . .., ug—1).

Obviously, i(X) is C*°(M)-linear in X and it is easy to check that i(X)w is indeed a
smooth (k — 1)-form. When k = 0, we set i(X)w = 0. Observe that i(X)w is also given by

({(X)w)p = 1(Xp)wp, pE M,

where i(X,) is the interior product (or insertion operator) defined in Section 22.17 (with
i(X,)w, equal to our right hook, w, L X,). As a consequence, by Proposition 22.28, the
operator i(X) is an anti-derivation of degree —1, that is, we have

i(X)(wAn) = (((X)w) An+ (=1)"w A (@(X)n),

for all w € A"(M) and all n € A*(M).

Remark: Other authors, including Marsden, use a left hook instead of a right hook and
denote i(X)w as X Jw.

8.3 Lie Derivatives

We just saw in Section 8.2 that for any function, f € C*°(M), and every vector field,
X € X(M), the Lie derivative, X[f] (or X(f)) of f w.r.t. X is defined so that

X[f]p = dfp(Xp)'

Recall from Definition 3.24 and the observation immediately following it that for any mani-
fold, M, given any two vector fields, X, Y € X(M), the Lie derivative of X with respect to
Y is given by

(%Y), =Y, g
lim

(LY )y = Jimy ———= 5 (

o) |

t=0
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where @, is the local one-parameter group associated with X (@ is the global flow associated
with X, see Definition 3.23, Theorem 3.21 and the remarks following it) and ®; is the
pull-back of the diffeomorphism ®, (see Definition 3.17). Furthermore, recall that

LyY =[X,Y].

We claim that we also have

(@7 f)(p) — f(p)

= L@

=0
with @} f = f o ®; (as usual for functions).

Recall from Section 3.5 that if ® is the flow of X, then for every p € M, the map,
t — ®,(p), is an integral curve of X through p, that is

Oi(p) = X(Pi(p)),  Polp) =p,

in some open set containing p. In particular, (iDO(p) = X,. Then, we have

(@7 f)(p) — f(p) i £(2e(P) = f(®o(p))

lim —

t—0 t t—0 t
= Liron )
- 0 t\P

t=0

= dfp((bo(p)) = dfp(Xp) = Xp[f]-

We would like to define the Lie derivative of differential forms (and tensor fields). This
can be done algebraically or in terms of flows, the two approaches are equivalent but it seems
more natural to give a definition using flows.

Definition 8.10 Let M be a smooth manifold. For every vector field, X € X(M), for every
k-form, w € A*(M), the Lie derivative of w with respect to X, denoted Lxw is given by

Drw) —
T P (®1w)

p
t=0

where ®w is the pull-back of w along ®; (see Definition 8.7).
Obviously, Lx: A¥(M) — A¥(M) is a linear map but it has many other interesting

properties. We can also define the Lie derivative on tensor fields as a map,
Lx:T(M, T™*(M)) — T'(M, T"*(M)), by requiring that for any tensor field,

CJK:X1®"‘®Xr®W1®"'®Ws,
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where X; € X(M) and w; € A (M),
Qo= X;® - ®@PX, ®Pjw; ® -+ @ Pjwy,
where ®;.X; is the pull-back of the vector field, X;, and ®jw; is the pull-back of one-form,

wj, and then setting

oF —
lim w = i (@Ia)p

L = = .

So, as long we can define the “right” notion of pull-back, the formula giving the Lie derivative
of a function, a vector field, a differential form and more generally, a tensor field, is the same.

The Lie derivative of tensors is used in most areas of mechanics, for example in elasticity
(the rate of strain tensor) and in fluid dynamics.

We now state, mostly without proofs, a number of properties of Lie derivatives. Most
of these proofs are fairly straightforward computations, often tedious, and can be found in
most texts, including Warner [145], Morita [112] and Gallot, Hullin and Lafontaine [60].

Proposition 8.14 Let M be a smooth manifold. For every vector field, X € X(M), the
following properties hold:

(1) For allw € A"(M) and alln € A*(M),
Lx(wAn)=(Lxw)An+wA (Lxn),
that 1s, Lx s a derivation.

(2) For allw € A*(M), for all Yy, ..., Yy € X(M),

k
Lx(w(,...,Y3)) = (Lxw)(Y1,....Ya) + > _w(Vi,..., Vi, LxY;, Yiey, ... V).

i=1
(8) The Lie derivative commutes with d:

LXOd:dOLX-

Proof. We only prove (2). First, we claim that if ¢: M — M is a diffeomorphism, then for
every w € A¥(M), for all Xy,..., X € X(M),

(SO*WXXD Tt ’Xk) - 90*(w((90_1)*X17 R (Qp_l)*Xk))? (*)

where (o™1)* X is the pull-back of the vector field, X; (also equal to the push-forward, . X;,
of X;, see Definition 3.17). Recall that

(™)) = doy1) (Y1),
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for any vector field, Y. Then, for every p € M, we have

(P'w(Xy, ..., Xp)(p) = wwwﬂdwp( (D), - > dop(Xk(p)))
) (A1 () (X ( (s@(p )5 dp1 (o) (X (0™ (9(p))))
= wsop)((( ) Dty -5 (071" k) o(p))
««w)Xhum D Xk)) 0 @) (p)
= ¢ (W™ X1, (7)) X)) (D),

since for any function, g € C*°(M), we have ¢*g = go .

We know that

and for any vector field, Y,

[(X,Y], = (LxY), = lim

t——0

Since the one-parameter group associated with —X is ®_; (this follows from ®_; o &, = id),
we have

oY) —Y,
mnii%?—ﬁ:—myh

t—0

Now, using ®, ! = ®_, and (*), we have

(@) (Vs ..., Y3) —w(Yi, ..., Y3)

(LX(U)(}/la L ,Yk) - tlimo t
= 1m
t—0 t
oy B@(@I Y 90YE) = DWW, YE))
- t—0 t
+ 111110 q)?;(w(}/l,,yk)t)—w(}/l,,yk)
t—

we have
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As to A, we have

A = lim
t—0 t
d*.Y,,...,9*.Y) —w(Yy,....Y,
_ lim (I): (w( —t11, ) X _¢ k) w( 1, 5 k))
t—0 t
: * w<q)tt}/17 SRR (I)itYk) B w<}/17 q)it}/éu SRR q)itYk)
= lim ®;
t—s0 t
+t1im0 (I): <(JJ(}/1, ¢*—t}/27 sty q)*—tYk‘) —;U(Yi, }/27 q)*—t}/?n ey éitYk‘))

Yi,....Y.1,9*.Y) —w(Y:,... .Y
+ .- 4 lim @I (w( 1 sy Tp—1, % _4 k) w( 1, , k))
t—0 t
= Y w(W,... XY, V)
=1

When we add up A and B, we get

k
A+B = Xw®,. .. Y] =) wl,...,[X.Y],.. . V)
=1

= (Lxw)(Y1,...,Y%),

which finishes the proof. [J

Part (2) of Proposition 8.14 shows that the Lie derivative of a differential form can be
defined in terms of the Lie derivatives of functions and vector fields:

k
(LXW>(S/1a s 7Yk) = LX(W(}/la B 7Yk)) - Zw(ifb s aE—l?LX}/;7Y;+la s 7Yk’)
=1
k
- X[w(}/b .. 7Yk)] - Zw(}/la s 7)/1'—17 [Xa}/;]ayi—‘rl?' .. 7Yk>
=1

The following proposition is known as Cartan’s Formula:

Proposition 8.15 (Cartan’s Formula) Let M be a smooth manifold. For every vector field,
X € X(M), for every w € A¥(M), we have

Lxw =i(X)dw + d(i(X)w),

that is, Lx = i(X)od+doi(X).



8.3. LIE DERIVATIVES

283

Proof. If k = 0, then Lxf = X|[f] = df(X) for a function, f, and on the other hand,

i(X)f =0and i(X)df = df(X), so the equation holds. If £ > 1, then we have

(((X)dw) (X, ..., X)) = dw(X, X1, ..., X})

= X[w(Xp,.. ., X+ Y (D' Xifw(X, X1, Xo L X))
i=1
k; —_~
+ Z( ]') ([X7X] X17 7Xj7 7Xk)
j=1
+ ) (D)X XL X X X X
1<J
On the other hand,
k . —_~
(di(X)w) (X1, ... X)) = > ()7 Xw(X, X1, X5, X))
=1

+Z Z+J(.U X“X]Xh...,j(\i,...,Xj,...

1<j

Adding up these two equations, we get

((X)dw + di (X)) (X1, ..., Xi) = X[w(X1, ..., Xp)]

k
+Z<_1)1w([X7X1]7X1)7XZ77X]€>
=1
k
= Xw(Xy,.. =) w(Xy, XX X)) = (Dxw) (X
=1

as claimed. J

7Xk)a

The following proposition states more useful identities, some of which can be proved

using Cartan’s formula:

Proposition 8.16 Let M be a smooth manifold. For all vector fields, X,Y € X(M

w € A(M), we have
(1) Lyi(Y) —i(Y)Ly = i([X,Y]).
(2) LyLyw — LyLyw = Lixyw.
(3) Lyi(X)w = i(X)Lyw.
(1) Lixw = fLxw + df Ai(X)w, for all f € C=(M).

), for all
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(5) For any diffeomorphism, ¢: M — N, for all Z € X(N) and all 3 € A*(N),

@ Lz = Ly+z0" 3.

Finally, here is a proposition about the Lie derivative of tensor fields. Obviously, tensor
product and contraction of tensor fields are defined pointwise on fibres, that is

(@®B)y = @0

(cija)y = cijay,

for all p € M, where ¢; ; is the contraction operator of Definition 22.5.

Proposition 8.17 Let M be a smooth manifold. For every vector field, X € X(M), the
Lie derivative, Ly: T'(M,T**(M)) — T'(M,T**(M)), is the unique local linear operator
satisfying the following properties:

(1) Lxf = X[f] =df(X), for all f € C>®(M).
(2) LxY = [X,Y], for allY € X(M).

(3) Lx(a® () = (Lxa) ®@ B+ a® (Lx3), for all tensor fields, « € T'(M,T™**(M)) and
B el(M, T™>*2(M)), that is, Lx is a derivation.

(4) For all tensor fields « € T'(M,T"*(M)), with r,s > 0, for every contraction operator,

Ci,j7
Lx(cij(a)) = ¢ij(Lxa).

The proof of Proposition 8.17 can be found in Gallot, Hullin and Lafontaine [60] (Chapter
1). The following proposition is also useful:

Proposition 8.18 For every (0, q)-tensor, S € T'(M, (T*)®4(M)), we have
q
(LxS)(X1,..., X)) = X[S(X1,..., X)) = ) _S(Xy,..,[X,X],..., X,),
i=1
Jorall Xy,..., X, X € X(M).

There are situations in differential geometry where it is convenient to deal with differential
forms taking values in a vector space. This happens when we consider connections and the
curvature form on vector bundles and principal bundles and when we study Lie groups,
where differential forms valued in a Lie algebra occur naturally.
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8.4 Vector-Valued Differential Forms

Let us go back for a moment to differential forms defined on some open subset of R". In
Section 8.1, a differential form is defined as a smooth map, w: U — A”(R")*, and since we
have a canonical isomorphism,

p
w \RY) = AIP(R™; R),

such differential forms are real-valued. Now, let F' be any normed vector space, possibly
infinite dimensional. Then, Alt?(R™; F) is also a normed vector space and by Proposition
22.33, we have a canonical isomorphism

Ji% (;\(R”)*) ® F — AIP(R™; F).

Then, it is natural to define differential forms with values in F' as smooth maps,
w: U — AltP(R™; F'). Actually, we can even replace R™ with any normed vector space, even
infinite dimensional, as in Cartan [30], but we do not need such generality for our purposes.

Definition 8.11 Let F' by any normed vector space. Given any open subset, U, of R", a
smooth differential p-form on U with values in F', for short, p-form on U, is any smooth
function, w: U — Alt?(R"; F'). The vector space of all p-forms on U is denoted AP(U; F').
The vector space, A*(U; F) = €D, A?(U; F), is the set of differential forms on U with
values in F.

Observe that A°(U; F) = C°°(U, F), the vector space of smooth functions on U with
values in F' and A'(U; F') = C*(U,Hom(R", F)), the set of smooth functions from U to the
set of linear maps from R” to F. Also, AP(U; F) = (0) for p > n.

Of course, we would like to have a “good” notion of exterior differential and we would like
as many properties of “ordinary” differential forms as possible to remain valid. As will see in
our somewhat sketchy presentation, these goals can be achieved except for some properties
of the exterior product.

Using the isomorphism
p
T

and Proposition 22.34, we obtain a convenient expression for differential forms in A*(U; F').

*

If (e1,...,e,) is any basis of R" and (e},...,e") is its dual basis, then every differential

rn

p-form, w € AP(U; F'), can be written uniquely as

w(x):zele"-/\efp®f1(x):Ze?@f}(l‘) rel,

1 I
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where each f;: U — F'is a smooth function on U. By Proposition 22.35, the above property
can be restated as the fact every differential p-form, w € AP(U; F'), can be written uniquely
as

W<$>:Z€:IA"'A€:p-fI($), xeU.
I

where each f;: U — F is a smooth function on U.

As in Section 22.15 (following H. Cartan [30]) in order to define a multiplication on
differential forms we use a bilinear form, ®: F' x G — H. Then, we can define a multipli-

cation, Ag, directly on alternating multilinear maps as follows: For f € Alt™(R"; F') and
g € Alt"(R™; G),

(f /\q; g) (ul, Ce ,uern) = Z SgD(O’) (I)(f(ug(l), RN ,ug(m)), g(ua(m+1), R ,ug(m_,_n))),

oeshuffle(m,n)

where shuffle(m, n) consists of all (m, n)-“shuffles”, that is, permutations, o, of {1,...m+n},
such that o(1) < --- <o(m)and o(m+1) < --- < a(m+n).

Then, we obtain a multiplication,
Ne: AP(U; F) x AYU;G) — APTI(U; H),
defined so that, for any differential forms, w € A?(U; F) and n € AY(U; G),
(WA N)z = Wz Ao Nz xel.

In general, not much can be said about Ag unless ® has some additional properties. In
particular, Ag is generally not associative. In particular, there is no analog of Proposition 8.1.
For simplicity of notation, we write A for Ag. Using @, we can also define a multiplication,

AU F) x A(U;G) — AP(U; H),
given by
(w- Ha(ur, ... up) = Plwp(us, ..., up), f(x)),

for all z € U and all uy,...,u, € R". This multiplication will be used in the case where
F =R and G = H, to obtain a normal form for differential forms.

Generalizing d is no problem. Observe that since a differential p-form is a smooth map,
w: U — AItP(R™; F'), its derivative is a map,

w': U — Hom(R", AltP(R™; F)),

such that «/ is a linear map from R" to AIt’(R"; F'), for every x € U. We can view W/, as
a multilinear map, w’: (R")P*' — F which is alternating in its last p arguments. As in
Section 8.1, the exterior derivative, (dw),, is obtained by making w/, into an alternating map
in all of its p + 1 arguments.
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Definition 8.12 For every p > 0, the exterior differential, d: AP(U; F) — APTY(U; F), is
given by

p+1
(dw)a(tr, - ttpyr) = > (=1 W) (un, . iy Upg),
i=1
for all w € AP(U; F') and all uy, ..., u,41 € R"™, where the hat over the argument u; means

that it should be omitted.

For any smooth function, f € A(U; F) = C*(U, F), we get

dfo(u) = fr(u).

Therefore, for smooth functions, the exterior differential, df, coincides with the usual deriva-
tive, f’. The important observation following Definition 8.3 also applies here. If z;: U — R
is the restriction of pr; to U, then z} is the constant map given by

zi(x) = pry, x e U.

It follows that dz; = 2 is the constant function with value pr; = €. As a consequence, every
p-form, w, can be uniquely written as

Wy = Z dzi, N--- Ndz;, @ fr(z)
T

where each f;: U — F is a smooth function on U. Using the multiplication, -, induced by
the scalar multiplication in F' (®(X, f) = Af, with A € R and f € F), we see that every
p-form, w, can be uniquely written as

w:Zd:cil/\~-/\dq:ip~f1.
1

As for real-valued functions, for any f € A%(U; F) = C*(U, F), we have

and so,

In general, Proposition 8.3 fails unless F' is finite-dimensional (see below). However for
any arbitrary F', a weak form of Proposition 8.3 can be salvaged. Again, let ®: F x G — H
be a bilinear form, let -: A?(U; F) x A°(U;G) — AP(U; H) be as defined before Definition
8.12 and let Ag be the wedge product associated with ®. The following fact is proved in
Cartan [30] (Section 2.4):
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Proposition 8.19 For allw € A?(U; F) and all f € A°(U;G), we have

dw- f) = (dw) - f +w Ao df.

Fortunately, d o d still vanishes but this requires a completely different proof since we
can’t rely on Proposition 8.2 (see Cartan [30], Section 2.5). Similarly, Proposition 8.2 holds
but a different proof is needed.

Proposition 8.20 The composition AP(U; F) —%s AU F) -4 APT2(U; F) is identi-
cally zero for every p > 0, that is,
dod=0,

or using superscripts, dP** o dP = 0.
To generalize Proposition 8.2, we use Proposition 8.19 with the product, -, and the wedge

product, Ag, induced by the bilinear form, ®, given by scalar multiplication in F', that, is
SN\, f)=Af, forall A€ R and all f € F.

Proposition 8.21 For every p form, w € AP(U; F), with w = dx;; A\ --- Ndzx;, - f, we have
dw = d{Eil AN /\dl‘zp YA df,

where N is the usual wedge product on real-valued forms and Np is the wedge product asso-

ciated with scalar multiplication in F.

More explicitly, for every € U, for all uy,...,uy+1 € R", we have

p+1

(dwg)(u, .- tpr) = D (1) (dayy Ao Aday, o, T ) dfo ().

i=1

If we use the fact that

N of
df—;dxl P

we see easily that

dw = Zda:il A Ndxg, Ndwj - 8_%-’
j=1
the direct generalization of the real-valued case, except that the “coefficients” are functions
with values in F'.

The pull-back of forms in A*(V, F') is defined as before. Luckily, Proposition 8.6 holds
(see Cartan [30], Section 2.8).
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Proposition 8.22 Let U C R™ and V C R™ be two open sets and let p: U — V' be a smooth
map. Then

(i) o*(wAN) =@ w A p*n, for allw € AP(V; F) and alln € AY(V; F).
(i) o*(f) = foep, forall fe A(V; F).

(i17) do*(w) = ¢*(dw), for allw € AP(V; F), that is, the following diagram commutes for
all p > 0:

A(V; F) 5 AP(U; F)
d d

APV FY 2 At (U F).

Let us now consider the special case where F' has finite dimension m. Pick any basis,
(f1,-- fm), of F.. Then, as every differential p-form, w € AP(U; F'), can be written uniquely

1,
as

w(x):Zefl/\---/\e;‘p-fj(x), z e U
I

where each f;: U — F is a smooth function on U, by expressing the f; over the basis,

(f1,---, fm), we see that w can be written uniquely as
m
w=Y w-fi
i=1
where wy,...,w,, are smooth real-valued differential forms in A?(U;R) and we view f; as

the constant map with value f; from U to F. Then, as
wo(w) =Y (W (u)fi
i=1
for all u € R™, we see that

=1

Actually, because dw is defined independently of bases, the f; do not need to be linearly
independent; any choice of vectors and forms such that

k
i=1

will do.
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Given a bilinear map, ®: F'xG — H, a simple calculation shows that for allw € AP(U; F)
and all n € AP(U; G), we have

w/\qﬂ]—zzwz/\% fng)

=1 j=1

withw =>"" w;- f; and n = ZT:/1 nj-g;, where (f1,..., fn) is a basis of F and (g1, ..., gm)
is a basis of G. From this and Proposition 8.3, it follows that Proposition 8.3 holds for
finite-dimensional spaces.

Proposition 8.23 If F,G, H are finite dimensional and ®: F' x G — H s a bilinear map,
then For allw € AP(U; F) and alln € AY(U;G),

dw Ao n) =dwAhen+ (—1)Pw A dn.

On the negative side, in general, Proposition 8.1 still fails.

A special case of interest is the case where ' = G = H = g is a Lie algebra and
®(a,b) = [a,b], is the Lie bracket of g. In this case, using a basis, (f1,..., f.), of g if we

write w = > i fi and np =3, 3;f;, we have

n) = Zamﬁj[fi,fj],

where, for simplicity of notation, we dropped the subscript, ®, on [w, ] and the multiplication
sign, -. Let us figure out what |w,w] is for a one-form, w € A (U, g). By definition,

= sz Aw;jlfi, fil,
SO

[wv w] (u’ U) = Z(Wz N wj)(ua U)[fh f]]

= Z(wi(u)wj(v) — wi(v)w;(w))[fi, 5]
B Zwi(“)% Wi fi] = sz vjw;(lfi, ;]
= [Zw’<u)f’ — ij v j — Zwi v)fi — ij(u)f]]

w(u),w@)] = [w(v), w(u)]
= 2[w(u),w(v)].
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Therefore,

(w, w](u,v) = 2]w(u),w()].
Note that in general, [w, w]| # 0, because w is vector valued. Of course, for real-valued forms,
[w,w] = 0. Using the Jacobi identity of the Lie algebra, we easily find that

[[w, w],w] = 0.

The generalization of vector-valued differential forms to manifolds is no problem, except
that some results involving the wedge product fail for the same reason that they fail in the
case of forms on open subsets of R".

Given a smooth manifold, M, of dimension n and a vector space, I, the set, A*(M; F),
of differential k-forms on M with values in F' is the set of maps, p — w,, with

wp € (/\k T;M) ® F = Alt*(T,M; F), which vary smoothly in p € M. This means that the
map

b= wp(Xl(p)’ s 7Xk(p))

is smooth for all vector fields, Xi,..., X} € X(M). Using the operations on vector bundles
described in Section 7.3, we can define A*(M; F) as the set of smooth sections of the vector

bundle, (/\k T*M) ® e, that is, as

k
A F) =T((ANT'M) @ep).
where ep is the trivial vector bundle, ez = M x F. In view of Proposition 7.12 and since
D(er) = C(M; F) and A*(M) = r(/\’f T*M), we have

ARM; F) = P((/k\T*M)@eF)

k
= 1(A\T"M) @can Tler)
= AY(M) ®ceo(ary C(M; F)

k

N (C(TM))* @coar) C=(M; F)
Coo (M)

> At (ay (X(M); C(M; F)),
with all of the spaces viewed as C*°(M )-modules. Therefore,
AH(M; F) 2= A (M) @goe(ar) O (M F) 2 At 3y (X(M); C(M; F)),

which reduces to Proposition 8.12 when F' = R. The reader may want to carry out the
verification that the theory generalizes to manifolds on her/his own. In Section 11.1, we
will consider a generalization of the above situation where the trivial vector bundle, €, is
replaced by any vector bundle, £ = (E, 7, B, V'), and where M = B.

In the next section, we consider some properties of differential forms on Lie groups.

1%
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8.5 Differential Forms on Lie Groups and
Maurer-Cartan Forms

Given a Lie group, GG, we saw in Section 5.2 that the set of left-invariant vector fields on G
is isomorphic to the Lie algebra, g = TG, of G (where 1 denotes the identity element of G).
Recall that a vector field, X, on G is left-invariant iff

d(La)p(Xp) = Xro = Xab,
for all a,b € G. In particular, for b =1, we get
X, =d(La)1(Xy).

which shows that X is completely determined by its value at 1. The map, X — X (1), is an
isomorphism between left-invariant vector fields on GG and g.

The above suggests looking at left-invariant differential forms on G. We will see that the
set of left-invariant one-forms on G is isomorphic to g*, the dual of g, as a vector space.
Definition 8.13 Given a Lie group, G, a differential form, w € A*(G), is left-invariant iff

L'w=uw, for all a € G,

where L*w is the pull-back of w by L, (left multiplication by a). The left-invariant one-forms,
w € AY(G), are also called Maurer-Cartan forms.

For a one-form, w € A'(G), left-invariance means that
(Low)g(uw) = wr,g(d(La)gu) = wag(d(La)gu) = wy(u),
for all a,g € G and all u € T,G. For a = g~ ', we get

wg(u) = wi(d(Ly-1)gu) = wi (d(Lg_1>gu)7

which shows that w, is completely determined by its value at g = 1.

We claim that the map, w — wq, is an isomorphism between the set of left-invariant
one-forms on G and g*.

First, for any linear form, o € g*, the one-form, o, given by

ay(u) = a(d(Ly")gu)

g

is left-invariant, because

(Lhat)g(u) = apy(d(Ln)g(w)
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Second, we saw that for every one-form, w € A'(G),

wy(u) = wi(d(L,")gu),

g

so w; € g* is the unique element such that w = w, which shows that the map a — o is an
isomorphism whose inverse is the map, w — wy.

Now, since every left-invariant vector field is of the form X = u*, for some unique, u € g,
where u® is the vector field given by u”(a) = d(L,),u, and since

Wag(d(La)gu) = wy(uw),
for g =1, we get w,(d(L,)1u) = wy(u), that is
w(X)y = wi(u), acG,

which shows that w(X) is a constant function on G. It follows that for every vector field, Y,

(not necessarily left-invariant),
Y[w(X)] =0.

Recall that as a special case of Proposition 8.13, we have
dw(X,Y) = X[w(Y)] = Y[w(X)] = w([X, Y]).

Consequently, for all left-invariant vector fields, X, Y, on G, for every left-invariant one-form,
w, we have

dw(X,Y) = —w([X,Y]).

If we identify the set of left-invariant vector fields on G with g and the set of left-invariant
one-forms on G with g*, we have

dw(X,Y) = —w([X,Y])), weg, XY eg.
We summarize these facts in the following proposition:

Proposition 8.24 Let G be any Lie group.

(1) The set of left-invariant one-forms on G is isomorphic to g*, the dual of the Lie algebra,
g, of G, via the isomorphism, w — wy.

(2) For every left-invariant one form, w, and every left-invariant vector field, X, the value
of the function w(X) is constant and equal to wy(X7).

(3) If we identify the set of left-invariant vector fields on G with g and the set of left-
invariant one-forms on G with g*, then

dw(X,Y)=-w([X,Y]), weg, X, Yeg.
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Pick any basis, Xi,...,X,, of the Lie algebra, g, and let wy,...,w, be the dual basis of

g*. Then, there are some constants, cfj, such that

(X5, X5) =D X
k=1

The constants, cf;

k. k

As wi([Xp, Xg]) = ¢, and dw;(X,Y) = —w;([X,Y]), we have

are called the structure constants of the Lie algebra, g. Observe that

D s AenlXp, Xg) = D el (Xp)eor(X) = ) (Xg)r(X,))

= Z Cé'kwj(Xp)Wk(Xq) - Z Cj'kwj(Xq)wk(Xp)

j7k j?k
Z Cj‘kwj (Xp)wi(Xq) + Z C?cjwj (Xq)wr (Xp)
Jk Jk

o i __o.d
= Cpg + Cpg = ZCp,q’

so we get the equations
1 .
dw; = —5 Z c}kwj A W,
j7k

known as the Maurer-Cartan equations.

These equations can be neatly described if we use differential forms valued in g. Let wyic
be the one-form given by

(wme)g(u) = d(L; 1) u, g€ G, ueT,G.

g

The same computation that showed that o is left-invariant if o € g shows that wyic is
left-invariant and, obviously, (wyc); = id.

Definition 8.14 Given any Lie group, G, the Maurer-Cartan form on G is the g-valued
differential 1-form, wyc € AY(G, g), given by

(WMC)g = d(L_;l)ga g €Gq.

Recall that for every g € G, conjugation by ¢ is the map given by a — gag™!, that is,
a+ (Lgo Ry~1)a, and the adjoint map, Ad(g): g — g, associated with g is the derivative of
Lyo Ry at 1, that is, we have

Ad(g)(u) = d(Lg o Ry-1)1(u), u€g.

Furthermore, it is obvious that L, and R;, commute.
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Proposition 8.25 Given any Lie group, G, for all g € G, the Maurer-Cartan form, wyc,
has the following properties:

(1) (wme)1 = idg.
(2) For all g € G,
R;WMC = Ad(g_l) o WwMC(C-
(3) The 2-form, dw € A*(G,g), satisfies the Maurer-Cartan equation,

1

dwyic = — 3 [wne, wmc)-

Proof. Property (1) is obvious.

(2) For simplicity of notation, if we write w = wyic, then

(Ryw)h = wngod(Ry)n
d( g )hg © d(Rg)n
d(Ly, hg JoR g)h
= d((Lh oL ) ° Rg)n
= d(L, o L," o Ry)y
= d(L,"o R o LyY),
= d(Ly10Ry)10d(L; ")
= Ad(g") owp,

as claimed.

(3) We can easily express wyic in terms of a basis of g. if Xi,..., X, is a basis of g and
Wi, - .. ,w, is the dual basis, then wyc(X;) = X;, for i = 1,...,7, so wyc is given by

wpe = w1 Xg + - Fwe X,

under the usual identification of left-invariant vector fields (resp. left-invariant one forms)
with elements of g (resp. elements of g*) and, for simplicity of notation, with the sign -
omitted between w; and X;. Using this expression for wyic, a simple computation shows that
the Maurer-Cartan equation is equivalent to

1

dwyic = —g[wMC,ch ;

as claimed. O

In the case of a matrix group, G C GL(n,R), it is easy to see that the Maurer-Cartan
form is given explicitly by
wae =g 'dg,  geG.
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Thus, it is a kind of logarithmic derivative of the identity. For n = 2, if we let
_ (o b

e 1 dda— Bdy  ddp — Bdo
ME™ a0 — By \—yda +ady —~df+ads)”

we get

Remarks:

(1) The quantity, dwyc + 3[wmc, wac] 18 the curvature of the connection wyc on G. The
Maurer-Cartan equation says that the curvature of the Maurer-Cartan connection is
zero. We also say that wyc is a flat connection.

(2) As dwyic = —%[ch,ch], we get

dlwnic, wme] =0,

which yields

[[wmc, wac), wme] = 0.

It is easy to show that the above expresses the Jacobi identity in g.

(3) As in the case of real-valued one-forms, for every left-invariant one-form, w € A(G, g),
we have

wy(u) = wl(d(Lg_l)gu) = wi ((wme)gu),

for all g € G and all u € T,G and where w;: g — g is a linear map. Consequently, there
is a bijection between the set of left-invariant one-forms in A'(G, g) and Hom(g, g).

(4) The Maurer-Cartan form can be used to define the Darboux derivative of a map,
f: M — G, where M is a manifold and G is a Lie group. The Darboux derivative of
f is the g-valued one-form, wy € A'(M, g), on M given by

wr = ffwmc.

Then, it can be shown that when M is connected, if f; and f; have the same Darboux
derivative, wy, = wy,, then fy = Lgo fi, for some g € G. Elie Cartan also characterized
which g-valued one-forms on M are Darboux derivatives (dw + 1w, w] = 0 must hold).
For more on Darboux derivatives, see Sharpe [137] (Chapter 3) and Malliavin [101]
(Chapter III).
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8.6 Volume Forms on Riemannian Manifolds and Lie
Groups

Recall from Section 7.4 that a smooth manifold, M, is a Riemannian manifold iff the vector
bundle, TM, has a Euclidean metric. This means that there is a family, ((—, —),)pem, of
inner products on each tangent space, T, M, such that (—, —), depends smoothly on p, which
can be expessed by saying that that the maps

z— (do;(e), doy (€)1, T EQWU), 1<4,j<n

are smooth, for every chart, (U, ), of M, where (ey,...,e,) is the canonical basis of R". We
let

gi(x) = (dp; (i), dpz (e))) p1(a)
and we say that the n x n matrix, (g;;(x)), is the local expression of the Riemannian metric
on M at x in the coordinate patch, (U, ¢).

For orientability of manifolds, volume forms and related notions, please refer back to
Section 3.8. If a Riemannian manifold, M, is orientable, then there is a volume form on M
with some special properties.

Proposition 8.26 Let M be a Riemannian manifold with dim(M) = n. If M is orientable,
then there is a uniquely determined volume form, Voly;, on M with the following properties:

(1) For every p € M, for every positively oriented orthonormal basis (by,...,b,) of T,M,
we have
Volps(by, ..., b,) = 1.

(2) In every orientation preserving local chart, (U, ), we have

(o™ 1)*Volyy), = \/det(gii(q)) dzy A -+ A dy, q € pU).

Proof. (1) Say the orientation of M is given by w € A"(M). For any two positively oriented
orthonormal bases, (by,...,b,) and (b},...,t)), in T,,M, by expressing the second basis over

rrn

the first, there is an orthogonal matrix, C' = (c¢;;), so that

n

/ § :

bi = Cijbj-
J=1

We have
wp(by, ..., b)) = det(C)wy (b, . .., by),
and as these bases are positively oriented, we conclude that det(C') = 1 (as C' is orthogonal,
det(C) = £1). As a consequence, we have a well-defined function, p: M — R, with p(p) > 0
for all p € M, such that
p(p) = wp(blv s 7bn)>
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for every positively oriented orthonormal basis, (b1, ...,b,), of T,M. If we can show that p
is smooth, then Voly; = p~lw is the required volume form.

Let (U, ) be a positively oriented chart and consider the vector fields, X, on p(U) given
by
Xj() =deg (),  aq€p(U), 1<j<n.

Then, (Xi(q),...,X,(q)) is a positively oriented basis of T,-1(4. If we apply Gram-Schmidt
orthogonalization we get an upper triangular matrix, A(q) = (a;;(q)), of smooth functions
on ¢(U) with a;;(g) > 0 such that

bi(q) = Zaij<Q)Xj(Q)7 1<i<n,

and (b1(q),-..,bn(q)) is a positively oriented orthonormal basis of T,,-1(,). We have

ple™H(@) = weri(r(q);- - ba(q))
= det(A(q))wy-1(9)(X1(q); - - -, Xn(q))
= det(A(q))(cp_l)*wq(el, cey€n),

which shows that p is smooth.

(2) If we repeat the end of the proof with w = Voly;, then p = 1 on M and the above

formula yield
((go_l)*VolM)q = (det(A(q)))_ldml A ANdx,.

If we compute (b;(q), bi(q))p-1(q), We get

n n

Ok = (bi(), br(@)) 1) = DD aij(@)giu(@)an(q),

j=1 1=1

and so, I = A(q)G(q)A(q)", where G(q) = (gj(q)). Thus, (det(A(q)))*det(G(g)) = 1 and
since det(A(q)) =[], aii(q) > 0, we conclude that

(det(A(q))) ™" = 4/det(g;(q)),

which proves the formula in (2). O

We saw in Section 3.8 that a volume form, wy, on the sphere S® C R"*! is given by

(wo)p(ur, . .. up) = det(p, ug, . .. uy),

where p € S and uy, ... u, € T,5". To be more precise, we consider the n-form,
wo € A"(R™™1) given by the above formula. As

i

(wolp(er, v Giveenyenpr) = (1)1,



8.6. VOLUME FORMS ON RIEMANNIAN MANIFOLDS AND LIE GROUPS 299

where p = (p1,...,Pnr1), We have

n+1
(wo)p = Z(_l)iflpi dry A ANdzg A+ A dp.

=1

Let i: S — R™ be the inclusion map. For every p € S", and every basis, (uy,...,u,),
of T,5™, the (n + 1)-tuple (p,us,...,u,) is a basis of R™"! and so, (wg), # 0. Hence,
wo | S™ = i*wy is a volume form on S™. If we give S™ the Riemannian structure induced by
R™*!, then the discussion above shows that

Volgn = wy [ S™.

Let r: R*™ — {0} — S™ be the map given by
x
r(r) = —
]
and set
w = 1"Volgn,
a closed n-form on R"** — {0}. Clearly,
w [ S™ = Volgn.

Furthermore

We(Ut, .. Uy) = (Wo)r(a)(drz(ur), ..., dry(uy,))
= ||gz:||_1 det(z, dry(ur), ..., dry(uy,)).

We leave it as an exercise to prove that w is given by

n+1 -
Z(—l)z_ll’i d[El VAR dl‘z VANRIERWAN dl‘n—&—l-
i=1

1
Wy = ——
* = Tl
We know that there is a map, 7: S™ — RP", such that 7—!([p]) consist of two antipodal
points, for every [p] € RP". It can be shown that there is a volume form on RP" iff n is
even, in which case,
7 (VOlR[pm) = VO]Sn.
Thus, RP" is orientable iff n is even.

Let G be a Lie group of dimension n. For any basis, (w1, ...,w,), of the Lie algebra, g,
of G, we have the left-invariant one-forms defined by the w;, also denoted w;, and obviously,
(W1, ...,wy,) is a frame for TG. Therefore, w = wy; A -+ Aw, is an n-form on G that is never
zero, that is, a volume form. Since pull-back commutes with A, the n-form w is left-invariant.
We summarize this as

Proposition 8.27 Every Lie group, G, possesses a left-invariant volume form. Therefore,
every Lie group is orientable.
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Chapter 9

Integration on Manifolds

9.1 Integration in R"

As we said in Section 8.1, one of the raison d’étre for differential forms is that they are the
objects that can be integrated on manifolds. We will be integrating differential forms that
are at least continuous (in most cases, smooth) and with compact support. In the case of
forms, w, on R™, this means that the closure of the set, {x € R | w, # 0}, is compact.
Similarly, for a form, w € A*(M), where M is a manifod, the support, supp,,(w), of w is the
closure of the set, {p € M | w, # 0}. We let A*(M) denote the set of differential forms with
compact support on M. If M is a smooth manifold of dimension n, our ultimate goal is to
define a linear operator,

| saran —r,
M
which generalizes in a natural way the usual integral on R".
In this section, we assume that M = R", or some open subset of R”. Now, every n-form
(with compact support) on R" is given by
wy = f(x)dxy A+ Adxy,

where f is a smooth function with compact support. Thus, we set

/ w= f(x)dzy - - - dz,,
n R'"/

where the expression on the right-hand side is the usual Riemann integral of f on R™.
Actually, we will need to integrate smooth forms, w € A?(U), with compact support defined
on some open subset, U C R" (with supp(w) C U). However, this is no problem since we
still have

we = f(x)dxy A+ Ndzy,

where f: U — R is a smooth function with compact support contained in U and f can be
smoothly extended to R™ by setting it to 0 on R™ —supp(f). We write fv w for this integral.

301
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It is crucial for the generalization of the integral to manifolds to see what the change of
variable formula looks like in terms of differential forms.

Proposition 9.1 Let o: U — V be a diffeomorphism between two open subsets of R™. If the
Jacobian determinant, J(¢)(x), has a constant sign, § = £1 on U, then for everyw € AZ(V),

we have
/gp*w:d/w.
U 1%

Proof. We know that w can be written as
we = f(x)dxy A -+ Ndxy, zeV,
where f: V — R has compact support. From the example before Proposition 8.6, we have

(P'w)y = fleW)J(@)ydyr A+ A dyn
= 0f (W) (@)yldyr A= A dyn.

On the other hand, the change of variable formula (using ¢) is

/ ﬂ@wrd%z/ﬂWMU@M@rd%
o(U) U

so the formula follows. [J

We will promote the integral on open subsets of R” to manifolds using partitions of unity.

9.2 Integration on Manifolds

Intuitively, for any n-form, w € A?(M), on a smooth n-dimensional oriented manifold, M,
the integral, [ 1 @, 1s computed by patching together the integrals on small-enough open
subsets covering M using a partition of unity. If (U, ¢) is a chart such that supp(w) C U,
then the form (p~')*w is an n-form on R" and the integral, fW(U)(gp_l)*w, makes sense. The
orientability of M is needed to ensure that the above integrals have a consistent value on
overlapping charts.

Remark: It is also possible to define integration on non-orientable manifolds using densities
but we have no need for this extra generality.

Proposition 9.2 Let M be a smooth oriented manifold of dimension n. Then, there exists
a unique linear operator,

| s aon —r,

with the following property: For any w € AZ(M), if supp(w) C U, where (U, p) is a positively

ortented chart, then
Jo=] e (1
M e(U)
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Proof . First, assume that supp(w) C U, where (U, ¢) is a positively oriented chart. Then,

we wish to set
/ w = / (gp_l)*w.
M o(U)

However, we need to prove that the above expression does not depend on the choice of the
chart. Let (V,%) be another chart such that supp(w) € V. The map, § = ¢ o o™, is a
diffeomorphism from W = (U NV) to W' = ¢ (U N V) and, by hypothesis, its Jacobian
determinant is positive on W. Since

SUPP@U)(((PA)*W) cw, SUPpw(v)((?ﬂ*l)*w) cw,
and 0* o (Y1) *w = (p H*otp* o (Y1) *w = (¢ !)*w, Proposition 9.1 yields

/ e Vw=[ @Yw,
o(U) (V)

as claimed.

In the general case, using Theorem 3.26, for every open cover of M by positively oriented
charts, (U;, i), we have a partition of unity, (p;);cs, subordinate to this cover. Recall that

supp(p;) € U;, i€l

Thus, p;w is an n-form whose support is a subset of U;. Furthermore, as ), p; = 1,

w= Zpiw.

Define
I(w) = Z/U Piw,

where each term in the sum is defined by

/picu—/ (o7 ) piw,
Ui i (Us)

where (U;, ;) is the chart associated with ¢ € . It remains to show that I(w) does not
depend on the choice of open cover and on the choice of partition of unity. Let (V},,)
be another open cover by positively oriented charts and let (6;);c; be a partition of unity
subordinate to the open cover, (V;). Note that

/PiejWZ/ pitiw,
Ui v

J

since supp(pifjw) C U;NVj, and as }, p; =1 and }_;0; = 1, we have

Z:/Uipiw:%:/mpﬂjw:%:/vjpﬁjw:zj:/vjejw’
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proving that I(w) is indeed independent of the open cover and of the partition of unity. The
uniqueness assertion is easily proved using a partition of unity. [

The integral of Definition 9.2 has the following properties:

Proposition 9.3 Let M be an oriented manifold of dimension n. The following properties
hold:

1) If M is connected, then for every n-form, w € A?(M), the sign of [,, w changes when
c M
the orientation of M is reversed.

(2) For every n-form, w € A%(M), if supp(w) C W, for some open subset, W, of M, then

fom Lo

where W 1s given the orientation induced by M.

(3) If o: M — N is an orientation-preserving diffeomorphism, then for every w € AZ(N),

we have
/w—/ Yrw.
N M

Proof. Use a partition of unity to reduce to the case where supp(w) is contained in the
domain of a chart and then use Proposition 9.1 and (}) from Proposition 9.2. O

The theory or integration developed so far deals with domains that are not general
enough. Indeed, for many applications, we need to integrate over domains with boundaries.

9.3 Integration on Regular Domains and
Stokes’ Theorem

Given a manifold, M, we define a class of subsets with boundaries that can be integrated on
and for which Stokes’ Theorem holds. In Warner [145] (Chapter 4), such subsets are called
reqular domains and in Madsen and Tornehave [100] (Chapter 10) they are called domains
with smooth boundary.

Definition 9.1 Let M be a smooth manifold of dimension n. A subset, N C M, is called a
domain with smooth boundary (or codimension zero submanifold with boundary) iff for every
p € M, there is a chart, (U, ), with p € U, such that

p(UNN) =pU)NH", (%)
where H" is the closed upper-half space,

H" = {(x1,...,2,) € R" | , > 0}.
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Note that (*) is automatically satisfied when p is an interior or an exterior point of N,
since we can pick a chart such that ¢(U) is contained in an open half space of R™ defined
by either x,, > 0 or x,, < 0. If p is a boundary point of N, then ¢(p) has its last coordinate
equal to 0. If M is orientable, then any orientation of M induces an orientation of 0N, the
boundary of N. This follows from the following proposition:

Proposition 9.4 Let p: H* — H" be a diffeomorphism with everywhere positive Jacobian
determinant. Then, ¢ induces a diffeomorphism, ®: OH" — OH", which, viewed as a diffeo-
morphism of R"™! also has everywhere positive Jacobian determinant.

Proof. By the inverse function theorem, every interior point of H" is the image of an interior
point, so ¢ maps the boundary to itself. If ¢ = (¢1,...,¢y), then

b = (p1(x1, ..., 2n-1,0),. .., on1(21,. .., 2y-1,0)),

since @, (21, ...,2,-1,0) = 0. It follows that %‘%‘(ml,...,xn,l,O) =0,fori=1,...,n—1,
and as ¢ maps H" to itself,

Dipn

aZL‘On (l‘l,...,l’n_l,()) > 0.

Now, the Jacobian matrix of ¢ at ¢ = ¢(p) € OH" is of the form

*

dpg = I

*

0 -+ 0 3(q)

and since g%:(q) > 0 and by hypothesis det(dy,) > 0, we have det(d®,) > 0, as claimed. O

In order to make Stokes’ formula sign free, if H” has the orientation given by dziA- - -Adx,,,
then H" is given the orientation given by (—1)"dxy A -+ Adx,_1 if n > 2 and —1 for n = 1.
This choice of orientation can be explained in terms of the notion of outward directed tangent
vector.

Definition 9.2 Given any domain with smooth boundary, N C M, a tangent vector,
w € T,M, at a boundary point, p € ON, is outward directed iff there is a chart, (U, ¢), with
p € U and o(UNN) = p(U) N H" and such that dp,(w) has a negative n'" coordinate

pra(dipp(w)).
Let (V, 1) be another chart with p € V. Then, the transition map,
O=vopt:pUNV)—=ypUNV)

induces a map

C(UNV)NH" — p(UNV) N H
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which restricts to a diffeomorphism
O: p(UNV)NoH" — (U NV)NoH".

The proof of Proposition 9.4 shows that the Jacobian matrix of df, at ¢ = p(p) € OH" is of

the form
*

dg, = | %

*

0 --- 0 %(q)

with 0 = (0y,...,60,) and that %(q) > 0. As dip, = d(¢ o p™1), 0 dp,, we see that for any
w € T,M with pr,(de,(w)) < 0, we also have pr,(dy,(w)) < 0. Therefore, the negativity
condition of Definition does not depend on the chart at p. The following proposition is then
easy to show:

Proposition 9.5 Let N C M be a domain with smooth boundary where M is a smooth
manifold of dimension n.

(1) The boundary, ON, of N is a smooth manifold of dimension n — 1.

(2) Assume M is oriented. If n > 2, there is an induced orientation on ON determined as
follows: For every p € ON, if vy € T,M is an outward directed tangent vector then a
basis, (va,...,v,) for T,0N is positively oriented iff the basis (vi,va, ..., v,) for T,M
is positively oriented. When n =1, every p € ON has the orientation +1 iff for every
outward directed tangent vector, vi € T,M, the vector vy is a positively oriented basis
of T,M.

If M is oriented, then for every n-form, w € A?(M), the integral [, w is well-defined.
More precisely, Proposition 9.2 can be generalized to domains with a smooth boundary. This
can be shown in various ways. In Warner, this is shown by covering N with special kinds of
open subsets arising from regular simplices (see Warner [145], Chapter 4). In Madsen and
Tornehave [100], it is argued that integration theory goes through for continuous n-forms
with compact support. If o is a volume form on M, then for every continuous function with
compact support, f, the map

f e L) =/Mfa

is a linear positive operator. By Riesz’ representation theorem, I, determines a positive

Borel measure, p,, which satisfies
| tdna= [ 1o
M M

/w:/ 1yw,
N M

Then, we can set
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where 1y is the function with value 1 on N and 0 outside V.
Another way to proceed is to prove an extension of Proposition 9.1 using a slight gener-
alization of the change of variable formula:

Proposition 9.6 Let ¢: U — V be a diffeomorphism between two open subsets of R" and
assume that ¢ maps U NH"™ to V NH". Then, for every smooth function, f:V — R, with
compact support,

/\/an f(a:)dxl coodx, = / f((p(y)) |J(gp)y’ dyy - - - dyp,.

UNH"

We now have all the ingredient to state Stokes’s formula. We omit the proof as it can
be found in many places (for example, Warner [145], Chapter 4, Bott and Tu [19], Chapter
1, and Madsen and Tornehave [100], Chapter 10). The proof is fairly easy and it is not
particularly illuminating, although one has to be very careful about matters of orientation.

Theorem 9.7 (Stokes” Theorem) Let N C M be a domain with smooth boundary where M
is a smooth oriented manifold of dimension n, give ON the orientation induced by M and
let i: ON — M be the inclusion map. For every differential form with compact support,

we A Y M), we have
/ w = / dw.
ON N

In particular, if N = M s a smooth oriented manifold with boundary, then

/ i*w:/ dw
oM M

and if M is a smooth oriented manifold without boundary, then

/dw:O.
M

Of course, i*w is the restriction of w to AN and for simplicity of notation, i*w is usually
written w and Stokes’ formula is written

/ w:/dw.
AN N

9.4 Integration on Riemannian Manifolds and
Lie Groups

We saw in Section 8.6 that every orientable Riemannian manifold has a uniquely defined
volume form, Voly; (see Proposition 8.26). given any smooth function, f, with compact
support on M, we define the integral of f over M by

| 1= 5o
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Actually, it is possible to define the integral, f 2 J> even if M is not orientable but we do
not need this extra generality. If M is compact, then | v im = / a1 Vol is the volume of M
(where 1, is the constant function with value 1).

If M and N are Riemannian manifolds, then we have the following version of Proposition
9.3 (3):

Proposition 9.8 If M and N are oriented Riemannian manifolds and if o: M — N 1is an
orientation preserving diffeomorphism, then for every function, f € C°°(M), with compact
support, we have

/fVolN:/ f o] det(dy)| Voly,
N M

where fou | det(dg)| denotes the function, p — F((p))] det(dis,)], with dpy: T,M — Ty N.
In particular, if ¢ is an orientation preserving isometry (see Definition 7.11), then

/fVOlN:/ ngOVOlM
N M

We often denote [, f Voly by [,, f(t)dt.

If G is a Lie group, we know from Section 8.6 that G is always orientable and that
G possesses left-invariant volume forms. Since dim(A” g*) = 1 if dim(G) = n and since
every left-invariant volume form is determined by its value at the identity, the space of left-
invariant volume forms on G has dimension 1. If we pick some left-invariant volume form,
w, defining the orientation of GG, then every other left-invariant volume form is proportional
to w. Given any smooth function, f, with compact support on GG, we define the integral of

f over G (w.r.t. w) by
/Gf:/wa.

This integral depends on w but since w is defined up to some positive constant, so is the
integral. When G is compact, we usually pick w so that

/wzl.
G

For every g € G, as w is left-invariant, Lijw = w, so Lj is an orientation-preserving
diffeomorphism and by Proposition 9.3 (3),

| 1o~ [ Liro.
[ 1= [ o= [ ne= [ Grre= [ore= [ for,

so we get
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[1- [
a a
It is then natural to ask when our integral is right-invariant, that is, when

/Gf:/GfoRg.

Observe that Rjw is left-invariant, since

The property

is called left-invariance.

LyRw =R Lyw=Rw.

It follows that Rjw is some constant multiple of w, and so, there is a function, A:G—-R
such that

Clearly,
A(gh) = A(g)A(h),

so A is a homorphism of G into R,. The function A is called the modular function of G.
Now, by Proposition 9.3 (3), as I} is an orientation-preserving diffeomorphism,

| 1o= [ Ritror = [ Bipo R~ [ (7o R)AW

| o= [ (7o R

It follows that if w; is any left-invariant volume form on G and if w, is any right-invariant
volume form in G, then

or, equivalently,

wr(g) = cA(g™ wilg),

for some constant ¢ # 0. Indeed, if let w(g)

= A(g Hwi(g), then
(gh) ") Ry

h) " Ag™ A(h)w
NS

Riw =

A
A

which shows that w is right-invariant and thus, w.(g) = cA(g~ wi(g), as claimed (since
A(g™h) = £A(g7Y)). Actually, it is not difficult to prove that

A(g) = | det(Ad(g™))]-
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For this, recall that Ad(g) = d(Ly o Ry-1);. For any left-invariant n-form, w € A" g*, we
claim that

(Riw)n = det(Ad(g™"))wn,
which shows that A(g) = |det(Ad(g™'))|. Indeed, for all vy, ..., v, € T,G, we have

(Ryw)n(vi, ... vn)
whg(d(Rg)n(v1), .. d(Rg)n(vn))
= wpg(d(Lgo Ly~1 0 Ryo Ly o Ly-1)p(vy),...,d(Lgo Ly-10Ry0 Ly o Lp-1),(vy))
= whg(d(Lp o Lyo Ly~10Rgo Ly-1),(v1),...,d(Ly o Lyo Ly-10Ryo Lp-1)x(vy))
= whg(d(Lpg © Lg-1 © Ry o Lp-1)p(v1), .. (thOL—IOR o Lp-1)p(vn))
= Wiy (d(Lng)1(Ad(g™)(d(Lp-1) (v ))) ,d(Lig)1(Ad(g™ 1) (d(Ln-1)n(vn))))
w)1(Ad(g™ ) (d(Ly-1)n(v 1)),...,Ad( (d(Lp-1)n(vn)))
= wi(Ad(g™ ) (d(Lp-1)n(v1)), - -, Ad(g™)(d(Ln-1)n(vn)))
(571)) r (d(Tn-s (o) - (L (o)
=det(Ad(¢g™ ) (Li-1w)n(vi, ..., vp)
(977)) wal

wi (v, .., o),

where we used the left-invariance of w twice.

Consequently, our integral is right-invariant iff A = 1 on G. Thus, our integral is not
always right-invariant. When it is, i.e. when A = 1 on G, we say that G is unimodular.
This happens in particular when G is compact, since in this case,

1= [o= [1o0= [ alww=aw [ «=aw).

for all ¢ € G. Therefore, for a compact Lie group, G, our integral is both left and right
invariant. We say that our integral is bi-tnvariant.

As a matter of notation, the integral fo = fG fw is often written fG )dg. Then,
left-invariance can be expressed as

/G F(g)dg = /G f(hg)dg
/G f(g)dg = /G f(gh)dg.

for all h € G. If w is left-invariant, then it can be shown that

/ g™ A(g ™ )dg = / f(9)dg
G G

and right-invariance as
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Consequently, if G is unimodular, then

/G Flg™\)dg = /G f(9)dg.

In general, if G is not unimodular, then w; # w,. A simple example is the group, G, of
affine transformations of the real line, which can be viewed as the group of matrices of the
form

a b
A—(O 1), a,b,e R, a # 0.

Then, it it is easy to see that the left-invariant volume form and the right-invariant volume

form on G are given by
_ dadb _dadb

I w"' 9

a? a

wy
and so, A(A) = |a7!].

Remark: By the Riesz’ representation theorem, w defines a positive measure, ,,, which

satisfies
[ s~ [ 1.
G G

Using what we have shown, this measure is left-invariant. Such measures are called left Haar
measures and similarly, we have right Haar measures. It can be shown that every two left
Haar measures on a Lie group are proportional (see Knapp, [89], Chapter VIII). Given a left
Haar measure, u, the function, A, such that

p(Ryh) = A(g)u(h)

for all g, h € G is the modular function of G. However, beware that some authors, including
Knapp, use A(g™!) instead of A(g). As above, we have

A(g) = |det(Ad(g™"))|.

Beware that authors who use A(g™!) instead of A(g), give a formula where Ad(g) appears
instead of Ad(g!). Again, G is unimodular iff A = 1. It can be shown that compact,
semisimple, reductive and nilpotent Lie groups are unimodular (for instance, see Knapp,
[89], Chapter VIII). On such groups, left Haar measures are also right Haar measures (and
vice versa). In this case, we can speak of Haar measures on GG. For more details on Haar
measures on locally compact groups and Lie groups, we refer the reader to Folland [54]
(Chapter 2), Helgason [72] (Chapter 1) and Dieudonné [47] (Chapter XIV).
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Chapter 10

Distributions and the Frobenius
Theorem

10.1 Tangential Distributions, Involutive Distributions

Given any smooth manifold, M, (of dimension n) for any smooth vector field, X, on M,
we know from Section 3.5 that for every point, p € M, there is a unique maximal integral
curve through p. Furthermore, any two distinct integral curves do not intersect each other
and the union of all the integral curves is M itself. A nonvanishing vector field, X, can be
viewed as the smooth assignment of a one-dimensional vector space to every point of M,
namely, p — RX, C T,M, where RX, denotes the line spanned by X,. Thus, it is natural
to consider the more general situation where we fix some integer, r, with 1 <r < n and we
have an assignment, p — D(p) C T,M, where D(p) is some r-dimensional subspace of T,M
such that D(p) “varies smoothly” with p € M. Is there a notion of integral manifold for
such assignments? Do they always exist?

It is indeed possible to generalize the notion of integral curve and to define integral
manifolds but, unlike the situation for vector fields (r = 1), not every assignment, D, as
above, possess an integral manifold. However, there is a necessary and sufficient condition
for the existence of integral manifolds given by the Frobenius Theorem. This theorem has
several equivalent formulations. First, we will present a formulation in terms of vector fields.
Then, we will show that there are advantages in reformulating the notion of involutivity
in terms of differential ideals and we will state a differential form version of the Frobenius
Theorem. The above versions of the Frobenius Theorem are “local”. We will briefly discuss
the notion of foliation and state a global version of the Frobenius Theorem.

Since Frobenius’ Theorem is a standard result of differential geometry, we will omit most
proofs and instead refer the reader to the literature. A complete treatment of Frobenius’
Theorem can be found in Warner [145], Morita [112] and Lee [98].

Our first task is to define precisely what we mean by a smooth assignment, p — D(p) C
T,M, where D(p) is an r-dimensional subspace.

313
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Definition 10.1 Let M be a smooth manifold of dimension n. For any integer r, with
1 < r < n, an r-dimensional tangential distribution (for short, a distribution) is a map,
D: M — TM, such that

(a) D(p) € T,M is an r-dimensional subspace for all p € M.

(b) For every p € M, there is some open subset, U, with p € U, and r smooth vector fields,
Xi, ..., X,, defined on U, such that (X;(q),..., X,(q)) is a basis of D(q) for all ¢ € U.
We say that D is locally spanned by Xy, ..., X,.

An immersed submanifold, N, of M is an integral manifold of D iff D(p) = T,N, for all
p € N. We say that D is completely integrable iff there exists an integral manifold of D
through every point of M.

We also write D, for D(p).

Remarks:
(1) An r-dimensional distribution, D, is just a smooth subbundle of T'M.

(2) An integral manifold is only an immersed submanifold, not necessarily an embedded
submanifold.

(3) Some authors (such as Lee) reserve the locution “completely integrable” to a seemingly
strongly condition (See Lee [98], Chapter 19, page 500). This condition is in fact
equivalent to “our” definition (which seems the most commonly adopted).

(4) Morita [112] uses a stronger notion of integral manifold, namely, an integral manifold
is actually an embedded manifold. Most of the results, including Frobenius Theorem
still hold but maximal integral manifolds are immersed but not embedded manifolds
and this is why most authors prefer to use the weaker definition (immersed manifolds).

Here is an example of a distribution which does not have any integral manifolds: This is
the two-dimensional distribution in R3 spanned by the vector fields

0 0 0
x=24,2 x-2Z
8x+y8z’ oy

We leave it as an exercise to the reader to show that the above distribution is not integrable.

The key to integrability is an involutivity condition. Here is the definition.

Definition 10.2 Let M be a smooth manifold of dimension n and let D be an r-dimensional
distribution on M. For any smooth vector field, X, we say that X belongs to D (or lies in
D) iff X, € D,, for all p € M. We say that D is involutive iff for any two smooth vector
fields, X, Y, on M, if X and Y belong to D, then [X,Y] also belongs to D.



10.2. FROBENIUS THEOREM 315

Proposition 10.1 Let M be a smooth manifold of dimension n. If an r-dimensional dis-
tribution, D, is completely integrable, then D 1is involutive.

Proof. A proof can be found in in Warner [145] (Chapter 1), and Lee [98] (Proposition 19.3).
These proofs use Proposition 3.14. Another proof is given in Morita [112] (Section 2.3) but
beware that Morita defines an integral manifold to be an embedded manifold. [

In the example before Definition 10.1, we have

0

0z’

so this distribution is not involutive. Therefore, by Proposition 10.1, this distribution is not
completely integrable.

[X’Y} ==

10.2 Frobenius Theorem

Frobenius’ Theorem asserts that the converse of Proposition 10.1 holds. Although we do not
intend to prove it in full, we would like to explain the main idea of the proof of Frobenius’
Theorem. It turns out that the involutivity condition of two vector fields is equivalent to the
commutativity of their corresponding flows and this is the crucial fact used in the proof.

Given a manifold, M, we sa that two vector fields, X and Y are mutually commutative

iff [X,Y] = 0. For example, on R?, the vector fields = and a% are commutative but = and

xaﬁ are not.
Y

Recall from Definition 3.23 that we denote by ®* the (global) flow of the vector field,
X. For every p € M, the map, t — ®X(t,p) = 7,(t) is the maximal integral curve through
p. We also write ®;(p) for ®*(¢,p) (dropping X). Recall that the map, p — ®;(p), is a
diffeomorphism on its domain (an open subset of M). For the next proposition, given two
vector fields, X and Y, we will write ® for the flow associated with X and ¥ for the flow
associated with Y.

Proposition 10.2 Given a manifold, M, for any two smooth vector fields, X and Y, the
following conditions are equivalent:

(1) X andY are mutually commutative (i.e. [X,Y]=0).
(2) Y is invariant under ®y, that is, ()Y =Y, whenever the left-hand side is defined.
(3) X is invariant under Vg, that is, (V). X = X, whenever the left-hand side is defined.
(4) The maps ®; and ¥, are mutually commutative. This means that

B0V, =W, 0d,

for all s, t such that both sides are defined.
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(5) LxY =0.
(6) LyX = 0.

(In (5) LxY is the Lie derivative and similarly in (6).)

Proof. A proof can be found in Lee [98] (Chapter 18, Proposition 18.5) and in Morita [112]
(Chapter 2, Proposition 2.18). For example, to prove the implication (2) = (4), we observe
that if ¢ is a diffeomorphism on some open subset, U, of M, then the integral curves of ¢,Y
through a point p € M are of the form ¢ o v, where ~ is the integral curve of Y through
¢~ 1(p). Consequently, the local one-parameter group generated by ¢,Y is {po W 001}, If
we apply this to ¢ = @, as (®,),Y =Y, we get ®,0¥,0d, ' = ¥, and hence, 0¥, = ¥ ,0d,.
d

In order to state our first version of the Frobenius Theorem we make the following
definition:

Definition 10.3 Let M be a smooth manifold of dimension n. Given any smooth r-
dimensional distribution, D, on M, a chart, (U, v), is flat for D iff

e(U)=2U xU"CR" xR"™,

where U’ and U” are connected open subsets such that for every p € U, the distribution D

is spanned by the vector fields
0 0

Sy .
8951 8xr

If (U, ) is flat for D, then it is clear that each slice of (U, ¢),

Sc:{qe ler—‘rl :CT+17"'7$TL:CTL}7

is an integral manifold of D, where z; = pr; o ¢ is the i*'-coordinate function on U and
c=(¢r41y.-.,0n) € R"7 is a fixed vector.

Theorem 10.3 (Frobenius) Let M be a smooth manifold of dimension n. A smooth r-
dimensional distribution, D, on M is completely integrable iff it is involutive. Furthermore,
for every p € U, there is flat chart, (U, p), for D with p € U, so that every slice of (U, ) is
an integral manifold of D.

Proof. A proof of Theorem 10.3 can be found in Warner [145] (Chapter 1, Theorem 1.60),
Lee [98] (Chapter 19, Theorem 19.10) and Morita [112] (Chapter 2, Theorem 2.17). Since we
already have Proposition 10.1, it is only necessary to prove that if a distribution is involutive
then it is completely integrable. Here is a sketch of the proof, following Morita.
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Pick any p € M. As D is a smooth distribution, we can find some chart, (U, ), with
p € U, and some vector fields, Yi,...,Y,, so that Yi(q),...,Y,(q) are linearly independent
and span D, for all ¢ € U. Locally, we can write

n 9 .
Y;:Zaija_{ﬂj’ Z:L...,T’.
j=1

Since the Y; are linearly independent, by renumbering the coordinates if necessary, we may
assume that the r x r matrices

A(q) = (aii(q)) qeU

are invertible. Then, the inverse matrices, B(q) = A~'(q) define r x r functions, b;;(¢q) and
let

X, = Zb” o j=1,...r

Now, in matrix form,

Yi o
. | =(A R)

Y. _9_
r Oxy’

for some r x (n — r) matrix, R and

Xy Y
.| =B )
X Y,
so we get
X, =
t | =0 BR)| |,
X, >
that is,
0 = 0 ,
Xz:axl—FZ Cija_l‘j7 ’lzl,...,T’, (*)
j=r+1
where the ¢;; are functions defined on U. Obviously, Xi,..., X, are linearly independent

and they span D, for all ¢ € U. Since D is involutive, there are some functions, fj, defined
on U, so that

XzaX kaXk
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On the other hand, by (%), each [X;, Xj] is a linear combination of %ﬂ, ce %. Therefore,
fi =0, for k=1,...,r, which shows that

(Xi, X;] =0, 1<4,5<nr,

that is, the vector fields X7,..., X, are mutually commutative.

Let ®! be the local one-parameter group associated with X;. By Proposition 10.2 (4),
the ®! commute, that is,

Plod! =dlod! 1< j<r,

whenever both sides are defined. We can pick a sufficiently open subset, V', in R" containing
the origin and define the map, ®: V — U by

O(ty,...,t,) = CI)I%l 0+-+0 CD;(p).

Clearly, ® is smooth and using the fact that each X; is invariant under each ®7, for j # i,
and

i[9 _
i, (2) - x60

i, (2) -0

As Xy, ..., X, are linearly independent, we deduce that d®,: THyR" — T,M is an injection
and thus, we may assume by shrinking V' if necessary that our map, ®: V — M, is an
embedding. But then, N = ®(V) is a submanifold of M and it only remains to prove that
N is an integral manifold of D through p.

Obviously, T,N = D,, so we just have to prove that T,N = D,N for all ¢ € N. Now, for
every ¢ € N, we can write

we get

qg=®o(ty,...,t,) = @,}1 o---0®d (p),
for some (ty,...,t.) € V. Since the ® commute, for any 7, with 1 < i < r, we can write
q:@;zoéa OOéélll o@;:rll Oo@&(p)

If we fix all the t; but ¢; and vary ¢; by a small amount, we obtain a curve in N through ¢
and this is an orbit of ®i. Therefore, this curve is an integral curve of X; through ¢ whose
velocity vector at ¢ is equal to X;(q) and so, X;(q) € T,N. Since the above reasoning holds
for all 7, we get T,N = D,, as claimed. Therefore, N is an integral manifold of D through
p. U

In preparation for a global version of Frobenius Theorem in terms of foliations, we state
the following Proposition proved in Lee [98] (Chapter 19, Proposition 19.12):
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Proposition 10.4 Let M be a smooth manifold of dimension n and let D be an involutive
r-dimensional distribution on M. For every flat chart, (U,¢), for D, for every integral
manifold, N, of D, the set NNU 1is a countable disjoint union of open parallel k-dimensional
slices of U, each of which is open in N and embedded in M.

We now describe an alternative method for describing involutivity in terms of differential
forms.

10.3 Differential Ideals and Frobenius Theorem

First, we give a smoothness criterion for distributions in terms of one-forms.

Proposition 10.5 Let M be a smooth manifold of dimension n and let D be an assignment,
p+— D, CT,M, of some r-dimensional subspace of T,M , for allp € M. Then, D is a smooth
distribution iff for every p € U, there is some open subset, U, with p € U, and some linearly
independent one-forms, wy,...,wn_,, defined on U, so that

D,={ueT, M| (w),(u) =" = (wnr)g(u) =0}, forall g € U.

Proof. Proposition 10.5 is proved in Lee [98] (Chapter 19, Lemma 19.5). The idea is to either
extend a set of linearly independent differential one-forms to a coframe and then consider
the dual frame or to extend some linearly independent vector fields to a frame and then take
the dual basis. O

Proposition 10.5 suggests the following definition:

Definition 10.4 Let M be a smooth manifold of dimension n and let D be an r-dimensional
distibution on M. Some linearly independent one-forms, wy,...,w,_,, defined some open
subset, U C M, are called local defining one-forms for D if

D,={u€T,M| (w1),(u) == (wh_yp)g(u) =0}, for all ¢ € U.
We say that a k-form, w € A*(M), annihilates D iff
wy(X1(q),- .-, X:(q)) =0,
for all ¢ € M and for all vector fields, Xy, ..., X,, belonging to D. We write
(D) = {w € A(M) | w(Xs(g). ., X,(q)) = O},

for all ¢ € M and for all vector fields, Xi, ..., X,, belonging to D and we let

3(D) =P 7*D).
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Thus, J(D) is the collection of differential forms that “vanish on D.” In the classical
terminology, a system of local defining one-forms as above is called a system of Pfaffian
equations.

It turns out that J(D) is not only a vector space but also an ideal of A*(M).

A subspace, J, of A*(M) is an ideal iff for every w € J, we have § A w € T for every
0e A (M).

Proposition 10.6 Let M be a smooth n-dimensional manifold and D be an r-dimensional
distribution. If I(D) is the space of forms annihilating D then the following hold:

(a) J(D) is an ideal in A*(M).

(b) 3(D) is locally generated by n — r linearly independent one-forms, which means: For
every p € U, there is some open subset, U C M, with p € U and a set of linearly
independent one-forms, wi,...,w,_,, defined on U, so that

(i) If w € 3¥(D), then w | U belongs to the ideal in A*(U) generated by wi, .. .,wn_,
that s,

n—r
w = g 0; N\ wi, on U,
i=1

for some (k — 1)-forms, 0; € A*=1(U).

(ii) If w € A¥(M) and if there is an open cover by subsets U (as above) such that for
every U in the cover, w | U belongs to the ideal generated by wy,...,w, ., then
w e J(D).

(c) If 3 C A*(M) is an ideal locally generated by n — r linearly independent one-forms,
then there ezists a unique smooth r-dimensional distribution, D, for which 3 = 3(D).

Proof. Proposition 10.6 is proved in Warner (Chapter 2, Proposition 2.28). See also Morita
[112] (Chapter 2, Lemma 2.19) and Lee [98] (Chapter 19, page 498-500). O

In order to characterize involutive distributions, we need the notion of differential ideal.

Definition 10.5 Let M be a smooth manifold of dimension n. An ideal, 7 C A*(M), is a
differential ideal iff it is closed under exterior differentiation, that is

dw €J whenever w €7,

which we also express by dJ C 7.

Here is the differential ideal criterion for involutivity.

Proposition 10.7 Let M be a smooth manifold of dimension n. A smooth r-dimensional
distribution, D, is involutive iff the ideal, I(D), is a differential ideal.
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Proof. Proposition 10.7 is proved in Warner [145] (Chapter 2, Proposition 2.30), Morita
[112] (Chapter 2, Proposition 2.20) and Lee [98] (Chapter 19, Proposition 19.19). Here
is one direction of the proof. Assume J(D) is a differential ideal. We know that for any
one-form, w,

dw(X,Y) = X(w(Y)) = Y(w(X)) - w([X,Y]),

for any vector fields, X,Y. Now, if wq,...,w,_, are linearly independent one-forms that
define D locally on U, using a bump function, we can extend wq,...,w,_, to M and then
using the above equation, for any vector fields X,Y belonging to D, we get

wi([X,Y]) = X(wi(Y)) = Y(wi(X)) = dwi(X,Y) =0,

and since w;(X) = w;(Y) = dw;(X,Y) =0, we get w;([X,Y]) =0fori=1,...,n—r, which
means that [X, Y] belongs to D. O

Using Proposition 10.6, we can give a more concrete criterion: D is involutive iff for
every local defining one-forms, wy, ..., w,_,, for D (on some open subset, U), there are some
one-forms, w;; € A'(U), so that

n—r
dwi:Zwij/\wj (t=1,...,n—r).
j=1

The above conditions are often called the integrability conditions.

Definition 10.6 Let M be a smooth manifold of dimension n. Given any ideal 3 C A*(M),
an immersed manifold, (M, 1)), of M is an integral manifold of J iff

Y*w =0, for all w € 7.
A connected integral manifold of the ideal J is mazimal iff its image is not a proper subset

of the image of any other connected integral manifold of J.

Finally, here is the differential form version of the Frobenius Theorem.

Theorem 10.8 (Frobenius Theorem, Differential Ideal Version) Let M be a smooth mani-
fold of dimension n. If 3 C A*(M) is a differential ideal locally generated by n — r linearly
independent one-forms, then for every p € M, there exists a unique maximal, connected,
integral manifold of J through p and this integral manifold has dimension r.

Proof. Theorem 10.8 is proved in Warner [145]. This theorem follows immediately from
Theorem 1.64 in Warner [145].

Another version of the Frobenius Theorem goes as follows:
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Theorem 10.9 (Frobenius Theorem, Integrability Conditions Version) Let M be a smooth
manifold of dimension n. An r-dimensional distribution, D, on M is completely integrable
iff for every local defining one-forms, wy,...,wn_r, for D (on some open subset, U), there
are some one-forms, wy; € AYU), so that we have the integrability conditions

n—r
dwi:Zwij/\wj (t=1,...,n—r).
j=1

There are applications of Frobenius Theorem (in its various forms) to systems of partial
differential equations but we will not deal with this subject. The reader is advised to consult
Lee (98], Chapter 19, and the references there.

10.4 A Glimpse at Foliations and a Global Version of
Frobenius Theorem

All the maximal integral manifolds of an r-dimensional involutive distribution on a manifold,
M, yield a decomposition of M with some nice properties, those of a foliation.

Definition 10.7 Let M be a smooth manifold of dimension n. A family, F = {F,}a, of
subsets of M is a k-dimensional foliation iff it is a family of pairwise disjoint, connected,
immersed k-dimensional submanifolds of M, called the leaves of the foliation, whose union
is M and such that, for every p € M, there is a chart, (U, ), with p € U, called a flat chart
for the foliation and the following property holds:

p(U) 2 U x U" CR" x R*™,

where U’ and U” are some connected open subsets and for every leaf, F,,, of the foliation, if
FanNU # 0, then F, NU is a countable union of k-dimensional slices given by

Lrr1l = Cpry1y.--,Lpn = Cp,
for some constants, ¢,41,...,¢, € R.
The structure of a foliation can be very complicated. For instance, the leaves can be
dense in M. For example, there are spirals on a torus that form the leaves of a foliation

(see Lee [98], Example 19.9). Foliations are in one-to-one correspondence with involutive
distributions.

Proposition 10.10 Let M be a smooth manifold of dimension n. For any foliation, F, on
M, the famuly of tangent spaces to the leaves of F forms an involutive distribution on M.
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The converse to the above proposition may be viewed as a global version of Frobenius
Theorem.

Theorem 10.11 Let M be a smooth manifold of dimension n. For every r-dimensional
smooth, involutive distribution, D, on M, the family of all maximal, connected, integral

manifolds of D forms a foliation of M.

Proof. The proof of Theorem 10.11 can be found in Lee [98] (Theorem 19.21). O
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Chapter 11

Connections and Curvature in Vector
Bundles

11.1 Connections and Connection Forms in
Vector Bundles and Riemannian Manifolds

Given a manifold, M, in general, for any two points, p, ¢ € M, there is no “natural” isomor-
phism between the tangent spaces T, M and T, M. More generally, given any vector bundle,
¢ = (F,m, B,V), for any two points, p,q € B, there is no “natural” isomorphism between
the fibres, E, = 7~ !(p) and E, = 7 '(q). Given a curve, c: [0,1] — M, on M (resp. a curve,
c:[0,1] — E, on B), as c(t) moves on M (resp. on B), how does the tangent space, T M
(resp. the fibre E.;) = n~'(c(t))) change as ¢(t) moves?

If M = R", then the spaces T.R" are canonically isomorphic to R" and any vector,
v € T,o)R™ =2 R", is simply moved along ¢ by parallel transport, that it, at c(t), the tangent
vector, v, also belongs to T,»)R". However, if M is curved, for example, a sphere, then it
is not obvious how to “parallel transport” a tangent vector at ¢(0) along a curve c¢. A way
to achieve this is to define the notion of parallel vector field along a curve and this, in turn,
can be defined in terms of the notion of covariant derivative of a vector field (or covariant
derivative of a section, in the case of vector bundles).

Assume for simplicity that M is a surface in R3. Given any two vector fields, X and YV
defined on some open subset, U C R3, for every p € U, the directional derivative, DxY (p),
of Y with respect to X is defined by

t—0 t

If f: U — R is a differentiable function on U, for every p € U, the directional derivative,
X[fl(p) (or X(f)(p)), of f with respect to X is defined by

X[f)(p) = tim L@ E) = ),

t—0 t

325
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We know that X [f](p) = df,(X(p)).

It is easily shown that DxY(p) is R-bilinear in X and Y, is C°°(U)-linear in X and
satisfies the Leibnitz derivation rule with respect to Y, that is:

Proposition 11.1 The directional derivative of vector fields satisfies the following proper-

ties:
DX1+X2 (p) DX1Y(p)+DX2Y(p)
DixY(p) = fDxY(p)
Dx(Y1+Y2)(p) = DxYi(p) + DxYa(p)
Dx(fY)(p) = X[fl(p)Y(p)+ f(p)DxY (p),

for all X, X1, X5,Y,Y1,Yo € X(U) and all f € C*(U).

Now, if p € U where U C M is an open subset of M, for any vector field, Y, defined
on U (Y(p) € T,M, for all p € U), for every X € T,M, the directional derivative, DxY (p),
makes sense and it has an orthogonal decomposition,

DxY(p) = VxY(p) + (Dn)xY (p),

where its horizontal (or tangential) component is VxY (p) € T,,M and its normal component
is (D,)xY (p). The component, VxY (p), is the covariant derivative of Y with respect to
X € T,M and it allows us to define the covariant derivative of a vector field, Y € X(U),
with respect to a vector field, X € X(M), on M. We easily check that VxY satisfies the
four equations of Proposition 11.1.

In particular, Y, may be a vector field associated with a curve, c¢: [0,1] — M. A vector
field along a curve, c, is a vector field, Y, such that Y (c(t)) € T,)M, for all t € [0,1]. We
also write Y'(t) for Y(c(t)). Then, we say that Y is parallel along c iff Vy/5,Y = 0 along c.

The notion of parallel transport on a surface can be defined using parallel vector fields
along curves. Let p,q be any two points on the surface M and assume there is a curve,
c: [0,1] — M, joining p = ¢(0) to ¢ = ¢(1). Then, using the uniqueness and existence
theorem for ordinary differential equations, it can be shown that for any initial tangent
vector, Yy € T,M, there is a unique parallel vector field, Y, along ¢, with Y (0) = Y. If
we set ) = Y(1), we obtain a linear map, Yy — Yi, from T,M to T,M which is also an
isometry.

As a summary, given a surface, M, if we can define a notion of covariant derivative,
V:X(M)xX(M) — X(M), satisfying the properties of Proposition 11.1, then we can define
the notion of parallel vector field along a curve and the notion of parallel transport, which
yields a natural way of relating two tangent spaces, T,M and T, M, using curves joining p
and ¢. This can be generalized to manifolds and even to vector bundles using the notion
of connection. We will see that the notion of connection induces the notion of curvature.
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Moreover, if M has a Riemannian metric, we will see that this metric induces a unique
connection with two extra properties (the Levi-Civita connection).

Given a manifold, M, as X(M) = T'(M,TM) = I'(T'M), the set of smooth sections of the
tangent bundle, 7'M, it is natural that for a vector bundle, ¢ = (E,m, B, V), a connection
on & should be some kind of bilinear map,

X(B) xT'(§) — I'(¢),

that tells us how to take the covariant derivative of sections.

Technically, it turns out that it is cleaner to define a connection on a vector bundle, &,
as an R-linear map,

V:I(§) — AY(B) ®@c ) T'(€), (*)
that satisfies the “Leibnitz rule”

V(fs)=df ® s+ fVs,

with s € T'(¢) and f € C*°(B), where T'(¢) and A'(B) are treated as C°°(B)-modules. Since
AYB) =T(B,T*B) = I'(T*B) and, by Proposition 7.12,
AY(B) @cw=(m T(€) = T(I"B) ®cxm I'(§)
N(T"B®Y¢)
I'(Hom(TB,¢€))
Homee ) (T(T'B), I'(€))
= Homew () (X(B),I'(€)),

11

I

the range of V can be viewed as a space of I'(¢)-valued differential forms on B. Milnor and
Stasheff [109] (Appendix C) use the version where

V:T() - T(T"B®¢)

and Madsen and Tornehave [100] (Chapter 17) use the equivalent version stated in (). A
thorough presentation of connections on vector bundles and the various ways to define them
can be found in Postnikov [123] which also constitutes one of the most extensive references
on differential geometry. Set

A'(€&) = AY(B;§) = AN(B) Qg () T'(€)

and, more generally, for any ¢ > 0, set

A'(§) = A'(B; §) = A'(B) @c= () I'(€) = F((/\ ORD

Obviously, A°(&) = T'(€) (and recall that A°(B) = C*(B)). The space of differential forms,
AY(B; ), with values in T'(€) is a generalization of the space, A* (M, F), of differential forms
with values in F' encountered in Section 8.4.
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If we use the isomorphism
AN (B) @c(p) T(€) = Home(s)(X(B), [(€)),
then a connection is an R-linear map,
V:T'(§) — Homee(5)(X(B),I'(€)),
satisfying a Leibnitz-type rule or equivalently, an R-bilinear map,
V:X(B) xT'(§) — I'(¢),

such that, for any X € X(B) and s € ['(€), if we write Vs instead of V(X s), then the
following properties hold for all f € C*°(B):

foS = fVXS
Vx(fs) = X|[fls+ fVxs.

This second version may be considered simpler than the first since it does not involve a
tensor product. Since

A'(B) = I(T*B) = Homc=(5)(X(B), C*(B)) = X(B)*,
using Proposition 22.36, the isomorphism
a: AY(B) ®ceo(p) ['(§) = Homeeo gy (X(B),I(€))
can be described in terms of the evaluation map,
Evy: A'(B) ®ces) I'(§) — T'(€),

given by
Evx(w®s) =w(X)s, X € X(B), we AY(B), s € T(¢).

Namely, for any 6 € A'(B) @ce(p) I'(£),
a(6)(X) = Evx(0).
In particular, the reader should check that
Evx(df ®@ s) = X[f]s.
Then, it is easy to see that we pass from the first version of V, where
V:T(§) = AY(B) ®c(5) I'(¢) (%)

with the Leibnitz rule
V(fs)=df @ s+ fVs,
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to the second version of V, denoted V', where
V' X(B) x T'(§) — I'(9), ()
is R-bilinear and where the two conditions

/fXS = fV/XS
Vi(fs) = X[fls+ Vs

hold, via the equation
" =EvxoV.

From now on, we will simply write V x s instead of V'ys, unless confusion arise. As summary
of the above discussion, we make the following definition:

Definition 11.1 Let £ = (E,m, B,V) be a smooth real vector bundle. A connection on &
is an R-linear map,

V: () = AY(B) @ce3) I'(€) ()
such that the Leibnitz rule
V(fs)=df ® s+ fVs

holds, for all s € I'(§) and all f € C>(B). For every X € X(B), we let
VX = EVX oV

and for every s € T'(§), we call Vxs the covariant derivative of s relative to X. Then, the
family, (Vx), induces a R-bilinear map also denoted V,

V: X(B) x I(€) - T(¢), (+%)
such that the following two conditions hold:

foS = fVXS
Vx(fs) = X[fls+ [Vxs,

for all s € I'(¢), all X € X(B) and all f € C*>°(B). We refer to (x) as the first version of a
connection and to (#x*) as the second version of a connection.

Observe that in terms of the A(£)’s, a connection is a linear map,
vV AY(E) — A9,

satisfying the Leibnitz rule. When £ = T'B, a connection (second version) is what is known
as an affine connection on a manifold, B.
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Remark: Given two connections, V! and V2, we have
Vfs) = V%(fs)=df @ s+ Vs —df @ s — fV?s = f(V's — V?5s),
which shows that V! —V? is a C*°(B)-linear map from I'(§) to A'(B) @ce(p) I'(§). However

Homee () (A°(€), A'(€)) Homge () (T'(€), A'(B) ®@c(5) T'(€))
[(€)* ®cee(p) (A'(B) @co(s) T'(€))

A'(B) @ce sy (T(€)* @co(m) T'(€))
A'(B) ®c¢oe () Homeoe () (L(€), T(€))
A'(B) ®ce(p) I'(Hom(E,§))
A

‘(Hom(¢,€)).

Therefore, V! — V% € A'(Hom(,€)), that is, it is a one-form with values in T'(Hom(¢, €)).
But then, the vector space, I'(Hom(§,&)), acts on the space of connections (by addition)
and makes the space of connections into an affine space. Given any connection, V and any
one-form, w € T'(Hom(&,§)), the expression V + w is also a connection. Equivalently, any
affine combination of connections is also a connection.

I

r
r

[rare

I

A basic property of V is that it is a local operator.

Proposition 11.2 Let £ = (E,m,B,V) be a smooth real vector bundle and let V be a
connection on . For every open subset, U C B, for every section, s € I'(§), if s =0 on U,
then Vs =0 on U, that is, V is a local operator.

Proof. By Proposition 3.24 applied to the constant function with value 1, for every p € U,
there is some open subset, V' C U, containing p and a smooth function, f: B — R, such
that supp f C U and f =1 on V. Consequently, fs is a smooth section which is identically
zero. By applying the Leibnitz rule, we get

=V(fs)=df ® s+ fVs,

which, evaluated at p yields (Vs)(p) =0, since f(p) =1l and df =0on V. O

As an immediate consequence of Proposition 11.2, if s; and s, are two sections in I'(§)
that agree on U, then sy — sy is zero on U, so V(s1 — s9) = Vs; — Vg is zero on U, that is,
Vs, and Vs, agree on U.

Proposition 11.2 also implies that a connection, V, on &, restricts to a connection, V | U
on the vector bundle, £ | U, for every open subset, U C B. Indeed, let s be a section of £
over U. Pick any b € U and define (Vs)(b) as follows: Using Proposition 3.24, there is some
open subset, Vi C U, containing b and a smooth function, f;: B — R, such that supp f; C U
and fi =1 on Vj so, let s; = fis, a global section of £. Clearly, s; = s on Vi, and set

(Vs)(b) = (Vs1)(b).
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This definition does not depend on (V4 f1), because if we had used another pair, (V3, fo), as
above, since b € V; N V5, we have

s1= fis=8= fos = S on ViNV,

so, by Proposition 11.2,
(V1) (b) = (Vs2)(b).

It should also be noted that (Vxs)(b) only depends on X (b), that is, for any two vector
fields, X,Y € X(B), if X(b) = Y (b) for some b € B, then

(Vxs)(b) = (Vys)(b), for every s € T'(€).

As above, by linearity, it it enough to prove that if X (b) = 0, then (Vxs)(b) = 0. To prove
this, pick any local trivialization, (U, ¢), with b € U. Then, we can write

d

X1U=) X 0

i=1 0z;

However, as before, we can find a pair, (V, f), withb € V C U, suppf CU and f=1onV,
so that f% is a smooth vector field on B and f% agrees with % onV, fori=1,...,n.

Clearly, fX; € C*(B) and fX; agrees with X; on V so if we write X = f2X, then

0
(9@

d
)?zf?x':zfxif

and we have

d
[PVxs=Vgs=> [X; Vo s.

i=1
Since X;(b) =0 and f(b) = 1, we get (Vxs)(b) =0, as claimed.

Using the above property, for any point, p € B, we can define the covariant derivative,
(Vus)(p), of a section, s € I'(§), with respect to a tangent vector, u € T, B. Indeed, pick any
vector field, X € X(B), such that X (p) = u (such a vector field exists locally over the domain
of a chart and then extend it using a bump function) and set (V,s)(p) = (Vxs)(p). By the
above property, if X(p) = Y(p), then (Vxs)(p) = (Vys)(p) so (Vus)(p) is well-defined.
Since V is a local operator, (V,s)(p) is also well defined for any tangent vector, u € T,B,
and any local section, s € I'(U, ), defined in some open subset, U, with p € U. From now
on, we will use this property without any further justification.

Since ¢ is locally trivial, it is interesting to see what V [ U looks like when (U, ¢) is a
local trivialization of &.
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Fix once and for all some basis, (v1,...,v,), of the typical fibre, V' (n = dim(V)). To
every local trivialization, ¢: 71 (U) — U x V, of ¢ (for some open subset, U C B), we
associate the frame, (s1,...,$,), over U given by

si(b) = gp_l(b, v;), beU.

Then, every section, s, over U, can be written uniquely as s = Y., fis;, for some functions
fi € C>*(U) and we have

Vs=> V(fisi) =Y (df: ®s;+ fiVs,).
=1

=1

On the other hand, each Vs; can be written as
VSZ‘ == Zwij & Sj,
j=1
for some n X n matrix, w = (w;;), of one-forms, w;; € A'(U), so we get
n n n n n n
Vs = dei ® s; + ZfiVSi = dei ® s; + Z fiwij ® sj = Z(dfj + Zfz’wz‘j) @ s;.
i=1 i=1 i=1 ij=1 j=1 i=1
With respect to the frame, (sq,...,s,), the connection V has the matrix form

V(fl,...,fn) = (dfl,,dfn) + (fl,...,fn)w

and the matrix, w = (w;;), of one-forms, w;; € A'(U), is called the connection form or
connection matriz of V with respect to ¢: 7~ 1(U) — U x V. The above computation
also shows that on U, any connection is uniquely determined by a matrix of one-forms,
w;; € A'(U). In particular, the connection on U for which

Vs;=0,...,Vs, =0,

corresponding to the zero matrix is called the flat connection on U (w.r.t. (s1,...,5)).
@ Some authors (such as Morita [112]) use a notation involving subscripts and superscripts,
namely

n
- E J .
Vs; = w; ® s;.
i=1

But, beware, the expression w = (wf ) denotes the n x n-matrix whose rows are indexed by
j and whose columns are indexed by ! Accordingly, if ¢ = wn, then

9; = Z w,in}“.
k

The matrix, (w}) is thus the transpose of our matrix (wi;). This has the effects that some of
the results differ either by a sign (as in w A w) or by a permutation of matrices (as in the
formula for a change of frame).
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Remark: If (6y,...,0,) is the dual frame of (s, ...,s,), that is, 6; € A (U), is the one-form
defined so that
gl(b)(S](b)) = 57;]'7 forall be U, 1< Z,j < n,

then we can write w;, = Z?Zl I‘?ﬂj and so,
VSi = Z Ffz(ﬁj & Sk),
k=1
where the Ffi € C=(U) are the Christoffel symbols.
Proposition 11.3 Every vector bundle, &, possesses a connection.

Proof . Since £ is locally trivial, we can find a locally finite open cover, (U, ), of B such that
71 (U,) is trivial. If (f,) is a partition of unity subordinate to the cover (U,), and if V¢ is
any flat connection on £ | U,, then it is immediately verified that

V=) fuVv°

is a connection on &. []

If oo : 7 HU,) — Uy xV and pg: 71 (Us) — Ug x V are two overlapping trivializations,
we know that for every b € U, N Ug, we have

Pa © 30,(;1(()7 u) = (b, gas(b)u),
where go5: Uy N Uz — GL(V) is the transition function. As
@El(ba u) = 90;1@79045(6)“)7

if (s1,...,sy) is the frame over U, associated with ¢, and (¢y,...,t,) is the frame over Ug
associated with (g, we see that
n
ti = Z 9ijS;j s
j=1

where gog = (gi5)-

Proposition 11.4 With the notations as above, the connection matrices, w, and wg respec-
twely over U, and Ug obey the tranformation rule

W5 = JapWalns + (A9ap)9as,
where dg.s = (dgi;)-

To prove the above proposition, apply V to both side of the equations

n
ti = Z 9ijSj
j=1

and use w, and wg to express Vt; and Vs;. The details are left as an exercise.
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@ In Morita [112] (Proposition 5.22), the order of the matrices in the equation of Proposi-
tion 11.4 must be reversed.

If £ =TM, the tangent bundle of some smooth manifold, M, then a connection on T'M,
also called a connection on M is a linear map,

V:X(M) — A (M) @coeary X(M) = Homeeo (any (X(M), (X(M)),

since I'(T'M) = X(M). Then, for fixed Y € X (M), the map VY is C*°(M)-linear, which
implies that VY is a (1,1) tensor. In a local chart, (U, ¢), we have

0 - 0
Ve (o) = X
' J k=1 k

where the Ffj are Christoffel symbols.

The covariant derivative, Vx, given by a connection, V, on T'M, can be extended to a
covariant derivative, V', defined on tensor fields in I'(M, T™5(M)), for all r, s > 0, where

T (M) = T M @ (T*M)®*,

We already have Vy” = Vx and it is natural to set V'f = X[f] = df(X). Recall that
there is an isomorphism between the set of tensor fields, I'(M,T"*(M)), and the set of
C*°(M)-multilinear maps,

O: AHM) x - x AHM) x X(M) % -+ x X(M) — C®(M),

S N J
v~ '
T S

where A'(M) and X(M) are C°°(M)-modules.

The next proposition is left as an exercise. For help, see O’Neill [117], Chapter 2, Propo-
sition 13 and Theorem 15.

Proposition 11.5 for every vector field, X € X(M), there is a unique family of R-linear
map, V" T(M,T™*(M)) — I'(M,T"*(M)), with r,s > 0, such that

(a) VYf = df (X), for all f € C>°(M) and VY’ =V, for all X € X(M).

(b) VT2 2 (S @ T) = VE*H(S) @ T + S @ VZ*™(T), for all S € T'(M, T™*1(M)) and
all T € T'(M,T%(M)).

(¢) Vi ey (S)) = ¢ (VE(S)), for all S € T(M,T™(M)) and all contractions, cij, of
(M, T™(M)).
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Furthermore,

(VEO)(Y) = X[0(Y)] - 0(VxY),
for all X, Y € (M) and all one-forms, 6 € A*(M) and for every S € T'(M,T"*(M)), with
r+s > 2, the covariant derivative, V' (S), is given by

(v§ss)<917-.-70T7X17..-7XS) = X[S(917"'79T7X17'"7XS)]

= 80, Vs, 0, X, X)

for all Xi,...,X, € X(M) and all one-forms, 0y,...,0, € AL (M).

We define the covariant differential, VS, of a tensor, S € I'(M,T™*(M)), as the
(r,s + 1)-tensor given by
(VT’SS>(61, Cee QT, X, Xl, A ,Xs) = (VT‘)&SS)(GM R ,HT,Xl, R ,XS),
for all X, X; € X(M) and all §; € A'(M). For simplicity of notation we usually omit the

superscripts r and s. In particular, for S = g, the Riemannian metric on M (a (0, 2) tensor),

we get
Vx ()Y, Z) = d(g(Y, 2))(X) = 9(VxY, Z) = g(Y, VxZ),

for all XY, Z € X(M). We will see later on that a connection on M is compatible with a
metric, g, iff Vx(g) = 0.

Everything we did in this section applies to complex vector bundles by considering com-
plex vector spaces instead of real vector spaces, C-linear maps instead of R-linear map, and
the space of smooth complex-valued functions, C*°(B;C) = C*(B)®rC. We also use spaces
of complex-valued differentials forms,

Ai(B;C) = Al(B) @c (5 C(B;C) ((/\T* )®e}c>,
where €ef. is the trivial complex line bundle, B x C, and we define A*(¢) as
A" (&) = A'(B; C) @c (s I'(€).

A connection is a C-linear map, V: T'(¢) — A'(£), that satisfies the same Leibnitz-type rule
as before. Obviously, every differential form in A(B;C) can be written uniquely as w + i7,
with w,n € AY(B). The exterior differential,

d: AY(B;C) — A (B;C)
is defined by d(w +in) = dw + idn. We obtain complex-valued de Rham cohomology groups,
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11.2 Curvature, Curvature Form and Curvature Ma-
trix
If £ = B x V is the trivial bundle and V is a flat connection on £, we obviously have
VxVy —VyVyx = v[X,Y]y

where [X, Y] is the Lie bracket of the vector fields X and Y. However, for general bundles
and arbitrary connections, the above fails. The error term,

R(X,Y)=VxVy —VyVx — Vixy,

measures what’s called the curvature of the connection. The curvature of a connection also
turns up as the failure of a certain sequence involving the spaces A (£) to be a cochain
complex. Recall that a connection on £ is a linear map

Vi A (€) — AN

satisfying a Leibnitz-type rule. It is natural to ask whether V can be extended to a family
of operators, d¥: A*(£) — A™(£), with properties analogous to d on A*(B).

This is indeed the case and we get a sequence of map,

av

0 — A() > AN () 1 MG — - — A T AT — -

but in general, d¥ o dV = 0 fails. In particular, d¥ o V = 0 generally fails. The term
KY = dY oV is the curvature form (or tensor) of the connection V. As we will see it yields
our previous curvature, R, back.

Our next goal is to define dV. For this, we first define an C°°(B)-bilinear map
A AN(E) x A (n) — A™ (@)

as follows:
(WRS)AN(TRt) = (WAT)®R (s®1),

where w € AY(B), T € A/(B), s € ['(£), and ¢ € T'(n), where we used the fact that
L€ @n) =T(&) ®cxs I'(n).

First, consider the case where £ = ¢! = B x R, the trivial line bundle over B. In this case,
A (&) = AY(B) and we have a bilinear map

A: AY(B) x Al(n) — A™(n)

given by
WA(TRt)=(wAT) .
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For 7 = 0, we have the bilinear map
A AY(B) x T(n) — A'(n)

given by
WAt =wT.

It is clear that the bilinear map
N A(B) x A*(n) — A™(n)
has the following properties:

(WAT)ANO = wA(TAD)
1A0 = 0,

for all w € AY(B),7 € A(B), § € A¥(¢) and where 1 denotes the constant function in
C>°(B) with value 1.

Proposition 11.6 For every vector bundle, &, for all j > 0, there is a unique R-linear map
(resp. C-linear if € is a complex VB), d¥ : AJ (&) — ATL(E), such that

(i) d¥ =V forj=0.
(ii) d¥(wAt) =dwAt+ (—=1)wAdVt, for allw € A(B) and all t € AI(£).
Proof. Recall that A7(£) = A/(B) ®c=(p) I'(€) and define dV: A/(B) x I'(§) — AIF1(£) by
d¥(w,8) = dw® s+ (—1)wA Vs,

for all w € A/(B) and all s € T'(¢). We claim that dV induces an R-linear map on A’(£) but
there is a complication as dV is not C*°(B)-bilinear. The way around this problem is to use
Proposition 22.37. For this, we need to check that dV satisfies the condition of Proposition
22.37, where the right action of C*°(B) on A’(B) is equal to the left action, namely wedging:

fAw=wAf feC=(B)=AB), we A(B).
As A is C*°(B)-bilinear and 7 ® s = 7 A s for all 7 € A'(B) and all s € T'(£), we have

dV(wf,s) = dwf)®@s+(=1)(wf) A Vs
dwf)As+(=1) fo AVs

(dw)f + (=1 wAdf)As+ (=1)Y fw A Vs

= fdwAs+ (=1)YwAdf Ns+ (=1 fuAVs
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and

d(w, fs) = dw® (fs)+ (=1)wAV(fs)
= dw A (fs)+ (=1)w A V(fs)
= fdwAs+ (=1)YwA (df @ s+ fVs)
= fdwAs+ (=1)YwA (df As+ fVs)
= fdwAs+ (=1YwAdf Ns+ (=1 fw A Vs.

Thus, dV(wf,s) = d¥(w, fs), and Proposition 22.37 shows that dv: A7(¢) — AIFL(€) is a
well-defined R-linear map for all j > 0. Furthermore, it is clear that d¥ = V for j = 0. Now,
for w e AY(B) and t =7 ® s € A/ (£) we have

WA (T®s) = d¥(wWAT)®s))
= dwAT)®s+ (—1)(WAT)AVs
= (doAT)@s5+ (—1)(wAdT) @5+ (—1)(wAT)AVs
= doN(T®s+ (1) wA(dr®s)+ (—1)wA (T A Vs)
= doN(T®5)+ (=1)'wAdY (T As),
= dwA(T®s8)+ (1) wAdY(T®s),

which proves (ii). O

As a consequence, we have the following sequence of linear maps:
0 V.o dv 42 i dv it
00— A — A() — A — - — A(§) — AT () — -+

but in general, d¥ o d¥ = 0 fails. Although generally d¥ o V = 0 fails, the map d¥ o V is
C>°(B)-linear. Indeed,

(d¥ oV)(fs) = dv(df ® s+ fVs)
= dY(df Ns+ fAVs)
= ddf N\s—df NVs+df ANVs+ fAdY(Vs)
f(d¥ o V)(s)).
Therefore, d¥ o V: A%(€) — A%(€) is a C°°(B)-linear map. However, recall that just before
Proposition 11.2 we showed that
Home oy (A”(€), A(€)) = A'(Hom(&, €)),

therefore, d¥V oV € A%(Hom(&,€)), that is, d¥ oV is a two-form with values in T'(Hom(&, €)).

Definition 11.2 For any vector bundle, &, and any connection, V, on &, the vector-valued
two-form, RY = d¥ oV € A% (Hom/(&,€)) is the curvature form (or curvature tensor) of the
connection V. We say that V is a flat connection iff RV = 0.
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For simplicity of notation, we also write R for RY. The expression RV is also denoted F'V
or KV. As in the case of a connection, we can express R locally in any local trivialization,

p:m(U) > UxV,of & Since RY =d¥ oV € A*(§) = A/(B) Qcoop) T(€), if (s1,...,5n)
is the frame associated with (¢, U), then

RY(si) =) Qy®s;,
j=1

for some matrix, Q = (), of two forms, Q;; € A*(B). We call Q = (Q;;) the curvature
matriz (or curvature form) associated with the local trivialization. The relationship between
the connection form, w, and the curvature form, €2, is simple:

Proposition 11.7 (Structure Equations) Let £ be any vector bundle and let V be any con-
nection on &. For every local trivialization, p: 7Y (U) — U x V, the connection matriz,
w = (wi;), and the curvature matriz, @ = (§2;), associated with the local trivialization,
(p,U), are related by the structure equation:

Q=dw—wAuw.
Proof. By definition,

V(si) =) wi®sj,
j=1
so if we apply dV and use property (ii) of Proposition 11.6 we get

d"(V(s) = Y Qu®@si

k=1

= > dV(wiy ®s;)
j=1

— Zdwij ® sj — Zwij A Vs;
j=1 J=1
j=1 j=1 k=1

= Zdwz‘k ® s — Z(szj A ij) & Sk,
k=1

k=1 j=1
and so,
n
Qi = dwy, — szj N Wik,
j=1
which, means that
Q=dw—wAw,

as claimed. O
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@ Some other texts, including Morita [112] (Theorem 5.21) state the structure equations
as
D=dw+wAw.

Although this is far from obvious from Definition 11.2, the curvature form, RV, is related
to the curvature, R(X,Y), defined at the beginning of Section 11.2. For this, we define the
evaluation map

Evxy: A*(Hom(¢,§)) — A’(Hom(¢,§)) = T(Hom(,¢)),
as follows: For all X,Y € X(B), allw® h € A*(Hom(&,§)) = A*(B) ®cee(p) T(Hom(E,€)),

set
EVva(w X h) = w(X, Y)h

It is clear that this map is C°°(B)-linear and thus well-defined on A?*(Hom(&,€)). (Recall
that A°(Hom(&,€)) = T(Hom(§,§)) = Homeee () (L(€),T'(§)).) We write

R)V(,Y = EVX,Y<RV) € HOHlCoo(B)(F(f)a F(f))-

Proposition 11.8 For any vector bundle, £, and any connection, V, on &, for all X,Y €
X(B), if we let
R(X, Y) = VX o Vy — VY o) VX — V[Xy],
then
R(X,Y) = RY,.

Sketch of Proof. First, check that R(X,Y) is C*°(B)-linear and then work locally using the
frame associated with a local trivialization using Proposition 11.7. O

Remark: Proposition 11.8 implies that R(Y, X) = —R(X,Y) and that R(X,Y)(s) is
C*°(B)-linear in X,Y and s.

If po: 71 (Uy) — Uy x V and @g: 71 (Ug) — Ug x V are two overlapping trivializa-
tions, the relationship between the curvature matrices €2, and g, is given by the following
proposition which is the counterpart of Proposition 11.4 for the curvature matrix:

Proposition 11.9 Ifp,: 71 (U,) — Uy xV and pg: 71 (Ug) — UsgxV are two overlapping
trivializations of a vector bundle, &, then we have the following transformation rule for the
curvature matrices Q, and Qg:

Qs = gaﬁQag;ﬁla
where gop: Uy NUg — GL(V) is the transition function.

Proof Sketch. Use the structure equations (Proposition 11.7) and apply d to the equations
of Proposition 11.4. O

Proposition 11.7 also yields a formula for dS2, know as Bianchi’s identity (in local form).
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Proposition 11.10 (Bianchi’s Identity) For any vector bundle, , any connection, V, on
&, if w and Q are respectively the connection matriz and the curvature matriz, in some local

trivialization, then
dAV=wAQ—QANw.

Proof. If we apply d to the structure equation, 2 = dw — w A w, we get

dQY = ddw —dw ANw+w A dw
= —(Q+twAw)AwF+wA(Q+wAw)
= QAw—"wWwAWAWFWVAQFWVAWAW
= wAQ—-—QAw,

as claimed. [J

We conclude this section by giving a formula for d¥ o d¥ (¢), for any t € A*(&). Consider
the special case of the bilinear map

Az ANE) x Al (n) — A (€ @)

defined just before Proposition 11.6 with j = 2 and n = Hom(&, ). This is the C*°-bilinear
map

A A'(E) x A*(Hom(€,€)) — A™ (€ @ Hom(€,€)).

We also have the evaluation map,

ev: A€ @ Hom(€,€)) = AY(B) ®Rceo(B) I'(§) @coe(p) Homeeo(p)(I'(£), I'(£))
— A/(B) @c () L(§) = A(€),

given by
evw®@s®@h) =w® h(s),

with w € A7(B), s € I'(§) and h € Homeeo () (L'(€),T'(€)). Let
A AY(E) x A2 (Hom(€,€)) — A™T2(€)
be the composition
AL(€) x A2 (Hom(€,€)) —— A€ @ Hom(€,€)) — A™(€).
More explicitly, the above map is given (on generators) by
(w®@s)ANH =wA H(s),
where w € A'(B), s € ['(§) and H € Homeee()(T(€), A%(€)) = A*(Hom(E,§)).

Proposition 11.11 For any vector bundle, £, and any connection, V, on & the composition

d¥odV: A(&) — A™2(€) mapst tot ARY, for any t € A(E).
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Proof. Any t € A'(£) is some linear combination of elements w ® s € A (B) ®ceo(p) I'(§)
and by Proposition 11.6, we have

dodV(w®s) = d¥(dw® s+ (—1)'wAVs)
= ddw® s+ (=1)"dw A Vs + (=1)dw AVs+ (—=1)(=1)wAdY o Vs
= wAdYoVs
= (w®s)ARY,

as claimed. [J

Proposition 11.11 shows that d¥ odY = 0 iff RY = d¥ o V = 0, that is, iff the connection
V is flat. Thus, the sequence

d

0 — A%(E) Lo AY(E) L5 A2(€) — - — AU L AT — -
is a cochain complex iff V is flat.

Again, everything we did in this section applies to complex vector bundles.

11.3 Parallel Transport

The notion of connection yields the notion of parallel transport in a vector bundle. First,
we need to define the covariant derivative of a section along a curve.

Definition 11.3 Let £ = (E,m, B, V) be a vector bundle and let v: [a,b] — B be a smooth
curve in B. A smooth section along the curve -y is a smooth map, X : [a,b] — FE, such that
m(X(t)) = 7(t), for all t € [a,b]. When & = T'B, the tangent bundle of the manifold, B, we
use the terminology smooth vector field along ~y.

Recall that the curve v: [a,b] — B is smooth iff ~ is the restriction to [a, b] of a smooth
curve on some open interval containing [a, b].

Proposition 11.12 Let £ be a vector bundle, V be a connection on & and v: [a,b] — B be
a smooth curve in B. There is a R-linear map, D/dt, defined on the vector space of smooth
sections, X, along v, which satisfies the following conditions:

(1) For any smooth function, f: [a,b] — R,
D(fX) _df

DX
=—X —
dt dt +f dt

(2) If X is induced by a global section, s € T'(§), that is, if X(to) = s(y(to)) for all
to € [a,b], then
DX
i (o) = (Vartto) $)atto)-
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Proof . Since v([a, b)) is compact, it can be covered by a finite number of open subsets, U,,
such that (U,, ¢4) is a local trivialization. Thus, we may assume that v: [a,b] — U for some
local trivialization, (U, ¢). As ¢ o~v: [a,b] — R", we can write

por(t) = (u), .. un(t)),
where each u; = pr; o p o7 is smooth. Now (see Definition 3.13), for every g € C*(B), as

dry (d 2": o ( 8 > g
t . = ’
0 dt o = dt axz 7(to)

since by definition of /(ty),

= Llgop™o(pom)

)(9) jt(g °7)

to to

, d
Y (to) = d7t0 (%

(see the end of Section 3.2), we have

If (s1,...,8,) is a frame over U, we can write

for some smooth functions, X;. Then, conditions (1) and (2) imply that

%g_;(ﬁgmmﬂxwwwmmww

and since

" du; 0
V(1) = ( ),
; dt \0zi/

there exist some smooth functions, I' fj, so that
" du; du;
Vaolsi((0) = S S0V o (5,(0(0) = 30 S Thsu(0(0))
i=1 i,k

It follows that

f%—zﬁm+2%%j>ww.

Conversely, the above expression defines a linear operator, D /dt, and it is easy to check that
it satisfies (1) and (2). O

The operator, D/dt is often called covariant derivative along v and it is also denoted by
V) or simply V..
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Definition 11.4 Let £ be a vector bundle and let V be a connection on &. For every curve,
v: [a,b] — B, in B, a section, X, along v is parallel (along ) iff
DX

= —o.
dt

If M was embedded in R? (for some d), then to say that X is parallel along v would
mean that the directional derivative, (D.,X)(v(t)), is normal to T M.

The following proposition can be shown using the existence and uniqueness of solutions
of ODE’s (in our case, linear ODE’s) and its proof is omitted:

Proposition 11.13 Let & be a vector bundle and let V be a connection on &. For every C*
curve, v: [a,b] — B, in B, for every t € [a,b] and every v € w1 (y(t)), there is a unique
parallel section, X, along v such that X (t) =

For the proof of Proposition 11.13 it is sufficient to consider the portions of the curve
~ contained in some local trivialization. In such a trivialization, (U, ), as in the proof of
Proposition 11.12, using a local frame, (sy,...,s,), over U, we have

% _ Z (ka N ZFZ (ZZ j) K(r(1)),

with u; = pr; o p o v. Consequently, X is parallel along our portion of ~ iff the system of
linear ODE’s in the unknowns, Xj,

+ZPU - X; = k=1,....n,

is satisfied.

Remark: Proposition 11.13 can be extended to piecewise C! curves.

Definition 11.5 Let £ be a vector bundle and let V be a connection on &. For every curve,
v: [a,b] — B, in B, for every t € [a,b], the parallel transport from v(a) to y(t) along v is
the linear map from the fibre, 771(y(a)), to the fibre, 77 1(y(¢)), which associates to any
v € 7 (y(a)) the vector X, (t) € 7 1(y(t)), where X, is the unique parallel section along
with X, (a) = v.

The following proposition is an immediate consequence of properties of linear ODE’s:

Proposition 11.14 Let £ = (E,m, B,V) be a vector bundle and let V be a connection on
&. For every C' curve, v: [a,b] — B, in B, the parallel transport along 7y defines for every
t € [a,b] a linear isomorphism, Py: 7 1(y(a)) — 71 (y(¢)), between the fibres 7 (y(a)) and
T (y(t))-
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In particular, if v is a closed curve, that is, if v(a) = 7(b) = p, we obtain a linear
isomorphism, P,, of the fibre E, = 7~ (p), called the holonomy of 7. The holonomy group
of V based at p, denoted Hol,(V), is the subgroup of GL(V,R) given by

Hol,(V) = {P, € GL(V,R) | v1is a closed curve based at p}.

If B is connected, then Hol,(V) depends on the basepoint p € B up to conjugation and so
Hol,(V) and Hol,(V) are isomorphic for all p,q € B. In this case, it makes sense to talk
about the holonomy group of V. If £ = T'B, the tangent bundle of a manifold, B, by abuse
of language, we call Hol,(V) the holonomy group of B.

11.4 Connections Compatible with a Metric;
Levi-Civita Connections

If a vector bundle (or a Riemannian manifold), £, has a metric, then it is natural to define
when a connection, V, on £ is compatible with the metric. So, assume the vector bundle, &,
has a metric, (—, —). We can use this metric to define pairings

ALE) x A(§) — AN(B) and  A(€) x AN(§) — AY(B)
as follows: Set (on generators)
(W® s1,82) = (51,0 @ 82) = wW(s1,52),

for all w € AY(B), s1,s0 € ['(€) and where (s;,s5) is the function in C*(B) given by
b (s1(b), s2(b)), for all b € B. More generally, we define a pairing

A(§) x A(§) — A™(B),

by
(W® $1,m® s9) = (81, S2)w A1,

for all w € AY(B),n € A/(B), s1,s9 € T'().

Definition 11.6 Given any metric, (—, —), on a vector bundle, £, a connection, V, on £ is
compatible with the metric, for short, a metric connection iff

d(s1,s2) = (Vs1, $2) + (s1, Vsa),

for all s1,s9 € I'(£).

In terms of version-two of a connection, V x is a metric connection iff

X((51,52)) = (Vxs51,52) + (51, Vx52),
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for every vector field, X € X(B).

Definition 11.6 remains unchanged if £ is a complex vector bundle. The condition of
compatibility with a metric is nicely expressed in a local trivialization. Indeed, let (U, )
be a local trivialization of the vector bundle, £ (of rank n). Then, using the Gram-Schmidt
procedure, we obtain an orthonormal frame, (si,...,s,), over U.

Proposition 11.15 Using the above notations, if w = (w;;) is the connection matriz of V
w.r.t. (S1,...,8n), then w is skew-symmetric.

Proof. Since
Vei = szj X Sj
j=1

and since (s;, s;) = 0;; (as (s1,...,s,) is orthonormal), we have d(s;,s;) = 0 on U. Conse-
quently

0 = d(Si,8j>
= (Vs;,s5) + (s, Vs;)

= O wik ® sk, 55) + (50, ) win @ s1)
k=1 =1

n n
= Z%‘k(sk, sj) + ijl<3ia st)
k=1 I=1

= Wij + Wji,
as claimed. OJ

In Proposition 11.15, if £ is a complex vector bundle, then w is skew-Hermitian. This
means that

_T:

w —Ww,

where @ is the conjugate matrix of w, that is, (w);; = @;;. It is also easy to prove that metric
connections exist.

Proposition 11.16 Let £ be a rank n vector with a metric, (—,—). Then, £, possesses
metric connections.

Proof. We can pick a locally finite cover, (U,)a, of B such that (Us,,¢,) is a local triv-
ialization of £. Then, for each (U,,¢,), we use the Gram-Schmidt procedure to obtain
an orthonormal frame, (s§,...,s%), over U, and we let V* be the trivial connection on

71 (U,). By construction, V is compatible with the metric. We finish the argumemt by
using a partition of unity, leaving the details to the reader. O

If £ is a complex vector bundle, then we use a Hermitian metric and we call a connec-
tion compatible with this metric a Hermitian connection. In any local trivialization, the
connection matrix, w, is skew-Hermitian. The existence of Hermitian connections is clear.

If V is a metric connection, then the curvature matrices are also skew-symmetric.
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Proposition 11.17 Let £ be a rank n vector bundle with a metric, (—,—). In any local
trivialization of &€, the curvature matriz, Q@ = () is skew-symmetric. If € is a complex
vector bundle, then Q@ = (§;;) is skew-Hermitian.

Proof. By the structure equation (Proposition 11.7),
Q=dw—wAw,

that is, ;; = dw;; — Y _p_, Wik A Wy, 0, using the skew symetry of w;; and wedge,

n
jS = dwﬁ— E wjk/\wki

k=1

n
= —dwij— E wkj/\wik

k=1

n
= —dwij + Zwik N wkj
k=1
= _Qlj7
as claimed. O

We now restrict our attention to a Riemannian manifold, that is, to the case where our
bundle, &, is the tangent bundle, ¢ = T'M, of some Riemannian manifold, M. We know
from Proposition 11.16 that metric connections on T'M exist. However, there are many
metric connections on T'M and none of them seems more relevant than the others. If M is
a Riemannian manifold, the metric, (—, —), on M is often denoted g. In this case, for every
chart, (U, @), we let g;; € C*°(M) be the function defined by

94 (p) = <(8i,~)p’ (a%a)p>p

(Note the unfortunate clash of notation with the transitions functions!)

The notations g = Zij gijdx; ® dx; or simply g = Zij gijdx;dx; are often used to denote
the metric in local coordinates. We observed immediately after stating Proposition 11.5 that
the covariant differential, Vg, of the Riemannian metric, g, on M is given by

Vx(@)(Y,Z)=d(g(Y,2))(X) —g9(VxY,Z) — g(Y,Vx2),

for all X,Y,Z € X(M). Therefore, a connection, V, on a Riemannian manifold, (M, g), is

compatible with the metric iff
Vg=0.

It is remarkable that if we require a certain kind of symmetry on a metric connection,
then it is uniquely determined. Such a connection is known as the Levi-Civita connection.
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The Levi-Civita connection can be characterized in several equivalent ways, a rather simple
way involving the notion of torsion of a connection.

Recall that one way to introduce the curvature is to view it as the “error term”
R(X,Y)=VxVy —VyVx — Vixy]
Another natural error term is the torsion, T(X,Y), of the connection, V, given by
T(X,)Y)=VxY —-VyX — [X,Y],

which measures the failure of the connection to behave like the Lie bracket.

Another way to characterize the Levi-Civita connection uses the cotangent bundle, 7" M.
It turns out that a connection, V, on a vector bundle (metric or not), &, naturally induces
a connection, V*, on the dual bundle, £*. Now, if V is a connection on T'M, then V* is is a
connection on T*M, namely, a linear map, V*: D(T*M) — A'(M) ®cw(py I'(T*M), that is

VvV AN M) — AYM) @coo gy AH(M) = T(T*M @ T*M),
since I'(T*M) = AY(M). If we compose this map with A, we get the map
AYM) 5 AN M) ®cme(s) AN(M) - AX(M).
Then, miracle, a metric connection is the Levi-Civita connection iff
d=ANoV~,

where d: A'(M) — A%*(M) is exterior differentiation. There is also a nice local expression
of the above equation.

First, we consider the definition involving the torsion.

Proposition 11.18 (Levi-Civita, Version 1) Let M be any Riemannian manifold. There
1S a unique, metric, torsion-free connection, V, on M, that is, a connection satisfying the
conditions

XY, Z)) = (VxY,Z)+(Y,VxZ)
VxY -VyX = [X)Y],
for all vector fields, X,Y,Z € X(M). This connection is called the Levi-Civita connection

(or canonical connection) on M. Furthermore, this connection is determined by the
Koszul formula

2VxY, Z) = X((Y,2)) +Y((X,2)) - Z({X,Y))
- (Y [X, Z]) = (X, [Y, Z]) = (Z,[Y, X]).
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Proof. First, we prove uniqueness. Since our metric is a non-degenerate bilinear form, it
suffices to prove the Koszul formula. As our connection is compatible with the metric, we
have

X((Y,2) = (VxV,Z)+(Y,Vx2)
YUX,Z)) = (VyX,Z)+ (X, VyZ)
—Z((X,Y)) = —(VzX,Y)—(X,VY)

and by adding up the above equations, we get
XY, 2) + Y((X, 2)) = Z(X,Y)) = (Y,VxZ—V;X)

+(X,VyZ = VzY)
+(Z,VxY +VyX).

Then, using the fact that the torsion is zero, we get

X(<Y7 Z)) +Y<<Xv Z>) - Z(<X7Y>) = <Y7 [Xv Z]> + <X7 D/a Z]>
+{(Z,[Y, X]) +2(Z,VxY)

which yields the Koszul formula.

Next, we prove existence. We begin by checking that the right-hand side of the Koszul
formula is C*°(M)-linear in Z, for X and Y fixed. But then, the linear map Z — (VxY, Z)
induces a one-form and VY is the vector field corresponding to it via the non-degenerate
pairing. It remains to check that V satisfies the properties of a connection, which it a bit
tedious (for example, see Kuhnel [91], Chapter 5, Section D). O

Remark: In a chart, (U, ¢), if we set

0
akgij = a_xk<gij)

then it can be shown that the Christoffel symbols are given by
Pl w
Lii =3 > g (Bigin + 9590 — Ougiy),
=1

where (¢") is the inverse of the matrix (gp).

Let us now consider the second approach to torsion-freeness. For this, we have to explain
how a connection, V, on a vector bundle, ¢ = (E, 7, B, V), induces a connection, V*, on the
dual bundle, £*. First, there is an evaluation map I'(§£ ® £*) — T'(¢') or equivalently,

(= =) T(§) ®c(m) Homee () (T(E), C=(B)) — C*(B),
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given by
<817 S§> = 83(31)7 S1 € F(é)? S; € HomC‘x’(B)(F(é)a COO(B>>

and thus a map

id®(—
)1

A (€@ &) = A%(B) @c=p T(ERE " ANB) @cqp) CF(B) 2 AX(B),

Using this map we obtain a pairing
(= =) A @ A(E7) = AT (EDE) — AT (B),
given by
(w ® 51,1 ® S;) = (w A 77) ® <817 S;>7

where w € A (B), n € A/(B), s; € I'(€), s5 € T'(€*). Tt is easy to check that this pairing is
non-degenerate. Then, given a connection, V, on a rank n vector bundle, &, we define V*
on £ by

d(s1,s3) = (V(s1),53) + (51, V*(s3)),
where s; € T'(§) and s € T'(£*). Because the pairing (—, —) is non-degenerate, V* is well-
defined and it is immediately that it is a connection on £*. Let us see how it is expressed

locally. If (U, ¢) is a local trivialization and (sq, ..., s,) is the frame over U associated with
(U, ), then let (64,...,0,) be the dual frame (called a coframe). We have

<Sj>9i> :91‘(5]‘) :51']'7 1 gl,] <n.
Recall that
S = ijk & S
k=1
and write

V0 = zn: Wi ® Oy

k=1

Applying d to the equation (s;, ;) = d;; and using the equation defining V*, we get

0 = d(sjﬁ)
(V(s5):0:) + (555 V*(0:))

n

= (Z%k@’skv Swad@Ql
= ijk(3k79i> +ZW;}(33'701)
k=1 =1

_ . *
= Wji T wj.
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Therefore, if we write w* = (wj;), we have
W= —w'.
If V is a metric connection, then w is skew-symmetric, that is, w' = —w. In this case,
* T _
w'=—-w' =w.
If € is a complex vector bundle, then there is a problem because if (si,...,s,) is a frame

over U, then the 6,(b)’s defined by

(i(b), 6;(b)) = oy

are not linear, but instead conjugate-linear. (Recall that a linear form, 6, is conjugate linear
(or semi-linear) iff O(\u) = M0(u), for all A € C.) Instead of £*, we need to consider the
bundle £, which is the bundle whose fibre over b € B consist of all conjugate-linear forms
over 7~ 1(b). In this case, the evaluation pairing, (s, ) is conjugate-linear in s and we find
that w* = —w ', where w* is the connection matrix of E* over U. If £ is a Hermitian bundle, as
w is skew-Hermitian, we find that w* = w, which makes sense since £ and € are canonically
isomorphic. However, this does not give any information on £*. For this, we consider the
conjugate bundle, €. This is the bundle obtained from & by redefining the vector space
structure on each fibre, 771(b), b € B, so that

(z +iy)v = (z —iy)v,

for every v € 771(b). If w is the connection matrix of & over U, then @ is the connection
matrix of € over U. If € has a Hermitian metric, it is easy to prove that &* and € are
canonically isomorphic (see Proposition 11.32). In fact, the Hermitian product, (—, —),
establishes a pairing between & and £* and, basically as above, we can show that if @ is the
connection matrix of & over U, then w* = —w' is the the connection matrix of £* over U.
As w is skew-Hermitian, w* = @.

Going back to a connection, V, on a manifold, M, the connection, V*, is a linear map,
Vi A(M) — AN M) @ AN (M) = (X(M))" @c=() (X(M))" = (X(M) @c=ar) X(M))".
Let us figure out what A o V* is using the above interpretation. By the definition of V*,
Vo(X,Y) = X(0(Y)) - 0(VxY),
for every one-form, 6 € A'(M) and all vector fields, X,Y € X(M). Applying A, we get

Vi(X,Y) = ViV, X) = X(0(Y)) - 0(VxY) — Y (0(X)) + 0(VyX)
= X(O(Y)) = Y(0(X)) — 0(VxY — VyX).

However, recall that

do(X,Y) = X(6(Y)) — Y(0(X)) - 0([X,Y]),



352 CHAPTER 11. CONNECTIONS AND CURVATURE IN VECTOR BUNDLES

so we get

(Ao VIO)X,Y) = Vi(X,Y)— Vi(Y, X)
= dI(X,Y)—0(VyY — VyX — [X,Y])
= dI(X,Y) = 0(T(X,Y)).

It follows that for every 6 € A'(M), we have (A o V*)8 = df iff (T (X,Y)) = 0 for all
X, Y € X(M), that is iff T'(X,Y) =0, for all X,Y € X(M). We record this as

Proposition 11.19 Let £ be a manifold with connection V. Then, V is torsion-free (i.e.,
T(X,)Y)=VxY —-VyX —[X,Y]=0, for all X, Y € X(M)) iff

NoV* =d,

where d: A'(M) — A%(M) is exterior differentiation.

Proposition 11.19 together with Proposition 11.18 yield a second version of the Levi-
Civita Theorem:

Proposition 11.20 (Levi-Civita, Version 2) Let M be any Riemannian manifold. There is
a unique, metric connection, V, on M, such that

NoV* =d,

where d: AY(M) — A?(M) is exterior differentiation. This connection is equal to the Levi-
Civita connection in Proposition 11.18.

Remark: If V is the Levi-Civita connection of some Riemannian manifold, M, for every
chart, (U, ), we have w* = w, where w is the connection matrix of V over U and w* is the
connection matrix of the dual connection V*. This implies that the Christoffel symbols of
V and V* over U are identical. Furthermore, V* is a linear map

VAN M) — T(T*M @ T*M).
Thus, locally in a chart, (U, ¢), if (as usual) we let z; = pr; o , then we can write

ij

V*(dxy) = Z Ik de; @ dz;.
5]

Now, if we want A o V* = d, we must have AV*(dzy) = ddxy = 0, that is

k _ 1k
Ik =T

3

for all 7, j. Therefore, torsion-freeness can indeed be viewed as a symmetry condition on the
Christoffel symbols of the connection V.
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Our third version is a local version due to Elie Cartan. Recall that locally in a chart,
(U, ¢), the connection, V*, is given by the matrix, w*, such that w* = —w" where w is the
connection matrix of T'M over U. That is, we have

V*QZ = i —Cdji X Qj,

J=1

for some one-forms, w;; € A'(M). Then,
/\OV*GZ = _iji /\93
j=1
so the requirement that d = A o V* is expressed locally by

del = — iji A (9]'.
j=1

In addition, since our connection is metric, w is skew-symmetric and so, w* = w. Then, it is
not too surprising that the following proposition holds:

Proposition 11.21 Let M be a Riemannian manifold with metric, (—, —). For every chart,
(U, ), if (s1,...,5n) is the frame over U associated with (U,p) and (b1, ...,60,) is the cor-
responding coframe (dual frame), then there is a unique matriz, w = (w;;), of one-forms,
wi; € AY (M), so that the following conditions hold:

(1) wji = —wi;.

(i1) db; = ZMU A 0; or, in matriz form, df = w A 6.

j=1

Proof. There is a direct proof using a combinatorial trick, for instance, see Morita [112],
Chapter 5, Proposition 5.32 or Milnor and Stasheff [109], Appendix C, Lemma 8. On the
other hand, if we view w = (w;;) as a connection matrix, then we observed that (i) asserts that
the connection is metric and (ii) that it is torsion-free. We conclude by applying Proposition
11.20. O

As an example, consider an orientable (compact) surface, M, with a Riemannian metric.
Pick any chart, (U, ¢), and choose an orthonormal coframe of one-forms, (1, 65), such that
Vol =601 A6y on U. Then, we have

d91 = a191/\92
d92 = a291/\92
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for some functions, a1, as, and we let

W12 = a1¢91 -+ a292.

0 W12 01 . 0 (l1¢91 + a202 01 . d@l
—wiz 0 0y)  \—(a16y + az0s) 0 0,)  \db,
which shows that
W= w = 0 W12
o a —Ww12 0
corresponds to the Levi-Civita connection on M. Let 2 = dw — w A w, we see that

. 0 dwlg
2= <—dw12 0 > '

As M is oriented and as M has a metric, the transition functions are in SO(2). We easily
check that

cost sint 0 dwi cost —sint) 0 dwi

—sint cost) \ —dwia 0O sint cost /] \—dwyiy 0 /)’
which shows that € is a global two-form called the Gauss-Bonnet 2-form of M. Then, there
is a function, xk, the Gaussian curvature of M such that

Clearly,

dwis = —kVol,

where Vol is the oriented volume form on M. The Gauss-Bonnet Theorem for orientable
surfaces asserts that

/ dwiy = 2mx (M),
M

where x (M) is the Euler characteristic of M.

Remark: The Levi-Civita connection induced by a Riemannian metric, g, can also be de-
fined in terms of the Lie derivative of the metric, g. This is the approach followed in Petersen
[119] (Chapter 2). If fx is the one-form given by

‘9X = ng,

that is, (ixg)(Y) = ¢g(X,Y) for all X,Y € X(M) and if Lxg is the Lie derivative of the
symmetric (0,2) tensor, g, defined so that

(Lxg)(Y,Z) = X(9(Y, 2)) — 9g(LxY, Z) — g(Y, Lx Z)
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(see Proposition 8.18), then, it is proved in Petersen [119] (Chapter 2, Theorem 1) that the
Levi-Civita connection is defined implicitly by the formula

29(VxY,Z) = (Lyg)(X, Z) + (doy)(X, Z).

We conclude this section with various useful facts about torsion-free or metric connec-
tions. First, there is a nice characterization for the Levi-Civita connection induced by a
Riemannian manifold over a submanifold. The proof of the next proposition is left as an
exercise.

Proposition 11.22 Let M be any Riemannian manifold and let N be any submanifold of
M equipped with the induced metric. If VM and VY are the Levi-Civita connections on M
and N, respectively, induced by the metric on M, then for any two vector fields, X and Y
in X(M) with X(p),Y (p) € T,N, for allp € N, we have

VXY = (V)
where (VYY)(p) is the orthogonal projection of VXY (p) onto T,N, for every p € N.

In particular, if y is a curve on a surface, M C R3, then a vector field, X (¢), along ~ is
parallel iff X'(¢) is normal to the tangent plane, T M.

For any manifold, M, and any connection, V, on M, if V is torsion-free, then the Lie
derivative of any (p,0)-tensor can be expressed in terms of V (see Proposition 8.18).

Proposition 11.23 For every (0, q)-tensor, S € T'(M, (T*M)®?), we have
q
(LxS)(X1,.... X)) = X[S(X1,..., X))+ Y S(Xy,....VxXi,..., X,),
i=1

forall Xy,..., X, X € X(M).

Proposition 11.23 is proved in Gallot, Hullin and Lafontaine [60] (Chapter 2, Proposition
2.61). Using Proposition 8.13 it is also possible to give a formula for dw(Xj ..., X) in terms
of the Vx,, where w is any k-form, namely

k
dw(Xo...,Xy) = Z<_1)iVXiw<X17 oo X1, Xoy Xign, oo, Xi).
i=0
Again, the above formula in proved in Gallot, Hullin and Lafontaine [60] (Chapter 2, Propo-
sition 2.61).

If V is a metric connection, then we can say more about the parallel transport along a
curve. Recall from Section 11.3, Definition 11.4, that a vector field, X, along a curve, v, is

parallel iff
DX

— =0.
dt

The following proposition will be needed:
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Proposition 11.24 Given any Riemannian manifold, M, and any metric connection, V,
on M, for every curve, v: [a,b] — M, on M, if X andY are two vector fields along v, then

CAX(Y (1) = <%,Y> + <X, %> .

Proof. (After John Milnor.) Using Proposition 11.13, we can pick some parallel vector fields,
Z4,..., Zy, along 7, such that Z;(a),...,Z,(a) form an orthogonal frame. Then, as in the
proof of Proposition 11.12, in any chart, (U, ), the vector fields X and Y along the portion
of v in U can be expressed as

u 0 u 0
=1 i=1

and

’ . " duz 8
7o =3 G (5)

=1

with u; = priopo~. Let X and Y be two parallel vector fields along v. As the vector fields,

%, can be extended over the whole space, M, as V is a metric connection and as X and Y

are parallel along v, we get
(X, Y)(1) =7 [(X. V)] = (V X, ¥) + (X, V), ¥) = 0.
So, ()?, ?) is constant along the portion of v in U. But then, <)?, }7) is constant along ~.

Applying this to the Z;(t), we see that Z;(t),...,Z,(t) is an orthogonal frame, for every
t € [a,b]. Then, we can write

X:Zl'lZZ, Y:Zijj,
i—1 j=1
where z;(t) and y;(t) are smooth real-valued functions. It follows that
(X(0),Y(6) = wiw
i=1

and that

At C;TZ raolt =, = % i B

bt dt
DX DY = (dz; dy;\  d

as claimed. J

o w it T

Therefore,

Using Proposition 11.24 we get
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Proposition 11.25 Given any Riemannian manifold, M, and any metric connection, V,
on M, for every curve, v: [a,b] — M, on M, if X andY are two vector fields along -y that
are parallel, then

<X7 Y> =C,

for some constant, C. In particular, || X (t)|| is constant. Furthermore, the linear isomor-
phism, Py: T,y — Ty, 15 an isometry.

Proof. From Proposition 11.24, we have

% (X (1), Y () = <%,Y> + <X, %> |

As X and Y are parallel along v, we have DX/dt = 0 and DY /dt = 0, so

which shows that (X (t),Y(¢)) is constant. Therefore, for all v,w € T}, if X and Y are the
unique vector fields parallel along v such that X (a) = v and Y (a) = w given by Proposition
11.13, we have

(Py(v), Py(w)) = (X(0),Y (b)) = (X(a),Y(a)) = (u,v),

which proves that P, is an isometry. [

In particular, Proposition 11.25 shows that the holonomy group, Hol,(V), based at p, is
a subgroup of O(n).

11.5 Duality between Vector Fields and Differential
Forms and their Covariant Derivatives

If (M, (—,—)) is a Riemannian manifold, then the inner product, (—, —),, on T,,M, estab-
lishes a canonical duality between T),M and Ty M, as explained in Section 22.1. Namely, we
have the isomorphism, b: T,M — T>M, defined such that for every u € T,M, the linear

form, v’ € Ty M, is given by
w’(v) = (u,v), veT,M.

The inverse isomorphism, §: TyM — T,M, is defined such that for every w € T, M, the
vector, w¥, is the unique vector in T, M so that

(W v), = w(v), veT,M.
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The isomorphisms b and £ induce isomorphisms between vector fields, X € X(M), and one-
forms, w € AY(M): A vector field, X € X(M), yields the one-form, X* € A'(M), given
by

(X b)p = (*Xp)b

and a one-form, w € A (M), yields the vector field, w* € X(M), given by

(wu)p = (wp)ﬁ>
so that
wp(v) = ((wp)¥, V), velT,M,pe M.

In particular, for every smooth function, f € C°°(M), the vector field corresponding to the
one-form, df, is the gradient, grad f, of f. The gradient of f is uniquely determined by the
condition

((grad f)p, v)p = dfp(v),  veT,M, pe M.

Recall from Proposition 11.5 that the covariant derivative, V yw, of any one-form,
w € A (M), is the one-form given by

(Vxw)(Y) = X(w(Y)) = w(VxY).

If V is a metric connection, then the vector field, (Vxw)*, corresponding to Vyw is nicely
expressed in terms of w*: Indeed, we have

(Vxw) = Vxwh.
The proof goes as follows:

(Vxw)(Y) = X(w(Y))—W(VXY)
= X({"Y)) = (&}, VxY)
= (waﬁ Y)Y+ (w 3 VxY) — (W, VxY)
= (VxwhY),

where we used the fact that the connection is compatible with the metric in the third line
and so,
(VX(,U)ﬁ = VXwﬁ,

as claimed.

11.6 Pontrjagin Classes and Chern Classes, a Glimpse

This section can be omitted at first reading. Its purpose is to introduce the reader to Pon-
trjagin Classes and Chern Classes which are fundamental invariants of real (resp. complex)
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vector bundles. We focus on motivations and intuitions and omit most proofs but we give
precise pointers to the literature for proofs.

Given a real (resp. complex) rank n vector bundle, £ = (E, w, B, V'), we know that locally,
¢ “looks like” a trivial bundle, U x V', for some open subset, U, of the base space, B, but
globally, & can be very twisted and one of the main issues is to understand and quantify “how
twisted” £ really is. Now, we know that every vector bundle admit a connection, say V, and
the curvature, RV, of this connection is some measure of the twisting of £&. However, RV
depends on V, so curvature is not intrinsic to £, which is unsatisfactory as we seek invariants
that depend only on .

Pontrjagin, Stiefel and Chern (starting from the late 1930’s) discovered that invariants
with “good” properties could be defined if we took these invariants to belong to various co-
homology groups associated with B. Such invariants are usually called characteristic classes.
Roughly, there are two main methods for defining characteristic classes, one using topology
and the other, due to Chern and Weil, using differential forms. A masterly exposition of
these methods is given in the classic book by Milnor and Stasheff [109]. Amazingly, the
method of Chern and Weil using differential forms is quite accessible for someone who has
reasonably good knowledge of differential forms and de Rham cohomology as long as one is
willing to gloss over various technical details.

As we said earlier, one of the problems with curvature is that is depends on a connection.
The way to circumvent this difficuty rests on the simple, yet subtle observation that locally,
given any two overlapping local trivializations (U, ¢») and (Ug, ¢3), the transformation rule
for the curvature matrices €2, and €3 is

Qﬁ = gaﬁQag;/é )

where go5: Uy NUg — GL(V) is the transition function. The matrices of two-forms, €,, are
local, but the stroke of genius is to glue them together to form a global form using invariant
polynomials.

Indeed, the Q, are n x n matrices so, consider the algebra of polynomials, R[ X7, ..., X,2]
(or C[X1, ..., X,2] in the complex case) in n? variables, considered as the entries of an n x n
matrix. It is more convenient to use the set of variables {X;; | 1 <4,j < n}, and to let X
be the n x n matrix X = (X;;).

Definition 11.7 A polynomial, P € R{X;; | 1 <4i,j <n}| (or P € C{X;; |1 <1i,5 <n}])
is tnvariant iff

P(AXA™) = P(X),
for all A € GL(n,R) (resp. A € GL(n,C)). The algebra of invariant polynomials over n X n
matrices is denoted by I,,.

Examples of invariant polynomials are, the trace, tr(X), and the determinant, det(X),
of the matrix X. We will characterize shortly the algebra I,,.
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Now comes the punch line: For any homogeneous invariant polynomial, P € I,,, of degree
k, we can substitute €2, for X, that is, substitute w;; for X;;, and evaluate P(2,). This is
because {2 is a matrix of two-forms and the wedge product is commutative for forms of even
degree. Therefore, P(Q,) € A*(U,). But, the formula for a change of trivialization yields

P(Q,) = P(gaﬁQag;ﬁl) = P(Qp),

so the forms P(€2,) and P(§23) agree on overlaps and thus, they define a global form denoted
P(RY) € A%**(B).
Now, we know how to obtain global 2k-forms, P(RY) € A?*(B), but they still seem to

depend on the connection and how do they define a cohomology class? Both problems are
settled thanks to the following Theorems:

Theorem 11.26 For every real rank n vector bundle, &, for every connection, V, on &, for
every invariant homogeneous polynomial, P, of degree k, the 2k-form, P(RY) € A?*(B), is
closed. If € is a complex vector bundle, then the 2k-form, P(RY) € A?*(B;C), is closed.

Theorem 11.26 implies that the 2k-form, P(RY) € A%*(B), defines a cohomology class,
[P(RY)] € HE: (B). We will come back to the proof of Theorem 11.26 later.

Theorem 11.27 For every real (resp. complex) rank n vector bundle, for every invariant
homogeneous polynomial, P, of degree k, the cohomology class, [P(RY)] € H&%(B) (resp.
[P(RY)] € H(B;C)) is independent of the choice of the connection V.

The cohomology class, [P(RY)], which does not depend on V is denoted P(£) and is
called the characteristic class of € corresponding to P.

The proof of Theorem 11.27 involves a kind of homotopy argument, see Madsen and
Tornehave [100] (Lemma 18.2), Morita [112] (Proposition 5.28) or see Milnor and Stasheff
[109] (Appendix C).

The upshot is that Theorems 11.26 and 11.27 give us a method for producing invariants
of a vector bundle that somehow reflect how curved (or twisted) the bundle is. However, it
appears that we need to consider infinitely many invariants. Fortunately, we can do better
because the algebra, I,,, of invariant polynomials is finitely generated and in fact, has very
nice sets of generators. For this, we recall the elementary symmetric functions in n variables.

Given n variables, A\q,..., \,, we can write

n

[Ja+th) =140t +oot> + -+ 0ut",
=1

where the o; are symmetric, homogeneous polynomials of degree 7 in A1,..., A\, called ele-
mentary symmetric functions in n variables. For example,

g1 —i)\z, o1 = Z )\i/\ja O'n:>\1"'>\n.
=1

1<i<j<n
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To be more precise, we write o;(Aq, ..., \,) instead of o;.

Given any n x n matrix, X = (X;;), we define ¢;(X) by the formula
det(I +tX) =1+ o1(X)t + oo X)t* + - + 7, (X)t".

We claim that
O'Z(X> = Ui()\17 Ce 7>\n)7

where A, ..., )\, are the eigenvalues of X. Indeed, A, ..., A, are the roots the the polynomial
det(A — X) =0, and as

det(\ — X) = [J(A =) = X"+ D (=Dfai(Ar, ..., M)A,
1 =1

i=

by factoring A" and replacing A=! by —A~!, we get
det(7+ (=A)X) =14 oi(A,. ., A (=A™,
=1

which proves our claim.

Observe that
o1(X) = tr(X), on(X) = det(X).

Also, 03(X ") = 04 (X), since det(I +tX) = det((/ +tX)") = det(I +¢tX ). It is not very
difficult to prove the following theorem:

2

Theorem 11.28 The algebra, I, of invariant polynomials in n* variables is generated by

o1(X),...,00(X), that is

I, 2 Rlo1(X),...,00(X)] (resp. I, = Cloy(X),...,o0n(X)]).

For a proof of Theorem 11.28, see Milnor and Stasheff [109] (Appendix C, Lemma 6),
Madsen and Tornehave [100] (Appendix B) or Morita [112] (Theorem 5.26). The proof uses
the fact that for every matrix, X, there is an upper-triangular matrix, 7', and an invertible
matrix, B, so that

X =BTB™ .

Then, we can replace B by the matrix diag(e, €%, ..., €")B, where € is very small, and make
the off diagonal entries arbitrarily small. By continuity, it follows that P(X) depends only
on the diagonal entries of BT B!, that is, on the eigenvalues of X. So, P(X) must be
a symmetric function of these eigenvalues and the classical theory of symmetric functions
completes the proof.
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It turns out that there are situations where it is more convenient to use another set of
generators instead of oy, ...,0,. Define s;(X) by

5i(X) = tr(XY).
Of course, A .
Si(X) =M+ + A,
where A, ..., A\, are the eigenvalues of X. Now, the 0;(X) and s;(X) are related to each
other by Newton’s formula, namely:
$i(X) — 01(X)si-1(X) + 02(X)si—2(X) + - - + (=1)" oy (X)51(X) + (—1)'i03(X) = 0

with 1 < i < n. A “cute” proof of the Newton formulae is obtained by computing the
derivative of log(h(t)), where

n

h(t) = [J(L+tN) =14 o1t + oot® + -+ + oyt",

i=1
see Madsen and Tornehave [100] (Appendix B) or Morita [112] (Exercise 5.7).
Consequently, we can inductively compute s; in terms of oy, ..., 0; and conversely, o; in
terms of s1,...,s;. For example,

S =01, Sg9= cr% — 209, S3= cri5 — 30105 + 303.
It follows that
I, = R[s1(X),...,s.(X)] (resp. I, = Clsi(X),...,sn(X)]).
Using the above, we can give a simple proof of Theorem 11.26, using Theorem 11.28.

Proof of Theorem 11.26. Since sy, ...,s, generate I,, it is enough to prove that s;(RY) is
closed. We need to prove that ds;(RY) = 0 and for this, it is enough to prove it in every
local trivialization, (Us, ¢). To simplify notation, we write € for Q,. Now, s;(Q2) = tr(Q),
S0
ds;(Q) = dtr(Q') = tr(dY"),
and we use Bianchi’s identity (Proposition 11.10),
dY=wAQ—-QAw.
We have
dV = dOAQTTHQAAONQ T2+ QFAAOAQTF 4 QA A
= WAQ=QA)AQL T HFAAN(WAQ—-QAW)AQ?
+o A (WAL= QAW AR L A (WAQ - QAwW) AQTF2
+o o ATTA (WAL - QAW)
= WAQ —QAUAYL T+ QAWAQ T =P AWAQ 2+ +
Q¥ Aw A QR QFFLA g A QFF1 1 QFFL A g A QiE—1 _ QFF2 A ) A (i k-2
++ QATTAWAQ - Q' Aw
= wAQ - Q' Aw.
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However, the entries in w are one-forms, the entries in ) are two-forms and since
nANG=60An
for all n € A'(B) and all § € A*(B) and tr(XY) = tr(Y X) for all matrices X and Y with

commuting entries, we get
tr(dQ) = tr(w A Q' — Q' Aw) =tr(w A Q) —tr(Q Aw) =0,
as required. [

A more elegant proof (also using Bianchi’s identity) can be found in Milnor and Stasheff
[109] (Appendix C, page 296-298).

For real vector bundles, only invariant polynomials of even degrees matter.

Proposition 11.29 If £ is a real vector bundle, then for every homogeneous invariant poly-
nomial, P, of odd degree, k, we have P(§) =0 € HZ%(B).

Proof. As I, =2 R[s1(X),...,s,(X)] and s;(X) is homogeneous of degree i, it is enough to
prove Proposition 11.29 for s;(X) with ¢ odd. By Theorem 11.27, we may assume that we
pick a metric connection on &, so that €, is skew-symmetric in every local trivialization.
Then, 2, is also skew symmetric and

tr(Qg) =0,
since the diagonal entries of a real skew-symmetric matrix are all zero. It follows that
5i(Q) = tr(Q) = 0. O
Proposition 11.29 implies that for a real vector bundle, £, non-zero characteristic classes

can only live in the cohomology groups Hi%(B) of dimension 4k. This property is specific
to real vector bundles and generally fails for complex vector bundles.

Before defining Pontrjagin and Chern classes, we state another important properties of
the homology classes, P(&):

Proposition 11.30 If ¢ = (E,n,B,V) and & = (E',7n',B',V) are real (resp. complex)
vector bundles, for every bundle map

_ /
B 7 B,
for every homogeneous invariant polynomial, P, of degree k, we have

P(&) = f*(P(¢) € Hpp(B)  (resp. P(&) = [*(P(&)) € Hpp(B;C)).

In particular, for every smooth map, f: N — B, we have

P(f*¢) = f*(P(€)) € Hpp(N)  (resp.  P(f*€) = f*(P(€)) € Hpp(N;C)).
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The above proposition implies that isomorphic vector bundles have identical characteristic
classes. We finally define Pontrjagin classes and Chern classes.

Definition 11.8 If ¢ be a real rank n vector bundle, then the & Pontrjagin class of &,
denoted pg(§), where 1 < 2k < n, is the cohomology class

€)= | g om () | € ()

for any connection, V, on &.

If £ be a complex rank n vector bundle, then the k'™ Chern class of £, denoted cx(§),
where 1 < k < n, is the cohomology class

cr(§) = [(%)k ow(RY)

for any connection, V, on . We also set po(§) = 1 and ¢y(§) = 1 in the complex case.

€ Hpn(B),

The strange coefficient in pg(§) is present so that our expression matches the topological
definition of Pontrjagin classes. The equally strange coefficient in ¢ (€) is there to insure that
c(€) actually belongs to the real cohomology group HZ%(B), as stated (from the definition
we can only claim that ¢, () € HZ;(B;C)). This requires a proof which can be found in
Morita [112] (Proposition 5.30) or in Madsen and Tornehave [100] (Chapter 18). One can
use the fact that every complex vector bundle admits a Hermitian connection. Locally, the
curvature matrices are skew-Hermitian and this easily implies that the Chern classes are
real since if €2 is skew-Hermitian, then €2 is Hermitian. (Actually, the topological version of
Chern classes shows that ¢, (&) € H**(B;7Z).)

If £ is a real rank n vector bundle and n is odd, say n = 2m + 1, then the “top”
Pontrjagin class, p,(£), corresponds to oy, (RY), which is not det(RY). However, if n is
even, say n = 2m, then the “top” Pontrjagin class p,,(£) corresponds to det(RY).

It is also useful to introduce the Pontrjagin polynomial, p(§)(t) € Hygr(B)[t], given by

PO = |det (1+ R | = 1 p @0+ pa &+ 1y (11

and the Chern polynomial, c(§)(t) € Hhgr(B)[t], given by

c(é)(t) = {det <I — QL RV)} =14 c1 (6t + ()2 + -+ -+ (O™

(X

If a vector bundle is trivial, then all its Pontrjagin classes (or Chern classes) are zero for
all k > 1. If £ is the real tangent bundle, £ = T'B, of some manifold of dimension n, then
the [ 7] Pontrjagin classes of T'B are denoted pi(B),...,p = |(B).
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For complex vector bundles, the manifold, B, is often the real manifold corresponding
to a complex manifold. If B has complex dimension, n, then B has real dimension 2n.
In this case, the tangent bundle, T'B, is a rank n complex vector bundle over the real
manifold of dimension, 2n, and thus, it has n Chern classes, denoted ¢, (B), ..., c,(B). The
determination of the Pontrjagin classes (or Chern classes) of a manifold is an important
step for the study of the geometric/topological structure of the manifold. For example, it
is possible to compute the Chern classes of complex projective space, CP" (as a complex
manifold).

The Pontrjagin classes of a real vector bundle, £, are related to the Chern classes of its
complexification, {¢ = £ ® et (where € is the trivial complex line bundle B x C).

Proposition 11.31 For every real rank n vector bundle, £ = (E, 7, B, V), if {c = £ @ €t is
the complexification of &, then

pe(€) = (=1)Fey(&c) € HE(B)  k>0.

Basically, the reason why Proposition 11.31 holds is that

a0 (55)

We conclude this section by stating a few more properties of Chern classes.

Proposition 11.32 For every complex rank n wvector bundle, &, the following properties
hold:

(1) If & has a Hermitian metric, then we have a canonical isomorphism, £* = £

(2) The Chern classes of &, € and € satisfy:

cr(€7) = er(€) = (1) ex(€).

(3) For any complex vector bundles, & and n,

k
§EBU:ZQ ck’L

=0

or equivalently
(& @ n)(t) = c(&)(t)en)(t)

and similarly for Pontrjagin classes when & and n are real vector bundles.
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To prove (2) we can use the fact that £ can be given a Hermitian metric. Then, we saw
earlier that if w is the connection matrix of £ over U then @ = —w! is the connection matrix

of € over U. However, it is clear that o(—Q)) = (—1)k01(Q4) and so, c,(€) = (—1)Fcy(€).

Remark: For a real vector bundle, &, it is easy to see that ({c)* = (£*)c, which implies that
cx((€c)*) = ar(éc) (as € = €*) and (2) implies that ¢ (¢c) = 0 for k odd. This proves again
that the Pontrjagin classes exit only in dimension 4k.

A complex rank n vector bundle, £, can also be viewed as a rank 2n vector bundle, &g
and we have:

Proposition 11.33 For every rank n complex vector bundle, &, if pr = pr(&r) and ¢ =
cx(§), then we have

l—pi+pt+-+(=)"po=0+ci+co+-+c)(l—ci+cot+ -+ (=1)c,).

11.7 FEuler Classes and The Generalized Gauss-Bonnet
Theorem

Let £ = (E,m, B,V) be a real vector bundle of rank n = 2m and let V be any metric
connection on £. Then, if ¢ is orientable (as defined in Section 7.4, see Definition 7.12
and the paragraph following it), it is possible to define a global form, eu(RY) € A*™(B),
which turns out to be closed. Furthermore, the cohomology class, [eu(RY)] € HER(B), is
independent of the choice of V. This cohomology class, denoted e(§), is called the Fuler
class of & and has some very interesting properties. For example, p,,(£) = e(£)%.

As V is a metric connection, in a trivialization, (U,, ¢, ), the curvature matrix, €, is a
skew symmetric 2m x 2m matrix of 2-forms. Therefore, we can substitute the 2-forms in €2,
for the variables of the Pfaffian of degree m (see Section 22.20) and we obtain the 2m-form,
Pf(Q,) € A*™(B). Now, as £ is orientable, the transition functions take values in SO(2m),
so by Proposition 11.9, since

Qﬁ = gaBQaggﬁla
we conclude from Proposition 22.38 (ii) that

P£(Q) = PE(Qy).

Therefore, the local 2m-forms, Pf(€,), patch and define a global form, Pf(RY) € A*™(B).

The following propositions can be shown:

Proposition 11.34 For every real, orientable, rank 2m vector bundle, &, for every metric
connection, V, on & the 2m-form, Pf(RY) € A*™(B), is closed.
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Proposition 11.35 For every real, orientable, rank 2m wvector bundle, &, the cohomology
class, [Pf(RY)] € HEZ(B), is independent of the metric connection, V, on .

Proofs of Propositions 11.34 and 11.35 can be found in Madsen and Tornehave [100]
(Chapter 19) or Milnor and Stasheff [109] (Appendix C) (also see Morita [112], Chapters 5
and 6).

Definition 11.9 Let ¢ = (FE,m, B, V) be any real, orientable, rank 2m vector bundle. For
any metric connection, V, on & the Fuler form associated with V is the closed form

eu(RY) = ﬁ Pf(RY) € A*™(B)

and the Fuler class of £ is the cohomology class,
e(€) = [eu(RY)] € HER(B),
which does not depend on V.

@ Some authors, including Madsen and Tornehave [100], have a negative sign in front of
RY in their definition of the Euler form, that is, they define eu(RV) by

v _; _ pV
u(RY) = o5 PH-RY).

However these authors use a Pfaffian with the opposite sign convention from ours and this
Pfaffian differs from ours by the factor (—1)" (see the warning in Section 22.20). Madsen and
Tornehave [100] seem to have overlooked this point and with their definition of the Pfaffian
(which is the one we have adopted) Proposition 11.37 is incorrect.

Here is the relationship between the Euler class, e(§), and the top Pontrjagin class, p,,():

Proposition 11.36 For every real, orientable, rank 2m vector bundle, & = (E,m, B,V'), we
have

Pm(€) = e(&)* € Hpg(B).

Proof. The top Pontrjagin class, p,,(§), is given by

) = | gy et

for any (metric) connection, V and

e(¢) = [eu(RY)]
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with
1

cu(RY) = 2

Pf(RY).
From Proposition 22.38 (i), we have
det(RY) = Pf(RY)?,

which yields the desired result. [J

A rank m complex vector bundle, £ = (E, 7, B,V), can be viewed as a real rank 2m
vector bundle, &g, by viewing V' as a 2m dimensional real vector space. Then, it turns out
that &g is naturally orientable. Here is the reason.

For any basis, (e1,...,ey), of V over C, observe that (ej,ieq, ..., en,ie,) is a basis of V
over R (since v = > 07" (N +ipi)e; = Yooy Niei + Yo pite;). But, any m x m invertible
matrix, A, over C becomes a real 2m x 2m invertible matrix, Ar, obtained by replacing the
entry aji + ibji in A by the real 2 X 2 matrix

(o)

bj Q-

Indeed, if v, = Z;”Zl ajre;+ Z;”:l bjrie;, then jvy, = Z;’;l —bjre;+ E;nzl ajiie; and when we
express vy, and vy, over the basis (e, i€y, ..., €y, i€,), we get a matrix Ag consisting of 2 x 2
blocks as above. Clearly, the map r: A — Ag is a continuous injective homomorphism from
GL(m, C) to GL(2m,R). Now, it is known GL(m, C) is connected, thus Im(r) = r(GL(m, C))
is connected and as det(ly,) = 1, we conclude that all matrices in Im(r) have positive
determinant.! Therefore, the transition functions of & which take values in Im(r) have
positive determinant and &g is orientable. We can give &g an orientation by fixing some basis
of V over R. Then, we have the following relationship between e({g) and the top Chern

class, ¢, (€):
Proposition 11.37 For every complez, rank m vector bundle, ¢ = (E, 7, B,V), we have
cm(€) = e(€) € Hpg(B).

Proof. Pick some metric connection, V. Recall that

em(€) = K%)m det(RV)} _im K%)m det(RV)} |

On the other hand,

(©) = | G PHAD)|.

1One can also prove directly that every matrix in Im(r) has positive determinant by expressing r(A) as
a product of simple matrices whose determinants are easily computed.
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Here, Ry denotes the global 2m-form wich, locally, is equal to Qg, where Q is the m x m
curvature matrix of ¢ over some trivialization. By Proposition 22.39,

PE(Qg) = " det(Q),

s0 ¢ (&) = e(§), as claimed. [

The Euler class enjoys many other nice properties. For example, if f: & — & is an
orientation preserving bundle map, then

e(f*&) = fr(e(82)),

where f*&, is given the orientation induced by &;. Also, the Euler class can be defined by
topological means and it belongs to the integral cohomology group H?™(B;Z).

Although this result lies beyond the scope of these notes we cannot resist stating one of
the most important and most beautiful theorems of differential geometry usually called the
Generalized Gauss-Bonnet Theorem or Gauss-Bonnet-Chern Theorem.

For this, we need the notion of Euler characteristic. Since we haven’t discussed triangu-
lations of manifolds, we will use a defintion in terms of cohomology. Although concise, this
definition is hard to motivate and we appologize for this. Given a smooth n-dimensional
manifold, M, we define its Fuler characteristic, x(M), as

n

V(M) = 37(~1) dim(Hy).

i=0
The integers, b; = dim(H}R ), are known as the Betti numbers of M. For example, x(5?%) = 2.

It turns out that if M is an odd dimensional manifold, then x (M) = 0. This explains
partially why the Euler class is only defined for even dimensional bundles.

The Generalized Gauss-Bonnet Theorem (or Gauss-Bonnet-Chern Theorem) is a gener-

alization of the Gauss-Bonnet Theorem for surfaces. In the general form stated below it was
first proved by Allendoerfer and Weil (1943), and Chern (1944).

Theorem 11.38 (Generalized Gauss-Bonnet Formula) Let M be an orientable, smooth,
compact manifold of dimension 2m. For every metric connection, V, on T M, (in particular,
the Levi-Civita connection for a Riemannian manifold) we have

| enlr®) = x(an),

A proof of Theorem 11.38 can be found in Madsen and Tornehave [100] (Chapter 21),
but beware of some sign problems. The proof uses another famous theorem of differential
topology, the Poincaré-Hopf Theorem. A sketch of the proof is also given in Morita [112],
Chapter 5.
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Theorem 11.38 is remarkable because it establishes a relationship between the geometry
of the manifold (its curvature) and the topology of the manifold (the number of “holes”),
somehow encoded in its Euler characteristic.

Characteristic classes are a rich and important topic and we’ve only scratched the surface.
We refer the reader to the texts mentioned earlier in this section as well as to Bott and Tu
[19] for comprehensive expositions.



Chapter 12

Geodesics on Riemannian Manifolds

12.1 Geodesics, Local Existence and Uniqueness

If (M, g) is a Riemannian manifold, then the concept of length makes sense for any piecewise
smooth (in fact, C') curve on M. Then, it possible to define the structure of a metric space on
M, where d(p, q) is the greatest lower bound of the length of all curves joining p and gq. Curves
on M which locally yield the shortest distance between two points are of great interest. These
curves called geodesics play an important role and the goal of this chapter is to study some of
their properties. Since geodesics are a standard chapter of every differential geometry text,
we will omit most proofs and instead give precise pointers to the literature. Among the many
presentations of this subject, in our opinion, Milnor’s account [105] (Part II, Section 11) is still
one of the best, certainly by its clarity and elegance. We acknowledge that our presentation
was heavily inspired by this beautiful work. We also relied heavily on Gallot, Hulin and
Lafontaine [60] (Chapter 2), Do Carmo [50], O'Neill [117], Kuhnel [91] and class notes
by Pierre Pansu (see http://www.math.u-psud.fr/%7Epansu/web_dea/resume_dea_04.html
in http://www.math.u-psud.fr'pansu/). Another reference that is remarkable by its clarity
and the completeness of its coverage is Postnikov [123].

Given any p € M, for every v € T,M, the (Riemannian) norm of v, denoted ||v]|, is

defined by
[oll =/ gp(v,0).

The Riemannian inner product, g,(u,v), of two tangent vectors, u,v € T,M, will also be
denoted by (u,v),, or simply (u,v). Recall the following definitions regarding curves:

Definition 12.1 Given any Riemannian manifold, M, a smooth parametric curve (for short,
curve) on M is a map, v: I — M, where I is some open interval of R. For a closed interval,
[a,b] C R, a map v: [a,b] — M is a smooth curve from p = v(a) to ¢ = y(b) iff v can be
extended to a smooth curve 7: (a — €,b + €) — M, for some € > 0. Given any two points,
p,q € M, a continuous map, 7v: [a,b] — M, is a piecewise smooth curve from p to q iff

371
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(1) There is a sequence a = tg < t; < -+ < ty_1 < t;, = b of numbers, ¢; € R, so that each
map, v | [ti, tir1], called a curve segment is a smooth curve, for i = 0,..., k — 1.

(2) y(a) = p and y(b) = q.

The set of all piecewise smooth curves from p to ¢ is denoted Q(M;p, q), or briefly Q(p, q)
(or even €2, when p and ¢ are understood).

The set Q(M; p, q) is an important object sometimes called the path space of M (from p to
q). Unfortunately it is an infinite-dimensional manifold, which makes it hard to investigate
its properties.

Observe that at any junction point, v;_1(t;) = 7:(¢;), there may be a jump in the velocity
vector of 7. We let /(1)) = (1) and 7/((t:)) = AL(t:).
Given any curve, v € Q(M;p, q), the length, L(), of 7 is defined by

1+1

i) =3 [Tela=Y [ Vamm o

It is easy to see that L(y) is unchanged by a monotone reparametrization (that is, a map
h: [a,b] — [c,d], whose derivative, h’, has a constant sign).

Let us now assume that our Riemannian manifold, (M, g), is equipped with the Levi-
Civita connection and thus, for every curve, v, on M, let % be the associated covariant
derivative along ~, also denoted V.

Definition 12.2 Let (M, g) be a Riemannian manifold. A curve, v: I — M, (where I CR
is any interval) is a geodesic iff +'(t) is parallel along ~, that is, iff
D~/
dt

= Vyy’ = 0.

If M was embedded in R?, a geodesic would be a curve, 7, such that the acceleration

vector, 7 = 22 is normal to TyyM.

dt
By Proposition 11.25, |7/ (¢)|| = /g(¥'(t),~'(t)) is constant, say ||7/(t)|| = c. If we define

the arc-length function, s(t), relative to a, where a is any chosen point in I, by

s(t) = / Ve Q@) dt = cft —a),  tel,

we conclude that for a geodesic, y(t), the parameter, ¢, is an affine function of the arc-length.
When ¢ = 1, which can be achieved by an affine reparametrization, we say that the geodesic
is normalized.
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The geodesics in R™ are the straight lines parametrized by constant velocity. The
geodesics of the 2-sphere are the great circles, parametrized by arc-length. The geodesics
of the Poincaré half-plane are the lines x = a and the half-circles centered on the z-axis.
The geodesics of an ellipsoid are quite fascinating. They can be completely characterized
and they are parametrized by elliptic functions (see Hilbert and Cohn-Vossen [75], Chapter
4, Section and Berger and Gostiaux [17], Section 10.4.9.5). If M is a submanifold of R",
geodesics are curves whose acceleration vector, 4" = (D~')/dt is normal to M (that is, for
every p € M, +" is normal to T,M).

In a local chart, (U, ), since a geodesic is characterized by the fact that its velocity
vector field, 7/(t), along ~ is parallel, by Proposition 11.13, it is the solution of the following
system of second-order ODE’s in the unknowns, uy:

d> du; du;
s ECEEN 0, k=1,...,n,

az — Ut dt

ij

with u; = pr; o p oy (n = dim(M)).

The standard existence and uniqueness results for ODE’s can be used to prove the fol-
lowing proposition (see O’Neill [117], Chapter 3):

Proposition 12.1 Let (M, g) be a Riemannian manifold. For every point, p € M, and
every tangent vector, v € T,M, there is some interval, (—n,n), and a unique geodesic,

Yo - (_77777) - Ma

satisfying the conditions
w(0)=p,  0)=v

The following proposition is used to prove that every geodesic is contained in a unique
maximal geodesic (i.e, with largest possible domain). For a proof, see O’Neill [117], Chapter
3 or Petersen [119] (Chapter 5, Section 2, Lemma 7).

Proposition 12.2 For any two geodesics, v1: Iy — M and vo: Iy — M, if v1(a) = y2(a)
and vi(a) = v4(a), for some a € Iy N Iy, then v, = 5 on I) N L.

Propositions 12.1 and 12.2 imply that for every p € M and every v € T,M, there is a
unique geodesic, denoted 7, such that v(0) = p, 7/(0) = v, and the domain of + is the largest
possible, that is, cannot be extended. We call ~y, a mazimal geodesic (with initial conditions
7(0) = p and 7,(0) = v).

Observe that the system of differential equations satisfied by geodesics has the following
homogeneity property: If ¢ — () is a solution of the above system, then for every constant,
¢, the curve t — 7(ct) is also a solution of the system. We can use this fact together with
standard existence and uniqueness results for ODE’s to prove the proposition below. For
proofs, see Milnor [105] (Part II, Section 10), or Gallot, Hulin and Lafontaine [60] (Chapter
2).
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Proposition 12.3 Let (M, g) be a Riemannian manifold. For every point, po € M, there is
an open subset, U C M, with py € U, and some € > 0, so that: For every p € U and every
tangent vector, v € T,M, with ||v|| < €, there is a unique geodesic,

Yo: (=2,2) = M,

satisfying the conditions
%w(0)=p,  %(0)=wv.

If v,: (—m,m) — M is a geodesic with initial conditions 7,(0) = p and ~,(0) = v # 0,
for any constant, ¢ # 0, the curve, t — ~,(ct), is a geodesic defined on (—n/c,n/c) (or
(n/c,—n/c) if ¢ < 0) such that 7/(0) = cv. Thus,

’V’U(Ct) - 'ch(t>7 ct € (_777 77)'

This fact will be used in the next section.

Given any function, f € C*°(M), for any p € M and for any u € T,M, the value of
the Hessian, Hess,(f)(u,u), can be computed using geodesics. Indeed, for any geodesic,
v: [0,€] — M, such that y(0) = p and 4/(0) = u, we have

Hessy (u, u) = ~'(y'(f)) = (VY)(f) =7 (7' (f))
since V.,y" = 0 because v is a geodesic and

O =) = ( 7600

)

t=0

)= e

and thus,
d2

Hess,(u, u) = p7e) (v(1))

t=0

12.2 The Exponential Map

The idea behind the exponential map is to parametrize a Riemannian manifold, M, locally
near any p € M in terms of a map from the tangent space T, M to the manifold, this map
being defined in terms of geodesics.

Definition 12.3 Let (M, g) be a Riemannian manifold. For every p € M, let D(p) (or
simply, D) be the open subset of T, M given by

D(p) ={v e T,M | ~,(1) is defined},

where 7, is the unique maximal geodesic with initial conditions 7,(0) = p and ~,(0) = v.
The exponential map is the map, exp,: D(p) — M, given by

exp, (v) = 7 (1).
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It is easy to see that D(p) is star-shaped, which means that if w € D(p), then the line
segment {tw | 0 <t < 1} is contained in D(p). In view of the remark made at the end of
the previous section, the curve

t > exp,(tv), tv € D(p)

is the geodesic, 7, through p such that 4/ (0) = v. Such geodesics are called radial geodesics.
The point, expp(tv), is obtained by running along the geodesic, ~,, an arc length equal to
t||v||, starting from p.

In general, D(p) is a proper subset of T,M. For example, if U is a bounded open subset
of R™, since we can identify 7,U with R™ for all p € U, then D(p) C U, for all p € U.

Definition 12.4 A Riemannian manifold, (M, g), is geodesically complete iff D(p) = T,M,
for all p € M, that is, iff the exponential, exp,(v), is defined for all p € M and for all
v e T,M.

Equivalently, (M, g) is geodesically complete iff every geodesic can be extended indefi-
nitely. Geodesically complete manifolds have nice properties, some of which will be investi-
gated later.

Observe that d(exp,)o = idz, . This is because, for every v € D(p), the map ¢ — exp,,(tv)
is the geodesic, 7,, and

d

S O)limo = 0 = S {exp, () emo = d(exp,ofe),

It follows from the inverse function theorem that exp, is a diffeomorphism from some open
ball in T, M centered at 0 to M. The following slightly stronger proposition can be shown
(Milnor [105], Chapter 10, Lemma 10.3):

Proposition 12.4 Let (M, g) be a Riemannian manifold. For every point, p € M, there is
an open subset, W C M, with p € W and a number € > 0, so that

(1) Any two points q1,qo of W are joined by a unique geodesic of length < e.

(2) This geodesic depends smoothly upon q; and qs, that is, if t — exp,, (tv) is the geodesic
joining 1 and g (0 <t <1), then v € T, M depends smoothly on (q1,q2).

(3) For every q € W, the map exp, is a diffeomorphism from the open ball, B(0,e) CT,M,
to its image, U, = exp,(B(0,¢)) € M, with W C U, and U, open.

For any ¢ € M, an open neighborhood of ¢ of the form, U, = exp,(B(0,¢)), where exp,
is a diffeomorphism from the open ball B(0,€) onto U,, is called a normal neighborhood.
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Definition 12.5 Let (M, g) be a Riemannian manifold. For every point, p € M, the injec-
tivity radius of M at p, denoted i(p), is the least upper bound of the numbers, r > 0, such
that exp, is a diffeomorphism on the open ball B(0,r) C T, M. The injectivity radius, i(M),
of M is the greatest lower bound of the numbers, i(p), where p € M.

For every p € M, we get a chart, (U, ¢), where U, = exp,(B(0,i(p))) and ¢ = exp™!,
called a normal chart. If we pick any orthonormal basis, (eq,...,e,), of T,M, then the z;’s,
with z; = pr; o exp~! and pr; the projection onto Re;, are called normal coordinates at p
(here, n = dim(M)). These are defined up to an isometry of 7, M. The following proposition
shows that Riemannian metrics do not admit any local invariants of order one. The proof is
left as an exercise.

Proposition 12.5 Let (M,g) be a Riemannian manifold. For every point, p € M, in
normal coordinates at p,

g ( 0 9 ) = 0; and F,’fj(p) =0.
P

For the next proposition, known as Gauss Lemma, we need to define polar coordinates
on T,M. If n = dim(M ), observe that the map, (0,00) x S"! — T,M — {0}, given by

(r,v) — rov, r>0 ves!

is a diffeomorphism, where S"! is the sphere of radius r = 1 in T,M. Then, the map,
f:(0,i(p)) x 8"t — U, — {p}, given by

(r,v) = exp,(1v), 0<r<i(p),ves!
is also a diffeomorphism.

Proposition 12.6 (Gauss Lemma) Let (M, g) be a Riemannian manifold. For every point,
p € M, the images, exp,(S(0,7)), of the spheres, S(0,r) C T,M, centered at 0 by the
exponential map, exp,, are orthogonal to the radial geodesics, T +— expp(rv), through p, for
allr < i(p). Furthermore, in polar coordinates, the pull-back metric, exp* g, induced on T, M
is of the form
exp*g = dr* + g,,

where g, is a metric on the unit sphere, ST, with the property that g./r* converges to the
standard metric on S™™' (induced by R™) when r goes to zero (here, n = dim(M)).

Sketch of proof. (After Milnor, see [105], Chapter II, Section 10.) Pick any curve, t — v(t)
on the unit sphere, S"'. We must show that the corresponding curve on M,

t s exp, (ro(t)),
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with r fixed, is orthogonal to the radial geodesic,
r— expp(rv(t)),
with ¢ fixed, 0 < r <i(p). In terms of the parametrized surface,

f(r,t) = exp,(ro(t)),

of of\ _
<E’E> -0

for all (r,t). However, as we are using the Levi-Civita connection which is compatible with

the metric, we have
0 Jof ofN _ /D of or\  /of D of
or \or’ ot/ \or or’ ot or’or ot/

The first expression on the right is zero since the curves

t— f(rt)

are geodesics. For the second expression, we have
<% 23_f>:12 <ﬁ %>:0
or’ or Ot 20t \or’ or ’
since 1 = ||v(t)|| = ||0f/Or]||. Therefore,
Gor ar)
or’ ot

is independent of r. But, for r = 0, we have

f(0,) = exp,(0) = p,

we must prove that

hence

af Jot(0,1) = 0

(-
or’ ot/

for all r, ¢, which concludes the proof of the first statement. For the proof of the second
statement, see Pansu’s class notes, Chapter 3, Section 3.5. [J

and thus,

Consider any piecewise smooth curve
w: [a,b] = U, —{p}-
We can write each point w(t) uniquely as
w(t) = exp,(r(t)v(t)),
with 0 < r(t) < i(p), v(t) € T,M and |jv(t)|| = 1.
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Proposition 12.7 Let (M, g) be a Riemannian manifold. We have

/ l @ dt > 1r(b) - r(a)],

where equality holds only if the function r is monotone and the function v is constant. Thus,
the shortest path joining two concentric spherical shells, exp,(S(0,71)) and exp,(S(0,72)), is
a radial geodesic.
Proof. (After Milnor, see [105], Chapter II, Section 10.) Again, let f(r,t) = exp,(rv(t)), so
that w(t) = f(r(t),t). Then,
dw _0f , of
= = ) + =L
dt — or )+ ot
The proof of the previous proposition showed that the two vectors on the right-hand side
are orthogonal and since ||0f/ 87‘|| = 1, this gives

il -vor- 5]

where equality holds only if 0f /0t = 0; hence only if v'(¢t) = 0. Thus,

dw
dt

> ' (1)

dt>/ ()|t > |r(b) — r(a)]

where equality holds only if r(t) is monotone and v(t) is constant. []
We now get the following important result from Proposition 12.6 and Proposition 12.7:
Theorem 12.8 Let (M,g) be a Riemannian manifold. Let W and € be as in Proposition

12.4 and let v: [0,1] — M be the geodesic of length < € joining two points qi,qs of W. For
any other piecewise smooth path, w, joining q1 and qs, we have

/0 I (8)] dt < / ()] dt

where equality can holds only if the images w([0,1]) and ~([0,1]) coincide. Thus, «y is the
shortest path from q; to qs.

Proof. (After Milnor, see [105], Chapter II, Section 10.) Consider any piecewise smooth
path, w, from ¢; = (0) to some point

q2 = exp,, (1v) € Uy,

where 0 < r < € and ||v|| = 1. Then, for any § with 0 < § < r, the path w must contain
a segment joining the spherical shell of radius § to the spherical shell of radius r, and lying
between these two shells. The length of this segment will be at least » — §; hence if we let §
go to zero, the length of w will be at least r. If w([0, 1]) # ([0, 1]), we easily obtain a strict
inequality. [J

Here is an important consequence of Theorem 12.8.
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Corollary 12.9 Let (M,g) be a Riemannian manifold. If w: [0,b] — M is any curve
parametrized by arc-length and w has length less than or equal to the length of any other
curve from w(0) to w(b), then w is a geodesic.

Proof. Consider any segment of w lying within an open set, W, as above, and having length
< €. By Theorem 12.8, this segment must be a geodesic. Hence, the entire curve is a
geodesic. [

Definition 12.6 Let (M, g) be a Riemannian manifold. A geodesic, v: [a,b] — M, is
minimal iff its length is less than or equal to the length of any other piecewise smooth curve
joining its endpoints.

Theorem 12.8 asserts that any sufficiently small segment of a geodesic is minimal. On
the other hand, a long geodesic may not be minimal. For example, a great circle arc on the
unit sphere is a geodesic. If such an arc has length greater than =, then it is not minimal.
Minimal geodesics are generally not unique. For example, any two antipodal points on a
sphere are joined by an infinite number of minimal geodesics.

A broken geodesic is a piecewise smooth curve as in Definition 12.1, where each curve
segment is a geodesic.

Proposition 12.10 A Riemannian manifold, (M, g), is connected iff any two points of M
can be joined by a broken geodesic.

Proof. Assume M is connected, pick any p € M, and let S, C M be the set of all points that
can be connected to p by a broken geodesic. For any ¢ € M, choose a normal neighborhood,
U, of q. If ¢ € S,, then it is clear that U C S,. On the other hand, if ¢ ¢ S,, then
U C M — S,. Therefore, S, # () is open and closed, so S, = M. The converse is obvious. O

In general, if M is connected, then it is not true that any two points are joined by a
geodesic. However, this will be the case if M is geodesically complete, as we will see in the
next section.

Next, we will see that a Riemannian metric induces a distance on the manifold whose
induced topology agrees with the original metric.

12.3 Complete Riemannian Manifolds,
the Hopf-Rinow Theorem and the Cut Locus

Every connected Riemannian manifold, (M,g), is a metric space in a natural way. Fur-
thermore, M is a complete metric space iff M is geodesically complete. In this section, we
explore briefly some properties of complete Riemannian manifolds.
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Proposition 12.11 Let (M, g) be a connected Riemannian manifold. For any two points,
p,q € M, let d(p,q) be the greatest lower bound of the lengths of all piecewise smooth curves
joining p to q. Then, d is a metric on M and the topology of the metric space, (M,d),
coincides with the original topology of M.

A proof of the above proposition can be found in Gallot, Hulin and Lafontaine [60]
(Chapter 2, Proposition 2.91) or O’Neill [117] (Chapter 5, Proposition 18).

The distance, d, is often called the Riemannian distance on M. For any p € M and any
e > 0, the metric ball of center p and radius € is the subset, B.(p) C M, given by

B(p) ={q € M | d(p,q) < €}.

The next proposition follows easily from Proposition 12.4 (Milnor [105], Section 10, Corol-
lary 10.8).

Proposition 12.12 Let (M, g) be a connected Riemannian manifold. For any compact sub-
set, K C M, there is a number 6 > 0 so that any two points, p,q € K, with distance
d(p,q) < 0 are joined by a unique geodesic of length less than &. Furthermore, this geodesic
1s minimal and depends smoothly on its endpoints.

Recall from Definition 12.4 that (M, g) is geodesically complete iff the exponential map,
v+ exp,(v), is defined for all p € M and for all v € T,M. We now prove the following
important theorem due to Hopf and Rinow (1931):

Theorem 12.13 (Hopf-Rinow) Let (M, g) be a connected Riemannian manifold. If there is
a point, p € M, such that exp, is defined on the entire tangent space, T,M, then any point,
q € M, can be joined to p by a minimal geodesic. As a consequence, if M is geodesically
complete, then any two points of M can be joined by a minimal geodesic.

Proof. We follow Milnor’s proof in [105], Chapter 10, Theorem 10.9. Pick any two points,
p,q € M and let r = d(p,q). By Proposition 12.4, there is some open subset, W, with
p € W and some € > 0 so that any two points of W are joined by a unique geodesic and
the exponential map is a diffeomorphism between the open ball, B(0,¢), and its image,
Up = exp,(B(0,¢)). For 6 <e¢, let S = exp,(5(0,9)), where S(0, ) is the sphere of radius 0.

Since S C U, is compact, there is some point,
po = exp,(0v), with |Jv]| =1,
on S for which the distance to ¢ is minimized. We will prove that

exp,(rv) = g,
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which will imply that the geodesic, v, given by ~(t) = exp,(tv) is actually a minimal geodesic
from p to ¢ (with ¢ € [0,7]). Here, we use the fact that the exponential exp, is defined
everywhere on T, M.

The proof amounts to showing that a point which moves along the geodesic v must get
closer and closer to ¢. In fact, for each ¢ € [, ], we prove

d(y(t),q) =71 —t. (%)
We get the proof by setting t = r.

First, we prove (xs). Since every path from p to ¢ must pass through S, by the choice of
Do, we have

r=d(p,q) = min{d(p,s) +d(s,q)} = 0 + d(po. q)-
Therefore, d(pg,q) = — 0 and since py = y(0), this proves (xs).
Define tq € [0, 7] by

to = sup{t € [0,7] [ d(7(t),q) = r —1}.
As the set, {t € [6,r] | d(v(t),q) = r — t}, is closed, it contains its upper bound, ¢y, so the
equation (%) also holds. We claim that if ¢, < r, then we obtain a contradiction.

As we did with p, there is some small ¢ > 0 so that if S" = exp,,)(B(0, ")), then there is
some point, p, on S” with minimum distance from ¢ and pj, is joined to (¢p) by a mimimal
geodesic. We have

r—to = d(y(to), ) = min{d(y(to), 5) + d(s, q)} = &' + d(pp, 9),

hence
d(po, q) =1 —to— 0", (1)
We claim that pj = v(to + 0).
By the triangle inequality and using (1) (recall that d(p, q) = r), we have

d(p, py) > d(p,q) — d(py, q) = to + 0.

But, a path of length precisely ¢y + ¢’ from p to pj is obtained by following ~ from p to
v(to), and then following a minimal geodesic from 7(ty) to pf,. Since this broken geodesic has
minimal length, by Corollary 12.9, it is a genuine (unbroken) geodesic, and so, it coincides
with v. But then, as pj = v(to + ¢'), equality (1) becomes (15 ), namely

d(y(to +9"),q) = r — (to + '),

contradicting the maximality of #o. Therefore, we must have ¢, = r and ¢ = exp,(rv), as

desired. O
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Remark: Theorem 12.13 is proved is every decent book on Riemannian geometry. Among
those, we mention Gallot, Hulin and Lafontaine [60], Chapter 2, Theorem 2.103 and O’Neill
[117], Chapter 5, Lemma 24.

Theorem 12.13 implies the following result (often known as the Hopf-Rinow Theorem):

Theorem 12.14 Let (M, g) be a connected, Riemannian manifold. The following state-
ments are equivalent:

(1) The manifold (M, g) is geodesically complete, that is, for every p € M, every geodesic
through p can be extended to a geodesic defined on all of R.

(2) For every point, p € M, the map exp, is defined on the entire tangent space, T, M.
(3) There is a point, p € M, such that exp, is defined on the entire tangent space, T, M.
(4) Any closed and bounded subset of the metric space, (M,d), is compact.

(5) The metric space, (M,d), is complete (that is, every Cauchy sequence converges).

Proofs of Theorem 12.14 can be found in Gallot, Hulin and Lafontaine [60], Chapter 2,
Corollary 2.105 and O’Neill [117], Chapter 5, Theorem 21.

In view of Theorem 12.14, a connected Riemannian manifold, (M, g), is geodesically
complete iff the metric space, (M, d), is complete. We will refer simply to M as a complete
Riemannian manifold (it is understood that M is connected). Also, by (4), every compact,
Riemannian manifold is complete. If we remove any point, p, from a Riemannian manifold,
M, then M — {p} is not complete since every geodesic that formerly went through p yields
a geodesic that can’t be extended.

Assume (M, g) is a complete Riemannian manifold. Given any point, p € M, it is
interesting to consider the subset, U, C T,M, consisting of all v € T,M such that the
geodesic

t > exp,(tv)

is a minimal geodesic up to ¢t = 1+ ¢, for some € > 0. The subset U, is open and star-shaped
and it turns out that exp, is a diffeomorphism from I, onto its image, exp,(U,), in M.
The left-over part, M — exp,(i,) (if nonempty), is actually equal to exp,(0U,) and it is
an important subset of M called the cut locus of p. The following proposition is needed to
establish properties of the cut locus:

Proposition 12.15 Let (M, g) be a complete Riemannian manifold. For any geodesic,
~v:[0,a] = M, from p = ~(0) to ¢ = v(a), the following properties hold:

(1) If there is no geodesic shorter than -y between p and q, then v is minimal on [0, al.

(ii) If there is another geodesic of the same length as v between p and q, then v is no longer
minimal on any larger interval, [0,a + €.
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(111) If v is minimal on any interval, I, then «y is also minimal on any subinterval of I.

Proof. Part (iii) is an immediate consequence of the triangle inequality. As M is complete,
by the Hopf-Rinow Theorem, there is a minimal geodesic from p to ¢, so v must be minimal
too. This proves part (i). Part (ii) is proved in Gallot, Hulin and Lafontaine [60], Chapter
2, Corollary 2.111. O

Again, assume (M, g) is a complete Riemannian manifold and let p € M be any point.
For every v € T,M, let
I, = {s € RU {oo} | the geodesic > exp,(tv) is minimal on [0, s]}.

It is easy to see that [, is a closed interval, so I, = [0, p(v)] (with p(v) possibly infinite). It
can be shown that if w = Av, then p(v) = Ap(w), so we can restrict our attention to unit
vectors, v. It can also be shown that the map, p: S ! — R, is continuous, where S"! is
the unit sphere of center 0 in 7,M, and that p(v) is bounded below by a strictly positive
number.

Definition 12.7 Let (M, g) be a complete Riemannian manifold and let p € M be any
point. Define U, by

ty={o et o () > Il = (o € T | ote) > 1)

and the cut locus of p by
Cut(p) = exp,(0U,) = {exp,(p(v)v) | v € S"7'}.

The set U, is open and star-shaped. The boundary, U, of U, in T,M is sometimes
called the tangential cut locus of p and is denoted Cut(p).

Remark: The cut locus was first introduced for convex surfaces by Poincaré (1905) under
the name ligne de partage. According to Do Carmo [50] (Chapter 13, Section 2), for Rie-
mannian manifolds, the cut locus was introduced by J.H.C. Whitehead (1935). But it was
Klingenberg (1959) who revived the interest in the cut locus and showed its usefuleness.

Proposition 12.16 Let (M, g) be a complete Riemannian manifold. For any point, p € M,
the sets exp,(U,) and Cut(p) are disjoint and

M = exp,(U,) U Cut(p).

Proof. From the Hopf-Rinow Theorem, for every ¢ € M, there is a minimal geodesic,
t + exp,(vt) such that exp,(v) = q. This shows that p(v) > 1, so v € U, and

M = exp,(U,) U Cut(p).
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It remains to show that this is a disjoint union. Assume ¢ € exp,(U,) N Cut(p). Since
q € exp,(Uy), there is a geodesic, v, such that v(0) = p, y(a) = ¢ and v is minimal on
[0,a + €], for some € > 0. On the other hand, as ¢ € Cut(p), there is some geodesic, 7,
with 7(0) = p, 7(b) = ¢, 7 minimal on [0, 5], but ¥ not minimal after b. As v and 7 are
both minimal from p to ¢, they have the same length from p to q. But then, as v and 7 are
distinct, by Proposition 12.15 (ii), the geodesic v can’t be minimal after ¢, a contradiction.

O

Observe that the injectivity radius, i(p), of M at p is equal to the distance from p to the
cut locus of p:

i(p) = d(p, Cut(p)) = inf d(p,q).

q€Cut(p)

Consequently, the injectivity radius, i(M), of M is given by

i(M) = inf d(p, Cut(p)).

If M is compact, it can be shown that (M) > 0. It can also be shown using Jacobi fields that
exp,, is a diffeomorphism from U, onto its image, exp,(U,). Thus, exp,(U,) is diffeomorphic
to an open ball in R (where n = dim(M)) and the cut locus is closed. Hence, the manifold,
M, is obtained by gluing together an open n-ball onto the cut locus of a point. In some
sense the topology of M is “contained” in its cut locus.

Given any sphere, S"7!  the cut locus of any point, p, is its antipodal point, {—p}.
For more examples, consult Gallot, Hulin and Lafontaine [60] (Chapter 2, Section 2CT7),
Do Carmo [50] (Chapter 13, Section 2) or Berger [16] (Chapter 6). In general, the cut
locus is very hard to compute. In fact, according to Berger [16], even for an ellipsoid, the
determination of the cut locus of an arbitrary point is still a matter of conjecture!

12.4 The Calculus of Variations Applied to Geodesics;
The First Variation Formula

Given a Riemannian manifold, (M, g), the path space, Q(p, q), was introduced in Definition
12.1. Tt is an “infinite dimensional” manifold. By analogy with finite dimensional manifolds,
we define a kind of tangent space to (p, ¢) at a “point” w.

Definition 12.8 For every “point”, w € Q(p, q), we define the “tangent space”, T,(p, q),
of Q(p, q) at w, to be the space of all piecewise smooth vector fields, W, along w, for which
W(0) = W(1) =0 (we may assume that our paths, w, are parametrized over [0, 1]).

Now, if F': Q(p,q) — R is a real-valued function on (p, q), it is natural to ask what the
induced “tangent map”,
dr,: T,9(p,q) — R,
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should mean (here, we are identifying Tr,)R with R). Observe that €)(p,q) is not even
a topological space so the answer is far from obvious! In the case where f: M — R is a
function on a manifold, there are various equivalent ways to define df, one of which involves
curves. For every v € T,M, if a: (—¢,€) — M is a curve such that a(0) = p and o/(0) = v,
then we know that

d(f((1)))

dt

We may think of « as a small variation of p. Recall that p is a critical point of f iff df,(v) =0,
for all v € T, M.

dfy(v) =

t=0

Rather than attempting to define dF,, (which requires some conditions on F), we will
mimic what we did with functions on manifolds and define what is a critical path of a
function, F': Q(p,q) — R, using the notion of variation. Now, geodesics from p to g are
special paths in Q(p, ¢) and they turn out to be the critical paths of the energy function,

b
Etw) = [ IOl d
where w € Q(p,q), and 0 < a < b < 1.

Definition 12.9 Given any path, w € Q(p, q), a variation of w (keeping endpoints fized) is
a function, a: (—e, €) — Q(p, q), for some € > 0, such that

(1) a(0) =w
(2) There is a subdivision, 0 =ty < t; < -+ < tx_1 <t = 1 of [0, 1] so that the map
a: (—e€€) x[0,1] = M
defined by a(u,t) = a(u)(t) is smooth on each strip (—e¢, €)X [t;, t;41], fori =0,..., k—1.

If U is an open subset of R™ containing the origin and if we replace (—e¢, €) by U in the above,
then a: U — Q(p, q) is called an n-parameter variation of w.

The function « is also called a variation of w. Since each a(u) belongs to Q(p, ¢), note
that
a(u,0) =p, a(u,1)=g¢q, forallue (—¢c¢).

The function, &, may be considered as a “smooth path” in £)(p, q), since for every u € (—¢, €),
the map a(u) is a curve in (p, g) called a curve in the variation (or longitudinal curve of
the variation). The “velocity vector”, 3—3(0) € T.,9(p,q), is defined to be the vector field,
W, along w, given by

da Oa
= 2%0), = 22 (0,0),

du( ) 8u( )

Clearly, W € T, Q(p, q). In particular, W(0) = W (1) = 0. The vector field, W, is also called
the variation vector field associated with the variation a.

Wi
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Besides the curves in the variation, a(u) (with u € (—¢,€)), for every t € [0, 1], we have
a curve, ay: (—e,€) — M, called a transversal curve of the variation, defined by

ar(u) = a(u)(t),
and W; is equal to the velocity vector, a;(0), at the point w(t) = a4(0). For e sufficiently
small, the vector field, W, is an infinitesimal model of the variation a.

We can show that for any W € T,,Q(p, q) there is a variation, a: (—¢, €) — (p, ¢), which

satisfies the conditions 5
a
a(0) = —(0) =W.

Here is a sketch of the proof: By the compactness of w(]0, 1]), it is possible to find a § > 0
so that exp,,; is defined for all ¢ € [0,1] and all v € T,y M, with [[v|| < d. Then, if

N = max ||y,
te(0,1]

for any € such that 0 < e < %, it can be shown that
a(u)(t) = exp, ) (ul;)

works (for details, see Do Carmo [50], Chapter 9, Proposition 2.2).
As we said earlier, given a function, F': Q(p,q) — R, we do not attempt to define the

differential, dF,,, but instead, the notion of critical path.

Definition 12.10 Given a function, F': Q(p,q) — R, we say that a path, w € Q(p,q), is a
critical path for F iff

dF (a(u))
bl Sk Sl V4 =0,
du "0
for every variation, &, of w (which implies that the derivative dF(i(”)) is defined for every
u=0

variation, &, of w).

For example, if F' takes on its minimum on a path wy and if the derivatives % are

all defined, then wy is a critical path of F.
We will apply the above to two functions defined on Q(p, q):

(1) The energy function (also called action integral):

BYw) = [ o) ae

(We write E = EJj.)
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(2) The arc-length function,
b
L) = [ 1o

The quantities E°(w) and L2(w) can be compared as follows: if we apply the Cauchy-

Schwarz’s inequality.
(/ bf(t>g(t)dt>2 < ([ row) ([ dom)

with f(t) =1 and g(t) = ||'(¢)]], we get
(Lo(w))* < (b—a)Ey,

where equality holds iff ¢ is constant; that is, iff the parameter ¢ is proportional to arc-length.

Now, suppose that there exists a minimal geodesic, v, from p to ¢q. Then,
E() = L(7)* < L(w)* < B(w),

where the equality L(y)? = L(w)? holds only if w is also a minimal geodesic, possibly
reparametrized. On the other hand, the equality L(w) = E(w)? can hold only if the param-
eter is proportional to arc-length along w. This proves that F(vy) < F(w) unless w is also a
minimal geodesic. We just proved:

Proposition 12.17 Let (M, g) be a complete Riemannian manifold. For any two points,
p,q € M, if d(p,q) = 6, then the energy function, E: Q(p,q) — R, takes on its minimum,
52, precisely on the set of minimal geodesics from p to q.

Next, we are going to show that the critical paths of the energy function are exactly the
geodesics. For this, we need the first variation formula.

Let a: (—¢,€) — Q(p, q) be a variation of w and let

da
Wt - %(OJ t)

be its associated variation vector field. Furthermore, let

dw
‘/;t = E = u)/(t),

the velocity vector of w and
Atv = ‘/;f+ - ‘/t77

the discontinuity in the velocity vector at ¢, which is nonzero only for ¢t =t¢;, with 0 < ¢; < 1
(see the definition of v'((¢;)+) and 7/((¢;)-) just after Definition 12.1).



388 CHAPTER 12. GEODESICS ON RIEMANNIAN MANIFOLDS

Theorem 12.18 (First Variation Formula) For any path, w € Q(p,q), we have

! D
= —Z(Wt,AtV> —/ <Wt,—Vt>d

where a: (—e,€) — Qp, q) is any variation of w.

1 dB(E(w)
2 du

Proof. (After Milnor, see [105], Chapter II, Section 12, Theorem 12.2.) By Proposition
11.24, we have
0 (00,00 (Do oo
du \ Ot’ Ot du ot’ ot /-
dE(a(u)) :i/ <8a 8a>d B /1<28_a a_a>dt
du du J, \ Ot Ot o \Ou Ot Ot

Now, because we are using the Levi-Civita connection, which is torsion-free, it is not hard
to prove that

Therefore,

D O« D O«

ot du  Ou ot

dE(a(u)) :2/1 D da 0a\
du o \Ot Ou’ Ot

We can choose 0 =ty < t; < --- <ty = 1 so that « is smooth on each strip (—¢, €) x [t;_1,1;].
Then, we can “integrate by parts” on [t;_1,t;] as follows: The equation

0 [0a da\ /D da da\ /0o D oo
ot \ou’ ot/ \ot Ou’ Ot ou’ Ot Ot
implies that

/ti Doa da\ . [oa da =)~ _/ti da D da\

o, \Ot Ou’ Ot ou’ ot —(ti1) Ou’ Ot ot

4 i—1)4+

Adding up these formulae for ¢ = 1,...%k — 1 and using the fact that g—‘z =0 for t = 0 and
t=1, we get

SO

1 dE(a ! 804 804 L' /0a D da
2 Ca = L) - (Geaar )

Setting u = 0, we obtain the formula
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as claimed. O

Intuitively, the first term on the right-hand side shows that varying the path w in the
direction of decreasing “kink” tends to decrease E. The second term shows that varying the
D

curve in the direction of its acceleration vector, 2 w'(t), also tends to reduce E.

A geodesic, v, (parametrized over [0,1]) is smooth on the entire interval [0,1] and its

acceleration vector, % 7' (t), is identically zero along «y. This gives us half of

Theorem 12.19 Let (M, g) be a Riemanian manifold. For any two points, p,q € M, a
path, w € Qp,q) (parametrized over [0,1]), is critical for the energy function, E, iff w is a
geodesic.

Proof. From the first variation formula, it is clear that a geodesic is a critical path of E.

Conversely, assume w is a critical path of E. There is a variation, a, of w such that its
associated variation vector field is of the form

W) = () (),

with f(t) smooth and positive except that it vanishes at the t;’s. For this variation, we get

o _/01 () <%W'(t), %7’(t)> dt.

D

—w

dt
Hence, the restriction of w to each [t;, t;11] is a geodesic.

1 dE(a(u))
2 du

This expression is zero iff
"t)=0  on [0,1].

It remains to prove that w is smooth on the entire interval [0, 1]. For this, pick a variation
a such that

W(t;) = A, V.
Then, we have
1 dE(G(u)) b
— =— AV VAVAVR VA%
2 du 0 ;( ti Vo ti >
If the above expression is zero, then A,V =0 fori =1,...,k— 1, which means that w is C"*

everywhere on [0, 1]. By the uniqueness theorem for ODE’s; w must be smooth everywhere
on [0,1], and thus, it is an unbroken geodesic. O]

Remark: If w € Q(p, q) is parametrized by arc-length, it is easy to prove that

IL@EW)| 1 dE(@(w)

du 2 du
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As a consequence, a path, w € Q(p, q) is critical for the arc-length function, L, iff it can be
reparametrized so that it is a geodesic (see Gallot, Hulin and Lafontaine [60], Chapter 3,
Theorem 3.31).

In order to go deeper into the study of geodesics we need Jacobi fields and the “second
variation formula”, both involving a curvature term. Therefore, we now proceed with a more
thorough study of curvature on Riemannian manifolds.



Chapter 13

Curvature in Riemannian Manifolds

13.1 The Curvature Tensor

If (M, (—,—)) is a Riemannian manifold and V is a connection on M (that is, a connection
on T'M), we saw in Section 11.2 (Proposition 11.8) that the curvature induced by V is given
by

R(X, Y) = VX o Vy — VY e} VX - V[Xy],
for all X,V € X(M), with R(X,Y) € D(Hom(TM,TM)) = Homew ) (D(TM),[(TM)).
Since sections of the tangent bundle are vector fields (I'(T'M) = X(M)), R defines a map

R: X(M) x X(M) x X(M) — X(M),

and, as we observed just after stating Proposition 11.8, R(X,Y")Z is C°°(M)-linear in XY, Z
and skew-symmetric in X and Y. It follows that R defines a (1, 3)-tensor, also denoted R,
with

R,: T,M x T,M x T,M — T,M.

Experience shows that it is useful to consider the (0, 4)-tensor, also denoted R, given by

Rp(ZE, Y, z, w) = <Rp(x7 y)Z, w>p

as well as the expression R(x,y,y,x), which, for an orthonormal pair, of vectors (z,y), is
known as the sectional curvature, K(z,y).

This last expression brings up a dilemma regarding the choice for the sign of R. With
our present choice, the sectional curvature, K(x,y), is given by K(x,y) = R(x,y,y,x) but
many authors define K as K(x,y) = R(x,y,z,y). Since R(z,y) is skew-symmetric in z,y,
the latter choice corresponds to using —R(z,y) instead of R(z,y), that is, to define R(X,Y)
by

R(X, Y) = V[Xy] + VY o VX - VX 9} VY.

As pointed out by Milnor [105] (Chapter II, Section 9), the latter choice for the sign of R has
the advantage that, in coordinates, the quantity, (R(0/0xp,0/0x;)0/0x;,0/0xy) coincides

391
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with the classical Ricci notation, Ry,j;. Gallot, Hulin and Lafontaine [60] (Chapter 3, Section
A.1) give other reasons supporting this choice of sign. Clearly, the choice for the sign of R
is mostly a matter of taste and we apologize to those readers who prefer the first choice but
we will adopt the second choice advocated by Milnor and others. Therefore, we make the
following formal definition:

Definition 13.1 Let (M, (—, —)) be a Riemannian manifold equipped with the Levi-Civita
connection. The curvature tensor is the (1, 3)-tensor, R, defined by

R,(x,y)z = VixyZ +VyVxZ —VxVyZ,

for every p € M and for any vector fields, XY, Z € X(M), such that = = X(p), y = Y(p)
and z = Z(p). The (0, 4)-tensor associated with R, also denoted R, is given by

Rp(x> ya Za w) = <(Rp(x7 y)z, w>7

for all p e M and all z,y,z,w € T,M.

Locally in a chart, we write

and 5 5
Rhyijr = <R (a—gjh, 8_:102) Dz, 5$k> ZglkR]hz

The coefficients, R;hi, can be expressed in terms of the Christoffel symbols, Ffj, in terms of a
rather unfriendly formula (see Gallot, Hulin and Lafontaine [60] (Chapter 3, Section 3.A.3)
or O’Neill [117] (Chapter III, Lemma 38). Since we have adopted O’Neill’s conventions for

the order of the subscripts in RJ ni» here is the formula from O’Neill:

Rl =0T, — oL +ZF . Zrhm "

There is another way of defining the curvature tensor which is useful for comparing
second covariant derivatives of one-forms. Recall that for any fixed vector field, Z, the map,
Y — VyZ, is a (1,1) tensor that we will denote V_Z. Thus, using Proposition 11.5, the
covariant derivative VxV_Z7 of V_Z makes sense and is given by

(Vx(V_2))(Y) = Vx(VyZ) — (Vuyr)Z.
Usually, (Vx(V_Z2))(Y) is denoted by V% Z and

ViyvZ=Vx(VyZ)—VywZ
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is called the second covariant derivative of Z with respect to X and Y. Then, we have

VZY,XZ — vi(,yz = Vyv(VxZ) = Vy,xZ - Vx(VyZ)+Vy.vZ
(VXZ) VX(VyZ) + VVXY—VyXZ
(VXZ) VX(VyZ) -+ V[Xy]Z

( ? ) Y

since VxY — Vy X = [X,Y], as the Levi-Civita connection is torsion-free. Therefore, the
curvature tensor can also be defined by

I
:U<l<]<l

R(X.Y)Z =V3.xZ - ViyZ.

We already know that the curvature tensor has some symmetry properties, for example,
R(y,x)z = —R(z,y)z but when it is induced by the Levi-Civita connection, it has more
remarkable properties stated in the next proposition.

Proposition 13.1 For a Riemannian manifold, (M, {—,—)), equipped with the Levi-Civita
connection, the curvature tensor satisfies the following properties:

(1) R(z,y)z = —R(y,x)z
(2) (First Bianchi Identity) R(x,y)z + R(y,z)x + R(z,z)y =0

(3) R(z,y,z,w) =—R(x,y,w,z)
(4) R(x,y,z,w) = R(z,w,x,y).

The proof of Proposition 13.1 uses the fact that R,(z,y)z = R(X,Y)Z, for any vector
fields XY, Z such that z = X(p), y = Y(p) and Z = Z(p). In particular, XY, Z can be
chosen so that their pairwise Lie brackets are zero (choose a coordinate system and give
X,Y,Z constant components). Part (1) is already known. Part (2) follows from the fact
that the Levi-Civita connection is torsion-free. Parts (3) and (4) are a little more tricky.
Complete proofs can be found in Milnor [105] (Chapter 11, Section 9), O’Neill [117] (Chapter
IIT) and Kuhnel [91] (Chapter 6, Lemma 6.3).

If w e AY(M) is a one-form, then the covariant derivative of w defines a (0, 2)-tensor, T,
given by T(Y, Z) = (Vyw)(Z). Thus, we can define the second covariant derivative, V% yw,
of w as the covariant derivative of T (see Proposition 11.5), that is,

(VxT)(Y, 2) = X(T(Y. Z2)) - T(VxY,Z) = T(Y,Vx 2),
and so

(Viyw)(Z) = X(Vyw)(Z)) = (Vvsyw)(Z) — (Vyw)(VxZ)
= X((V w)(Z)) = (Vyw)(VxZ) — (Vyyyw)(2)
(Vx(Vyw))(Z) = (Vyyyw)(Z).
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Therefore,
V%Yw = VX (Vy(x)) - vayw7

that is, V% yw is formally the same as V% Z. Then, it is natural to ask what is
A& Xyw — V%’ xW.

The answer is given by the following proposition which plays a crucial role in the proof of a
version of Bochner’s formula:

Proposition 13.2 For any vector fields, X,Y,Z € X(M), and any one-form, w € A*(M),
on a Riemannian manifold, M, we have

(Viy — Vix)w)(Z) = w(R(X,Y)Z).
Proof. Recall that we proved in Section 11.5 that
(VXw)ﬁ = Vwﬁ.
We claim that we also have
(VXYW) = V%{,Y“’ﬂ-
This is because
(Viyw) = (Vx(Vyw)) = (Vyyyw)*
= Vx(va)ﬁ — vay(,utt
== Vx(Vywﬁ) — vaywTj

= VX Y.
Thus, we deduce that
(Viy — Vi w)' = (Viy — Vix)w' = R(Y, X)wh.
Consequently,

(Viy = Vix)w)(2) = (Viy — Vix)w), Z)
(R(Y, X)uf Z>

= R(Y,X,w,Z)

= R(X,Y,Z WY

= (R(X,Y)Z, %

= w(R(X,Y)Z),

where we used properties (3) and (4) of Proposition 13.1. O

The next proposition will be needed in the proof of the second variation formula. If
a: U — M is a parametrized surface, where U is some open subset of R% we say that a
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vector field, V' € X(M), is a vector field along o iff V(x,y) € ToyyM, for all (z,y) € U.
For any smooth vector field, V', along «, we also define the covariant derivatives, DV /0x
and DV/0y as follows: For each fixed o, if we restrict V' to the curve

= a(z, o)

we obtain a vector field, V,,,, along this curve and we set

DX DV,

W(x’y(]) = dr

Then, we let yo vary so that (z,y9) € U and this yields DV/0x. We define DV/dy is a
similar manner, using a fixed z.

Proposition 13.3 For a Riemannian manifold, (M, {—,—)), equipped with the Levi-Civita
connection, for every parametrized surface, a: R* — M, for every vector field, V € X(M)
along o, we have

D D D D Oa Oa
a—ya—x‘/‘m—y"—ﬁ’(a—x’a—ﬁ“

Proof. Express both sides in local coordinates in a chart and make use of the identity

VaVag—VaVaa:R(a a)a O

Ozj Oz 6mk Oz; Oz 8:ck (9$i7 al’j 8xk

Remark: Since the Levi-Civita connection is torsion-free, it is easy to check that

D O« D Oa

0z 9y — oy 0x
We used this identity in the proof of Theorem 12.18.

The curvature tensor is a rather complicated object. Thus, it is quite natural to seek
simpler notions of curvature. The sectional curvature is indeed a simpler object and it turns
out that the curvature tensor can be recovered from it.

13.2 Sectional Curvature

Basically, the sectional curvature is the curvature of two-dimensional sections of our manifold.
Given any two vectors, u,v € T),M, recall by Cauchy-Schwarz that

(u, v>§ < (u, u)p(v,v)p,

with equality iff v and v are linearly dependent. Consequently, if v and v are linearly
independent, we have

<U, U>P<U7 U)p B <u’ U>12; 7é 0.
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In this case, we claim that the ratio

R,(u,v,u,v)

K(u,v) = (u, w)p (v, v)p — (u,@%

is independent of the plane, I, spanned by uw and v. If (z,y) is another basis of II, then

T = au-+bv
= cu+dv.

We get

<I, x>p<y= y>P - <SL‘, y>;27 = (ad - bc)2(<u, u>p<vv U>p - <u7 U>§)
and similarly,

Rp(l’a y» Jja y) = <Rp($7 y)l’, y)p = (CLd - bC)QRp(U, Ua U’a 'U)a

which proves our assertion.

Definition 13.2 Let (M, (—,—)) be any Riemannian manifold equipped with the Levi-
Civita connection. For every p € T,,M, for every 2-plane, II C T,,M, the sectional curvature,
K(II), of 1, is given by

Ry(z,y,%,y)
<£E, x>p<ya y>p - <Qf, y>]237

K(II) = K(z,y) =
for any basis, (x,y), of II.

Observe that if (z,y) is an orthonormal basis, then the denominator is equal to 1. The
expression R,(z,y,x,y) is often denoted x,(x,y). Remarkably, x, determines R,. We denote
the function p — x, by k. We state the following proposition without proof:

Proposition 13.4 Let (M,(—,—)) be any Riemannian manifold equipped with the Levi-
Cliwita connection. The function k determines the curvature tensor, R. Thus, the knowledge
of all the sectional curvatures determines the curvature tensor. Moreover, we have

6(R(z,y)z,w) = k(x+w,y+2)—rlr,y+2) —rwy+z2)
—kly+w,x+2)+k(y,z+ 2) + k(w,z + z)
z+w,y) + K, y) + wlw, y)
+ K(z, 2) + K(w, 2)
— Ky, ) — K(w, )
—

)
r+w,z)
) _
) y,z) — k(w, z).

—Ii(
—K,(
+ k(y +w,x
+ k(Y +w, 2
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For a proof of this formidable equation, see Kuhnel [91] (Chapter 6, Theorem 6.5). A
different proof of the above proposition (without an explicit formula) is also given in O’Neill
[117] (Chapter III, Corollary 42).

Let
Ry (x,y)z = (x,2)y — (y, 2)x.
Observe that
(Ri(z,y)z,y) = (z,2)(y,y) — (@,y)".
As a corollary of Proposition 13.4, we get:
Proposition 13.5 Let (M,{(—,—)) be any Riemannian manifold equipped with the Levi-

Civita connection. If the sectional curvature, K(II) does not depend on the plane, 11, but
only on p € M, in the sense that K is a scalar function, K: M — R, then

R - KRl
Proof. By hypothesis,

Fp(, ) = K (p)((z, 2)p (y, y)p — (2, 9)3),

for all x,y. As the right-hand side of the formula in Proposition 13.4 consists of a sum of
terms, we see that the right-hand side is equal to K times a similar sum with s replaced by

<R1(I',y)l',y> = <:U,x)(y,y> - <$,y>2,

so it is clear that R = K Ry. [

In particular, in dimension n = 2, the assumption of Proposition 13.5 holds and K is the
well-known Gaussian curvature for surfaces.

Definition 13.3 A Riemannian manifold, (M, (—, —)) is said to have constant (resp. neg-
ative, resp. positive) curvature iff its sectional curvature is constant (resp. negative, resp.
positive).

In dimension n > 3, we have the following somewhat surprising theorem due to F. Schur:

Proposition 13.6 (F. Schur, 1886) Let (M,{—,—)) be a connected Riemannian manifold.
If dim(M) > 3 and if the sectional curvature, K (II), does not depend on the plane, I1 C T,,M,
but only on the point, p € M, then K is constant (i.e., does not depend on p).

The proof, which is quite beautiful, can be found in Kuhnel [91] (Chapter 6, Theorem
6.7).
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If we replace the metric, g = (—, —) by the metric g = A(—, —) where A > 0 is a constant,
some simple calculations show that the Christoffel symbols and the Levi-Civita connection
are unchanged, as well as the curvature tensor, but the sectional curvature is changed, with

K =\'K.

As a consequence, if M is a Riemannian manifold of constant curvature, by rescaling the
metric, we may assume that either K = —1, or K = 0, or K = +1. Here are standard
examples of spaces with constant curvature.

(1) The sphere, S™ C R"*! with the metric induced by R"*! where
9" — {(fﬂl, - ,Jin+1) c Rt | I% + ... +$31+1 — 1}.

The sphere, S™, has constant sectional curvature, K = +1. This can be shown by using
the fact that the stabilizer of the action of SO(n + 1) on S™ is isomorphic to SO(n).
Then, it is easy to see that the action of SO(n) on 7,5 is transitive on 2-planes and
from this, it follows that K = 1 (for details, see Gallot, Hulin and Lafontaine [60]
(Chapter 3, Proposition 3.14).

(2) Euclidean space, R"™, with its natural Euclidean metric. Of course, K = 0.

(3) The hyperbolic space, H,} (1), from Definition 2.10. Recall that this space is defined in
terms of the Lorentz innner product, (—, —)1, on R""! given by
nt1
(@1, @ngn), (W1s - Yn))1 = =211 + szyz
i=2

By definition, H (1), written simply H", is given by

H" = {.f[,‘ = ($1,...,$n+1) € Rn+1 ‘ <.T,[L’>1 = —1, T, > 0}

Given any points, p = (z1,...,2,11) € H", it is easy to see that the set of tangent
vectors, u € T,H", are given by the equation
<p7 u>1 = Oa

that is, T,H" is orthogonal to p with respect to the Lorentz inner-product. Since
p € H", we have (p,p); = —1, that is, u is lightlike, so by Proposition 2.10, all vectors
in T,H™ are spacelike, that is,

(u,u)yy >0, for alluw € T,H", u # 0.

Therefore, the restriction of (—, —); to H™ is positive, definite, which means that it is
a metric on T,H". The space H" equipped with this metric, gg, is called hyperbolic
space and it has constant curvature, K’ = —1. This can be shown by using the fact that
the stabilizer of the action of SO¢(n, 1) on H™ is isomorphic to SO(n) (see Proposition
2.11). Then, it is easy to see that the action of SO(n) on T,H™ is transitive on 2-planes
and from this, it follows that K = —1 (for details, see Gallot, Hulin and Lafontaine
[60] (Chapter 3, Proposition 3.14).
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There are other isometric models of H™ that are perhaps intuitively easier to grasp but
for which the metric is more complicated. For example, there is a map, PD: B" — H"™,
where B" = {x € R" | ||z|| < 1} is the open unit ball in R", given by

1+ ||917||2 21
D(z) = ( 5 5 |-
L—[lz||" 1 — =

It is easy to check that (PD(z),PD(x)); = —1 and that PD is bijective and an isometry.
One also checks that the pull-back metric, gpp = PD*gy, on B", is given by

—
(1 —[l=]])?
The metric, gpp is called the conformal disc metric and the Riemannian manifold, (B™, gpp)
is called the Poincaré disc model or conformal disc model. The metric gpp is proportional
to the Euclidean metric and thus, angles are preserved under the map PD. Another model
is the Poincaré half-plane model, {x € R™ | 1 > 0}, with the metric

1
gpH = P(dxf—i—---—l—dxfl).
1

We already encountered this space for n = 2.

The metrics for S, R*™! and H™ have a nice expression in polar coordinates but we
prefer to discuss the Ricci curvature next.

13.3 Ricci Curvature

The Ricci tensor is another important notion of curvature. It is mathematically simpler than
the sectional curvature (since it is symmetric) but it plays an important role in the theory
of gravitation as it occurs in the Einstein field equations. The Ricci tensor is an example
of contraction, in this case, the trace of a linear map. Recall that if f: £ — FE is a linear
map from a finite-dimensional Euclidean vector space to itself, given any orthonormal basis,

(e1,...,e,), we have
n

tr(f) = Z<f(6i)aei>'

=1

Definition 13.4 Let (M, (—, —)) be a Riemannian manifold (equipped with the Levi-Civita
connection). The Ricci curvature, Ric, of M is the (0, 2)-tensor defined as follows: For every
pe M, forallx,y € T,M, set Ric,(x, y) to be the trace of the endomorphism, v — R,(x,v)y.
With respect to any orthonormal basis, (ey,...,e,), of T,M, we have

n

Ricp(% y) = Z(Rp(x7 ej)yv ej>p = Z RP(I7 €Y, ej)'
j=1

=1
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The scalar curvature, S, of M, is the trace of the Ricci curvature, that is, for every p € M,
S<p) - Z R(ei7 €4, €, 6]) - Z K(ei7 ej)7
1#] i#]

where K (e;, e;) denotes the sectional curvature of the plane spanned by e;, e;.

In view of Proposition 13.1 (4), the Ricci curvature is symmetric. The tensor Ric is
a (0,2)-tensor but it can be interpreted as a (1, 1)-tensor as follows: We let Ricjoéﬁ be the
1, 1)-tensor given by
(Ric¥u, v), = Ric(u,v),

for all w,v € T,M. Then, it is easy to see that
S(p) = tr(Ric}).

This is why we said (by abuse of language) that S is the trace of Ric. Observe that if
(é1,...,€y) is any orthonormal basis of T,M, as

Ric,(u,v) = Z Ry(u,ej,v,¢€;)
j=1

n

= ZRp(ej,u,ej,v)
j=1
n

= Z(Rp(ej,U)GpU)p?

j=1
we have

Ric/ (u) = Z R,(ej,u)e;.
=1

Observe that in dimension n = 2, we get S(p) = 2K (p). Therefore, in dimension 2, the
scalar curvature determines the curvature tensor. In dimension n = 3, it turns out that the
Ricci tensor completely determines the curvature tensor, although this is not obvious. We
will come back to this point later.

Since Ric(z,y) is symmetric, Ric(z, z) determines Ric(x,y) completely (Use the polar-
ization identity for a symmetric bilinear form, ¢:

2¢(z,y) = p(z +y) — ¢(x) — ¢(y).)
Observe that for any orthonormal frame, (ey,...,e,), of T,M, using the definition of the
sectional curvature, K, we have

n

Ric(ey,e;) = Z((R(el, e;)er, e;) = Z K(eq,e;).

i=1
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Thus, Ric(e,e;) is the sum of the sectional curvatures of any n — 1 orthogonal planes
orthogonal to e; (a unit vector).

For a Riemannian manifold with constant sectional curvature, we see that
Ric(z,z) = (n — 1)Kg(x, x), S=n(n-1K,

where g = (—, —) is the metric on M. Indeed, if K is constant, then we know that R = K R;
and so,

Ric(z,z) = KZQ(Rl(ﬂf,@i)xaei)

=1

= KZ(Q(%,@@‘)Q(%@ — gles, x)?)

= K(ng(z,z) — Zg(ei, z)?)

= (n—1)Kg(x,x).
Spaces for which the Ricci tensor is proportional to the metric are called Einstein spaces.

Definition 13.5 A Riemannian manifold, (M, g), is called an FEinstein space iff the Ricci
curvature is proportional to the metric, g, that is:

Ric(z,y) = Ag(z,y),

for some function, \: M — R.

If M is an Einstein space, observe that S = nA\.

Remark: For any Riemanian manifold, (M, g), the quantity

.S
G—Rlc—gg

is called the Finstein tensor (or Einstein gravitation tensor for space-times spaces). The
Einstein tensor plays an important role in the theory of general relativity. For more on this
topic, see Kuhnel [91] (Chapters 6 and 8) O’Neill [117] (Chapter 12).
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13.4 Isometries and Local Isometries

Recall that a local isometry between two Riemannian manifolds, M and N, is a smooth map,
p: M — N, so that

((d)p(w), (dpp) (V) p(p) = (U, V)p,
for all p € M and all w,v € T,M. An isometry is a local isometry and a diffeomorphism.

By the inverse function theorem, if p: M — N is a local isometry, then for every p € M,
there is some open subset, U C M, with p € U, so that ¢ [ U is an isometry between U and

p(U).
Also recall that if ¢: M — N is a diffeomorphism, then for any vector field, X, on M,
the vector field, ¢, X, on N (called the push-forward of X) is given by

(QD*X)q = d90<p*1(q)X(90_1(Q))) for all ¢ € N,

or equivalently, by
(0 X)p(p) = dppX (D), for all p € M.

For any smooth function, h: N — R, for any ¢ € N, we have

X*(h)q = dhq(X*(Q))
= dhy(dp,-1 X (97 (9)))
= d(hop)e19X (¢ (a)
= X(hoy)p1(g),

that is
Xu(h)g = X(ho @),y

or

X*(h)w(p) = X(h © 90)17‘

It is natural to expect that isometries preserve all “natural” Riemannian concepts and
this is indeed the case. We begin with the Levi-Civita connection.

Proposition 13.7 If o: M — N is an isometry, then

0.(VxY) =V, x(¢.Y), for all XY € X(M),
where VxY s the Levi-Civita connection induced by the metric on M and similarly on N.
Proof. We use the Koszul formula (Proposition 11.18),

2VxY,Z) = X((Y,2)) +Y((X,2)) - Z({(X,Y))
- Y [X, Z]) = (X, [V, Z]) = (£, [Y, X]).
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We have
(‘P*(vXY))w(p) = d@p(vXY)w

and as @ is an isometry,

(dpp(VXY)p, dSDpZP><p(p) = ((VxY)p, Zp)p,

so, Koszul yields

20:(VxY), 0uZ)op) = XY, 2)p) + Y (X, Z)p) = Z({(X,Y),)
- VX, Z2])y = (X, [V, Z])p — (2, [V, X])p-

Next, we need to compute
(Vox (0:Y), 0 Z) () -

When we plug ¢.X, ¢.Y and ¢.Z into the Koszul formula, as ¢ is an isometry, for the
fourth term on the right-hand side, we get

(.Y, [pu X, SO*ZDAO(p) = (dppYy, [d@pdeSOprDso(p)
= <Y;J7[XpaZp]>p

and similarly for the fifth and sixth term on the right-hand side. For the first term on the
right-hand side, we get

(@ X)((0:Y, 0 2)) ) =

and similarly for the second and third term. Consequently, we get

2(Vex(0:Y), 0:Z) o) = XY, 2)p) +Y (X, Z)p) — Z((X,Y))
- <Y> [Xv Z])p - <X’ [Y7 Z])p - <Za D/a X])IJ

By comparing right-hand sides, we get

2(90*(VXY)7 90*Z>50(P) = 2<V¢*X(90*Y)7 QD*Z>50(;D)

for all X,Y,Z, and as ¢ is a diffeomorphism, this implies
0.(VxY) =V, x(¢.Y),

as claimed. [J
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As a corollary of Proposition 13.7, the curvature induced by the connection is preserved,
that is
0. R(X,Y)Z = R(p.X, p.Y )i Z,

as well as the parallel transport, the covariant derivative of a vector field along a curve, the
exponential map, sectional curvature, Ricci curvature and geodesics. Actually, all concepts
that are local in nature are preserved by local diffeomorphisms! So, except for the Levi-
Civita connection and if we consider the Riemann tensor on vectors, all the above concepts
are preserved under local diffeomorphisms. For the record, we state:

Proposition 13.8 If p: M — N s a local isometry, then the following concepts are pre-
served:

(1) The covariant derivative of vector fields along a curve, vy, that is

DX  Dp.X
Vae T at
for any vector field, X, along v, with (p.X)(t) = dp )Y (t), for all t.

dpq s

(2) Parallel translation along a curve. If P, denotes parallel transport along the curve ~y
and if P, denotes parallel transport along the curve ¢ oy, then

dpr(1) © Py = Pyoy 0 dip(0).

(3) Geodesics. If v is a geodesic in M, then v o~ is a geodesic in N. Thus, if 7, is the
unique geodesic with v(0) = p and ~,(0) = v, then

® O Yo = Vdppvs

wherever both sides are defined. Note that the domain of va,,, may be strictly larger
than the domain of ~y,. For example, consider the inclusion of an open disc into R?.

(4) Exponential maps. We have
{0 eXp), = eXPyy(y) Odpp,
wherever both sides are defined.

(5) Riemannian curvature tensor. We have

dep,R(x,y)z = R(dpyz, dpyy)de,z, for all x,y,z € T,M.

(6) Sectional, Ricci and Scalar curvature. We have

K(d@pxa d‘zppy) = K(:E, y)p7
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for all linearly independent vectors, x,y € T,M;
RiC(ngpl', dQOpy) = RiC(I’, y)P
forall z,y € T,M;
SM = SN o Q.

where Syr is the scalar curvature on M and Sy is the scalar curvature on N.

A useful property of local diffeomorphisms is stated below. For a proof, see O’Neill [117]
(Chapter 3, Proposition 62):

Proposition 13.9 Let p,v: M — N be two local isometries. If M is connected and if
©(p) = ¥(p) and dy, = dip, for some p € M, then @ = 1.

The idea is to prove that
{pe M|dp,=dp,}

is both open and closed and for this, to use the preservation of the exponential under local
diffeomorphisms.

13.5 Riemannian Covering Maps

The notion of covering map discussed in Section 3.9 can be extended to Riemannian mani-
folds.

Definition 13.6 If M and N are two Riemannian manifold, then a map, 7: M — N, is a
Riemannian covering iff the following conditions hold:

(1) The map 7 is a smooth covering map.

(2) The map = is a local isometry.

Recall from Section 3.9 that a covering map is a local diffeomorphism. A way to obtain
a metric on a manifold, M, is to pull-back the metric, g, on a manifold, N, along a local
diffeomorphism, ¢: M — N (see Section 7.4). If ¢ is a covering map, then it becomes a
Riemannian covering map.

Proposition 13.10 Letw: M — N be a smooth covering map. For any Riemannian metric,
g, on N, there is a unique metric, g, on M, so that w is a Riemannian covering.
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Proof. We define the pull-back metric, m*g, on M induced by ¢ as follows: For all p € M,
for all uw,v € T,M,

(7°g)p(u, v) = gldmy(u), dmp(v)).

We need to check that (7*g), is an inner product, which is very easy since dm, is a linear
isomorphism. Our map, 7, between the two Riemannian manifolds (M, 7*g) and (N, g)
becomes a local isometry. Now, every metric on M making 7 a local isometry has to satisfy
the equation defining, 7*¢g, so this metric is unique. [

As a corollary of Proposition 13.10 and Theorem 3.35, every connected Riemmanian
manifold, M, has a simply connected covering map, m: M — M, where 7 is a Riemannian
covering. Furthermore, if 7: M — N is a Riemannian covering and ¢: P — N is a local
isometry, it is easy to see that its lift, o: P — M, is also a local isometry. In particular, the
deck-transformations of a Riemannian covering are isometries.

In general, a local isometry is not a Riemannian covering. However, this is the case when
the source space is complete.

Proposition 13.11 Let 7: M — N be a local isometry with N connected. If M is a com-
plete manifold, then w is a Riemannian covering map.

Proof. We follow the proof in Sakai [128] (Chapter III, Theorem 5.4). Because 7 is a local
isometry, geodesics in M can be projected onto geodesics in N and geodesics in N can be
lifted back to M. The proof makes heavy use of these facts.

First, we prove that N is complete. Pick any p € M and let ¢ = 7w(p). For any geodesic,
Yu, of N with initial point, ¢ € NN, and initial direction the unit vector, u € T, N, consider
the geodesic, 7,, of M, with initial point p and with u = dﬂ'q_l(’l}) € T,M. As 7 is a local
isometry, it preserves geodesic, so

Yo =T O %7

and since 7, is defined on R because M is complete, so if 7,. As exp, is defined on the whole
of T, N, by Hopf-Rinow, N is complete.

Next, we prove that 7 is surjective. As N is complete, for any ¢; € IV, there is a minimal
geodesic, v: [0,b] — N, joining ¢ to ¢; and for the geodesic, 7, in M, emanating from p and
with initial direction dm,*(7(0)), we have w(3(b)) = 7(b) = q1, establishing surjectivity.

For any ¢ € N, pick r > 0 wih r < i(q), where i(q) denotes the injectivity radius of N at
q and consider the open metric ball, B,(q) = exp,(B(04,7)) (Where B(0,,7) is the open ball
of radius r in T,N). Let

7 Hq) = {pitier € M,
We claim that the following properties hold:

(1) Each map, 7 | B,(p;): B.(p;)) — B.(q), is a diffeomorphism, in fact, an isometry.

(2) 771(Br(0)) = Uie; Br(pi)-
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(3) B.(pi) N B,(pj) = 0 whenever i # j.

It follows from (1), (2) and (3) that B,(q) is evenly covered by the family of open sets,
{B;(pi) }icr, so m is a covering map.

(1) Since 7 is a local isometry, it maps geodesics emanating from p; to geodesics emanating
from ¢ so the following diagram commutes:

dmp,

B(Opw T) - B<Oq7 7“)

exp,, \L iequ

B (pi) —— B:(a).

Since exp, odm,, is a diffeomorphism, 7 [ B,.(p;) must be injective and since exp,, is surjective,
sois m [ By(p;). Then, 7 | B.(p;) is a bijection and as 7 is a local diffeomorphism, 7 | B, (p;)
is a diffeomorphism.

(2) Obviously, U,.; Br(p;) € #~1(B,(q)), by (1). Conversely, pick p; € 7 *(B,(q)). For
q1 = 7(p1), we can write q; = exp, v, for some v € B(04,7) and the map v(t) = exp,(1 —t)v,
for t € [0, 1], is a geodesic in N joining ¢; to g. Then, we have the geodesic, 7, emanating
from p; with initial direction dr'(7(0)) and as w0 (1) = (1) = ¢, we have F(1) = p; for
some «. Since v has length less than r, we get p; € B,.(p;).

(3) Suppose p1 € B,(p;) N B,(p;). We can pick a minimal geodesic, 7, in B,(p;), (resp
w in B,(p;)) joining p; to p (resp. joining p; to p). Then, the geodesics m o7 and 7o @
are geodesics in B,(q) from ¢ to m(p;) and their length is less than r. Since r < i(q), these
geodesics are minimal so they must coincide. Therefore, v = w, which implies ¢ = j. O

13.6 The Second Variation Formula and the
Index Form

In Section 12.4, we discovered that the geodesics are exactly the critical paths of the energy
functional (Theorem 12.19). For this, we derived the First Variation Formula (Theorem
12.18). It is not too surprising that a deeper understanding is achieved by investigating the
second derivative of the energy functional at a critical path (a geodesic). By analogy with
the Hessian of a real-valued function on R", it is possible to define a bilinear functional,

L:T.Qp,q) x T,Qp,q) — R,

when + is a critical point of the energy function, E (that is, 7 is a geodesic). This bilinear
form is usually called the index form. Note that Milnor denotes I, by FE.. and refers to it
as the Hessian of E but this is a bit confusing since I, is only defined for critical points,
whereas the Hessian is defined for all points, critical or not.



408 CHAPTER 13. CURVATURE IN RIEMANNIAN MANIFOLDS

Now, if f: M — R is a real-valued function on a finite-dimensional manifold, M, and if
p is a critical point of f, which means that df, = 0, it is not hard to prove that there is a
symmetric bilinear map, I: T,M x T,M — R, such that

[(X(p),Y(p)) = X,(Y[) = Yp(X]),

for all vector fields, X,Y € X(M). Furthermore, I(u,v) can be computed as follows, for any
u,v € T,M: for any smooth map, a: R* — R, such that

Oa oo
«(0,0) = p, 2 (0,0) = u, 7 (0,0) = v,
we have o
Huwy~ P |
0x0y (0,0)

The above suggests that in order to define
L T,Qp, q) x T,Q(p, q) — R,

that is, to define I, (Wi, W), where Wy, Wy € T,8(p,q) are vector fields along ~ (with
W1(0) = W5(0) = 0 and Wy(1) = Wy(1) = 0), we consider 2-parameter variations,

a: U x1[0,1] — M,
where U is an open subset of R? with (0,0) € U, such that

Oa Oa
OZ(O, 07 t) = /Y(t)’ a_ul (07 07 t) = Wl(t)’ 8_U2 (07 07 t) = WQ(t)

Then, we set
O?(E o @) (uy,us)

8u1 8U2 ’

(0,0)

]W(Wla W2) =

where a € Q(p, q) is the path given by
a(ug,us)(t) = a(ug, us, t).

For simplicity of notation, the above derivative if often written as % (0,0).

To prove that I,(W;, Ws) is actually well-defined, we need the following result:

Theorem 13.12 (Second Variation Formula) Let o: U x [0, 1] — M be a 2-parameter vari-
ation of a geodesic, v € Qp, q), with variation vector fields Wy, Wy € T,Q(p, q) given by

Oa O
Wl(t) - 8_ul (Oa 0, t)a WZ(t) - a_u2 (07 0, t)
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Then, we have the formula

AW ! D2W,
= —Z<W2<t>,At > —/ <W2,—1+R<v, W1>V>dt,
00) ; dt 0 dr?

l 62(E ©) &)(Ul, UQ)
2 aUq@UQ

where V(t) = +/(t) is the velocity field,

dW1 o dW1 dWl
dat T dt (t+) - dt ()

15 the jump in dtl at one of its finitely many points of discontinuity in (0,1) and E is the
energy function on Q(p, q).

Proof . (After Milnor, see [105], Chapter II, Section 13, Theorem 13.1.) By the First Varia-
tion Formula (Theorem 12.18), we have

1 0E(a(ui,u2)) Oa Oa / Oa D Oa
2 Ouy Z uy S on uy 0t ot )™

Thus, we get
1 0*(E o &)(uy,us) D da 804 da D . da
Z ’ - _ _ = A=
2 Oy Ous Z <8u1 duy’ By > Z <8u2’ duy ' Ot >

_/ Do Dou\, ['(00 D Doy,
0 8u1 81@7875 ot 0 8u2’8u1 ot ot

Let us evaluate this expression for (uy, us) = (0,0). Since v = (0, 0) is an unbroken geodesic,

we have
o0 _,  Doa_
ot ’ ot Ot ’
so that the first and third term are zero. As
D da D Oa
ouy Ot Ot duy’

Ay

(see the remark just after Proposition 13.3), we can rewrite the second term and we get

1 9*(E o &)(uy,us) B ! D D
5 Furdus (0,0)——Z<W2,Ata W1> /0 <W2,a o v> dt. (%)

7

L and 2

Far 5;» we need to bring in the curvature tensor.

In order to interchange the operators
Indeed, by Proposition 13.3, we have

DD._ DD da da
I A vl R(at " u

duy Ot Ot duy )V RV, W)V.
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Together with the equation
D v D da D da D

u - w0t Bt du, ot

this yields
DD, DM
Juy Ot dt?

Substituting this last expression in (), we get the Second Variation Formula. [

+ R(V,Wp)V.

Theorem 13.12 shows that the expression

82(E (0] &)(ul, U,Q)
8u18u2

(0,0)

only depends on the variation fields Wy and W5 and thus, I, (W3, Ws) is actually well-defined.
If no confusion arises, we write I(Wy, Ws) for L,(W5, Ws).

Proposition 13.13 Given any geodesic, v € Q(p, q), the map, I: T,Q(p, q) xT,(p, q) — R,
defined so that, for all Wy, Wy € T,QX(p, q),

82(E @) &)(ul, UQ)
8u18u2 (0,0) ’

(W, Wy) =

only depends on Wy and Wy and is bilinear and symmetric, where ac: U x [0,1] — M is any
2-parameter variation, with
O O
0,0,t) = (¢ —(0,0,t) = Wiy(t —(0,0,t) = Wy(t).
a(??) 7()7 8u1(”) 1()7 au2<77) 2()
Proof. We already observed that the Second Variation Formula implies that I(WWy, Ws) is
well defined. This formula also shows that [ is bilinear. As
O*(Eoa)(uy,us) _ 9*(Eod)(u,up)

Ouq Ous Ous0uy ’

I is symmetric (but this is not obvious from the right-handed side of the Second Variation
Formula). O

On the diagonal, I(IW, W) can be described in terms of a 1-parameter variation of 7. In
fact,
d*E(aQ)
I(W, W) =——7=(0),
(ww) = 2 0)
where a: (—¢,€) — Q(p, q) denotes any variation of v with variation vector field, % (0) equal
to W. To prove this equation it is only necessary to introduce the 2-parameter variation

B(ur, uz) = a(ug + ug)
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and to observe that _ _
0B _ da P#(Eop) d*(Eoa)

ou;  du’ Ouq Ous du?

As an application of the above remark we have the following result:

Proposition 13.14 If~v € Q(p,q) is a minimal geodesic, then the bilinear index form, I, is
positive semi-definite, which means that I(W, W) > 0, for all W € T, Q(p, q).

Proof. The inequality

implies that
d>E(Q)
du? -

which is exactly what needs to be proved. [

If we define the index of
I:T.Q(p,q) x T,Qp,q) — R

as the maximum dimension of a subspace of T,€(p, ¢) on which [ is negative definite, then
Proposition 13.14 says that the index of I is zero (for the minimal geodesic 7). It turns out
that the index of I is finite for any geodesic, v (this is a consequence of the Morse Index
Theorem).

13.7 Jacobi Fields and Conjugate Points

Jacobi fields arise naturally when considering the expression involved under the integral sign
in the Second Variation Formula and also when considering the derivative of the exponential.

If B: Ex E — R is a symmetric bilinear form defined on some vector space, E (possibly
infinite dimentional), recall that the nullspace of B is the subset, null(B), of E given by

null(B) ={u € E | B(u,v) =0, forallve E}.

The nullity, v, of B is the dimension of its nullspace. The bilinear form, B, is nondegenerate
iff null(B) = (0) iff v = 0. If U is a subset of E, we say that B is positive definite (resp.
negative definite) on U iff B(u,u) > 0 (resp. B(u,u) < 0) for all w € U, with u # 0. The
index of B is the maximum dimension of a subspace of F on which B is negative definite.
We will determine the nullspace of the symmetric bilinear form,

I: T’YQ(pa Q) X T’YQ(pa Q) - R?
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where v is a geodesic from p to ¢ in some Riemannian manifold, M. Now, if W is a vector
field in 7:,Q(p, ¢) and W satisfies the equation
D*W
dt?

where V(t) = «/(t) is the velocity field of the geodesic, «y, since W is smooth along ~, it is
obvious from the Second Variation Formula that

+R(V,W)V =0, (+)

I(W,W5) =0, forall Wy € T,Q(p, q).

Therefore, any vector field in the nullspace of I must satisfy equation (). Such vector fields
are called Jacobi fields.

Definition 13.7 Given a geodesic, v € Q(p, q), a vector field, J, along v is a Jacobi field iff
it satisfies the Jacobi differential equation
D?J
dt?

+R(Y,J)y =0.

The equation of Definition 13.7 is a linear second-order differential equation that can be
transformed into a more familiar form by picking some orthonormal parallel vector fields,
Xi,...,X,, along v. To do this, pick any orthonormal basis, (ei,...,e,) in T,M, with
er = v'(0)/]]7'(0)]], and use parallel transport along v to get Xi,...,X,. Then, we can
write J = Y, y;X;, for some smooth functions, y;, and the Jacobi equation becomes the
system of second-order linear ODE’s,

Py & |
dtz + ZR(7/7 Ej7f}/7 E@)y] = 0, 1 S 7 S n.
j=1

By the existence and uniqueness theorem for ODE’s, for every pair of vectors, u,v € T,M,
there is a unique Jacobi fields, J, so that J(0) = u and £2(0) = v. Since T, M has dimension
n, it follows that the dimension of the space of Jacobi fields along « is 2n. If J(0) and 2Z(0)

are orthogonal to 7/(0), then J(t) is orthogonal to ~/(¢) for all ¢ € [0, 1]. Indeed, the ODE
Py

for <54 yields
d*y -
ez
and as y1(0) = 0 and “2(0) = 0, we get y1(t) = 0 for all t € [0,1]. Furthermore, if J is

orthogonal to v, which means that J(t) is orthogonal to 7/(t), for all ¢ € [0,1], then 27 is

dt
also orthogonal to . Indeed, as 7 is a geodesic,
d DJ
0=—(J,7) = (—,7).
7 (L) = (=)

Therefore, the dimension of the space of Jacobi fields normal to ~ is 2n — 2. These facts
prove part of the following
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Proposition 13.15 If v € Q(p, q) is a geodesic in a Riemannian manifold of dimension n,
then the following properties hold:

(1) For all u,v € T,M, there is a unique Jacobi fields, J, so that J(0) = u and %(O) =.
Consequently, the vector space of Jacobi fields has dimension n.

(2) The subspace of Jacobi fields orthogonal to v has dimension 2n — 2. The vector fields
v and t — ty/(t) are Jacobi fields that form a basis of the subspace of Jacobi fields
parallel to v (that is, such that J(t) is collinear with ~'(t), for all t € [0, 1].)

(3) If J is a Jacobi field, then J is orthogonal to ~y iff there exist a,b € [0, 1], with a # b,
so that J(a) and J(b) are both orthogonal to ~y iff there is some a € [0, 1] so that J(a)
and 22 (a) are both orthogonal to .

(4) For any two Jacobi fields, X,Y, along v, the expression (V. X,Y) — (V. Y, X) is a
constant and if X and Y vanish at some point on 7y, then (V.. X,Y) — (V. Y, X) = 0.

Proof. We already proved (1) and part of (2). If .J is parallel to 7, then J(t) = f(t)y(t) and
the Jacobi equation becomes

Therefore,
J(t) = (o + Bt)Y (1)
It is easily shown that 4" and t — t7/(t) are linearly independent (as vector fields).

To prove (3), using the Jacobi equation, observe that

d? D?%J
ﬁ <<]7 7/> = <W7/y/> = _R(‘]7 7/7’7,77/> =0.

Therefore,
(J.7) =a+pt

and the result follows. We leave (4) as an exercise. []

Following Milnor, we will show that the Jacobi fields in 7°,Q(p, ¢) are exactly the vector
fields in the nullspace of the index form, I. First, we define the important notion of conjugate
points.

Definition 13.8 Let v € Q(p, q) be a geodesic. Two distinct parameter values, a,b € [0, 1],
with a < b, are conjugate along ~y iff there is some Jacobi field, J, not identically zero, such
that J(a) = J(b) = 0. The dimension, k, of the space, J,p, consisting of all such Jacobi
fields is called the multiplicity (or order of conjugacy) of a and b as conjugate parameters.
We also say that the points p; = vy(a) and py = v(b) are conjugate along ~y.
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Remark: As remarked by Milnor and others, as v may have self-intersections, the above
definition is ambiguous if we replace a and b by p; = v(a) and py = 7(b), even though many
authors make this slight abuse. Although it makes sense to say that the points p; and ps
are conjugate, the space of Jacobi fields vanishing at p; and p, is not well defined. Indeed,
if p; = v(a) for distinct values of a (or ps = 7(b) for distinct values of b), then we don’t
know which of the spaces, Jqp, to pick. We will say that some points p; and p, on 7 are
conjugate iff there are parameter values, a < b, such that p; = y(a), po = 7(b), and a and b
are conjugate along .

However, for the endpoints p and ¢ of the geodesic segment v, we may assume that
p=~(0) and g = (1), so that when we say that p and ¢ are conjugate we consider the space
of Jacobi fields vanishing for ¢ = 0 and ¢ = 1. This is the definition adopted Gallot, Hulin
and Lafontaine [60] (Chapter 3, Section 3E).

In view of Proposition 13.15 (3), the Jacobi fields involved in the definition of conjugate
points are orthogonal to 7. The dimension of the space of Jacobi fields such that J(a) = 0 is
obviously n, since the only remaining parameter determining J is ‘fi—‘t](a). Furthermore, the
Jacobi field, t — (t — a)v/(t), vanishes at a but not at b, so the multiplicity of conjugate

parameters (points) is at most n — 1.

For example, if M is a flat manifold, that is, iff its curvature tensor is identically zero,
then the Jacobi equation becomes
D?J
e
It follows that J = 0, and thus, there are no conjugate points. More generally, the Jacobi
equation can be solved explicitly for spaces of constant curvature.

=0.

Theorem 13.16 Let v € €(p,q) be a geodesic. A vector field, W € T,Q(p, q), belongs to
the nullspace of the index form, I, iff W is a Jacobi field. Hence, I is degenerate if p and q
are conjugate. The nullity of I is equal to the multiplicity of p and q.

Proof. (After Milnor [105], Theorem 14.1). We already observed that a Jacobi field vanishing
at 0 and 1 belong to the nullspace of I.

Conversely, assume that W € T,€Q(p, ¢) belongs to the nullspace of . Pick a subdivision,
0=ty <ty <---<tx=10f]0,1] so that Wy | [t;, t;41] is smooth for all i = 0,...,k—1 and
let f:]0,1] — [0,1] be a smooth function which vanishes for the parameter values to, ...,
and is strictly positive otherwise. Then, if we let

DWW
Wa(t) = 7o) (g + RO WY )

t

by the Second Variation Formula, we get

2

dt.

D2W; , ,
0:——1 (W, W) = Zo+ F(#) | =7 + RO W)y
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Consequently, Wy | [t;, t;4+1] is a Jacobi field for all t =0, ...,k — 1.
Now, let W3 € T.€Q(p, q) be a field such that

DWW,
Wo(t;) = Ay, ——, =1,....k—1
2( ) ti dt G
We get
k—1 DV, |12 1
0=—=I(W, W) = A, =t 0 dt.

v =3l |

Hence, D;fl has no jumps. Now, a solution, W7, of the Jacobi equation is completely

determined by the vectors Wi(t;) and 222(¢;), so the k Jacobi fields, Wy | [t;, t;14], fit

together to give a Jacobi field, Wy, which is smooth throughout [0, 1]. O

Theorem 13.16 implies that the nullity of I is finite, since the vector space of Jacobi fields
vanishing at 0 and 1 has dimension at most n. In fact, we observed that the dimension of
this space is at most n — 1.

Corollary 13.17 The nullity, v, of I satisfies 0 < v <n — 1, where n = dim(M).

Jacobi fields turn out to be induced by certain kinds of variations called geodesic varia-
tions.

Definition 13.9 Given a geodesic, v € Q(p, q), a geodesic variation of v is a smooth map,
a: (—e€) x[0,1] = M,
such that
(1) «(0,t) =~(t), for all t € [0,1].
(2) For every u € (—¢,€), the curve a(u) is a geodesic, where
a(u)(t) = a(u,t), t €[0,1].

Note that the geodesics, a(u), do not necessarily begin at p and end at ¢ and so, a
geodesic variation is not a “fixed endpoints” variation.

Proposition 13.18 If a: (—¢,¢) x [0,1] — M is a geodesic variation of v € Q(p,q), then
the wector field, W (t) = 22(0,t), is a Jacobi field along .

U



416 CHAPTER 13. CURVATURE IN RIEMANNIAN MANIFOLDS

Proof. As «a is a geodesic variation, we have

D Oa
dt ot
Hence, using Proposition 13.3, we have
) _ DD
Ju Ot Ot

_ 228_a+R 8_048_0( 8_04
Ot Ou Ot ot’ou) Ot
_ D? O« R(aa 8a> O

2 du ot du) ot
where we used the fact (already used before) that
Doa_ Do
ot Ou  Ou Ot

as the Levi-Civita connection is torsion-free. [J

For example, on the sphere, S”, for any two antipodal points, p and ¢, rotating the sphere
keeping p and ¢ fixed, the variation field along a geodesic, v, through p and ¢ (a great circle)
is a Jacobi field vanishing at p and ¢q. Rotating in n — 1 different directions one obtains n —1
linearly independent Jacobi fields and thus, p and ¢ are conjugate along v with multiplicity
n—1.

Interestingly, the converse of Proposition 13.18 holds.

Proposition 13.19 For every Jacobi field, W (t), along a geodesic, v € Q(p,q), there is
some geodesic variation, a: (—e€,€) x [0,1] — M of v, such that W (t) = %%(0,t). Further-
more, for every point, y(a), there is an open subset, U, containing y(a), such that the Jacobi
fields along a geodesic segment in U are uniquely determined by their values at the endpoints
of the geodesic.

Proof. (After Milnor, see [105], Chapter III, Lemma 14.4.) We begin by proving the second
assertion. By Proposition 12.4 (1), there is an open subset, U, with 7(0) € U, so that any
two points of U are joined by a unique minimal geodesic which depends differentially on the
endpoints. Suppose that v(t) € U for t € [0,0]. We will construct a Jacobi field, W, along
v 1[0, 8] with arbitrarily prescribed values, u, at t = 0 and v at ¢t = §. Choose some curve,
co: (—€,€) — U, so that ¢o(0) = v(0) and ¢{(0) = u and some curve, cs: (—€,€) — U, so
that ¢5(0) = v(0) and ¢§(0) = v. Now, define the map,

a: (—e,€) x [0,0] = M,

by letting a(u): [0,6] — M be the unique minimal geodesic from co(u) to cs(u). It is easily
checked that « is a geodesic variation of v [ [0, 4] and that

J(t) = Z—Z(o,t)
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is a Jacobi field such that J(0) = u and J(J) = v.

We claim that every Jacobi field along v [ [0,d] can be obtained uniquely in this way.
If 35 denotes the vector space of all Jacobi fields along 7 | [0, 6], the map J +— (J(0), J(4))
defines a linear map

l: 35 — Tv(O)M X TW((;)M.

The above argument shows that ¢ is onto. However, both vector spaces have the same
dimension, 2n, so ¢ is an isomorphism. Therefore, every Jacobi field in Js is determined by
its values at v(0) and ().

Now, the above argument can be repeated for every point, v(a), on 7y, so we get an open
cover, {(lq,74)}, of [0, 1], such that every Jacobi field along v [ [l4, r4) is uniquely determined
by its endpoints. By compactness of [0, 1], the above cover possesses some finite subcover
and we get a geodesic variation, «, defined on the entire interval [0, 1] whose variation field
is equal to the original Jacobi field, W. O

Remark: The proof of Proposition 13.19 also shows that there is some open interval (=9, J),
such that if t € (=4, ), then () is not conjugate to v(0) along v. In fact, the Morse Index
Theorem implies that for any geodesic segment, v: [0,1] — M, there are only finitely many
points which are conjugate to v(0) along ~ (see Milnor [105], Part III, Corollary 15.2).

There is also an intimate connection between Jacobi fields and the differential of the
exponential map and between conjugate points and critical points of the exponential map.

Recall that if f: M — N is a smooth map between manifolds, a point, p € M, is a
critical point of f iff the tangent map at p,

dfpi TpM — Tf(p)N,

is not surjective. If M and N have the same dimension, which will be the case in the sequel,
df, is not surjective iff it is not injective, so p is a critical point of f iff there is some nonzero
vector, u € T,M, such that df,(u) = 0.

If exp,: T,M — M is the exponential map, for any v € T,M where exp,(v) is defined,
we have the derivative of exp, at v;

(dexp,)y: To(T,M) — T,M.

Since T, M is a finite-dimensional vector space, T, (T, M) is isomorphic to T, M, so we identify
T,(T,M) with T,M.

Proposition 13.20 Let v € Q(p,q) be a geodesic. The point, r = ~(t), with t € (0,1], is
conjugate to p along 7y iff v =17'(0) is a critical point of exp,. Furthermore, the multiplicity
of p and r as conjugate points is equal to the dimension of the kernel of (dexp,),.
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A proof of Proposition 13.20 can be found in various places, including Do Carmo [50]
(Chapter 5, Proposition 3.5), O’Neill [117] (Chapter 10, Proposition 10), or Milnor [105]
(Part III, Theorem 18.1).

Using Proposition 13.19 it is easy to characterize conjugate points in terms of geodesic
variations.

Proposition 13.21 If v € Q(p,q) is a geodesic, then q is conjugate to p iff there is a
geodesic variation, «, of v, such that every geodesic, a(u), starts from p, the Jacobi field,
J(t) = 92(0,t) does not vanish identically, and J(1) = 0.

Jacobi fields can also be used to compute the derivative of the exponential (see Gallot,
Hulin and Lafontaine [60], Chapter 3, Corollary 3.46).

Proposition 13.22 Given any point, p € M, for any vectors u,v € T,M, if exp,v is
defined, then
J(t) = (dexp,)w(tu),  0<t <1,

is a Jacobi field such that Z2(0) = w.

Remark: If u,v € T,M are orthogonal unit vectors, then R(u,v,u,v) = K(u,v), the sec-
tional curvature of the plane spanned by u and v in T,,M, and for ¢ small enough, we have

@] =t — é K, 0)t + o(t).

(Here, o(t?) stands for an expression of the form t*R(t), such that lim; .o R(t) = 0.) Intu-
itively, this formula tells us how fast the geodesics that start from p and are tangent to the
plane spanned by w and v spread apart. Locally, for K (u,v) > 0, the radial geodesics spread
apart less than the rays in 7,M and for K(u,v) < 0, they spread apart more than the rays
in T, M. More details, see Do Carmo [50] (Chapter 5, Section 2).

There is also another version of “Gauss lemma” (see Gallot, Hulin and Lafontaine [60],
Chapter 3, Lemma 3.70):

Proposition 13.23 (Gauss Lemma) Given any point, p € M, for any vectors u,v € T,M,
if exp, v is defined, then

(d(exp, ) (u), d(exp,)w(v)) = (u, v), 0<t<1.

As our (connected) Riemannian manifold, M, is a metric space, the path space, Q(p, q),
is also a metric space if we use the metric, d*, given by

(w1, wa) = max(d(wi (1), wa(1))),

where d is the metric on M induced by the Riemannian metric.

Remark: The topology induced by d* turns out to be the compact open topology on Q(p, q).
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Theorem 13.24 Let v € Q(p,q) be a geodesic. Then, the following properties hold:

(1) If there are no conjugate points to p along vy, then there is some open subset, V, of
Q(p,q), with v € V, such that

L(w) > L(y) and E(w)> E(v), forallw eV,
with strict inequality when w([0,1]) # ([0, 1]). We say that v is a local minimum.

(2) If there is some t € (0,1) such that p and v(t) are conjugate along -y, then there is a
fizxed endpoints variation, o, such that

L(a(u)) < L(y) and E(a(u)) < E(y), for uw small enough.

A proof of Theorem 13.24 can be found in Gallot, Hulin and Lafontaine [60] (Chapter 3,
Theorem 3.73) or in O’Neill [117] (Chapter 10, Theorem 17 and Remark 18).

13.8 Convexity, Convexity Radius

Proposition 12.4 shows that if (M, g) is a Riemannian manifold, then for every point, p € M,
there is an open subset, W C M, with p € W and a number € > 0, so that any two points
q1,q2 of W are joined by a unique geodesic of length < €. However, there is no garantee that
this unique geodesic between ¢; and g» stays inside W. Intuitively this says that W may not
be convex.

The notion of convexity can be generalized to Riemannian manifolds but there are some
subtleties. In this short section, we review various definition or convexity found in the
literature and state one basic result. Following Sakai [128] (Chapter IV, Section 5), we make
the following definition:

Definition 13.10 Let C' C M be a nonempty subset of some Riemannian manifold, M.

(1) The set C is called strongly convez iff for any two points, p, ¢ € C, there exists a unique
minimal geodesic, 7, from p to ¢ in M and 7 is contained in C.

(2) If for every point, p € C, there is some €(p) > 0, so that C'N B, (p) is strongly convex,
then we say that C'is locally convexr (where B, (p) is the metric ball of center 0 and
radius €(p)).

(3) The set C' is called totally convez iff for any two points, p,q € C, all geodesics from p
to ¢ in M are contained in C.

It is clear that if C' is strongly convex or totally convex, then C'is locally convex. If M
is complete and any two points are joined by a unique geodesic, then the three conditions
of Definition 13.10 are equivalent. The next Proposition will show that a metric ball with
sufficiently small radius is strongly convex.
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Definition 13.11 For any p € M, the converity radius at p, denoted, r(p), is the least
upper bound of the numbers, » > 0, such that for any metric ball, B.(q), if B.(q) € B.(p),
then B.(q) is strongly convex and every geodesic contained in B, (p) is a minimal geodesic
joining its endpoints. The convezity radius of M, r(M), as the greatest lower bound of the

set {r(p) |p € M}.

Note that it is possible that r(p) = 0 if M is not compact.
The following proposition is proved in Sakai [128] (Chapter IV, Section 5, Theorem 5.3).

Proposition 13.25 If M is a Riemannian manifold, then r(p) > 0 for every p € M and
the map, p — r(p) € Ry U {oo} is continuous. Furthermore, if r(p) = oo for some p € M,
then r(q) = oo for all g € M.

That r(p) > 0 is also proved in Do Carmo [50] (Chapter 3, Section 4, Proposition 4.2).
More can be said about the structure of connected locally convex subsets of M, see Sakai
[128] (Chapter IV, Section 5).

Remark: The following facts are stated in Berger [16] (Chapter 6):
(1) If M is compact, then the convexity radius, r(M), is strictly positive.

(2) r(M) < 1i(M), where i(M) is the injectivity radius of M.
Berger also points out that if M is compact, then the existence of a finite cover by convex

balls can used to triangulate M. This method was proposed by Hermann Karcher (see Berger
[16], Chapter 3, Note 3.4.5.3).

13.9 Applications of Jacobi Fields and
Conjugate Points

Jacobi fields and conjugate points are basic tools that can be used to prove many global
results of Riemannian geometry. The flavor of these results is that certain constraints on
curvature (sectional, Ricci, sectional) have a significant impact on the topology. One may
want consider the effect of non-positive curvature, constant curvature, curvature bounded
from below by a positive constant, etc. This is a vast subject and we highly recommend
Berger’s Panorama of Riemannian Geometry [16] for a masterly survey. We will content
ourselves with three results:

(1) Hadamard and Cartan’s Theorem about complete manifolds of non-positive sectional
curvature.
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(2) Myers’ Theorem about complete manifolds of Ricci curvature bounded from below by
a positive number.

(3) The Morse Index Theorem.

First, on the way to Hadamard and Cartan we begin with a proposition.

Proposition 13.26 Let M be a complete Riemannian manifold with non-positive curvature,
K < 0. Then, for every geodesic, v € Qp,q), there are no conjugate points to p along
7v. Consequently, the exponential map, exp,: T,M — M, is a local diffeomorphism for all
pe M.

Proof. Let J be a Jacobi field along v. Then,

D*J
dt?

+R(,J)y =0

so that, by the definition of the sectional curvature,

DQ’] / / / /
WNJ :_<R(77J)77‘]):_R(77‘]777J)20

d /DJ 7\ _
dt \ dt’ dt2 ’
Thus, the function, t — <3;] , > is monotonic increasing and, Strictly so if Ifh‘:] # 0. If J

vanishes at both 0 and ¢, for any given ¢ € (0, 1], then so does (22, .J), and hence (22, J)
must vanish throughout the interval [0, ¢]. This implies

It follows that

70) =22 0) =0

so that J is identically zero. Therefore, ¢ is not conjugate to 0 along ~v. O

Theorem 13.27 (Hadamard-Cartan) Let M be a complete Riemannian manifold. If M
has non-positive sectional curvature, K < 0, then the following hold:

(1) For every p € M, the map, exp,: T,M — M, is a Riemannian covering.

(2) If M is simply connected then M 1is diffeomorphic to R™, where n = dim(M); more
precisely, exp,: T,M — M is a diffeomorphism for all p € M. Furthermore, any two
points on M are joined by a unique minimal geodesic.
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Proof. We follow the proof in Sakai [128] (Chapter V, Theorem 4.1).

(1) By Proposition 13.26, the exponential map, exp,: T,M — M, is a local diffeomor-
phism for all p € M. Let g be the pullback metric, g = (exp,)*g, on T,M (where g denotes
the metric on M). We claim that (7,M, g) is complete.

This is because, for every nonzero u € T,,M, the line, ¢ — tu, is mapped to the geodesic,
t + exp,(tu), in M, which is defined for all £ € R since M is complete, and thus, this line is
a geodedic in (7,M,g). Since this holds for all uw € T,M, (T,M,g) is geodesically complete
at 0, so by Hopf-Rinow, it is complete. But now, exp,: T,M — M is a local isometry and
by Proposition 13.11, it is a Riemannian covering map.

(2) If M is simply connected, then by Proposition 3.37, the covering map exp,,: T,M — M
is a diffeomorphism (7, M is connected). Therefore, exp,: T,M — M is a diffeomorphism
forallpe M. O

Other proofs of Theorem 13.27 can be found in Do Carmo [50] (Chapter 7, Theorem 3.1),
Gallot, Hulin and Lafontaine [60] (Chapter 3, Theorem 3.87), Kobayashi and Nomizu [90]
(Chapter VIII, Theorem 8.1) and Milnor [105] (Part III, Theorem 19.2).

Remark: A version of Theorem 13.27 was first proved by Hadamard and then extended by
Cartan.

Theorem 13.27 was generalized by Kobayashi, see Kobayashi and Nomizu [90] (Chapter
VIII, Remark 2 after Corollary 8.2). Also, it is shown in Milnor [105] that if M is complete,
assuming non-positive sectional curvature, then all homotopy groups, m;(M), vanish, for
i > 1, and that m(M) has no element of finite order except the identity. Finally, non-
positive sectional curvature implies that the exponential map does not decrease distance
(Kobayashi and Nomizu [90], Chapter VIII, Section 8, Lemma 3).

We now turn to manifolds with strictly positive curvature bounded away from zero and
to Myers’ Theorem. The first version of such a theorem was first proved by Bonnet for
surfaces with positive sectional curvature bounded away from zero. It was then generalized
by Myers in 1941. For these reasons, this theorem is sometimes called the Bonnet-Myers’
Theorem. The proof of Myers Theorem involves a beautiful “trick”.

Given any metric space, X, recall that the diameter of X is defined by
diam(X) = sup{d(p,q) | p.q € X}.
The diameter of X may be infinite.

Theorem 13.28 (Myers) Let M be a complete Riemannian manifold of dimension n and
assume that

Ric(u,u) > (n —1)/r%, for all unit vectors, uw € T,M, and for all p € M,

with r > 0. Then,
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(1) The diameter of M is bounded by mr and M is compact.
(2) The fundamental group of M s finite.

Proof. (1) Pick any two points p,q € M and let d(p,q) = L. As M is complete, by Hopf and
Rinow’s Theorem, there is a minimal geodesic, ~, joining p and ¢ and by Proposition 13.14,
the bilinear index form, I, associated with v is positive semi-definite, which means that
I(W, W) > 0, for all vector fields, W € T.8(p, q). Pick an orthonormal basis, (e1,...,ey),
of T,M, with e; = 7/(0)/L. Using parallel transport, we get a field of orthonormal frames,
(X1,...,X,), along v, with X;(¢t) = +/(t)/L. Now comes Myers’ beautiful trick. Define new
vector fields, Y;, along v, by

W;(t) = sin(nt) X;(t), 2<i<n.

We have DX
7 (t) = LX; and L =0.
dt
Then, by the second variation formula,
1 ! D*W;
B I(Wy, Wi) = —/ <W1 R R, VVi)’Y/> dt
0

_ /0 (sin(mt))2(x* — L2 (R(X1, Xi) X1, X:))dt,

for i = 2,...,n. Adding up these equations and using the fact that

n

Ric(X,(t), X1 (t)) = > (R(X1(t), X;(t)) X1 (t), X (1)),

=2

% ZI(Wi, W;) = /0 (sin(7t))?[(n — 1)7? — L* Ric(X1(t), X1(¢))]dt.
Now, by hypothesis,
Ric(X:(t), X1(t)) > (n —1)/r?,

SO

1 n
0< =
-2

(Wi, W) < /0 (sin(rt))? [(n—1)w2—(n—1)— dt.

=2

which implies f—; < 72, that is
d(p,q) = L < mr.

As the above holds for every pair of points, p,q € M, we conclude that

diam(M) < 7r.
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Since closed and bounded subsets in a complete manifold