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Preface

This text grew out of notes designed to prepare second-year undergraduate stu-
dents, primarily mathematics majors, to work on introductory research projects in
mathematics. Most of these projects were under the auspices of the Louis Stokes
Alliance for Minority Participation at Bronx Community College, City University
of New York.

As such, the text has two distinct parts. The first three chapters are introductory,
and should be seen as “everything one would need to know” to understand a modern
approach to differential geometry. The second part of the book is the core of the text,
and showcases three geometric structures that are all prominent areas of current
mathematical research. It is a hallmark of this text to present the three together in an
introductory way.

There are several conceivable approaches to this text, depending on the level of
the class. To cover the entire text in detail, presupposing only minimal exposure
to matrix algebra and multivariable calculus, could take two semesters. For that
reason, in a one-semester differential geometry class, I recommend a quick review
of Chap.2 (focused on Sects.2.8-2.10) and Chap. 3, followed by a more careful
treatment of Chap. 4, especially Sect.4.7. This leaves time for approximately three
weeks for each of Chaps.5-7. The student who completes this regimen should
have a good sense of differential geometry as the study of smoothly varying tensor
structures on the tangent bundle. Alternatively, an instructor might choose to spend
more time on Chap. 3, supplementing the text with a more rigorous treatment of the
inverse and implicit function theorems, and then focusing on just one or two of the
geometric structures later in the text.

The price of the early introduction to geometric structures presented here is
that it is purely “local.” As mentioned throughout the text, the text stops short of
introducing manifolds, and has downplayed the role of topology significantly. I hope
that the treatment here provides firm preparation to take the steps in that direction.

I thank the colleagues who have helped me in proofreading, with the usual caveat
that all remaining errors are mine alone: Quanlei Fang, Michael Harrison, Alexander
Kheyfits, Mohamed Messaoudene, Cormac O’Sullivan, Philippe Rukimbira, and
Anthony Weaver. Prof. Fang also provided helpful guidance in creating figures
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viii Preface

in IATEX. Prof. Augustin Banyaga and Prof. Dusa McDuff provided welcome
encouragement (not to mention inspiration!) at various stages of the project.

I thank the editorial team at Springer, especially Kaitlin Leach and the reviewers,
for their patience and helpful guidance in seeing this text through.

Finally, I would like to give special thanks to the many students who have in
one way or another encouraged me to write this text: Christian Castillo, Aliou Diop,
Linus Mensah, Rosario Tate, Stephany Soria, Raysa Martinez, Aida Wade, Feraz
Mohamed, Frances Villar, Mandie Solo, Jean Yao, and Keysi Peralta, to mention
only a few. My MTH 35 class in Fall 2012 helped me reshape parts of the first
three chapters; Dorian Whyte was especially helpful in proofreading. Without these
students, this text would not have come to be.

Bronx, NY Andrew Mclnerney
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Introduction

Differential geometry can be described as the application of the tools of calculus
to questions of geometry. Beginning with the verification of age-old geometric
measurements such as the circumference and area of a circle, the new techniques
of calculus showed their power by quickly dispensing with questions that had long
engaged thinkers from antiquity through the seventeenth and eighteenth centuries.

In the nineteenth century, Gauss displayed the extent to which calculus (in
particular, the first two derivatives) determines basic properties of curves and
surfaces, at least locally. These results can properly be called the beginning of
“classical” differential geometry.

Gauss’s student Riemann introduced the notion of a manifold, which brought
differential geometry into its own. In particular, the first notions of the tangent space
would allow the techniques of linearization and ultimately the tools of linear algebra
to be brought to bear on geometric questions. Later and perhaps most prominently,
Einstein used manifolds to frame the general theory of relativity.

Another conceptual milestone accomplished with the idea of a manifold was
allowing a common framework for the new non-Euclidean geometries that were
struggling to gain currency in the nineteenth century. Both of these developments
occurred by generalizing the notion of distance and imposing more general metric
structures on a manifold. This is what is today known as Riemannian geometry.

To lesser fanfare, manifolds allowed a new way of generalizing geometry. Sophus
Lie, under the influence of Felix Klein, introduced the notion of transformation
groups in the course of investigating differential equations. Later, into the early
twentieth century through the continued work of F. Engel and E. Cartan, these
notions led to what are today known as symplectic and contact structures on
manifolds.

It is impossible to overstate the importance of the notion of the tangent space for
the field of differential geometry. In fact, today it is possible to describe differential
geometry as “the study of smoothly varying structures on the tangent bundle.” It is
the aim of this text to develop this point of view.

The development here is somewhat different from those of classical introductory
texts in differential geometry such as the works of Struik [39], do Carmo [12],
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xii Introduction

O’Neill [33], and Kiihnel [25]. Those texts are aimed at introducing Riemannian
geometry, and especially the metric tensor and its derived concepts such as
curvature.

Here, our goal is to develop the architecture necessary to introduce contact and
symplectic geometry alongside their Riemannian cousin. After presenting some
preliminary material needed from linear algebra, we spend more time than usual in
presenting the definition of the tangent space and notions immediately connected to
it, such as vector fields. We then present a chapter on differential forms and tensors,
which are the “structures” on the tangent space referred to above.

The first three chapters are really a prelude to the core of the book, which is
an exposition of the differential geometry of a symmetric, positive definite (0, 2)-
tensor (Riemannian geometry), a nondegenerate one-form (contact geometry), and
a closed, nondegenerate two-form (symplectic geometry). There will be no attempt
to give an exhaustive treatment of any of these vast areas of current mathematical
research. Rather, the goal is to introduce students early in their mathematical careers
to this broader view of geometry.

It is unusual to present these three geometric structures side by side as we do
here. We do so to emphasize one of the text’s major themes: differential geometry
as the study of tensor structures on the tangent bundle. In each case, we will show
how a tensor structure not only determines certain key geometric objects, but also
singles out special functions or transformations that “preserve the structure.”

Differential geometry offers a smooth transition from the standard university
mathematics sequence of the first four semesters—calculus through differential
equations and linear algebra—to the higher levels of abstraction and proof encoun-
tered at the upper division by mathematics majors. Topics introduced or hinted at
in calculus and linear algebra are used concretely, but in a new setting. Granted, the
simplicity and ab initio nature of first courses in abstract algebra or number theory
make them ideal settings for students to learn the practice of proofs. Elementary
differential geometry sacrifices these in favor of the familiar ground of derivatives
and linear transformations, emphasizing instead the importance of proper definition
and generality in mathematics.

Indeed, here lies another main goal of this book: to bring the student who has
finished two years with a solid foundation in the standard mathematics curriculum
into contact with the beauty of “higher” mathematics. In particular, the presentation
here emphasizes the consequences of a definition and the careful use of examples
and constructions in order to explore those consequences.

This goal places certain limitations on the presentation. The notion of a manifold,
which is the basic setting for modern differential geometry, implies a significant role
for topology. A manifold is “locally Euclidean,” in the same sense that the surface
of the Earth was historically believed to be flat.

This text, however, will steer clear of topology as much as possible in order
to give center stage to the role of calculus. For the more advanced reader, this
will mean that virtually the entire text is “local.” Important theorems about global
Riemannian geometry such as the Gauss—Bonnet theorem are thus missing from
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this presentation. This is an even more severe limitation in the cases of contact and
symplectic geometry, as we will discuss in their respective chapters.

For this reason, we will avoid the use of the term “manifold” altogether. This will
have some unfortunate consequences in terminology. For example, we will refer to
submanifolds as “geometric sets.”

As a text aimed at a “transitional” audience, students who have completed the
traditional calculus and linear algebra sequence but who have not necessarily been
exposed to the more abstract formulations of pure mathematics, we should say a
word about the role of proofs. The body of the text is structured to include proofs
of most of the main statements and results. This is done not just for the sake of
mathematical rigor. Rather, it is premised on the perspective that proofs provide
more than mere deductive logical justifications. They also provide a showcase in
which the main techniques and concepts can be put on display. In addition, in some
cases the reader will be asked to supply proofs or details of a proof as a way to
exercise this vital mathematical skill.

Most exercises, however, will be designed to present and explore examples of
the mathematical constructions involved. This is based on the point of view that
mathematics, and geometry in particular, is not merely a deductive undertaking.
There is a rich content to mathematics, the appreciation of which requires intuition
and familiarity.



Chapter 1
Basic Objects and Notation

Most of modern mathematics is expressed using the language of sets and functions.
This can be a significant hurdle for the student whose mathematical experience,
possibly through the entire calculus sequence, has not included any emphasis on
sets or set operations. For that reason, we review these basic ideas in this chapter
with the goal of both establishing the notation and providing a quick reference that
the student can consult when proceeding through the main part of the text.

1.1 Sets

The basic concept that the notion of a set is meant to capture is that of inclusion or
exclusion. Unfortunately, there are inherent logical difficulties in writing a formal
definition of a set. We can resort to one standard “definition”: “A set is a collection
of objects.” This gives a sense of both the distinction between the objects under
consideration and the collection itself, as well as the sense of being “included” in
the collection or “not included.” Unfortunately, it leaves undefined what is meant
exactly by the terms “collection” and “object,” and so leaves much to be desired
from the perspective of a mathematical definition.

For that reason, we will not try to be too precise in defining a set. Rather, we will
call the objects under consideration elements, and we think of a set as “something
that contains elements.”

We will generally use uppercase letters to denote sets: A, B, S, etc. We will write
elements using lowercase letters: a, b, z, y, etc. We express the relation that “z is an
element of A” by writing

x € A.

We will sometimes more casually say, “x is in A.” If, on the contrary, an element y
is not an element of the set A, we write y ¢ A.

A. Mclnerney, First Steps in Differential Geometry: Riemannian, Contact, Symplectic, 1
Undergraduate Texts in Mathematics, DOI 10.1007/978-1-4614-7732-7_1,
© Springer Science+Business Media New York 2013



2 1 Basic Objects and Notation

The basic assumption that we make about sets is that they are well defined: For
every element z and every set A, the statement, “Either x € A or z ¢ A” is true,
and so the statement “x € A and z ¢ A” is false.

In any particular problem, the context will imply a universal set, which is
the set of all objects under consideration. For example, statisticians might be
concerned with a data set of measurements of heights in a given population of
people. Geometers might be concerned with properties of the set of points in three-
dimensional space. When the statisticians ask whether an element is in a particular
set, they will consider only elements in their “universe,” and so in particular will not
even ask the question whether the geometers’ points are in the statisticians’ sets.

While the universal set for a given discussion or problem may or may not be
explicitly stated, it should always be able to be established from the context. From
a logical point of view, in fact, the universal set is the context.

There are several standard ways of describing sets. The most basic way is by
listing the elements, written using curly braces to enclose the elements of the set.
For example, a set A with three elements a, b, and c is written

A={a,b,c}.

Note that the order in which the elements are listed is not important, so that, for
example, {a, b, ¢} is the same set as {b, a, c}.

Describing a set by means of a list is also possible in the case of (countably)
infinite sets, at least when there is a pattern involved. For example, the set of even
natural numbers can be expressed as

E={2,4,6,...}.

Here, the ellipsis (...) expresses a pattern that should be obvious to the reader in
context.

Most often, however, we will describe sets using what is known as set-builder
notation. In this notation, a set is described as all elements (of the universal set)
having a certain property or properties. These properties are generally given in the
form of a logical statement about an element =, which we can write as P(x). In
other words, P(x) is true if = has property P and P(z) is false if « does not have
property P. Hence we write

{z € X | P()}

to represent the set of all z in the universal set X for which the statement P(x)
is true. When the universal set is clear from the context, we often simply write
{z | P(z)}. In this notation, for example, the set of even natural numbers can be
written

E = {n | there exists a natural number & such that n = 2k} .

Here the statement P(n) is, “there exists a natural number k such that n = 2k.”
Then P(4) is a true statement, since 4 = 2(2), and so 4 € E. On the other
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hand, P(5) is false, since there is no natural number k such that 5 = 2k, and
sob ¢ E.
We will also encounter sets of elements described by several properties. For
example, the set
{z|P(z),i=1,...,7}

means the set of all elements x for which the r distinct statements
Py (z), Py(x),...,P.(x)

are all true.

Set-builder notation has a number of advantages. First, it gives a way to
effectively describe very large or infinite sets without having to resort to lists
or cumbersome patterns. For example, the set of rational numbers can be
described as

{x eR | there are integers p and q such that x = g} .

More important, the notation makes explicit the logical structure that is implicit
in the language of sets. Since this structure underlies the entire development of
mathematics as statements that can be proven according to the rigors of logic, we
will emphasize this here.

One special set deserves mention. The empty set, denoted by (), is the set with
no elements. There is only one such set, although it may appear in many forms.
For example, if for some set X, a statement P(x) is false for all x € X, then
0={x|P(x)}

We now consider relations and operations among sets. For this purpose, we
suppose that we are given two sets A and B with the universal set X. We will
suppose that both A and B are described in set-builder notation

A={z|Pa(x)}, B={z|Pp(2)},
where P, and Pg are properties describing the sets A and B respectively.

We will say that A is a subset of B, written A C B, if for all a € A, we also
have a € B. Hence,

to prove A C B, show that for all x € X,
if P4 (x) is true, then Pg(x) is true.

In fact, there are two standard ways of proving that A C B. In the direct method,
one assumes that P4 (z) is true for all z € A and then deduces, by definitions and
previously proved statements, that Pg(2) must also be true. In the indirect method,
by contrast, one assumes that there exists an « € A such that P4 (x) is true and that
Pp(x) is false, and then attempts to derive a contradiction.

The empty set is a subset of all sets: For every set X, ) C X.
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Set equality is defined in terms of the preceding inclusion relationship: Two sets
A and B are said to be equal, written A = B, if A C B and B C A. Logically, this
condition is expressed as an “if and only if” relationship:

To prove A = B, show that for all x € X,
P, (z) is true if and only if Pg(x) is true.

There are several basic set operations corresponding to the basic logical connectives
“and,” “or,” and “not.” The intersection of A and B, written A N B, is the set

ANB={z|x€ Aandx € B}.

We have the following:

To prove z € AN B, show that P4 (z) is true AND Pp(x) is true. ‘

Also, the union of A and B is the set
AUB={z|xz € Aorxz € B},

and

‘ To prove x € A U B, show that either P4 (z) is true OR Pg(x) is true. ‘

The difference of A and B is the set.
If P4(x) is true and Pp(x) is true, then the compound statement P4 (z) OR
Pp(z) is also true
A\B={z|x € Aandx ¢ B},

SO

’ To prove x € A\ B, show that P4(z) is true AND Pp(x) is false. ‘

In particular, the complement of A is the set A° = X\ A. So

‘ To prove x € A€, show that P4 (z) is false. ‘

There is yet another set operation, one that is of a somewhat different nature from
the previous operations. The Cartesian product of sets A and B is the set A x B
whose elements are ordered pairs of the form (a, b). More precisely,

AxB={(z,y)|r € Aandy € B}, ie.,

‘To prove (x,y) € A x B, show that P4 (z) is true AND Pg(y) is true. ‘
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In this case, the separate entries in the ordered pair are referred to as components.
Finally, we list several common sets of numbers along with the standard notation:
N, the set of natural numbers,
Z, the set of integers,
Q, the set of rational numbers,
R, the set of real numbers, and

C, the set of complex numbers.
We will be especially concerned with the set R* = R x --- x Rz
R" = {(z1,...,2,) |z, e Rfori=1,...,n}.

Many times we will encounter special subsets of the real numbers that are defined by
the order relations <, <, >, and >. These are the intervals, and we use the standard
notation

[a, b)) ={reR|a<r<b},

(a,b) ={reRja<r<b},

(—00,b) ={re R |7 < b},
(—o0,b] ={reR|r <b},
(a,00) ={reR|r>a},
[a,00) ={reR|r>a}.

We can similarly define the half-open intervals (a, b], etc.

1.2 Functions

Most readers will recall the definition of a function that is typically presented, for
example, in a precalculus course. A function is defined to be a rule assigning to
each element of one set exactly one element of another set. The advantage of this
definition is that it emphasizes the relationship established between elements of
the domain and those of the range by means of the rule. It has the disadvantage,
however, of lacking mathematical precision, especially by relying on the imprecise
term “rule.”

In order to be more precise, mathematicians in the 1920s established the
following definition of a function. Given two sets A and B, a function f is defined to
be a subset f C A x B with the following two properties: First, for all a € A there
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@ ; %f‘(S)
N

< O

U
Fig. 1.1 A representation of the image and preimage of a function f.

is b € B such that (a,b) € f, and second, if (a1, b1), (az,b2) € fand a; = ag, then
b1 = by. (Note that in this formal context, we are faced with competing notational
conventions. On the one hand, sets should be denoted with an uppercase letter, while
historical usage prefers the lowercase f to denote a function.)

The logical structure of this definition implies a clear distinction between the
sets A and B, with a statement about elements of A (a; = ag) implying a statement
about elements of B (by = by). The set A is called the domain, and the set B is
called the codomain. (We will reserve the term “range” for a special subset of B
defined below.)

Despite this formal definition, throughout this text we will rely on the standard
notation for functions. In particular, for a function f with domain A and codomain
B, we use the notation f : A — B to represent the function; the arrow points from
the domain to the codomain. We write f(a) to represent the unique element of B
such that (a, f(a)) € f. We will occasionally use the notation a — f(a).

As a central concept in mathematics, a number of different terms have emerged
to describe a function. We will use the words function, map, and transformation
interchangeably.

Given a function f : A — B and a set S C A, the image of S (under f) is
defined to be the set

f(S) ={y € B |thereis x € S such that f(z) =y} C B.

The range of f is defined to be the set f(A). For a subset T' C B, the preimage of
T (under f) is the (possibly empty) set (Fig. 1.1)

fFUT) ={zc A| f(x) €T} C A.
A function f : A — Bisontoif f(A) = B, i.e., if the range of f coincides with

the codomain of f. To demonstrate that a function is onto, it is necessary then to
show that B C f(A) (since f(A) C B by definition). In other words, it is necessary
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to show for that for every element b € B, there is a € A such that f(a) = b; this is
often done by writing a explicitly in terms of b.

A function f : A — B is one-to-one if for every two elements a1, a2 € A, the
condition f(a1) = f(a2) implies that a; = as. There are two basic approaches
to showing that a function is one-to-one. The direct method is to assume that there
are two elements a1, ag with the property that f(a1) = f(az2) and to show that this
implies that a; = ay. The indirect method is to show that given any two different
elements a1, as € A (a1 # as), this implies that f(a1) # f(a2).

Given any set A, there is always a distinguished function Id4 : A — A defined
by Id4(a) = a for all @ € A. This function is called the identity map of A.

Suppose there are two functions f : A — B and g : C' — D with the property
that f(A) C C. Then it is possible to define a new function go f : A — D by
(9o f)(a) = g(f(a)) for all @ € A. This function is called the composition of g
with f. This operation on functions is associative, i.e.,

(hog)of=ho(gof),

assuming that all compositions are defined. A function f : A — B is one-to-one
if and only if it has an inverse defined on the image of A, i.e., there is a function
g: f(A) — Asuchthat fog = Ids4) and g o f = Id4. We normally write ft
to denote the inverse of f.

In addition, for real-valued functions f : A — R, i.e., functions whose
codomain is a subset of the set of real numbers, there are a number of operations
inherited from the familiar operations on real numbers. If f and g are real-valued
functions, then f+g, f —g, f- g, and f/g are defined pointwise. For example, f +g
is the function whose domain is defined to be the intersection of the domains of f
and g and whose value (f + g)(a) for a € A is given by f(a) + g(a).



Chapter 2
Linear Algebra Essentials

When elementary school students first leave the solid ground of arithmetic for
the more abstract world of algebra, the first objects they encounter are generally
linear expressions. Algebraically, linear equations can be solved using elementary
field properties, namely the existence of additive and multiplicative inverses.
Geometrically, a nonvertical line in the plane through the origin can be described
completely by one number—the slope. Linear functions f : R — R enjoy other
nice properties: They are (in general) invertible, and the composition of linear
functions is again linear.

Yet marching through the progression of more complicated functions and ex-
pressions—polynomial, algebraic, transcendental—many of these basic properties
of linearity can become taken for granted. In the standard calculus sequence,
sophisticated techniques are developed that seem to yield little new information
about linear functions. Linear algebra is generally introduced after the basic calculus
sequence has been nearly completed, and is presented in a self-contained manner,
with little reference to what has been seen before. A fundamental insight is lost
or obscured: that differential calculus is the study of nonlinear phenomena by
“linearization.”

The main goal of this chapter is to present the basic elements of linear algebra
needed to understand this insight of differential calculus. We also present some
geometric applications of linear algebra with an eye toward later constructions in
differential geometry.

While this chapter is written for readers who have already been exposed to a
first course in linear algebra, it is self-contained enough that the only essential
prerequisites will be a working knowledge of matrix algebra, Gaussian elimination,
and determinants.

A. Mclnerney, First Steps in Differential Geometry: Riemannian, Contact, Symplectic, 9
Undergraduate Texts in Mathematics, DOI 10.1007/978-1-4614-7732-7_2,
© Springer Science+Business Media New York 2013



10 2 Linear Algebra Essentials
2.1 Vector Spaces

Modern mathematics can be described as the study of sets with some extra
associated “structure.” In linear algebra, the sets under consideration have enough
structure to allow elements to be added and multiplied by scalars. These two
operations should behave and interact in familiar ways.

Definition 2.1.1. A (real) vector space consists of a set V together with two
operations, addition and scalar multiplication.! Scalars are understood here as real
numbers. Elements of V' are called vectors and will often be written in bold type,
as v € V. Addition is written using the conventional symbolism v 4+ w. Scalar
multiplication is denoted by sv or s - v.

The triple (V, 4, -) must satisfy the following axioms:

(V1) Forallv,iweV,v+weV.

(V2) Forallu,v,w eV, (u+v)+w=u+(v+w).

(V3) Forallv,weV, v+ w=w+V.

(V4) There exists a distinguished element of V, called the zero vector and denoted
by 0, with the property that forallv e V,0+ v = v.

(VS) For all v € V, there exists an element called the additive inverse of v and
denoted —v, with the property that (—v) + v = 0.

(V6) Foralls€¢ Randv e V,sveV.

(V7) Foralls,t e Randv €V, s(tv) = (st)v.

(V8) Foralls,te Randv € V, (s +t)v=sv +tv.

(V9) Foralls € Randv,w €V, s(v+w) = sv + sw.

(V10) ForallveV,1v=wv.

We will often suppress the explicit ordered triple notation (V, -+, ) and simply
refer to “the vector space V'.”

In an elementary linear algebra course, a number of familiar properties of vector
spaces are derived as consequences of the 10 axioms. We list several of them here.

Theorem 2.1.2. Let V' be a vector space. Then:

1. The zero vector O is unique.

2. Forall v € V, the additive inverse —v of v is unique.
3. ForallveV,0-v=0.

4. ForallveV,(-1)-v=—v.

Proof. Exercise. a

Physics texts often discuss vectors in terms of the two properties of magnitude
and direction. These are not in any way related to the vector space axioms. Both of

"More formally, addition can be described as a function V x V' — V and scalar multiplication as
afunction R x V — V.
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these concepts arise naturally in the context of inner product spaces, which we treat
in Sect. 2.9.

In a first course in linear algebra, a student is exposed to a number of examples
of vector spaces, familiar and not-so-familiar, in order to gain better acquaintance
with the axioms. Here we introduce just two examples.

Example 2.1.3. For any positive integer n, define the set R™ to be the set of all
n-tuples of real numbers:

R" ={(a1,...,an) | a; e Rfori=1,...,n}
Define vector addition componentwise by
(aty . yan) + (b1,...,by) = (a1 + b1, ...,an + by),
and likewise define scalar multiplication by
s(at,...,an) = (sa,...,say).

It is a straightforward exercise to show that R™ with these operations satisfies
the vector space axioms. These vector spaces (one for each natural number n) will
be called Euclidean spaces.

The Euclidean spaces can be thought of as the “model” finite-dimensional vector
spaces in at least two senses. First, they are the most familiar examples, generalizing
the set R? that is the setting for the most elementary analytic geometry that most
students first encounter in high school. Second, we show later that every finite-
dimensional vector space is “equivalent” (in a sense we will make precise) to R”
for some n.

Much of the work in later chapters will concern R3, R?, and other Euclidean
spaces. We will be relying on additional structures of these sets that go beyond the
bounds of linear algebra. Nevertheless, the vector space structure remains essential
to the tools of calculus that we will employ later.

The following example gives a class of vector spaces that are in general not
equivalent to Euclidean spaces.

Example 2.1.4 (Vector spaces of functions). For any set X, let 7(X) be the set of
all real-valued functions f : X — R. For every two such f,g € F(X), define
the sum f + g pointwise as (f + g)(z) = f(z) + g(z). Likewise, define scalar
multiplication (sf)(z) = s(f(x)). The set F(X) equipped with these operations is
a vector space. The zero vector is the function O : X — R that is identically zero:
O(z) = 0 for all z € X. Confirmation of the axioms depends on the corresponding
field properties in the codomain, the set of real numbers.

We will return to this class of vector spaces in the next section.
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Fig. 2.1 Subspaces in R3.

2.2 Subspaces

A mathematical structure on a set distinguishes certain subsets of special sig-
nificance. In the case of a set with the structural axioms of a vector space, the
distinguished subsets are those that are themselves vector spaces under the same
operations of vector addition and scalar multiplication as in the larger set.

Definition 2.2.1. Let W be a subset of a vector space (V, +, -). Then W is a vector
subspace (or just subspace) of V if (W, +, -) satisfies the vector space axioms (V1)-
(V10).

A subspace can be pictured as a vector space “within” a larger vector space. See
Fig. 2.1.

Before illustrating examples of subspaces, we immediately state a theorem that
ensures that most of the vector space axioms are in fact inherited from the larger
ambient vector space.

Theorem 2.2.2. Suppose W C V is a nonempty subset of a vector space V
satisfying the following two properties:

(W1) Forallv,we W, v4+weW.
(W2) Forallw € Wands € R, sw e W.

Then W is a subspace of V.
Proof. Exercise. a

We note that for every vector space V, the set {0} is a subspace of V, known
as the trivial subspace. Similarly, V' is a subspace of itself, which is known as the
improper subspace.

We now illustrate some nontrivial, proper subspaces of the vector space R>. We
leave the verifications that they are in fact subspaces to the reader.

Example 2.2.3. Let W1 = {(s,0,0) | s € R}. Then W] is a subspace of R?.
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Example 2.2.4. Letv = (a,b,c) # 0 and let Wy = {sv | s € R}. Then W5 is
a subspace of R?. Note that Example 2.2.3 is a special case of this example when
v =(1,0,0).

Example 2.2.5. Let W3 = {(s,t,0) | s,t € R}. Then Wj is a subspace of R3.

Example 2.2.6. As in Example 2.2.4, let v = (a,b,c) # 0. Relying on the usual
“dot product” in R?, define

Wy={xeR’|v -x=0}

= {(331,.%2,333) | ary + bro + caxs = O}

Then W; is a subspace of R?. Note that Example 2.2.5 is a special case of this
example when v = (0,0, 1).

We will show at the end of Sect. 2.4 that all proper, nontrivial subspaces of R3
can be realized either in the form of W5 or Wjy.

Example 2.2.7 (Subspaces of F(R)). We list here a number of vector subspaces of
F(R), the space of real-valued functions f : R — R. The verifications that they
are in fact subspaces are straightforward exercises using the basic facts of algebra
and calculus.

* P,(R), the subspace of polynomial functions of degree n or less;

* P(R), the subspace of all polynomial functions (of any degree);

* C(R), the subspace of functions that are continuous at each point in their
domain;

* C"(R), the subspace of functions whose first r derivatives exist and are
continuous at each point in their domain;

* C*(R), the subspace of functions all of whose derivatives exist and are
continuous at each point in their domain.

Our goal in the next section will be to exhibit a method for constructing vector
subspaces of any vector space V.

2.3 Constructing Subspaces I: Spanning Sets

The two vector space operations give a way to produce new vectors from a given
set of vectors. This, in turn, gives a basic method for constructing subspaces. We
mention here that for the remainder of the chapter, when we specify that a set is
finite as an assumption, we will also assume that the set is nonempty.

Definition 2.3.1. Suppose S = {vi,Va,...,v,}isafinite set of vectors in a vector
space V. A vector w is a linear combination of S if there are scalars ¢y, . . ., ¢, such
that

W =cCVy+- -+ CpVp.
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A basic question in a first course in linear algebra is this: For a vector w and a set
S as in Definition 2.3.1, decide whether w is a linear combination of S. In practice,
this can be answered using the tools of matrix algebra.
Example 2.3.2. Let S = {vi,va} C R3, where vi = (1,2,3) and vo =
(—1,4,2). Let us decide whether w = (29, —14,27) is a linear combination of
S. To do this means solving the vector equation w = s1vy + sovo for the two
scalars s, s, which in turn amounts to solving the system of linear equations

81(1) + 82(—1) = 29,
81(2) + 82(4) = _147
s1(3) +52(2) = 2T

Gaussian elimination of the corresponding augmented matrix yields

1 0 :17
0 1 i-12],

0 0;0

corresponding to the unique solution s; = 17, s, = —12. Hence, w is a linear
combination of S.

The reader will notice from this example that deciding whether a vector is
a linear combination of a given set ultimately amounts to deciding whether the
corresponding system of linear equations is consistent.

We will now use Definition 2.3.1 to obtain a method for constructing subspaces.
Definition 2.3.3. Let V be a vector space and let S = {vy,...,v,} C V bea

finite set of vectors. The span of S, denoted by Span(.S), is defined to be the set of
all linear combinations of S

Span(S) = {s1vi+ -+ 8, Vn | S1,...,5, € R}.

We note immediately the utility of this construction.

Theorem 2.3.4. Let S C V be a finite set of vectors. Then W = Span(S) is a
subspace of V.

Proof. The proof is an immediate application of Theorem 2.2.2. O

We will say that S spans the subspace W, or that S is a spanning set for the
subspace W.

Example 2.3.5. Let S = {vi} C R3, where vi = (1,0,0). Then Span(S) =
{s(1,0,0) | s € R} = {(s,0,0) | s € R}. Compare to Example 2.2.3.

Example 2.3.6. Let S = {vi,vo} C R*, where vi = (1,0,0,0) and v =
(0,0,1,0). Then

Span(S) = {s(1,0,0,0) +¢(0,0,1,0) | s,t € R} = {(s,0,¢,0) | s,t € R}.
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Example 2.3.7. Let S = {v1,va,v3} C R? where vi = (1,0,0), vo = (0,1,0),
and vz = (0,0, 1). Then
Span(S) = {81(1,0, 0) + 82(0, 1, 0) + 83(070, ].) | S1,82,83 € R}

= {(81782783) | 51,582,583 S R}

=R3.
Example 2.3.8. Let S = {vi,va,v3,v4} C R3, where vi = (1,1,1), vo =
(-1,1,0), v3 = (1,3,2),and v4 = (—3,1,—1). Then

Span(S) = {s1(1,1,1) + s2(—1,1,0)
+ 83(1, 3, 2) + 84(—37 1,-1) ‘ S1,52,53,54 € R}
= {(s1 — s2 + 53 — 354,51 + 52 + 353 + 54,
51+ 2s3 — 54) | 51, 52,593,514 € R}

For example, consider w = (13,3,8) € R3. Then w € Span(S), since w =
Vi — Vg + 2V3 - 3V4.

Note that this set of four vectors S in R? does not span R3. To see this, take an
arbitrary w € R3, w = (w1, wo, w3). If w is a linear combination of S, then there
are scalars s1, s, 3, S4 such that w = s1vy + s9Va + S3Vv3 + S4v4. In other words,
if w € Span(.), then the system

S1 — So + S3 — 3s4 = wq,
$1 + s2 + 383 + 514 = wa,
51 + 283 — 84 = ws,

is consistent: we can solve for si,so, S3,54 in terms of wq,wsy, ws. Gaussian
elimination of the corresponding augmented matrix

1 -1 1 =3iw
1 1 3 1w
1 0 2 —liws
yields
1 0 2 —1: w3
0 1 1 2 1 —wp+ws

0 0 0 0 §w1—|—w2—2w3

Hence for every vector w such that w; + we — 2ws # 0, the system is not
consistent and w ¢ Span(.S). For example, (1, 1,2) ¢ Span(S).
We return to this example below.
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Note that a given subspace may have many different spanning sets. For example,
consider S = {(1,0,0),(1,1,0),(1,1,1)} C R?>. The reader may verify that S is
a spanning set for R?. But in Example 2.3.7, we exhibited a different spanning set
for R®.

2.4 Linear Independence, Basis, and Dimension

In the preceding section, we started with a finite set S C V in order to generate
a subspace W = Span(S) in V. This procedure prompts the following question:
For a subspace W, can we find a spanning set for W? If so, what is the
“smallest” such set? These questions lead naturally to the notion of a basis. Before
defining that notion, however, we introduce the concepts of linear dependence and
independence.

For a vector space V, a finite set of vectors S = {vi1,...v,}, and a vector
w € V, we have already considered the question whether w € Span(.S). Intuitively,
we might say that w “depends linearly” on S if w € Span(S), i.e., if w can be
written as a linear combination of elements of S. In the simplest case, for example,
that S = {v}, then w “depends on” S if w = sv, or, what is the same, w is
“independent” of S if w is not a scalar multiple of v.

The following definition aims to make this sense of dependence precise.

Definition 2.4.1. A finite set of vectors S = {vy,...v,} is linearly dependent if
there are scalars sq, ..., s,, not all zero, such that

$1vVy + -+ s,v, = 0.

If S is not linearly dependent, then it is linearly independent.

The positive way of defining linear independence, then, is that a finite set of

vectors S = {vy,...,v,} is linearly independent if the condition that there are
scalars sq, ..., S, satisfying s;vy + - - - + s, v, = 0 implies that
s =-=8,=0.

Example 2.4.2. We refer back to the set S = {vq,va,v3,v4} C R?, where v; =
(1,1,1), vo = (—1,1,0), vz = (1,3,2), and v4 = (—3,1,—1), in Example 2.3.8.
We will show that the set S is linearly dependent. In other words, we will find scalars
S1, S92, 83, S4, not all zero, such that s; vy + savy + s3vs + s4vy = 0.

This amounts to solving the homogeneous system

S1 — 82 -+ 83 7354: 0,
S1 + S2 +383 + 84 :0,

S1 +2s3 —s4 =0.
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Gaussian elimination of the corresponding augmented matrix yields

1 0 2 -1:0
01 1 2:0 |-
00 0 00

This system has nontrivial solutions of the form sy = —2t + u, so = —t — 2u,
s3 = t, s4 = u. The reader can verify, for example, that

(—1)V1 + (—3)V2 + (1)V3 + (1)V4 =0.

Hence S is linearly dependent.

Example 2.4.2 illustrates the fact that deciding whether a set is linearly dependent
amounts to deciding whether a corresponding homogeneous system of linear
equations has nontrivial solutions.

The following facts are consequences of Definition 2.4.1. The reader is invited to
supply proofs.

Theorem 2.4.3. Let S be a finite set of vectors in a vector space V. Then:

1. If0 € S, then S is linearly dependent.

2. IfS={v}andv # 0, then S is linearly independent.

3. Suppose S has at least two vectors. Then S is a linearly dependent set of nonzero
vectors if and only if there exists a vector in S that can be written as a linear
combination of the others.

Linear dependence or independence has important consequences related to the
notion of spanning sets. For example, the following theorem asserts that enlarging a
set by adding linearly dependent vectors does not change the spanning set.

Theorem 2.4.4. Let S be a finite set of vectors in a vector space V. Let w €
Span(S), and let S’ = S U {w}. Then Span(S’) = Span(S).

Proof. Exercise. a

Generating “larger” subspaces thus requires adding vectors that are linearly
independent of the original spanning set.

We return to a version of the question at the outset of this section: If we are given
a subspace, what is the “smallest” subset that can serve as a spanning set for this
subspace? This motivates the definition of a basis.

Definition 2.4.5. Let V be a vector space. A basis for V is a set B C V such that
(1) Span(B) = V and (2) B is a linearly independent set.

Example 2.4.6. For the vector space V' = R™, the set By = {eq,...,e,}, where
e; = (1,0,...,0),e3 = (0,1,0,...,0),...,e, = (0,...,0,1), is a basis for R™.
The set By is called the standard basis for R™.
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Example 2.4.7. Let V.= R? and let S = {vi,va,v3}, where vi = (1,4,—1),
ve = (1,1,1), and v3 = (2,0, —1). To show that S is a basis for R3, we need to
show that S spans R? and that S is linearly independent. To show that S spans R?
requires choosing an arbitrary vector w = (w1, wq,w3) € R? and finding scalars
€1, C2, c3 such that w = ¢y vy + cova + c3vs. To show that S is linearly independent
requires showing that the equation cy1vy + cove + c3vs = 0 has only the trivial
solution ¢y = ¢g = ¢3 = 0.
Both requirements involve analyzing systems of linear equations with coefficient
matrix
112
A:[V1V2V3}: 410 5
—-11-1

in the first case the equation Ac = w (to determine whether it is consistent for all w)
and in the second case Ac = 0 (to determine whether it has only the trivial solution).
Here ¢ = (c1, ¢a,c3) is the vector of coefficients. Both conditions are established
by noting that det(A) # 0. Hence S spans R and S is linearly independent, so S

is a basis for R3.
The computations in Example 2.4.7 in fact point to a proof of a powerful

technique for determining whether a set of vectors in R™ forms a basis for R".

Theorem 2.4.8. A set of n vectors S = {v1,...,v,} C R"™ forms a basis for R™
if and only if det(A) # 0, where A = [vy - - - v,,] is the matrix formed by the column
vectors v;.

Just as we noted earlier that a vector space may have many spanning sets, the
previous two examples illustrate that a vector space does not have a unique basis.

By definition, a basis B for a vector space V spans V, and so every element of V'
can be written as a linear combination of elements of B. However, the requirement
that B be a linearly independent set has an important consequence.

Theorem 2.4.9. Let B be a finite basis for a vector space V. Then each vector
v € V can be written uniquely as a linear combination of elements of B.

Proof. Suppose that there are two different ways of expressing a vector v as a linear
combination of elements of B = {bq,...,b,}, so that there are scalars cy, ..., ¢,
and dy, ..., d, such that

v=cb;+ --+c¢,b,
v=dib;+---+d,b,.

Then
(Cl — dl)bl =+ 4 (Cn — dn)bn =0.

By the linear independence of the set B, this implies that
1 =di,...,cp =dp;

in other words, the two representations of v were in fact the same. a
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As a consequence of Theorem 2.4.9, we introduce the following notation. Let
B = {by,...,b,} be a basis for a vector space V. Then for every v € V, let
[v]s € R" be defined to be

[V}B = (Ul, .. .,Un),
where v = v1by + - - + v,,b,,.
The following theorem is fundamental.

Theorem 2.4.10. Let V be a vector space and let B be a basis for V that contains
n vectors. Then no set with fewer than n vectors spans V', and no set with more than
n vectors is linearly independent.

Proof. Let S = {v1,..., vy} be a finite set of nonzero vectors in V. Since B is a
basis, for each ¢ = 1, ..., m there are unique scalars a;1, . . ., a;, such that

Vi = ainb1 + -+ ainbp.

Let A be the m x n matrix of components A = [a;].

Suppose first that m < n. For w € V, suppose that there are scalars ¢, ..., cp,
such that
W=cCVi+ - -+CnVm

Cl(allbl + -+ alnbn) + -+ Cm(amlbl + -+ amnbn)

(cra11 + - + Cmam1)b1 + -+ + (c1a1n +  *  + Cnmn )b

Writing [w]p = (w1, . .., w,) relative to the basis B, the above vector equation can
be written in matrix form A”¢c = [w]p, where ¢ = (cy, .. ., ¢y ). But since m < n,
the row echelon form of the (n x m) matrix A7 must have a row of zeros, and so
there exists a vector wo € V such that ATc = [wy]p is not consistent. But this
means that wo ¢ Span(S), and so S does not span V.

Likewise, if m > n, then the row echelon form of AT has at most n leading ones.
Then the vector equation A”c = 0 has nontrivial solutions, and S is not linearly
independent. a

Corollary 2.4.11. Let V be a vector space and let B be a basis of n vectors for V.
Then every other basis B' of V must also have n elements.

The corollary prompts the following definition.

Definition 2.4.12. Let V' be a vector space. If there is no finite subset of V' that
spans V, then V is said to be infinite-dimensional. On the other hand, if V' has a
basis of n vectors (and hence, by Corollary 2.4.11, every basis has n vectors), then
V' is finite-dimensional, We call n the dimension of V' and we write dim(V) = n.
By definition, dim({0}) = 0.
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Most of the examples we consider here will be finite-dimensional. However, of
the vector spaces listed in Example 2.2.7, only P, is finite-dimensional.

We conclude this section by considering the dimension of a subspace. Since a
subspace is itself a vector space, Definition 2.4.12 makes sense in this context.

Theorem 2.4.13. Let V be a finite-dimensional vector space, and let W be a
subspace of V. Then dim(W) < dim(V'), with dim(W) = dim(V) if and only
if W = V. In particular, W is finite-dimensional.

Proof. Exercise. a

Example 2.4.14. Recall W5 C R? from Example 2.2.4:
Wy = {(sa, sb,sc) | s € R},

where (a, b, ¢) # 0. We have Wy = Span({(a, b, c)}), and also the set {(a, b, )} is
linearly independent by Theorem 2.4.3, so dim(W5) = 1.

Example 2.4.15. Recall Wy C R? from Example 2.2.6:
Wy = {(z,y,2) | ax + by + ¢z = 0}

for some (a, b, ¢) # 0. Assume without loss of generality that a # 0. Then Wy can
be seen to be spanned by the set S = {(—b, a,0),(—¢,0,a)}. Since S is a linearly
independent set, dim(W,) = 2.

Example 2.4.16. We now justify the statement at the end of Sect. 2.3: Every proper,
nontrival subspace of R? is of the form W5 or W, above. Let W be a subspace of
R3. If it is a proper subspace, then dim(W) = 1 or dim(W) = 2. If dim(W) = 1,
then T has a basis consisting of one element a = (a, b, ¢), and so W has the form
of WQ.

If dim(W') = 2, then W has a basis of two linearly independent vectors {a, b},
where a = (a1, a2,a3) and b = (by, ba, b3). Let

c=axb= (Clgbg — agbg, a3b1 — a1b3,a1b2 - agbl),

obtained using the vector cross product in R3. Note that ¢ # 0 by virtue of the
linear independence of a and b. The reader may verify that w = (z,y,2) € W
exactly when

c-w=0,

and so W has the form W, above.

Example 2.4.17. Recall the set S = {v1,Vva,v3,va} C R3, where vi = (1,1,1),
vy = (—1,1,0), v3 = (1,3,2), and v4 = (3,1, —1), from Example 2.3.8. In that
example we showed that S did not span R?, and so S cannot be a basis for R?.
In fact, in Example 2.4.2, we showed that S is linearly dependent. A closer look at
that example shows that the rank of the matrix A = [vl Vg V3 V4] is two. A basis
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for W = Span(SS) can be obtained by choosing vectors in S whose corresponding
column in the row-echelon form has a leading one. In this case, S = {v1,va} isa
basis for W, and so dim(WW) = 2.

2.5 Linear Transformations

For a set along with some extra structure, the next notion to consider is a function
between the sets that in some suitable sense “preserves the structure.” In the
case of linear algebra, such functions are known as linear transformations. The
structure they preserve should be the vector space operations of addition and scalar
multiplication.

In what follows, we consider two vector spaces V' and W. The reader might
benefit at this point from reviewing Sect. 1.2 on functions in order to review the
terminology and relevant definitions.

Definition 2.5.1. A function 7' : V. — W is a linear transformation if (1) for
alu,v € V,T(u+v) = T(u)+ T(v);and 2) forall s € Rand v € V,
T(sv) = sT(v) (Fig. 2.2).

. T T(v)
Y Y
x x
u+v
v
z z
,7su
e
’ T T(su)=sT(u)
/ u —_ > -
~ ~_
Y T (u) Y
T x

Fig. 2.2 The two conditions defining a linear transformation.
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The two requirements for a function to be a linear transformation correspond
exactly to the two vector space operations—the “structure”—on the sets V' and W
The correct way of understanding these properties is to think of the function as
“commuting” with the vector space operations: Performing the operation first (in
V) and then applying the function yields the same result as applying the function
first and then performing the operations (in W). It is in this sense that linear
transformations “preserve the vector space structure.”

We recall some elementary properties of linear transformations that are conse-
quences of Definition 2.5.1.

Theorem 2.5.2. Let V and W be vector spaces with corresponding zero vectors
Oy and Ow. Let T : V. — W be a linear transformation. Then

1. T(0y) = Oy
2. Forallu € V,T(—u) = =T (u).

Proof. Keeping in mind Theorem 2.1.2, both of these statements are consequences
of the second condition in Definition 2.5.1, using s = 0 and s = —1 respectively.
O

The one-to-one, onto linear transformations play a special role in linear algebra.
They allow one to say that two different vector spaces are “the same.”

Definition 2.5.3. Suppose V and W are vector spaces. A linear transformation 7" :
V' — W is a linear isomorphism if it is one-to-one and onto. Two vector spaces V'
and W are said to be isomorphic if there is a linear isomorphism 7" : V' — W.

The most basic example of a linear isomorphism is the identity transformation
Idy : V — V given by Idy (v) = v. We shall see other examples shortly.

The concept of linear isomorphism is an example of a recurring notion in
this text. The fact that an isomorphism between vector spaces V and W is one-
to-one and onto says that V' and W are the “same” as sets; there is a pairing
between vectors in V' and W. The fact that a linear isomorphism is in fact a linear
transformation further says that V' and W have the same structure. Hence when V'
and W are isomorphic as vector spaces, they have the “same” sets and the “same”
structure, making them mathematically the same (different only possibly in the
names or characterizations of the vectors). This notion of isomorphism as sameness
pervades mathematics. We shall see it again later in the context of geometric
structures.

One important feature of one-to-one functions is that they admit an inverse
function from the range of the original function to the domain of the original
function. In the case of a one-to-one, onto function T : V' — W, the inverse
T-': W — Visdefined on all of W, where To T~ ! =Idy and T~ o T = Idy.
We summarize this in the following theorem.

Theorem 2.5.4. Let T : V. — W be a linear isomorphism. Then there is a unique
linear isomorphism T—' : W — V such that T o T™' = Idw and T~ ! o
T =Idy.
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Proof. Exercise. The most important fact to be proved is that the inverse of a linear
transformation, which exists purely on set-theoretic grounds, is in fact a linear
transformation. O

We conclude with one sense in which isomorphic vector spaces have the same
structure. We will see others throughout the chapter.

Theorem 2.5.5. Suppose that V and W are finite-dimensional vector spaces, and
suppose there is a linear isomorphism T : V — W. Then dim V = dim W.

Proof. If {vy,...,v,} is a basis for V, the reader can show that

{T(v1),...,T(vp)}

is a basis for W and that T'(v1), ..., T(v,,) are distinct. O

2.6 Constructing Linear Transformations

In this section we present two theorems that together generate a wealth of examples
of linear transformations. In fact, for pairs of finite-dimensional vector spaces, these
give a method that generates all possible linear transformations between them.

The first theorem should be familiar to readers who have been exposed to a
first course in linear algebra. It establishes a basic correspondence between m x n
matrices and linear transformations between Euclidean spaces.

Theorem 2.6.1. Every linear transformation T' : R" — R™ can be expressed in
terms of matrix multiplication in the following sense: There exists an m X n matrix
Ap = [T] such that T(x) = Arx, where x € R™ is understood as a column

vector. Conversely, every m X n matrix A gives rise to a linear transformation
Ta : R™ — R™ by defining T4 (x) = Ax.

For example, the linear transformation 7 : R3 — R? given by
T(JCKyaZ) = (2.I'+y— Z7$+3Z)

can be expressed as T'(x) = Apx, where
21 -1
Ar = .

4 [1 0 3 ]

The proof of the first, main, statement of this theorem will emerge in the course
of this section. The second statement is a consequence of the basic properties of
matrix multiplication.

The most important of several basic features of the correspondence between
matrices and linear transformations is that matrix multiplication corresponds to
composition of linear transformations:
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[SoT] = [S][T],

and as aresult, if 7' : R™ — R is a linear isomorphism, then

We also note from the outset that the matrix representation of a linear transforma-
tion is not unique; it will be seen to depend on a choice of basis in both the domain
and codomain. We return to this point later in the section.

The second theorem on its face gives a far more general method for constructing
linear transformations, in the sense that it applies to the setting of linear transforma-
tions between arbitrary finite-dimensional vector spaces, not just between Euclidean
spaces. It says that a linear transformation is uniquely defined by its action on a
basis. The reader should compare this theorem to Theorem 2.5.5.

Theorem 2.6.2. Let V be a finite-dimensional vector space with basis B =
{€;,...,en}. Let W be a vector space, and let w1, . .., w,, be any n vectors in W,
not necessarily distinct. Then there is a unique linear transformation T’ : V. — W
such that T(e;) =w; fori=1,... ,n.

If the set {w1, ..., w,} is in fact a basis for W, then T is a linear isomorphism.

Proof. By Theorem 2.4.9, every element v € V' can be uniquely written as a linear
combination of elements of the basis B, which is to say there exist unique scalars

V1,...,U, suchthat v =vie;+- - -+v,e,. Thendefine T'(v) = vywy++ - -+ v, Wy,
the reader may check that 7" so defined is in fact a linear transformation.
If B = {wy,...,w,} is a basis, then T so defined is one-to-one and onto.

Both statements follow from the fact that if w € W is written according to B’ as
wW = $1wWy + - + S, W,, then the vector v = s;e; + - - - + s, e, can be shown to

be the unique vector such that T'(v) = w. O
Example 2.6.3. Consider the basis B = {e;,es} for R?, where e; = (—1,1)
and e; = (2,1). Define a linear transformation 7' : R? — R? in the manner

of Theorem 2.6.2 by setting T'(e1) = (1,2,3,4) and T'(e2) = (—2,—4, -6, —8).
More explicitly, let v = (vy,vo) be an arbitrary vector in R?. Writing v = c1e; +
co€9 uniquely as a linear combination of e;, e; amounts to solving the system

{ Cl(—].) + 02(2):’01,
c1(1) + c2(1)=wy,

to obtain ¢; = 1(—v1 + 2v2) and ¢z = (v1 + v2). Hence

W=

T(V) = clT(el) + CQT(eg)

1 1
= (- +2v2)(1,2,3,4> +( +v2)( _ 9,4, —6,—8)

= (—Ul, —21}1, —3’1)17 —4’(}1).
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As a matrix, T'(v) = Arv, where

|
N
o o oo

Note that the method of Theorem 2.6.2 illustrated in Example 2.6.3 gives
rise to a general method of representing linear transformations between finite-
dimensional vector spaces as matrices, as we did in the case of Euclidean spaces
in Theorem 2.6.1.

Suppose we are given a linear transformation 7' : V' — W as well as a basis
B ={ey,...,e,} for Vandabasis B’ = {€],...,e],} for W.Each of the vectors
T'(e;) can be written uniquely as a linear combination of elements of B':

T(el) = alle’l —+ -4 alme;n,
2.1)
T(en) = ani€] + -+ apme,, .

It is a straightforward exercise to verify that if x € V, where x = z,e; +
- F apey, and if y = T(x) = y1€] + -+ + yme,,, then y = Ax, where x =
(1,...,2n),y = (Y1,...,Ym), and A = [a;;] with entries a;; givenin (2.1) above.
Then A is called the matrix of T relative to the bases B, B’ and will be denoted by
A =[T) p/,p- The reader may verify that if 7" : V' — W is a linear isomorphism,

then [T’l]RB, = [T];,lﬁ.

Example 2.6.4. For the linear transformation 77 : R3 — R? defined by
T(z,y,2) = 2z +y — z,x + 32), let B = {ey, e, e3}, where e; = (1,0,0),
ey = (1,1,0), and e3 = (1,1,1), and let B’ = {e],e}}, where ] = (—1,1) and
e, = (2,1). It is an exercise to check that B is a basis for R® and B’ is a basis for
R?. We now compute [T], 5.

Note that for a general vector w = (wy,wy) € R?, writing w as a linear
combination of B/, w = ¢;€] + co€}, amounts to solving the system

{ Cl(—l) + 62(2) = wq,
Cl(l) + 02(1) = W3.

This is precisely the calculation we performed in Example 2.6.3. However, to
illustrate an efficient general method for finding the matrix representation of a linear
transformation, let us solve this system simultaneously for T'(e1) = (2,1), T'(eq2) =
(3,1), and T'(e3) = (2, 4) by Gaussian elimination of the matrix
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yielding
1 0o : 0 -1/3 2
0 1 : 1 4/3 2

In other words, T'(e1) = 0e] + le}, T(ez) = (—1/3)e} + (4/3)eh, and T'(e3) =
2e! + 2e,. Hence the matrix for T relative to the bases B, B’ is

P AL

A number of conclusions can be drawn from this example. First, comparing the
matrix for 7" in Example 2.6.4 with the matrix for the same 7' given following
Theorem 2.6.1 illustrates the dependence of the matrix for 7" on the bases involved.
In particular, it illustrates the comment immediately following Theorem 2.6.1, that
the matrix representation of a linear transformation is not unique.

Second, Theorem 2.6.2 in fact provides a proof for Theorem 2.6.1. The standard
matrix representation of a linear transformation 7' : R™ — R™ is obtained by
applying Theorem 2.6.2 using the standard bases for R™ and R™.

Recall that Theorem 2.5.5 shows that if two vector spaces are isomorphic, then
they have the same dimension. Theorem 2.6.2 shows that the converse is also true,
again only for finite-dimensional vector spaces.

Corollary 2.6.5. Let V and W be vector spaces with the same finite dimension n.
Then V and W are isomorphic.

The above theorem justifies the statement following Example 2.1.3: Every
n-dimensional vector space is isomorphic to the familiar example R".

We remind the reader of the following basic result from matrix algebra, expressed
in these new terms.

Theorem 2.6.6. LetT' : V — W be a linear transformation between vector spaces
of the same finite dimension. Then T is a linear isomorphism if and only if det(A) #
0, where A = [T'|p: g is the matrix representation of T relative to any bases B of
V and B’ of W.

Finally, we recall that for linear transformations 7" : V' — V, the determinant of
T is independent of the basis in the following sense.

Theorem 2.6.7. Let V be a finite-dimensional vector space, and letT : V — V be
a linear transformation. Then for any two bases B, By of V, we have

det [T]BhB1 = det [T]BZ’B2 .

Proof. The result is a consequence of the fact that
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[T]B2,32 = [Id]B2,13>l [T]Bl,Bl [Id]31,32 >
and that [Id] 5, 5 = [Id]]_gll’ B,» Where Id : V' — V' is the identity transformation.
O

For this reason, we refer to the determinant of the linear transformation T : V —
V and write det(7") to be the value of det(A), where A = [T ; 5 for any basis B
of V. '

2.7 Constructing Subspaces II: Subspaces and Linear
Transformations

There are several subspaces naturally associated with a linear transformation 7" :
V=Ww.

Definition 2.7.1. The kernel of a linear transformation of 7' : V' — W, denoted by
ker(7'), is defined to be the set
ker(T)={veV|T(v)=0}CW

Definition 2.7.2. The range of a linear transformation 7" : V' — W, denoted by
R(T), is defined to be the set

R(T)={w e W | thereisv € V suchthat T'(v) = w} C W.
Theorem 2.7.3. Let T : V — W be a linear transformation. Then ker(T) and
R(T) are subspaces of V and W respectively.

Proof. Exercise. a

It is a standard exercise in a first course in linear algebra to find a basis for the
kernel of a given linear transformation.

Example 2.7.4. Let T : R®> — R be given by T'(x,y,2) = ax + by + cz, where
a, b, c are not all zero. Then

ker(T) = {(z,y,2) | ax + by + cz =0},

the subspace we encountered in Example 2.2.6. Suppose that a # 0. Then we can
also write
ker(T) = {(—bs — ct,as,at) | s,t € R}.

The set S = {by,ba}, where by = (—b,a,0) and bs = (—¢,0, a), is a basis for
ker(T), and so dim(ker(T")) = 2.
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For a linear transformation 7" : V' — W, the subspaces ker(7") and R(T") are
closely related to basic properties of 7" as a function. For example, by definition, 7'
isonto if R(T) = W.

The following example highlights what might be thought of as the prototypical
onto and one-to-one linear transformations.

Example 2.7.5. Consider Euclidean spaces R™, R with m < n.
The projection map Pr : R™ — R, given by

Pr(z1,...,2n) = (X1,..., Zm),

is a linear transformation that is onto but not one-to-one.
The inclusion map In : R™ — R™ given by

In(zy,...,2m) = (1,...,Zm,0,...,0)

is a linear transformation that is one-to-one but not onto.

We illustrate a powerful characterization of one-to-one linear transformations
that has no parallel for general functions.

Theorem 2.7.6. A linear transformation T' : V. — W is one-to-one if and only if
ker(T) = {0}

Proof. Exercise. a

There is an important relationship between the dimensions of the kernel and
range of a given linear transformation.

Theorem 2.7.7. Let V be a finite-dimensional vector space, W another vector
space, and T : V. — W a linear transformation. Then

dim(R(T)) + dim(ker(T)) = dim(V).

Proof. The proof involves a standard technique in linear algebra known as com-
pleting a basis. Let {e1,...e,} be a basis for V. Then {T'(e1),...,T(e,)} spans
R(T), and so dim(R(T")) = r < n. We will assume for the remainder of the proof
that 1 < r < n, and leave the special cases r = 0, n to the reader.

Let {f],...,f]} be a basis for R(T"). There is a corresponding set

E={e],...e.} CV
such that T'(e}) = f/ for each ¢ = 1,...,r. The reader may check that E' must be
linearly independent.

Since r < n, we now “complete” E by adding (n —r) elements e}, ..., €], to
FE in such a way that first, the new set

’r ’ AN ’
E = {el,...,er,er+1,...,en}
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forms a basis for V, and second, that the set {e; PR ,e;} forms a basis
for ker(7T). We illustrate the first step of this process. Choose b,;1 ¢
Span{ej,...,e.}.Since {f], ..., £} isabasis for R(T), write T'(b,+1) = > a;f]
and define €., = b,;1 — > a;e}. Then the reader can verify that e;].; is still
independent of F and that T'(e]., ;) = 0, so e, ; € ker(T). Form the new set
EU {e; 11 } Repeated application of this process yields E’. We leave to the reader
the verification that {e/., ,,..., e/, } forms a basis for ker(T’). O

We will frequently refer to the dimension of the range of a linear transformation.
Definition 2.7.8. The rank of a linear transformation T : V' — W is the dimension
of R(T).

The reader can verify that this definition of rank matches exactly that of the rank
of any matrix representative of 7" relative to bases for V' and W.

The following example illustrates both the statement of Theorem 2.7.7 and the
notion of completing a basis used in the theorem’s proof.

Example 2.7.9. Let V be a vector space with dimension n and let W be a subspace
of V' with dimension r, with 1 < r < n. Let B’ = {ey,...e;} be a basis for W.

Complete this basis to a basis B = {ey,...,e,,e,y1,...,e,} for V.
We define a linear transformation Prp: g : V' — V as follows: For every vector
v € V, there are unique scalars vy, ..., v, such that v = vi;e; +- - - + v, e,. Define

PI‘B/,B(V) =v1e1 + -+ ve,.

We leave it as an exercise to show that Prps p is a linear transformation. Clearly
W = R(Prp:.p), and so dim(R(Prp/ g)) = r. Theorem 2.7.7 then implies that
dim(ker(Prp/ g)) = n—r, a fact that is also seen by noting that {e,1,...,e,}is
a basis for ker(Prp: p).

As the notation implies, the map Prp: g depends on the choices of bases B’ and
B, not just on the subspace W.

Note that this example generalizes the projection defined in Example 2.7.5
above.

Theorem 2.7.7 has a number of important corollaries for finite-dimensional
vector spaces. We leave the proofs to the reader.

Corollary 2.7.10. Let T : V. — W be a linear transformation between finite-

dimensional vector spaces. If T is one-to-one, then dim(V') < dim(W). If T' is
onto, then diim(V') > dim(W).

Note that this corollary gives another proof of Theorem 2.5.5.
As an application of the above results, we make note of the following corollary,
which has no parallel in the nonlinear context.

Corollary 2.7.11. Let T : V. — W be a linear transformation between vector
spaces of the same finite dimension. Then T is one-to-one if and only if T is
onto.
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2.8 The Dual of a Vector Space, Forms, and Pullbacks

This section, while fundamental to linear algebra, is not generally presented in a
first course on linear algebra. However, it is the algebraic foundation for the basic
objects of differential geometry, differential forms, and tensors. For that reason, we
will be more explicit with our proofs and explanations.

Starting with a vector space V', we will construct a new vector space V' *. Further,
given vector spaces V and W along with a linear transformation ¥ : V. — W, we
will construct a new linear transformation ¥* : W* — V™ associated to ¥.

Let V be a vector space. Define the set V* to be the set of all linear transforma-
tions from V' to R

V*={T:V — R| T is a linear transformation} .

Note that an element T' € V* is a function. Define the operations of addition and
scalar multiplication on V* pointwise in the manner of Example 2.1.4. In other
words, for 71, Ty € V*, define Ty + 1o € V* by (Th + T2)(v) = Th(v) + Ta(v)
forall v € V,and for s € Rand T' € V*, define sT € V* by (sT)(v) = sT(v)
forallveV.

Theorem 2.8.1. The set V'*, equipped with the operations of pointwise addition
and scalar multiplication, is a vector space.

Proof. The main item requiring proof is to demonstrate the closure axioms. Suppose
T1,T5 € V*. Then for every vi, vy € V, we have
(Tl + TQ)(Vl —+ VQ) = Tl(Vl + V2) + TQ(Vl + VQ)

= (T1(v1) + T1(v2)) + (Ta(v1) + T2(v2))

= (Th + T2)(v1) + (T1 + T2)(va).
We have relied on the linearity of 7} and 75 in the second equality. The proof that
(T1 + Tn)(ev) = e(T1 + To)(v) for every ¢ € R and v € V is identical. Hence
Th+T, e V™.

The fact that s77 is also linear for every s € R is proved similarly. Note that the
zero “vector” O € V* is defined by O(v) =0 forall v e V. O

The space V* is called the dual vector space to V. Elements of V'* are variously
called dual vectors, linear one-forms, or covectors.

The proof of the following theorem, important in its own right, includes a
construction that we will rely on often: the basis dual to a given basis.

Theorem 2.8.2. Suppose that V is a finite-dimensional vector space. Then

dim(V) = dim(V*).
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Proof. Let B = {eq,...,e,} be a basis for V. We will construct a basis of V*
having n covectors.

For ¢+ = 1,...,n, define covectors ¢; € V* by how they act on the basis B
according to Theorem 2.6.2: €;(e;) = 1 and ¢;(e;) = 0 for j # 4. In other words,
forv=uvie; + -+ v,€,,

gi(v) = ;.

We show that B* = {e1,...,&,} is a basis for V*. To show that B* is
linearly independent, suppose that cie; + - -+ + cpen, = O (an equality of linear
transformations). This means that forall v € V,

c1e1(v) 4+ -+ epen(v) = 0O(v) = 0.
In particular, foreach ¢ = 1, ..., n, setting v = e; gives

0= lel(ei) —+ -+ Cnan(ei)

= C;.

Hence B* is a linearly independent set.
To show that B* spans V*, choose an arbitrary 7' € V*,ie., T : V — Risa

linear transformation. We need to find scalars ¢y, ..., ¢, suchthat T = c1e1+- - -+
Cnén. Following the idea of the preceding argument for linear independence, define
ci =T(e;).

We need to show that forallv € V,
T(v) = (c1e1 4+ -+ cnen) (V).
Letv =v,e; + - -+ + v,€,. On the one hand,
T(v) =T(vie1+ -+ vp€;)

= vlT(el) —+ -+ vnT(en)

=vicy + -+ UnCp.
On the other hand,
(c1e1 4+ cpen) (V) =c1e1(v) + - + cnen(Vv)
=Cciv1 + -+ ChUy,.

Hence T' = cie1 + - - - + ¢pep, and B* spans V'*. O

Definition 2.8.3. Let B = {ej,...,e,} be a basis for V. The basis B* =
{e1,...,en} for V* where ¢; : V — R are linear transformations defined by
their action on the basis vectors as
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o= {1 =i
gile;) =
! 0 ifi#j,

is called the basis of V* dual to the basis B.
Example 2.8.4. Let By = {ey,...,e,} be the standard basis for R", i.e.,

e; = (0,...,0,1,0,...,0),

with 1 in the ith component (see Example 2.4.6). The basis B§ = {e1,...,e,} dual
to By is known as the standard basis for (R™)*. Note thatif v = (vy,...,v,), then
e;(v) = v;. In other words, in the language of Example 2.7.5, ¢; is the projection
onto the ¢th component.

We note that Theorem 2.6.1 gives a standard method of writing a linear
transformation 7' : R™ — R™ as an m x n matrix. Linear one-forms 7" € (R™)*,
T : R™ — R, are no exception. In this way, elements of (R™)* can be thought of
as 1 X n matrices, i.e., as row vectors. For example, the standard basis B in this
notation would appear as

[e1]=1[10---0],

[en]=1[00---1].

We now apply the “dual” construction to linear transformations between vector
spaces V' and W. For a linear transformation ¥ : V' — W, we will construct a new
linear transformation

[/ T VA VA
(Note that this construction “reverses the arrow” of the transformation ¥.)

Take an element of the domain 7" € W*, ie., T : W — R is a linear
transformation. We wish to assign to 7" a linear transformation S = ¥*(T") € V*.
In other words, given 7' € W*, we want to be able to describe amap S : V — R,
S(v) = (¥*(T))(v) for v € V, in such a way that S has the properties of a linear
transformation.

Theorem 2.8.5. Let W : V. — W be a linear transformation and let * : W* —
V* be given by
(1) (v) = T(¥(v))

forallT € W* andv € V. Then W* is a linear transformation.

The transformation ¥* : W* — V* so defined is called the pullback map
induced by ¥, and ¥*(T') is called the pullback of T by W.

Proof. The first point to be verified is that for a fixed 7' € W*, we have in fact
U*(T) € V*. In other words, we need to show that if 7' : W — R is a linear
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transformation, then ¥*(T") : V' — R is a linear transformation. For vy,vy € V,
we have

@H(T))(vi +va) = T(¥(v1 + v2))
T(W(v1) +¥(ve)) since ¥ is linear
(& (

T(W(v1)) +T(¥(va)) sinceT is linear

= (@HT)(v1) + (¥ (T))(v2).

—~

The proof that (¥*(T))(sv) = s(¥*(T))(v) for a fixed T and for any vector
v € V and scalar s € R is similar.

To prove linearity of ¥* itself, suppose that s € R and T" € W*. Then for all
velvV,

(@ (sT))(v) = (sT)(¥(v))
=sT(¥(v))

(
= s((T*(1))(v)),

and so ¥*(sT') = s¥*(T).
We leave as an exercise the verification that for all Ty, Ty € W*, W*(T} +T5) =
U*(Ty) + U*(Ts). O

Note that ¥*(T) = T o V. It is worth mentioning that the definition of the
pullback in Theorem 2.8.5 is the sort of “‘canonical” construction typical of abstract
algebra. It can be expressed by the diagram

v—2 . w
z,ﬁz " T
‘.
R

Example 2.8.6 (The matrix form of a pullback). Let ¥ : R3 — R? be given by
VU(z,y,2) = (2x+y—2z,2+3z)andlet T € (R?)* be given by T'(u,v) = u— 5v.
Then ¥*(T) € (R3)* is given by
(U T)(z,y,2) = T(¥(2,y,2))
=T2x+y—z,2+32)
=2z +y—2z)—5(x+3z2)
= -3z +y— 16z.



34 2 Linear Algebra Essentials

In the standard matrix representation of Theorem 2.6.1, we have
W] = E (1) 31], [T) = [1 —5]and @*T] = [-3 1 —16] = [T][¥].
Thus the pullback operation by ¥ on linear one-forms corresponds to matrix
multiplication of a given row vector on the right by the matrix of V.

This fact may seem strange to the reader who has become accustomed to linear
transformations represented as matrices acting by multiplication on the left. It
reflects the fact that all the calculations in the preceding paragraph were carried
out by relying on the standard bases in R™ and R™ as opposed to the dual bases for
(R™)* and (R™)*.

Let us reconsider these calculations, this time using the dual basis from Exam-
ple 2.8.4 and the more general matrix representation from the method following
Theorem 2.6.2. Using the standard bases By = {e1,e2} for (R?)* and B} =
{e},eh,e5} for (R3)*, where &1 = [1 0], e2 = [0 1],y = [1 0 0],
ey =1[0 1 0],ande} = [0 0 1], we note that ¥*(e1) = 2¢} + €}, — &} and
U*(gq) = €] + 3¢%. Hence

2 1
* T
14 ]B[’),BO =|1 of =[]
-1 3
Now, when the calculations for the pullback of T' = €; — 5e2 by ¥ are written
using the column vector [Tz = { 15] , we see that

(D)l g, =

0

Since the pullback of a linear transformation is related to the matrix transpose,
as the example illustrates, the following property is not surprising in light of the
familiar property (AB)T = BT AT

Proposition 2.8.7. Let ¥, : Vi — Vo and Wy : Vo — V3 be linear transformations.
Then
(U 0W)* =W oW,

Proof. LetT € V3" and choose v € V;. Then on the one hand,
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(P2 0Un)*(T)(v) =T (W2 0¥1)(v))

=T(Pa(¥1(v))),
while on the other hand,
(P10 W) (T)(v) = (1 (¥3(1)))(v)
= (U7 (T o¥2))(v)
= (T oW3) 0 ¥1)(v)

=TW((v). O
The construction of the dual space V* is a special case of a more general
construction. Suppose we are given several vector spaces Vi,..., V. Recall (see
Sect. 1.1) that the Cartesian product of V1, ..., Vj is the set of ordered k-tuples of
vectors

Vix-xVe={(vi,...,vg)|vi€V;foralli=1,...,k}.

Theset V =1V; x --- x V} can be given the structure of a vector space by defining
vector addition and scalar multiplication componentwise.

Definition 2.8.8. Let V7, ...,V and W be vector spaces. A function
T:Vix - xV, =W
is multilinear if it is linear in each component:

T(Xl +y,X2,...,Xk) :T(xhXQa"'vXk) +T(y7X2a"'7Xk)a

T(x1,X2,. .., Xp—1, Xk +y)=T (X1, X2, . . ., X1, Xp ) +T (X1, X2, ..., X1, ),
and
T(sx1,Xa,...,Xg) = sT(X1,X2,...,Xg),
T(x1,X2,...,8%;) = $T(X1,Xa,...,X).

In the special case that all the V; are the same and W = R, then a multilinear
function T : V' x --- x V — R is called a multilinear k-formon'V .

Example 2.8.9 (The zero k-form on V). The trivial example of a k-form on a vector
space V is the zero form. Define O(vy,...,vg) = 0 forall vy,...,vi € V. We
leave it to the reader to show that O is multilinear.
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Example 2.8.10 (The determinant as an n-form on R™). Define the map {2 : R™ x
.-+ xR"™ = Rby
N(ay,...,a,) =det A,

where A is the matrix whose columns are given by the vectors a; € R™ relative
to the standard basis: A = [a; - --a,]. The fact that (2 is an n-form follows from
properties of the determinant of matrices.

In the work that follows, we will see several important examples of bilinear
forms (i.e., 2-forms) on R".

Example 2.8.11. Let Gy : R™ x R™ — R be the function defined by
Go(x,y) = T1y1 + -+ + TnYn,

where x = (z1,...,2,)andy = (y1, ..., yn). Then Gy is a bilinear form. (Readers
should recognize G as the familiar “dot product” of vectors in R™.) We leave it as
an exercise to verify the linearity of Gy in each component. Note that Go(x,y) =
Go(y,x) forall x,y € R".

Example 2.8.12. Let A be an n X n matrix and let G be the bilinear form on R"
defined in the previous example. Then define G4 : R® x R™ = R by G4 (x,y) =
Go(Ax, Ay). Bilinearity of G 4 is a consequence of the bilinearity of G and the
linearity of matrix multiplication:

Ga(x1+x2,y) = Go(A(x1 + x2), Ay)
= Go(Ax1 + Axa, Ay)
= Go(Ax1, Ay) + Go(Axqa, Ay)
= Ga(x1,y) + Ga(x2,y),

and
Ga(sx,y) = Go(A(sx), Ay)

= Go(sAx, Ay)
= sGo(4x, Ay)
= SGA(X7 y)

Linearity in the second component can be shown in the same way, or the reader
may note that G4(x,y) = G4(y,x) forall x,y € R™.

Example 2.8.13. Define S : R? x R? — R by S(x,y) = 2192 — T2y1, where
x = (x1,22) and 'y = (y1,y2). For z = (21, 22), we have
S(x+z,y) = (1 + 21)y2 — (T2 + 22)01
= (21y2 — 2y1) + (21Yy2 — 2291)
=S(x,y) +5(z,y).
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Similarly, for every ¢ € R, S(cx,y) = ¢S(x,y). Hence S is linear in the first
component. Linearity in the second component then follows from the fact that
S(y,x) = —S(x,y) for all x,y € R?. This shows that S is a bilinear form.

Let V' be a vector space of dimension n, and letb : V' xV — R be a bilinear form.
There is a standard way to represent b by means of an n X n matrix B, assuming
that a basis is specified.

Proposition 2.8.14. Let V' be a vector space with basis € = {eq,...,e,} and let
b:V xV — R be a bilinear form. Let B = [b;;], where b;; = b(e;, e;). Then for
everyv,w € V, we have

b(v,w) = w! Bv,

where v and w are written as column vectors relative to the basis E.

Proof. On each side, write v and w as linear combinations of the basis vectors
e1,...,e,. The result follows from the bilinearity of b and the linearity of matrix
multiplication. a

This proposition allows us to study properties of the bilinear form b by means of
properties of its matrix representation B, a fact that we will use in the future. Note
that the matrix representation for G4 in Example 2.8.12 relative to the standard
basis for R™ is AT A.

Finally, the pullback operation can be extended to multilinear forms. We illustrate
this in the case of bilinear forms, although we will return to this topic in more
generality in Chap. 4.

Definition 2.8.15. Suppose T : V' — W is a linear transformation between vector
spaces V and W.Let B : W x W — R be a bilinear form on W. Then the pullback
of B by T is the bilinear form 7*B : V x V — R defined by

(T"B)(v1,v2) = B(T(v1), T (v2))

forall vi,vy € V.
The reader may check that 7* B so defined is in fact a bilinear form.

Proposition 2.8.16. Ler U, V, and W be vector spaces and let Ty : U — V and
T5 : V. — W be linear transformations. Let B : W x W — R be a bilinear form
on W. Then

Proof. The proof is a minor adaptation of the proof of Proposition 2.8.7. a

2.9 Geometric Structures I: Inner Products

There are relatively few traditional geometric concepts that can be defined strictly
within the axiomatic structure of vector spaces and linear transformations as
presented above. One that we might define, for example, is the notion of two vectors
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being parallel: For two vectors v, w in a vector space V', we could say that v is
parallel to w if there is a scalar s € R such that w = sv.

The notion of vectors being perpendicular might also be defined in a crude way
by means of the projection map of Example 2.7.9. Namely, a vector v € V could
be defined to be perpendicular to a nonzero vector w € V if v € ker Prp/ g, where
B’ = {w} and B is chosen to be a basis for V' whose first vector is w. This has
the distinct disadvantage of being completely dependent on the choice of basis B,
in the sense that a vector might be perpendicular to another vector with respect to
one basis but not with respect to another.

The reader should note that both these attempts at definitions of basic geometric
notions are somewhat stilted, since we are defining the terms parallel and perpen-
dicular without reference to the notion of angle. In fact, we have already noted that
in the entire presentation of linear algebra up to this point, two notions traditionally
associated with vectors—magnitude and direction—have not been defined at all.
These notions do not have a natural description using the vector space axioms alone.

The notions of magnitude and direction can be described easily, however, by
means of an additional mathematical structure that generalizes the familiar “dot
product” (Example 2.8.11).

Definition 2.9.1. An inner product on a vector space V' is a function
G : V x V — R with the following properties:

(I1) G is a bilinear form;

(12) Gissymmetric: Forallv,w € V,G(v,w) = G(w,V);

(I3) G is positive definite: For all v € V, G(v,v) > 0, with G(v,v) = 0 if and
only if v =0.

The pair (V, G) is called an inner product space.

We mention that the conditions (I1)—(I3) imply that the matrix A corresponding
to the bilinear form G according to Proposition 2.8.14 must be symmetric (A7 = A)
and positive definite (x” Ax > 0 for all x € R", with equality only when x = 0).

Example 2.9.2 (The dot product). On the vector space R", define Go(v,w) =
viwy + -+ + vawy,, where v.= (vq,...,v,) and w = (wq,...,w,). We saw
in Example 2.8.11 that G is a bilinear form on R"™. The reader may verify property
(I2). To see property (I3), note that Go(v,v) = v} + - -+ + v2 is a quantity that is
always nonnegative and is zero exactly whenv; = --- = v, =0, i.e., when v = 0.

Note that Example 2.9.2 can be generalized to any finite-dimensional vector
space V. Starting with any basis B = {ey,...,e,} for V, define Gg(v,w) =
vwy + -+ vpw,, where v=v1e; +--- +v,e, and w = wie; + -+ - + wpe,.
This function G p is well defined because of the unique representation of v and w
in the basis B. This observation proves the following:

Theorem 2.9.3. Every finite-dimensional vector space carries an inner product
structure.
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Of course, there is no unique inner product structure on a given vector space.
The geometry of an inner product space will be determined by the choice of inner
product.

It is easy to construct new inner products from a given inner product structure.
We illustrate one method in R", starting from the standard inner product in
Example 2.9.2 above.

Example 2.9.4. Let A be any invertible n X n matrix. Define a bilinear form G 4
on R™ as in Example 2.8.12: G4(v,w) = Go(Av, Aw), where Gy is the standard
inner product from Example 2.9.2. Then G 4 is symmetric, since G is symmetric.
Similarly, G 4(v,v) > 0 for all v. € V because of the corresponding property of
Go. Now suppose that G4(v,v) = 0. Since 0 = G4(v,v) = Go(Av, Av), we
have Av = 0 by property (I3) for G. Since A is invertible, v = 0. This completes
the verification that G 4 is an inner product on R"™.

To illustrate this construction with a simple example in R?, consider the matrix

A= ﬁ _01] . Then if v = (v1,v9) and w = (wq, w2), we have

Ga(v,w) = Go(Av, Aw)
= Go((2v1 — va,v1), 2wy — wa, wy))
= (201 — v2)(2w1 — w2) + V1wy
= 51]1101 - 21)111)2 - 2’[)2’11)1 —+ Vowa.
Note that the matrix representation for G 4 as described in Proposition 2.8.14 is
given by AT A.

An inner product allows us to define geometric notions such as length, distance,
magnitude, angle, and direction.

Definition 2.9.5. Let (V, G) be an inner product space. The magnitude (also called
the length or the norm) of a vector v € V is given by

VIl = G(v,v)"/2.

The distance between vectors v and w is given by

d(v,w) = ||v - w|| = G(v —w,v —w)/2
To define the notion of direction, or angle between vectors, we first state a
fundamental property of inner products.

Theorem 2.9.6 (Cauchy-Schwarz). Let (V,G) be an inner product space. Then
forallv,.w eV,
G(v, w)| < [Iv]] - [[w]].
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The standard proof of the Cauchy—Schwarz inequality relies on the non-intuitive
observation that the discriminant of the quadratic expression (in t) G(tv + w,tv +
w) must be nonpositive by property (I3).

Definition 2.9.7. Let (V,G) be an inner product space. For every two nonzero
vectors v, w € V, the angle /¢ (v, w) between v and w is defined to be

Zotv,w) =cos™t (S0,

Note that this definition of angle is well defined as a result of Theorem 2.9.6.

As a consequence of this definition of angle, it is possible to define a notion of
orthogonality: Two vectors v,w € V are orthogonal if G(v,w) = 0, since then
Za(v,w) = 7/2. The notion of orthogonality, in turn, distinguishes “special” bases
for V and provides a further method for producing new subspaces of V' from a given
set of vectors in V.

Theorem 2.9.8. Let (V,G) be an inner product space with dim(V) = n > 0.
There exists a basis B = {uy, ..., u,} satisfying the following two properties:

(01) Foreachi=1,...,n, G(u;,u;) =1;
(02) Foreachi # j, G(u;,u;) = 0.

Such a basis is known as an orthonormal basis.

The reader is encouraged to review the proof of this theorem, which can be found
in any elementary linear algebra text. It relies on an important procedure, similar in
spirit to the proof of Theorem 2.7.7, known as Gram—Schmidt orthonormalization.
Beginning with any given basis, the procedure gives a way of constructing a new
basis satisfying (O1) and (O2). In the next section, we will carry out the details of
an analogous procedure in the symplectic setting.

As with bases in general, there is no unique orthonormal basis for a given inner
product space (V, G).

We state without proof a kind of converse to Theorem 2.9.8. This theorem is
actually a restatement of the comment following Example 2.9.2.

Theorem 2.9.9. Let V be a vector space and let B = {e1, ..., e, } be a finite basis
for V. Define a function G g by requiring that

U oifi—
GB(eivej):{O Z:z#j

and extending linearly in both components in the manner of Theorem 2.6.2. Then
G p is an inner product.

For any vector v in an inner product space (V,G), the set W of all vectors
orthogonal to v can be seen to be a subspace of V. One could appeal directly to
Theorem 2.2.2 (since O € W), or one could note that I is the kernel of the linear
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transformation 4y, : V' — R given by iy (w) = G(v, w). More generally, we have
the following:

Theorem 2.9.10. Let S be any nonempty set of vectors in an inner product space
(V,G). The set S* defined by
St ={weV|ForalveS, G(v,w) =0}

is a subspace of V.
Proof. Exercise. a
The set S+ is called the orthogonal complement to S.
Example 2.9.11. Let S = {v} C R3, where v = (a,b,c) # 0. Let Gy be the
standard inner product on R? (see Example 2.9.2). Then
St ={(z,y,2) | ax + by + cz = 0} .
See Example 2.2.4.

Example 2.9.12. Let A = E _01} and let G 4 be the inner product defined on R?

according to Example 2.9.4. Let v = (1,0), and let S = {v}. Then the reader may
verify that
SL = {(w1,w2) | 511}1 — 2’(1)2 = 0},

which is spanned by the set {(2,5)}. See Fig. 2.3.

Theorem 2.9.13. Let (V,G) be an inner product space. Let S be a finite subset of
V and let W = Span(S). Then W+ = S+.

Proof. Let S = {wy,...,wy}. Take a vector v € W+, so that G(w, v) = 0 for all
w € W. In particular, since S C W, for each w; € S, G(w;,v) = 0.Sov € S+
and W+ c St

Now take a vector v € S*. Let w € W, so that there are scalars c1, . . ., ¢, such
that w = ¢;wy + - - - + ¢ Wi. Relying on the linearity of G in the first component,

we obtain
G(w,v)=G(e1wy + - + cp W, V)

=G(eywy,v) + - + G(cpwg, V)
= ClG(Wl,V) + -+ CkG(Wk,V)
=0, sincev € S+.

Hence v € W+, andso S+ c W+.
Together, these two statements show that Wt =g+, O

Corollary 2.9.14. Let B be a basis for a subspace W C V. Then W+ = B+,
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Fig. 2.3 The orthogonal complement to {(1,0)} relative to G in Example 2.9.12.

The following theorems discuss the relationship between a vector subspace W
and its orthogonal complement W=,

Theorem 2.9.15. Let W be a subspace of an inner product space (V,G). Then
Wnw = {0}.

Proof. Exercise. a

Theorem 2.9.16. Let W be a subspace of a finite-dimensional inner product space
(V,G). Then
dim(W) + dim(W=) = dim(V).

Proof. Consider the map S : V. — W™ given by S(v) = iy, where for every

w € W, iy(w) = G(v,w). The reader can check that S is a linear transformation,

that ker S = W, and that S is onto. The result then follows from Theorem 2.7.7.
O

We now turn our attention to linear transformations of an inner product space
that preserve the additional inner product structure.

Definition 2.9.17. Let (V1, G) be an inner product space. A linear transformation
T : V — Vis alinear isometry if for all v,.w € V, G(T(v),T(w)) = G(v,w).
Stated in the language of Sect. 2.8, T is a linear isometry if 7*G = G.

Note that a linear isometry preserves all quantities defined in terms of the inner
product: distance, magnitude, the angle between vectors, and orthogonality.
The reader may verify the following property of linear isometries.
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Proposition 2.9.18. Let (V,G) be an inner product space. If T1,T» are linear
isometries of V, then Ty o T is also a linear isometry.

The following theorem, which we state without proof, gives a matrix characteri-
zation of linear isometries.

Theorem 2.9.19. Let (V,G) be a finite-dimensional inner product space with
dim(V) =n > 0, and let T : V — V be a linear isometry. Then the matrix
representation A = [T] of T relative to any orthonormal basis of V satisfies
AT A = I,,, where I, is the n x n identity matrix.

A matrix with the property that AT A = I, is called an orthogonal matrix.

Corollary 2.9.20. Let T : V. — V be a linear isometry of a finite-dimensional
inner product space (V, Q). Then det(T') = %1. In particular, T is invertible.

Proposition 2.9.21. Let (V, G) be a finite-dimensional inner product space, and let
T :V — V be a linear isometry. Then its inverse T is also a linear isometry.

Proof. Assuming T is a linear isometry, apply Proposition 2.8.16 to G = (Id)*G =
(T o T71)*G and use the assumption that T*G = G. O

We conclude this section with an important technical theorem, a consequence of
the positive definite property of inner products. Recall that V' and V* have the same
dimension by Theorem 2.8.2, and so by Corollary 2.6.5, the two vector spaces are
isomorphic. A choice of an inner product on V', however, induces a distinguished
isomorphism between them.

Theorem 2.9.22. Let G be an inner product on a finite-dimensional vector space
V. For every v € V, define iy, € V* by iy(w) = G(v,w) for w € V. Then the
function

SV V*

defined by ®(v) = iy, is a linear isomorphism.

Proof. The fact that @ is linear is a consequence of the fact that GG is bilinear. For
example, for v € V and s € R, #(sv) = igy, and so forall w € V, iy (w) =
G(sv,w) = sG(v,w) = siy(w). Hence is, = siy, and so &(sv) = sP(v).
Likewise, ®(v + w) = &(v) + &(w) forall v,w € V.

To show that @ is one-to-one, we show that ker(®) = {0}. Let v € ker(®). Then
&(v) = O, ie., G(v,w) = 0 for all w € V. In particular, G(v,v) = 0, and so
v = 0 by positive definiteness. Hence ker($) = {0}, and so by Theorem 2.7.6, &
is one-to-one.

The fact that @ is onto now follows from the fact that a one-to-one linear map
between vector spaces of the same dimension must be onto (Corollary 2.7.11).
However, we will show directly that ¢ is onto in order to exhibit the inverse
transformation @1 : V* — V.

Let T € V*. We need to find v € V such that &(vy) = T. Let {uy,...,u,}
be an orthonormal basis for (V, G), as guaranteed by Theorem 2.9.8. Define ¢; by
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¢; = T(u;), and define v = cju; + -+ - + ¢, u,. By the linearity of G in the first
component, we have &(vr) = T, or, what is the same, vz = &~ 1(T'). Hence & is
onto. |

The reader should notice the similarity between the construction of #~! and the
procedure outlined in the proof of Theorem 2.8.2.

The fact that the map & in Theorem 2.9.22 is one-to-one can be rephrased by
saying that the inner product G is nondegenerate: If G(v,w) = 0 forallw € V,
then v = 0. We will encounter this condition again shortly in the symplectic setting.

2.10 Geometric Structures II: Linear Symplectic Forms

In this section, we outline the essentials of linear symplectic geometry, which will
be the starting point for one of the main differential-geometric structures that we
will present later in the text. The presentation here will parallel the development
of inner product structures in Sect. 2.9 in order to emphasize the similarities and
differences between the two structures, both of which are defined by bilinear forms.
We will discuss more about the background of symplectic geometry in Chap. 7.

Unlike most of the material in this chapter so far, what follows is not generally
presented in a first course in linear algebra. As in Sect. 2.8, we will be more detailed
in the presentation and proof of the statements in this section.

Definition 2.10.1. A linear symplectic form on a vector space V is a function w :
V x V — R satisfying the following properties:

(S1) wis abilinear form on V;

(S2) w is skew-symmetric: Forall v,w € V, w(w,v) = —w(v,w

(S3) wisnondegenerate: If v € V has the property that w(v, w) =
then v = 0.

)
Oforallw € V,

The pair (V,w) is called a symplectic vector space.

Note that the main difference between (S1)—(S3) and (I1)—(I3) in Definition 2.9.1
is that a linear symplectic form is skew-symmetric, in contrast to the symmetric
inner product. We can summarize properties (S1) and (S2) by saying that w is an
alternating bilinear form on V. We will discuss the nondegeneracy condition (S3)
in more detail below. Note that in sharp contrast to inner products, w(v,v) = 0 for
all v € V as a consequence of (S2).

Example 2.10.2. On the vector space R2, define wy(v,w) = wviwy — vowy,
where v. = (v1,v2) and w = (wy,ws). The reader may recognize this as the
determinant of the matrix whose column vectors are v, w. That observation, or
direct verification, will confirm properties (S1) and (S2). To verify (S3), suppose
v = (v1,vq) is such that wo(v,w) = 0 for all w € RZ. In particular,
0 = wo(v,(1,0)) = (v1)(0) — (1)(v2) = —wv2, and so v2 = 0. Likewise,
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Fig. 2.4 The standard symplectic form on R2.

0 = wo(v,(0,1)) = v;. Together, these show that v = 0, and so (S3) is satisfied.
In this case, wy measures the oriented area of the parallelogram defined by two
vectors. See Fig. 2.4.

Example 2.10.3. Generalizing Example 2.10.2, consider the Euclidean vector space
R?". Define the function

wo(v,w) = (art1 —bis1) + -+ (antn — bnsy),

where v = (a1,b1,...,a,,b,) and w = (s1,t1,..., Sy, t,). The verification that
wp 1s a symplectic form proceeds exactly as in Example 2.10.2; it will be called the
standard symplectic form on R*". Similarly, the pair (R?",wy) will be called the
standard symplectic vector space.

Before proceeding to more examples, we immediately prove in detail a conseq-
uence of the existence of a linear symplectic form on a finite-dimensional vector
space: The dimension of a symplectic vector space must be even. In other words,
there can be no linear symplectic form on an odd-dimensional vector space. This
is the first significant difference between symmetric and skew-symmetric bilinear
forms.

Theorem 2.10.4 below should be read alongside Theorems 2.9.3 and 2.9.8, which
show that every finite-dimensional vector space carries an inner product, to which
correspond distinguished orthonormal bases.

Theorem 2.10.4. Let (V,w) be a finite-dimensional symplectic vector space. Then
V has a basis {e1, 1y, ..., ey, £, } with the following properties:

(SO1) w(e;,f;)=1foralli=1,...,n;
(S02) w(e;,ej) =0foralli,j=1,...,n;
(S03) w(f;,f;) =0foralli,j=1,...,n;

(SO4) w(e;,f;) =0fori#j.

In particular, the dimension of V' is even.
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Proof. The inductive process of constructing a basis with properties (SO1)—(SO4)
is a modified version of the Gram—Schmidt orthonormalization process that is at the
heart of the proof of Theorem 2.9.8. The reader should also compare the technique
here with the technique in the proof of Theorem 2.7.7.

Choose any nonzero v € V and define e; = v. Since e; # 0, property
(S3) of the symplectic form guarantees the existence of a vector wj such that
w(er,wi) = ¢1 # 0. Define f; = (1/c¢1)wy. By the bilinearity condition (S1),
we have w(ey, f;) = 1. Note also that {e;, f; } is a linearly independent set, since
otherwise, by Theorem 2.4.3 we would have a scalar s such that f; = sep, and so
by (S2), w(e1, f1) = 0, contradicting the definition of f;. Further, by (S2), we have
w(er,e1) = w(fy, f1) = 0, and so the set {ey, f; } satisfies properties (SO1)—(SO4).

Now suppose we have constructed k pairs of linearly independent vectors

Bk = {e17f17"';ekhfk}

satisfying (SO1)—(SO4). If Span(By) = V, then By, is the desired basis and we are
done.
If Span(By) C V, then there is a nonzero vector v ¢ Span(Bjy). Define

k

k
€r+1 = Vil — E wW(Vit1, £ E w(ej, viy1)f
j=1 j=1

Note that e41 # 0, since otherwise vj; would be a linear combination of vectors
in By, contradicting the definition of v, ;. Since w is bilinear, we have for each
1=1,..., k that

k k
wW(€kt1,€;)=w(Vit1,€;)— § W(Vit1, £)w(e;, e;)— § w(ej, viy1)w(f;, e;)
Jj=1 j=1

= w(Vgt1,€;) —w(e;, viir1)w(fi, e;) by the inductive hypothesis

= w(Vgt1,€i) —w(Vii1,€;) by the inductive hypothesis, (S2)

I
o

and similarly,

k k
w(ekt1, ;) = w(visr, f; E WV, )w(e;, £ g w(ej, vit1)w(f;, £)

= w(Vit1, i) — w(Vigr, £i)

=0.
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Now, by property (S3), there is a vector w41 such that w(egi1, Wit1) =
ck+1 # 0. Note that w1 cannot be in Span(By,), since otherwise, the previous
calculations would imply that w(ekq1, Wr4+1) = 0. Define further

k

k
Upr1 = Wil — E (Wk+17 E w ej,Wk+1
j=1 j=1

Again we have ug1 # 0, since if ugy1 = 0, then w11 € Span(Byg).

Let fr 11 = (1/¢k+1)up41, which makes w(eyt1, fr+1) = 1. Asin the preceding
argument, ;1 ¢ Span(Bj U {ex+1}). Properties (SO3) and (SO4) about f;., ; are
proved in the same way as the analagous properties were derived above for e .
Hence, defining Byy1 = By U {€g+1,fr+1}, we have a linearly independent set
satisfying properties (SO1)—(SO4). But since V is finite-dimensional, there must be
an n such that V' = Span(B,,), which completes the proof. O

Note that this proof relies in an essential way on the nondegeneracy condition
(S3) of w. We will see another proof of this result below in Theorem 2.10.24.

A basis of a symplectic vector space (V,w) satisfying (SO1)-(SO4) is called a
symplectic basis for V.

For example, for the standard symplectic space (R?",wy), the set

BO = {elvflv"'aenafn} (22)
given by

= (1,0,0,0,...,0,0),
f1:(0,1,0,0,...,0,0),

e, = (0,0,...,0,0,1,0),
£, = (0,0,...,0,0,0,1),

is a symplectic basis. We will call By the standard symplectic basis for (R*",wp).

As in the case of orthonormal bases for an inner product space, there is no unique
symplectic basis for a given symplectic vector space (V,w).

The following is another indication of the importance of the nondegeneracy
condition (S3) of Definition 2.10.1. It gives further evidence of why (S3) is the
correct symplectic analogue to the inner product positive definite condition (I3) in
Definition 2.9.1.

Theorem 2.10.5. Let (V,w) be a finite-dimensional symplectic vector space. The
map ¥ : V. — V* defined by W(v) = iy, € V* forall v € V, where iy(w) =
w(v,w) forw €V, is a linear isomorphism.
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W=W%Yo

Fig. 2.5 Symplectic orthogonality in (R?, wp); see Example 2.10.8.

The proof exactly parallels the proof of Theorem 2.9.22.

The geometric consequences of the existence of a symplectic structure are quite
different from those of an inner product structure. There is no sense, for example,
of the length of a vector or of the angle between two vectors; it is enough to recall
again that w(v,v) = 0 for all v € V. There is, however, a notion corresponding to
the inner product notion of orthogonality.

Definition 2.10.6. Let (V,w) be a symplectic vector space. Two vectors v,w € V/
are called w-orthogonal (or skew-orthogonal) if w(v,w) = 0.

In contrast to inner product orthogonality, as noted earlier, every vector is w-
orthogonal to itself. This consequence of the skew-symmetry of w is in marked
contrast to the symmetric case; compare, for example, to Theorem 2.9.10.

Following the idea of Sect. 2.9, we have the following:

Theorem 2.10.7. Let S be a set of vectors in a symplectic vector space (V,w). The

set
SY={w eV |foralveS wv,w)=0}

is a subspace of V.
Proof. Exercise. a

The set S“ is called the w-orthogonal complement to S.

Example 2.10.8. Let S = {v} C R?, where v = (a,b) # 0. Let wy be the
standard linear symplectic form on R?. Then S0 = {(sa, sb) | s € R}. Indeed,
if (z,y) € S“°, then wo((a, b), (:c,y)) = ay — bz = 0. Hence ay = bx, and since
either a or b is not 0, we can write (for example if a # 0) y = (b/a)x, and so
(z,y) = (z,(b/a)z) = (z/a)(a,b). In fact, if W = Span(S), then W = W<o,
See Fig. 2.5.
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Example 2.10.9. Let S = {v} C (R*, wy), where v = (1,2,3,4). Then

Swo = {(xlaythayQ) ‘ wo((1727374)3 (:El’yth’yQ)) = O}
= {(@1,91,22,92) | — 221 +y1 — 4wz + 3y = 0}

We can also write
S« = {(s,2s + 4t — 3u,t,u) | s,t,u € R},

so the set {(1,2,0,0), (0,4,1,0),(0,—3,0,1)} is a basis for S“°.

The following theorems parallel the corresponding results for inner product
spaces.

Theorem 2.10.10. Let S be a finite set of vectors in a symplectic vector space
(V,w) and let W = Span(S). Then W¥ = S¥.

Proof. The proof follows mutatis mutandis that of Theorem 2.9.13. O
Corollary 2.10.11. Let B be a basis for a subspace W C V. Then W* = B“.

Despite the significant differences between the notions of orthogonality and
w-orthogonality, Theorem 2.9.16 concerning the dimension of the orthogonal
complement has a direct parallel in the symplectic setting.

Theorem 2.10.12. Let W be a subspace of a finite-dimensional symplectic vector
space (V,w). Then
dim(W) + dim(W*) = dim(V).

Proof. Let k = dim(W). Note that if ¥ = 0, then W* = V, and the conclusion of
the theorem trivially holds.

If £ > 1, we rely on the isomorphism ¥ : V' — V* given by ¥(v) = i of
Theorem 2.10.5, where iy, : V — R is defined to be Ty, (w) = w(v, w). Consider
the map S : V' — W* given by S(v) = ¥(v)|w. On the one hand, S is onto. To
see this, let B = {w1,..., Wa,} be a basis for V such that {w, ..., wy} is a basis
for W. For any o« € W*, define @ € V*tobe &(v) = cra(wq) + - - - + cra(wy),
where we are writing v = ¢y w1 +- - - + ¢, Wo,, according to the basis B. The reader
can check that @ € V*; in fact, @ = a o Pr, where Pr : V' — W is the projection
onto W relative to the bases chosen above, defined in Example 2.7.9. Let v, € V
be such that ¥(v,,) = &. Then S(v,) = «, and so S is onto.

In addition, practically by definition,

kerS={veV|W(v))(w)=0forallw e W}

={veV|wlv,w)=0forallw e W}
=W,
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We thus rely on Theorem 2.7.7:
dim(V) = dimker S + dim R(S) = dim W* + dim W* = dim W* + dim W,
the last equality due to Theorem 2.8.2. a

The analogue of Theorem 2.9.15 about the trivial intersection of W with W+
does not always hold in a symplectic vector space. In fact, we can identify a
number of possible relationships between a subspace W and its w-orthogonal
complement W¢.

Definition 2.10.13. Let W be a subspace of a symplectic vector space (V,w). Then
W is called

e isotropic if W C W%,

* coisotropic if W C W,

* Lagrangian if W = W%,

o symplectic if W N W« = {0}.

Proposition 2.10.14. Let W be a subspace of the symplectic vector space (V,w)
with dim V' = 2n. Then

o If W is isotropic, then dim W < n.

o If W is coisotropic, then dim W > n.

o IfW is Lagrangian, then dim W = n.

o IfW is symplectic, then dim W = 2m for some m < n.

Proof. The first three statements are corollaries of Theorem 2.10.12. For example,
if W is isotropic, then dim W < dim W« and so if dim W > n, then dim V' > 2n,
a contradiction.

To prove the last statement, note that the symplectic condition amounts to saying
that w is nondegenerate on W: If not, then there is a wy € W having the property
that wg # 0 and w(wg, w) = 0 for all w € V. But this means that wg € W<,
contradicting the assumption that W is symplectic.

Because w is nondegenerate on W, we can apply the argument of the proof of
Theorem 2.10.4 to construct a symplectic basis for W that necessarily has an even
number of elements, as claimed. O

Example 2.10.15 (Examples of w-orthogonal complements). The subspace W; =
Span(S) C R2, where S is the set in Example 2.10.8, is Lagrangian; note that this
means it is both isotropic and coisotropic.

The subspace Wy = Span(S) C R*, where S is the set in Example 2.10.9, is
isotropic.

If (V,w) is a symplectic vector space and {ey,f,...,e,,f,} is a symplectic
basis for V, then every subspace W5 = Span({ey,fi,..., e, fi}) where 1 < k <
n is a symplectic subspace of V.

As with inner product spaces, a linear symplectic form on a vector space (V,w)
distinguishes special linear transformations on V/, namely those that preserve the
symplectic structure.
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Definition 2.10.16. Let (V,w) be a symplectic vector space. A linear transfor-
mation T : V. — V is a linear symplectomorphism (or a linear symplectic
transformation) if for all v,w € V we have w(T'(v),T(w)) = w(v,w). In the
language of Sect. 2.8, T’ is a linear symplectomorphism if 7w = w.

We list here some basic properties of linear symplectomorphisms.

Proposition 2.10.17. Let (V,w) be a finite-dimensional symplectic vector space.
Then:

o IfT1,T5 : V. — V are linear symplectomorphisms, then T, o T is also a linear
symplectomorphism.

e IfT : V — V is a linear symplectomorphism, then T has an inverse T,
Moreover, T~' is a linear symplectomorphism.

Proof. The reader should refer to Proposition 2.8.16 on the pullback of the
composition of linear maps.
The first statement follows immediately from the fact that

(T oY) 'w =T7 (Tyw).

To prove the second statement, we will show that ker(T') = {0}; by Theo-
rem 2.7.6, this means that 7" is one-to-one, and so by Corollary 2.7.11, T' is also
onto.

To do this, suppose v € ker(T') and assume v # 0. By the nondegeneracy
of w, there exists a vector w such that w(v,w) # 0. But since T is a linear
symplectomorphism,

wv,w) = (T"w)(v,w)
= w(T(v),T(w))
=0 sincev € kerT,

a contradiction. Hence ker(T") = {0}, proving the claim. So T is invertible with
inverse T1. That T~ ! is itself a linear symplectomorphism follows from the fact
that

w=Id)'w=(ToT 'w=(T"YH(Tw) = (T"")*w,

assuming that 7" is a linear symplectomorphism. ad

Linear symplectomorphisms can be characterized in terms of the concept of a
symplectic basis.

Theorem 2.10.18. Let (V,w) be a symplectic vector space with dimension
dimV = 2n and symplectic basis {e1,f1,...,e, £}, If T : V. — Visa
linear symplectomorphism, then

{T'(e1), T(f1),...,T(e,), T(f,)}

is also a symplectic basis for V.
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Conversely, suppose that
B = {el,fl, . ,en,fn}
and
B/ - {ulavh ) u’ruvn}

are two symplectic bases for (V,w) and T : V' — V is the linear isomorphism
defined (according to Theorem 2.6.2) by T'(e;) = w; and T'(f;) = v;. Then T is a
linear symplectomorphism.

Proof. The first statement follows from the fact that
w(T'(v),T(w)) = (T"w)(v,w) = w(v, w),

assuming that 7" is a linear symplectomorphism.
To prove the converse, note that if vectors v and w are written according to the
symplectic basis B, i.e.,

VvV = Z(siei + ttfl)7 W = Z(aiei + bifi)7
then a calculation shows that
w(v,w) = Z(Szbl — tiai).

This calculation holds for any symplectic basis. In particular, we have
(T*w)(v,w) = w(T(v),T(W)) = > (sibi — tia;) = w(v,w). O

Proposition 2.10.19. If T is a linear symplectomorphism of (V,w) and v, w are
w-orthogonal, then so are T(v), T (w).

Proof. Exercise. a

We turn now to the matrix representation of the standard symplectic form wg on
R?2". This case in fact covers the matrix representation for any linear symplectic
form on a symplectic vector space (V,w), as long as vectors are represented in
components relative to a symplectic basis.

Recall that the standard symplectic basis By for (R?",wq) was described above,
following Theorem 2.10.4. Writing vectors v, w as column vectors relative to By,
the reader can verify using Proposition 2.8.14 that

wo(v,w) = wlJv,

where, using block matrix notation,
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o O ---0

O Jo - O I 0—1
oo ol T oltol
O --- 0 J

The matrix J, representing the standard symplectic form, also allows a matrix
characterization of a linear symplectomorphism.

Theorem 2.10.20. Let T : R?™ — R?" be a linear transformation. Then T is
a linear symplectomorphism of (R*",wy) if and only if its matrix representation
A = [T] relative to the standard symplectic basis satisfies

ATJA = J.

Proof. The condition that T*wy = wy means that for all v,w € R?", wo(T'(v),
T(w)) = wo(v, w). But, in matrix notation,

wo(T(v), T(w)) = (Aw)T J(Av) = wl (AT JA)v,
while wy (v, w) = w’'Jv. Hence T*wy = wy is equivalent to the matrix equation
ATJA = J. 0

A 2n x 2n matrix satisfying the condition that ATJA = J will be called a
symplectic matrix. We write Sp(2n) to denote the set of all 2n x 2n symplectic
matrices. A number of properties of symplectic matrices will be explored in the
exercises. The following theorem indicates only the most important properties.

Theorem 2.10.21. Let A € Sp(2n). Then:

1. A s invertible;
2. AT € Sp(2n);
3. A= € Sp(2n).

Proof. In light of Theorem 2.10.20, statements (1) and (3) are in fact corollaries
of Proposition 2.10.17. However, we prove the statements here using matrix
techniques.

Suppose A € Sp(2n), i.e., AT JA = J. Then since det J = 1, we have

1=detJ
= det(ATJA)
= (det A)?,

and so det A = +1 # 0. Hence A is invertible.
Since J~! = —J and J? = —1I, and using the fact that AT JA = .J, we have

JATJA=J% = —
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which shows that
—JAT = (JA) P =A"1g = A7
and hence AJAT = (AT)TJ(AT) = J.So AT € Sp(2n).
We leave the proof of (3) as an exercise. O

We saw in the context of the preceding proof that the determinant of a symplectic
matrix is £1. In fact, a stronger results holds.

Theorem 2.10.22. If A € Sp(2n), then det(A) = 1.

We will defer the proof, however, to Chap. 7. We will ultimately rely on the tools
of exterior algebra that we present in Chap. 3.
The following statement concerns the eigenvalues of a symplectic matrix.

Theorem 2.10.23. Suppose X is an eigenvalue of the symplectic matrix A €
Sp(2n) with multiplicity k. Then 1/, A\, and 1/ are also eigenvalues of A with
multiplicity k. (Here X is the complex con]ugate of \.)

Proof. Consider the characteristic polynomial p(z) = det(A — xI); note that 0
cannot be a root, since then A would not be invertible. It is always the case that Ais
aroot of p if \ is, since p is a real polynomial, and that the multiplicities of A and X
are the same.

For every nonzero x, we have the following:

p(z) = det(A — 1)
=det(J(A—al)J 1)
— det(JAJ L — &)

=det((A™Y)T —2I) since ATJA=J
(A~ —2n)T)
=det(A™! —xI)

= det(A™*(I — zA))
= det(A™") det(I — zA)
= det(I — zA) by Theorem 2.10.22

1
= 22" det (I — A)
x
1
=z2"p <> )
T

This shows that if ) is a root of p, then so is 1/ (and hence 1/ also).

(
(J(
(
(
= det(
(
(
(
(1
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Now assume that X is a root of the characteristic polynomial p with multiplicity
k, so that

p(z) = (z = N)*q(x)
for some polynomial ¢ satisfying g(\) # 0. But then for 2 # 0 we have

1
p(z) = 2°"p <x) by the above calculation

()

Hence, since ¢(\) # 0, we have that 1/ is a root of p with multiplicity k. O

We will have occasion to consider the case of a vector space V that has
both a symplectic linear form and an inner product. Unfortunately, the Gram—
Schmidt methods of Theorems 2.9.8 and 2.10.4 are not compatible, in the sense
that they cannot produce a basis that is simultaneously symplectic and orthogonal.
Nevertheless, it is possible to construct such a basis by resorting to techniques
particular to complex vector spaces—vector spaces whose scalars are complex
numbers.

For basic results about complex vector spaces, the reader may consult any
textbook in linear algebra, for example [2]. In the proof of the following theorem,
Hermitian matrices will play a prominent role. A Hermitian matrix A is a square
(n x n) matrix with complex entries having the property that

A= (A"

where the bar represents componenentwise complex conjugation. The most impor-
tant property of Hermitian matrices for our purposes is that they have n linearly
independent (over C) eigenvectors that are orthonormal with respect to the standard
Hermitian product (x,y) = %'y and whose corresponding eigenvalues are real.

Theorem 2.10.24. Let (V,w) be a symplectic vector space with dimV = 2n.
Suppose that G is an inner product on V. Then there is a symplectic basis

B = {ﬁla{’h e 7ﬁn7{’n}
that is also G-orthogonal, i.e.,
G(u;,vig) =0 foralljk=1,...,n; Gj,0x) =G(V;,Vi) =0 forj#Ek.

Moreover, the basis can be chosen so that G(uj,0;) = G(V;,V;) for all j =
1,...,n.



56 2 Linear Algebra Essentials

Proof. We begin with an orthonormal basis
Bl = {el, . ,egn}

of V relative to GG, which exists according to Theorem 2.9.8. Let A be the 2n x 2n
matrix defined by the symplectic form w relative to B’ as follows:

w(v,w) =G(v, Aw)

forall v,w € V. We write A = [a;z], Where a;, = w(e;, ex). Due to the skew-
symmetry of w, the matrix A is skew-symmetric: A7 = —A.

Throughout this proof, we will consider vectors v,w to be column vectors
written using components relative to the basis /3’. In particular,

G(v,w) =viw,
andw(v,w) = vl Aw.
The skew-symmetry of A implies that the 2n x 2n matrix A with purely

imaginary entries ia, is Hermitian:

(ﬁ)T = (—iA)"  since the entries of i A are purely imaginary

= —iA"

—i(—A) since A is skew-symmetric
=1iA.
Since w is nondegenerate, A must be invertible, and hence the eigenvalues of A
are nonzero. By the property of Hermitian matrices mentioned above, there are in
fact 2n linearly independent eigenvectors of i A that are orthonormal with respect to

the Hermitian product and with real corresponding eigenvalues. In fact, the reader
can verify that the eigenvectors of 44 occur in pairs

yl7?17"'7}’n7yn

(these are vectors with complex components, and the bar represents componenent-
wise complex conjugation). The corresponding eigenvalues will be denoted by

M1, =M1y« -5 ny —Hn-

The orthonormality is expressed in matrix notation as

L, j=k,

=T _ 5T _
Yiyr=0; =
S {07 itk
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Note that since (14)y; = p;y;, we have Ay; = (—ip;)y;; in other words,
the eigenvalues of A are +ip;. For each j = 1,...,n, we choose pairs \; and
x; as follows: From each pair of eigenvectors y;,y,; with corresponding nonzero
eigenvalues p1;, —p1;, choose \; = 215 so that A; > 0, and then if A\; = pu;, choose
xj =Y, while if \; = —pu;, choose x; = y;. In this way, we have Ax; = i)\;x;
with A; > 0.

Write

Xj = u]' =+ iVj

with vectors u; and v; having have real components. We claim that the set B” =
{uy,vy,...,u,, v, } is a G-orthogonal basis for V. The fact that B” is a basis for V'
is a consequence of the above-mentioned property of the eigenvectors of a Hermitian
matrix. To show that B” is G-orthogonal, we note that the Hermitian orthonormality
condition ijrxk = 67, can be expressed as
T T j T T
ujuk—&—vjvk:éi, u; vy —vju, =0.

Also, the fact that Ax; = iA;x; means that

AUj = —AjVj, AVJ' = )\juj.

Hence, for j # k, we have

1
T. _ ..T
u;u; = u; ()%Avk>

1 T . o .
W (u] Avg)"  since the quantity in parentheses is a scalar
k
= L (vIATu,)
Ak
1 . . .
=—-— (VgAuj) since A is skew-symmetric
k
_ AT ~ _
W (vivj) since Au; = —\;v;
k
Aj T - T :
= —)\—kukuj since ujuy + v; v = 0forj # k
Aj . - .
= —/\—j(u{uj)T since the quantity in parentheses is a scalar
k
Aj
= _quj ug,

which implies, since A;, A, > 0, that ujTuk =0.
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In the same way,
v;‘-rv;€ =0 forj#k.

We leave it to the reader to show, in a similar way, that for all j and k,
T, _ T _
ujvk—vjuk—O.

All this shows that B” is G-orthogonal, since G(v,w) = vi'w.
Note that
w(u;,vy) = quvj
= )\jll?llj
= Ajluyf?
> 0.

We leave it as an exercise for the reader to find scalars ¢; and d; such that for
ﬁj = cjuy and ‘N’j = djVj,

w(w;,v;) =1 and G(u;,10;) = G(v;,;)
forall j =1,...,n. The set
B={a1,Vv1,...,0,,Vp}

is the desired basis. O

We will see that for the standard symplectic vector space (R?",wy), ellipsoids
play an important role in measuring linear symplectomorphisms. By an ellipsoid,
we mean a set £ C R?" defined by a positive definite symmetric matrix A in the
following way:

E:{x€R2n|xTAx§1}.

An important fact about ellipsoids is that they can be brought into a “normal
form” by means of linear symplectomorphisms.

Theorem 2.10.25. Let E C R?" be an ellipsoid defined by the positive definite
symmetric matrix A. Then there are positive constants r1,...,r, and a linear
symplectomorphism ® : (R?",wg) — (R?™,wy) such that

S(E(r1,...,m)) = E, where

E(le"a'rn): {(xlaylw"?xnayn) ’ Z(w) Sl}

3

The constants are uniquely determined when ordered 0 < rqy < --- <1,



2.10 Geometric Structures II: Linear Symplectic Forms 59

Proof. Since A is a positive definite symmetric matrix, it defines an inner product
G by G(x,y) = xT Ay. The ellipsoid E is then characterized as

E={beR|G(b,b) <1}.
According to Theorem 2.10.24, there is a basis
{u17V17 e 7unyvn}

that is both symplectic relative to wy and G-orthogonal, with G(u;, u;) = G(v;, v;)

forall7 =1,...,n. So define the positive constants 7; by
1
— =G(u;, w;).
3 = Gl w)

Let @ : R?" — R?" be the linear symplectomorphism defined by its action on
the standard symplectic basis {e1,fi, ..., e,, f,} for (R?",wy):

P(e;) =u;, P(f;) =v;.
More explicitly, since
(T1,Y1s- s Ty Yn) = 161 + 1181 + - + 2pey + ynfy,

we have

D(T1, Y1y TnyYn) = T1Up + Y1V1 + -+ + TpUp + Yn Vi

We will show that $(E(rq,...,7,)) = E. On the one hand, suppose b €

®(E(r1,...,7y)). In other words, there is a € E(rq,...,r,) such that #(a) = b.
Writing

a= (r1,Y1,-- - Tn,Yn) = 181 +y1f1 + - + 200 + Ynty,
we then have

b=®&(a) =riu; +y1vi + -+ Tply + YnVa,

and so

G(b,b) = Z (mgG(ui, u;) + yz‘zG(Vz‘avi))

(s (4) e (3))

<1 sincea€ E(ry,...,r,).

Hence b € E, and so &(E(ry,...,r,)) C E.
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On the other hand, suppose that b € E, so that G(b,b) < 1. There is a € R?"
such that (a) = b, since @ is a linear isomorphism. Writing b according to the
basis above, we obtain

b=2u + Yivi+ -+ Ty + YnVa,

SO
a= (i‘lagla ce 7fnagn)-

But
B+
Z (r2> =G(b,b) <1,

andsoa € E(ry,...,rp,)and E C ®(E(r1,...,m0)).

All this shows that ®(E(ry,...,r,)) = E.

To show that the constants r; are uniquely determined up to ordering, suppose
that there are linear symplectomorphisms @1,$; : R?® — R?2" and n-tuples
(riyeeoyrn), (Ff,ocyr) with0 < g < - < rpand 0 < 7] < -0 < 7))
such that

S1(E(r1,...,mn)) = E, &(E(r},...,7)) = E.

r'n

Then, writing ¢ = (I>1_1 o @5, we have

DE(r],...,m))=E(r1,...,mn).
In matrix notation, this says that x’ D’x < 1 if and only if (&x)T D(dx) =
xT(@TD®)x < 1, where X = (21,91, --,%n,Yn) is a column vector, D is the
diagonal matrix D = diag [1/(r1)?,1/(r1)?,...,1/(r)? 1/(rn)?], and D’ is the
diagonal matrix D' = diag [1/(r})%,1/(r})?,...,1/(r},)?,1/(r},)?]. This implies
that

"D =D
The facts that @ satisfies #7JP = J and J~' = —J together imply &7 =
—J®=1J, and so
& 'JD® = JD'.

This shows that JD is similar to JD’, and so the two matrices have the same
eigenvalues. The reader may verify that the eigenvalues of J.D are +-ir; and those
of JD' are +ir’;. Since the 7; and r; are ordered from least to greatest, we must
have r; = r) forallj =1,...,n. O

Theorem 2.10.25 prompts the following definition.

Definition 2.10.26. Let £ C R?" be an ellipsoid in the standard symplectic
space (R?",wy). The symplectic spectrum of E is the unique n-tuple o(E) =
(r1,...,7rn), 0 < 71 < --+ < 1y, such that there is a linear symplectomorphism
@ with ®(E(rq,...,r,)) = E (Fig. 2.6).
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(@a Yo) (@3, Yo)
Ty
\
\ -
\ P
P w1 E(ry, ry)
\ -7 |E —
\ -
\[ .~
PN (1, Y1) =N ™ (1, Y1)
/// \
- \
7~
\
/// \
\
o(E)=(ry, T3) T2

Fig. 2.6 Linear symplectomorphisms and the symplectic spectrum.

We will continue to develop some topics in linear symplectic geometry in
Sect. 7.7 as motivation for a key concept in (nonlinear) symplectic geometry, the
symplectic capacity.

2.11 For Further Reading

With the exception of Sects. 2.8 and 2.10, much of the material in this chapter can
be found in any textbook on linear algebra. The notation here generally follows that
in [2].

While many linear algebra textbooks have detailed presentations of inner product
spaces, symplectic vector spaces are usually presented only as introductory matter
in the context of specialized texts. We refer to A. Banyaga’s summary in [4, Chap. 1]
orto [31].

2.12 Exercises

The exercises in this chapter emphasize topics not usually presented in a first
elementary linear algebra course.

2.1. Prove Theorem 2.4.3.
2.2. Prove Theorem 2.4.10.
2.3. Prove Theorem 2.4.13.

24. LetT : V — W be alinear isomorphism between vector spaces V and W, and
let T=1 : W — V be the inverse of T'. Show that 7'~! is a linear transformation.

2.5. Consider the basis B = {by, by, b3} of R3, where
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by = (1,0,1), by =(1,1,0), bs=(0,2,1).

(a) Write the components of w = (2, 3, 5) relative to the basis B.

(b) Let {B1, 82,83} be the basis of (R3)* dual to B. Compute 3;(w) for each
1 = 1,2, 3, where w is the vector given in part (a).

(c) For each i = 1,2,3, compute 3;(v), where v = (v1,v2,v3) is an arbitrary
vector in R3.

2.6. For each of the linear transformations ¥ and linear one-forms 7' below,
compute ¥*T":

(@ ¥:R3— R3,¥(u,v,w) = (2u,3u — v — w,u + 2w),
T(z,y,2) =3x+y— 2.
(b) ¥:R?® — R2 ¥(u,v,w) = (v,2u — w),
T(x,y) =z + 3y.
©) V:R* = R3V¥(2,y,2,w) = (v +y—2—2w,w—4x — 2,y + 32),
T(z,y,2z) =z — 2y + 3z.

2.7. Leta € (R?)* be given by a(z,y,2) = 4y + 2.

(a) Find ker a.

(b) Find all linear transformations ¥ : R? — R? with the property that U*a = a.
2.8. Consider the linear transformation 7' : R? — R? given by T'(z1,72) =
(21‘1 — T2,T1 + 3.1‘2).

(a) Compute T*Gy, where Gy is the standard inner product defined in Exam-
ple 2.8.11.
(b) Compute T*5, where S is the bilinear form in Example 2.8.13.

29. Let T : R™ — R" be a linear transformation described in matrix form [7T]
relative to the standard basis for R™. Show that for every n x n matrix A, one has

T*Ga = G arry,

where G 4 and G 47 are defined according to Example 2.8.12.

2.10. Prove the following converse to Proposition 2.8.14: Let B be an n X n matrix
and let £ be a basis for the n-dimensional vector space V. Then the function b :
V x V — R defined by

b(v,w) = w! Bv,

where v and w are written as column vectors relative to the basis £, is a bilinear
form.
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2.11. Use Exercise 2.10 to give five examples of bilinear forms on R? and five
examples of bilinear forms on R?.

2.12. Let b, B, and £ be as given in Exercise 2.10, and let " : V' — V be a linear
transformation. Show that T*b = b, where b is the bilinear form corresponding to
the matrix AT BA for A = [T ¢.¢» the matrix representation of 7" relative to the
basis £.

2.13. For each of the following 2 x 2 matrices, write the coordinate expression for
the inner product G 4 relative to the standard basis as in Example 2.9.4. For each,
compute G4(er,e1), Ga(er,es), and G4(eq, es) along with Z(e1,es), where
e; = (1,0) and e2 = (0, 1):

2 1

(@) 1 1] ;
2 —1

b ;

o
1 2

(© }

2.14. Show that the function G(v,w) = viw; + 2v1wse + 2vsw1 + Svgws is an

inner product on R2, where v = (v, v2) and w = (w1, ws). Find an orthonormal
basis {uy, uy} for R? relative to G.

2.15. Let {uy, us} be the basis for R? given by u; = (3,2) anduy = (1,1). Let G
be the inner product on R? such that {u;, uz} is orthonormal (see Theorem 2.9.9).
Find G(v,w), where v = (v, v2) and w = (w1, wz). Find Z((1,0), (0, 1)).

2.16. Prove Theorem 2.9.10.

2.17. For the following subspaces W of R", find a basis for W+, the orthogonal
complement of W relative to the standard inner product on R™

(@) W =Span{(1,2)} c R%

(b) W =Span{(1,2,3)} C R3;

(¢) W = Span{(1,0,1),(~1,1,0)} ¢ R%;

(d) W =Span{(1,-2,2,1),(0,1,1,-3)} ¢ R

2.18. Provide the details for the proof of Theorem 2.9.16.

2.19. Let (V, G) be an inner product space and let W be a subset of V.

(a) Show that W C (W)L

(b) Show that if V is finite-dimensional, then there is an orthonormal basis
{uy,...,u,} of Vsuchthat {uy,...,u;}is abasis for Wand {uy1,...,u,}
is a basis for W+, (See Theorem 2.9.16.)

(c) Show that if V is finite-dimensional, then (W)L C W, and so by (a), W =
(WH)*

2.20. Prove Proposition 2.9.18.
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2.21. Prove Proposition 2.9.21.

2.22. Let (V,G) be a finite-dimensional inner product space. Show that a linear
transformation 7' : V' — V is a linear isometry if and only if for every orthonormal
basis {eq,...,e,} of V, the set {T'(e1),...,T(e,)} is also an orthonormal basis
for V.

2.23. Give three examples of linear symplectic forms on R*.
2.24. Suppose B = {aj, b1, ...,a,,b,} is a basis for R?". Define the alternating
bilinear form wp by specifying its action on the basis vectors,
wg(a;,a;) = wg(b;,b;) =0 foralli,j,
wp(a;,bj) =0 fori# j,
wp(ai, b)) =1,

and extending bilinearly. Show that wg is a linear symplectic form.

2.25. Define a bilinear form S on R* by S(v,w) = w’ Av, where

0 1 1 1
A= -1 0 2 0
-1 -2 0 3
-1 0 =30

(a) Show that S is a linear symplectic form.
(b) Use the process outlined in Theorem 2.10.4 to find a symplectic basis
{e1,f1, eq, £} for R? relative to S.

2.26. Use the procedure in Theorem 2.10.4 to construct three different symplectic
bases for R* by making appropriate choices at different stages of the process.

2.27. Consider (R* wp), where wq is the standard linear symplectic form on
R*. Decide whether the following subspaces of R* are isotropic, coisotropic,
Lagrangian, or symplectic:

(a) Wl = Span{(l,O,—1,3)},

(b) Wy =Span{(3,1,0,-1),(2,1,2,1)};

(c) W3 =Span{(1,0,2,-1),(0,1,1,—-1)};

(d) Wy =Span{(1,1,1,0),(2,-1,0,1),(0,2,0,—1)};

() Ws =ker T, where T : R* — R? is given by

T(x1,y1,%2,y2) = (22 — Y1, 21 + T2 + Y1 + Y2).

2.28. Prove Theorem 2.10.7.
2.29. Prove Theorem 2.10.12.
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2.30. Let W7 and W be subspaces of a symplectic vector space (V,w). Show that
if Wy C Ws, then (Wg)w C (Wl)w.

2.31. Show that if W is a subspace of a finite-dimensional symplectic vector space
(V,w), then (W*)“ = W. (See Exercise 2.19.)

2.32. Is it possible for a 2-dimensional subspace of a 4-dimensional symplectic
vector space to be neither symplectic nor Lagrangian? If so, find necessary
conditions for this to occur. If not, state and prove the corresponding result. To what
extent can this question be generalized to higher dimensions?

2.33. Prove Proposition 2.10.19.
2.34. Prove Theorem 2.10.5.

2.35. For each of the examples in Exercise 2.23, write the isomorphism ¥ described
in Theorem 2.10.5 explicitly in terms of the standard bases of R* and (R?)*.

2.36. Let W be a subspace of a finite-dimensional symplectic vector space (V,w).
Let ¥ : V — V* be the isomorphism described in Theorem 2.10.5.

(a) Let
W={acV*|a(w)=0forallwec W}.

Show that W is a subspace of V*.
(b) Show that W(W«) = WO,
(c) Show that ¥(W) = (W«)".
2.37. Provide the details for the proof of Theorem 2.10.24. In particular:
(a) Show that the set B” is a basis for V.
(b) Show that u;ka = v;‘ru;c =0.
(c) Find scalars c¢; and d; such that for u; = c;u; and v; = d;vy,

w(uj,v;) =1 and G(ﬁj;ﬁj) = G({’jvf’j)

forallj=1,...,n.
2.38. Verify directly that the matrix

1 -1 1 0
A— 1 -1 0 1

1 =10 0

2 -1 1 -1

is a symplectic matrix, i.e., that ATJA = J.

2.39. Let B = {aj,by,...,a,,b,} be a symplectic basis for the standard
symplectic space (R?",w). Show that the matrix
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is a symplectic matrix.
2.40. Show thatif A € Sp(2n), then A~ € Sp(2n).
2.41. Show thatif A € Sp(2n), then A=t = —JATJ.

2 Linear Algebra Essentials



Chapter 3
Advanced Calculus

This chapter primarily concerns nonlinear functions between Euclidean spaces.
Even basic properties of such functions, such as whether they are one-to-one or
onto, can be much more difficult to verify than the corresponding verification for
linear functions. For one thing, the powerful machinery of matrix representation of
linear transformations is not available.

The tradeoff is that the breadth of geometric objects that can be modeled by
nonlinear functions increases dramatically. The world of lines and planes, for
example, gives way to the more general world of curves and surfaces.

We consider differential calculus to be the study of nonlinear objects by means
of “linearization.” This is, in essence, the approach of differential geometry.

From this point of view, we begin this chapter with a definition of the derivative
as a linear transformation D f : R™ — R’ that arises from a nonlinear function
f + R™ — R™. This definition will at first blur the distinct notions in Euclidean
space of geometric “points” and algebraic “vectors.”

One of the main purposes of this chapter, though, is to establish the distinction
between points and vectors by associating to each (geometric) point in R™ a vector
space of “tangent vectors” at that point. In fact, we present this vector space from
two alternative but equivalent points of view, one geometric and the other analytic.

Once this has been accomplished, we revisit the definition of the derivative in its
proper setting, as a linear transformation between tangent spaces.

Finally, we conclude the chapter with some of the geometric questions that
arise immediately from this presentation of calculus, especially the problem of
“integrating” vector fields.

As will become clear, this outline encompasses two somewhat distinct goals of
the chapter. On the one hand, the first differential-geometric problems that come
from calculus are presented with an eye toward technique. On the other hand,
the core of this chapter—especially the first few sections—has a “point of view”
character to it, more foundational than practical. The reader who is able to grasp
this point of view will have made the conceptual transition necessary toward the
more abstract setting of manifolds.

A. Mclnerney, First Steps in Differential Geometry: Riemannian, Contact, Symplectic, 67
Undergraduate Texts in Mathematics, DOI 10.1007/978-1-4614-7732-7_3,
© Springer Science+Business Media New York 2013
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This having been said, there are two areas in which we deliberately gloss over im-
portant foundational questions as “technical details.” First, we deliberately obscure
topological concepts such as open neighborhoods and questions of continuity—
clearly a limitation in view of the local nature of calculus. For example, we will
talk about properties that hold “near p” as opposed to the more precise “in an open
neighborhood containing p.”

Second, we avoid the question of “how differentiable” a function is, for example,
whether its derivative is continuous, whether the derivative itself is differentiable,
etc. The technical definition of a C” function, which is r times differentiable and
whose rth derivative is continuous, is an important one in a formal presentation
of advanced calculus or differential geometry, but would detract from the main
line of presentation here. We adopt the convention of assuming that all functions
have “enough derivatives” for all questions under consideration, or are “infinitely
differentiable” with continuous derivatives of all orders. We will adopt the termi-
nology of loosely referring to such functions as smooth. We caution the reader
that this convention blurs precise hypotheses of several key theorems. For example,
our “smooth” hypothesis of the implicit function theorem (p. 88) actually means
“continuously differentiable.” We have made an effort to insert cautions, along with
references to precise statements at appropriate places.

To conclude this introduction, we note that the term “advanced calculus” has
many senses not encompassed by this chapter. Traditionally, a course in advanced
calculus is aimed in one of two directions. In one, it may serve as a prelude to
a course in analysis, emphasizing foundational theorems concerning limits and
continuity in Euclidean space. We will not follow that approach here, although we
will assume such results throughout. The reader may refer to [30] or [37] for a
collection of the relevant theorems and proofs.

In the other, more in keeping with the goals of this text, advanced calculus
is seen as an introduction to differential geometry. Most of the texts with this
approach, however, are structured around motivating and presenting the definition
of a manifold. We will not make this leap, despite the fact that it is only a short step
away once we have developed in detail the concept of a tangent space, which is the
main goal of this chapter.

3.1 The Derivative and Linear Approximation

In a typical first-year calculus course, the derivative is presented in its historical
setting as the slope of the tangent line to a curve or as the instantaneous velocity of
a moving particle. This gives rise to the definition of the derivative of a real-valued
function f : R — R at a point a € R in the domain of the function:

oy i J@) = @) o flath) = f(a)
Df(a)ff(a)fhmifhmf.

r—a r—a h—0
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A closely related concept, the linear approximation to f at a,

Lya(x) = f(a) + f'(a)(x - a),

is typically presented only in passing as an application of the derivative. It is this
latter notion, the derivative as the linear function that “best approximates” f near «,
that offers the path to generalizing the definition of the derivative to a multivariable
setting.

In this section, we consider the Euclidean spaces R" equipped with their
standard vector space structure along with the standard inner product. In particular,
we will be most concerned with the magnitude (or norm) of x = (z1,...,z,) € R"®

given by
Il = /a4 o
see Sect. 2.9.

For a function f : R™ — R™ and x € R", we write

fx) = (f1(x),..., [ (%),
where the real-valued functions f? : R® — R are called the component functions
of f.

Definition 3.1.1. A function f : R"™ — R is differentiable at a € R™ if there is
a linear transformation 7, : R™ — R™ such that

iy f(@+h) - f(a) — Ta(h)]|
e |||

=0.

The linear transformation T, is called the derivative of f at a, and we adopt the
customary notation D f(a) = Tj.

Note that the norms that appear in the numerator and the denominator are
computed in different vector spaces, in R and R" respectively.

Also note that in the case of a single-variable function f : R — R,
Definition 3.1.1 is essentially the standard definition of the derivative, keeping in
mind that lim,_,, f(z) = 0 exactly when lim,_,, |f(z)| = 0. In that case, the
linear transformation 7, : R — R is given by T, (h) = f/(a) - h.

Definition 3.1.1 prompts the following definition.

Definition 3.1.2. Let f : R™ — R™ be a function that is differentiable at a € R™.
The linearization of f at ais the function Ly, : R® — R defined by

Lya(x) = f(a) + Df(a)(x — a).
It is a consequence of the basic properties of limits that if a function is

differentiable at a, then the derivative at a is unique.
We now illustrate Definition 3.1.1 with several basic but fundamental examples.
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Example 3.1.3. Let f : R™ — R™ be a constant function: f(x) = b for all x €
R™. Then f is differentiable for all a € R™ with

Df(a) = O,

where O : R™ — R™ is the zero transformation. We have f(a + h) — f(a) =
b — b = 0 for all h, and so

lf(a+h) — f(a) — O(h)]|

im =0.
|[h]|—0 |||

Example 3.1.4. Let f : R™ — R™ be a linear function, f(x) = Ax, where A is an
m X m matrix and x is considered an n. x 1 column vector. Then f is differentiable
foralla € R™, and Df(a)(h) = A(h). This follows from the fact that

f(a+h)— f(a)=A(a+h)— A(a) = A(a) + A(h) — A(a) = A(h)
by the linearity of A, and so again,

If(a+h) — f(a) — A(h)||

m =0.
= |||

Example 3.1.5. Let n : R? — R be defined by p(x,y) = zy. Then pu is
differentiable for all a = (a1,a2) € R?, and Du(ay,as)(hi, ha) = a1hs + ashy:
For every h = (hy, hs),

||p(a+h) — p(a) — Du(a)(h)|
|IB[|—0 |||

[(a1 + h1)(az + he) — araz — (a1he + azh)|

lim
[Ih||—0 Vh? + h3

|hiha]

= lim —(———==0
Ihll=0 \/hT + h3

In Exercise 3.4, the reader is asked to prove the last equality.

The derivative defined as a linear transformation enjoys a number of familiar
properties, which we list here. Detailed proofs of these theorems, most of which
involve techniques of analysis relying on the definition of the derivative as a limit,
can be found in any text in advanced calculus emphasizing elementary real analysis;
see, for example, [37]. As with many such arguments, they rely on properties of the
norm, and in particular on the triangle inequality:

|la+bl| < {laf[ + [[b]]. 3.1



3.1 The Derivative and Linear Approximation 71

It is worth mentioning that many of these proofs rely in an essential way on the
following:

Proposition 3.1.6. Let T' : R™ — R™ be a linear transformation. Then T is
bounded, i.e., there is a constant M > 0 such that for all h € R", ||T(h)|| <
M[h]|.

In fact, both Eq. (3.1) and Proposition 3.1.6 can be seen to be consequences of
Theorem 2.9.6, the Cauchy—Schwarz inequality.

Theorem 3.1.7 (Chain rule). Ler f : R™ — R"™ be differentiable at a € R"™ and
let g : R™ — R be differentiable atb = f(a) € R™. Then go f : R" — RF is
differentiable at a, with

D(ge f)(a) = Dg(b) o Df(a).

Note that the composition on the right side of the equation in Theorem 3.1.7
is a composition of linear maps. If these linear maps are written as matrices, the
composition corresponds to matrix multiplication.

Proof. The goal is to show that under the hypotheses of differentiability of f and g
at a and b respectively,

i Mo f)(a+h) —(gof)(a) — (Dg(b) o Df(a))(h)]
|IB[| =0 ||

=0.

Introducing extra terms and applying the triangle inequality implies that the
numerator satisfies

I(ge fila+h) —(go f)(a) - Dg(b) [f(a+h) - f(a)]
+ Dy(b) [f(a+h) — f(a) — Df(a)(h)] ||
<Il(go f)la+h) = (g0 f)(a) — Dg(b)[f(a+h)— f(a)]]|
+1[Dg(b) [f(a+h) — f(a) — Df(a)(h)] |

The differentiability assumptions and Proposition 3.1.6 then show that we
have both

(g o f)(a+h) —(go f)(a) — Dg(b) [f(a+h) — f(a)]l

1 =0
|Ih[| =0 |[h]|

and
|IDg(b)[f(a+h) — f(a) — Df(a)(h)]]|

|[h]|—0 |||

207

which together imply the result. See [30] or [37] for details. O
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Theorem 3.1.8. Ler f : R® — R™ have component functions f* : R® = R, i.e.,
flx) = (fl(x), f2(x),..., fm(x)). Then f is differentiable at a € R™ if and only
if the component functions f* are differentiable at a. Moreover, using the standard
bases for R™ and R™, the matrix representation for D f(a) is given by

Df'(a)
[Df(a)] = : ,
Dfm(a)

considering the linear maps D f'(a) : R™ — R as row vectors.

Proof. Assuming that the component functions f* are differentiable at a with
derivatives D f*(a), the differentiability of f follows from applying the inequality
22+ -+ 122 <Y |24 to the numerator in the definition of the derivative.

The converse follows from applying the chain rule to the functions f* = 7 o f,
where, fori = 1,...,n, 7" : R® — R given by 7'(z1,...,2,) = x; is the linear
transformation describing projection onto the ith coordinate (whose derivative exists
and is given by Example 3.1.4). a

We will return to this “componentwise” differentiation after establishing several
familiar properties of the derivative.

Theorem 3.1.9. Let f,g : R" — R™ be differentiable functions at a € R™. Let
c € R. Then:

1. f + g is differentiable at a, with D(f + g)(a) = Df(a) + Dg(a).
2. cf is differentiable at a, with D(cf)(a) = ¢D f(a).

Proof. Both statements follow immediately from the corresponding properties of
limits. 0

Theorem 3.1.10. Let f,g : R™ — R be real-valued functions defined on R™ both
of which are differentiable at a € R". Then

1. f - g is differentiable at a, with
D(f -g)(a) = g(a) - Df(a) + f(a) - Dg(a).
2. Ifg(a) # 0, then f /g is differentiable at a, with

(a) - Df(a) — f(a) - Dy(a)

D(f/g)(a) = ¢

5 .
[9(a)]

Proof. Both statements can be proved directly from the definition. More elegantly,

however, the product p(a) = f(a) - g(a) can be expressed as the composition

p = poF, where F : R" — R?is given by F(x) = (f(x),9(x)) and
p: R? — Ris given by u(wz,y) = xy. After computing the derivatives of each of
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those functions separately (see Example 3.1.5), the statement follows immediately
from the chain rule.
Similarly, the quotient g(a) = f(a)/g(a) can be written as the product ¢ =

f-(1/g),and D(1/g)(a) = (—1/(g(a))?) Dy(a). O

The property known as the product rule is sometimes also called Leibniz’s rule.
We conclude this section on a practical note. Recall the familiar notion of
the partial derivative: For a real-valued function f : R® — R and for a =

(a1,...,a,) € R", the partial derivative of f at a with respect to the ith component
is given by
af . f(a1,...,ai+h,...,an)—f(a)
D; = =1 .
fa) = g, @) = 1% 2

Note that in terms of the development of the derivative as a linear map, we have

Dif(a) = (Df(a))(e:),

where e; = (0,...,0,1,0,...,0), with the 1 in the ith place. This follows from
Definition 3.1.1 by replacing h with he;. In this way, we can write the linear map
Df(a): R™ — Rasal x nrow vector using the standard bases, according to the
method of Sect. 2.6:

[Df(a)] = [Df(a)(er1) - Df(a)(e,)]
= [Dif(a)-- D f(a)].

Combining this observation with Theorem 3.1.8 yields the following result:

Theorem 3.1.11. Let f : R™ — R™ be a function with components f7 : R — R,
ie, f(x) = (fY(x),..., f™(x)). If f is differentiable at a € R™, then each of the
partial derivatives D; f7 () exists, and the matrix form of the linear transformation
Df(a) is given by

[Df(a)] = [Dif(a)],

fori=1...,nandj=1,...,m.

The matrix described in the conclusion of Theorem 3.1.11 is known as the
Jacobian matrix of the function f.

Example 3.1.12. Let f : R® — R? be given by f(z,y,2) = (22 + y?, zyz2).
Each component function, as a polynomial, is differentiable for all a =
(a,b,c) € R3. Hence by Theorem 3.1.8, f is differentiable for all a, and so by
Theorem 3.1.11,

_ [0ft/0x(a) of'/0y(a) Of'/0x(a)

[Df(@)] = of?/ox(a) Of%/0y(a) Of%/0z(a)
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_|2a 2b O
~ |be ac ab|’
For example,
2 -4 0
Df(1,-2,3)] =
oo =% 0

or, what is the same,
(Df(l, -2, 3))(h1, ha,h3) = (2hy — 4hg, —6hq + 3ho — 2h3).

The linearization of f near a = (1, —2, 3) is given, according to Definition 3.1.2,
by

Lia(z,y,2)=f(1,-2,3)+ Df(1,-2,3)(x — 1,y + 2,2 — 3)
= (57 _6)
+ (2@ -1) -4y +2), -6(x - 1) +3(y +2) - 2(z - 3))
= (22 — 4y — 5, —6x + 3y — 2z + 12).
Choosing for example x = (0.9, —2.1, 3.2), we have f(x) = (5.22, —6.048), while

Ly a(x) = (5.2,—6.1). The linear approximation here gives an accurate estimate of
the function value.

It is a standard observation in multivariable calculus that the converse of
Theorem 3.1.11 is not true without an additional hypothesis. The relevant theorem is
this:

Theorem 3.1.13. Let f : R® — R™ be a function with component functions
f7 : R™ — R. Suppose that forall i = 1,...,nand j = 1,...,m, the partial
derivatives D;f’ are defined at all points near a € R", and in addition are
continuous at a. Then f is differentiable at a, and

[Df(@)] = [Dif’(a)].

A function f that satisfies the hypotheses of Theorem 3.1.13 is said to be
continuously differentiable at a.

3.2 The Tangent Space I: A Geometric Definition

The goal of the previous section was to show how the tools of calculus can be used
to study nonlinear functions by means of linear approximation. Indeed, a nonlinear
function and its linearization agree “to the first order” at every point where the
derivative is defined.
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In emphasizing the construction of the derivative Df(a) of a function f :
R” — R™ at a point a € R", however, we have glossed over a more
foundational question: How do we envision the domain and the range of the linear
transformation D f(a)? Answering this question is one of the main conceptual
chasms in passing from calculus to differential geometry. The next sections offer
different but equivalent bridges to cross this chasm.

The starting point for these discussions is a divide with deep roots in the history
of mathematics: the divide between geometry and algebra. This manifests itself
in two different “views” of sets. In geometry, we consider elements of sets to be
“points,” along with various subsets that represent curves, surfaces, or their higher-
dimensional analogues. The sets themselves are referred to as “spaces.” For us, this
can be considered the setting for nonlinear objects. We can also consider functions
defined on these geometric spaces.

In algebra, however, we consider elements of sets to be objects with which we
can perform operations. In our context, the algebraic objects will be vectors, and so
the operations will be vector addition and scalar multiplication. This will allow us
the use of the techniques and theorems of Chap. 2.

The process of “linearization” or linear approximation that we began in the first
section will now be extended to the sets in question. In differential geometry, the
key concept for carrying out that process is the tangent space. If the derivative is the
key to linearizing a nonlinear function, the tangent space can be considered a “linear
approximation” to the geometric sets under consideration.

More precisely, we will associate an (algebraic) vector space to each point in the
(geometric) space. Roughly speaking, at each point p in space, the tangent space will
consist of the set of possible “infinitesimal displacements” that a particle “moving
through” the set at p might travel. It is, to use a somewhat archaic concept from
physics, the set of “virtual displacements.”

We will be working with the set R", which we consider now as geometric
“space.” Elements p € R"™ will be viewed as “points” in space. As mentioned
above, we abandon any algebraic characterizations of R™ here, and in particular
we set aside all of the vector space characterization of R™ that we developed in
the first chapter. We retain only notions such as “adding points” and “multiplying
a point by a scalar” to the extent that such operations are required to discuss limits
and continuity—most of which will be in the background of the presentation here.

In short, our first step is to reintroduce the conceptual wall between geometry
and algebra that Descartes and the school of analytic geometry have so thoroughly
eroded over centuries. A disadvantage to beginning our presentation in R is that
this is where the distinction between geometry and algebra is least visible. We
ourselves blurred the distinction in the last section. In this most basic case, some
of the constructions of this section may seem artificial at first. However, they will be
better understood in the next section, on geometric sets.

Let us outline in brief the objectives we have in mind to define the tangent space.

At each point p € R™, we will associate a vector space, which we will denote by
T,(R"™). Elements of T,,(R™) will be called tangent vectors at p and will be denoted
temporarily using vector notation with a subscript denoting the point to which they
are associated, v, € T,(R").
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Once we have defined the tangent vectors v, themselves, we will define vector
addition v, + w;, € T,(R") and scalar multiplication sv,, € T,(R"). We note
from the outset that we will not perform operations on tangent vectors associated to
different points: The expression v,, + W, is meaningless when p # q.

Our first effort in this direction will begin with a familiar object from vector
calculus. Let I C R be an open interval containing 0. A parameterized curve is a
smooth function ¢ : I — R™. We will write c(t) = (z1(t), ..., z,(t)), with smooth
component functions x1,...,x, : I — R. Note in particular that a parameterized
curve refers to the function ¢, and not to its image ¢(I), which is a set of points
in R™.

For a parameterized curve ¢ : I — R™, let p = ¢(0). We temporarily adopt the
notation

v, = (0) = (z1(0),... ,x;(0)>p,
where the angle brackets are meant to emphasize the conceptual difference between
the point p = ¢(0) with coordinates ¢(0) = (z1(0),...,,(0)) and the vector
d(0) = <Jc’1(0)7 . ,x%(O))p.
The notation is motivated by the following:

Definition 3.2.1. Let p € R". A tangent vector at p is an ordered n-tuple of real
numbers v, = (a1, ...,a,) p such that there exists a smooth parameterized curve
¢ : I — R™ having the properties that ¢(0) = p and that

d(0) =vp = (ar,...,an), .

There are several notable features to this definition. First, motivated by the
geometric picture from vector calculus of the vector ¢/(0) as tangent to the image
curve ¢(I) at ¢(0) (see Fig.3.1), we have defined a tangent vector as tangent fo
something. Second, this definition generalizes well to more general settings than
the Euclidean spaces R”, provided of course that there is sufficient structure to talk
about the derivative. We will begin to see this in the next section, on geometric sets.

Definition 3.2.2. For every p € R", the set of all tangent vectors at p, denoted by
T,(R™), is called the tangent space to R™ at p.

The following theorem shows that in the case of R", the property that defines a
tangent vector actually imposes no restriction on n-tuples. In other words, for every
point p € R", every n-tuple can be viewed as a tangent vector in R" at p. This will
not be true in more general settings.

Theorem 3.2.3. For all p € R™, every n-tuple v .= (a1, ...,a,) can be regarded
as a tangent vector at p.

Proof. Forp = (p1,...,pn), define ¢c: R — R"™ by
c(t) = (p1+ait,...,pp + ant).

Then ¢(0) = pand ¢/(0) = v, sov =v, € T,(R"). O
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Fig. 3.1 The geometric definition of a tangent vector in R3.

One can think of 7),(R™) as a copy of the vector space R™ “attached to” the point
p. Said differently, each point p in R™ has a set of tangent vectors associated to it,
where each tangent vector can be visualized as an arrow or directed line segment in
R™ “based at” p.

Theorem 3.24. Let p € R™. The tangent space T,(R"™), equipped with the
operations of componentwise addition and scalar multiplication, is a vector space.

Proof. Keeping in mind Theorem 3.2.3, the statement follows immediately from the
fact that R™ with its usual operations is a vector space. However, in order to prepare
for the general setting of the next section, we present a more axiomatic verification
of the closure and existence axioms.

For every v, w, € T,(R™), we first aim to show that v,, + w,, € T,(R"). To
do so, we will produce a parameterized curve ¢ : I — R"™ with the property that
¢(0) = pand ¢(0) = v, + wp.

Assuming v,, € T,,(R"), there is a parameterized curve ¢; : I; — R" satisfying
c1(0) = p and ¢} (0) = v,. Likewise, we assume that there is co : I, — R”"
with c2(0) = p and ¢5(0) = wp. We write ¢1(t) = (z1(¢),...,2,(t)), c2(t) =
(y1(t), .- yn(t)),and p = (p1,...,pn) = c1(0) = c2(0).

Now define c: I — R™, where [ = I; N I, by

c(t) = (21(t) + y1(t) = p1,- - 2n(t) + ynlt) = pn)-
The reader may verify that ¢(0) = p and that
(0) = (21(0) + 91(0), ..., 20,(0) + 4, (0)),, = v + Wy,

so v, +wp, € T,(R"™).
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Fig. 3.2 The standard basis for T, (R?) (geometric definition).

In order to show that T),(R"™) is closed under scalar multiplication, we adopt the
notation that if I = (a,b) C R is an interval, then for s > 0, sI = (sa, sb). On the
other hand, for s < 0, we write sI = (sb, sa). In particular, —I = (—b, —a).

Suppose v, € T,(R"™), so that there is ¢; : I; — R™ with ¢;(0) = p and
c1(0) = vp. For s € R, define ¢ : I — R", where I = (1/s)[; (I = Rif s = 0)
and ¢(t) = c1(st). Then ¢(0) = ¢1(0) = p and ¢/(0) = s¢}(0) = sv,, by the chain
rule. So sv,, € T,(R™).

To verify the existence of the zero vector in T,(R™), we observe that 0, =
(0,...,0), € T,(R"), since co : R — R" defined by co(t) = p for all ¢ satisfies
¢o(0) = p and ¢{(0) = 0,,.

Finally, we show the existence of additive inverses. For v,, € T,,(R") with ¢; :
I - R", ¢1(0) = p, ¢j(0) = v, define ¢ : I — R", where ] = —I; and
c(t) = ci(—t). Then ¢(0) = ¢1(0) = p and ¢(0) = —c;(0) = —v,. Hence
—v, € T,(R"). O

Interpreted in the light of Theorem 3.2.4, Theorem 3.2.3 can be rephrased by
saying that T,,(R") is isomorphic to the vector space R™. In particular, we have the
following corollary:

Corollary 3.2.5. dim (7,(R")) =n.

Proof. We take advantage of this corollary to call the reader’s attention, among all
the possible bases for T),(R™), to what we will call the standard basis for T,,(R™):

(Bo)p = {(e1)p,---,(en)p},

where (e1), = (1,0,... 7O>p, (e2)p, = (0,1,0,... ,O>p, etc. See Fig. 3.2. O
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3.3 Geometric Sets and Subspaces of T,,(R™)

The tangent vector has been defined in an essentially local way, depending on the
geometric point p to which it is “attached.” From the outset, we have no way of
comparing—much less performing operations with—tangent vectors in different
tangent spaces. The passage from the locally defined tangent space to more global
geometric questions concerning relationships among different points and subsets of
R™ requires substantially more effort.

As a first step in that direction, we illustrate the interplay of local and global by
showing how certain “geometric sets” .S of R™—roughly, those subsets for which
we can define a sense of linear approximation—give rise to vector subspaces of
the tangent spaces T),(R™) at each point p € S. The relationship between these
(algebraic) subspaces and the geometric set S is a major theme in differential
geometry, to which we will return in later chapters.

We adopt the following loose definition:

A geometric set S C R™ is a set having the property that for each point p € S, there is
a vector subspace TS C TpR™. Moreover, these subspaces should vary smoothly with p
and should all have the same dimension.

The goal of this section is to make this loose definition more precise.

The first example of a geometric set in R™ can be thought of as coming from
generalizing aspects of the familiar parameterized curve. In particular, instead of
considering differentiable functions ¢ : I — R", where I C R!, we consider
functions ¢ : U — R™, where U C RF for k < n. However, we need to place
restrictions on both U and ¢.

Definition 3.3.1. Let U C RF be a subset of R*. We will call U a domain if it has
the topological properties of being a connected open set.

As mentioned in the introduction, we will not dwell on these topological
restrictions. The reader who is not familiar with the terms in the definition can think
of a domain as the interior of a small ball in R¥.

Definition 3.3.2. Let U C R* be a domain and let ¢:U — R"(k <n)bea
smooth, one-to-one function that is regular: D¢(p) must be a one-to-one linear map
(and so must have constant, maximal rank k) for all p € U. A parameterized set
S = ¢(U) is defined to be the image of U in R™ by ¢.

Note that the existence of a regular parameterization implies the existence of n
smooth, real-valued component functions ¢ : RF 5 R,

b= (¢...,0").

The geometric features of the parameterized set .S come from “encoding” features
of the parameter space U through the function ¢. We will discuss the condition of ¢
being regular below.
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Example 3.3.3. LetU = R?and let ¢ : U — R? be given by
o(u,v) = (u,v,2u — 3v).

Note that
10

D¢(a,b) =10 1 |,
2 -3
which has maximal rank 2 for each (a, b) € U and is hence, by Theorem 2.7.7, one-

to-one. The parameterized set S = ¢(U) is the plane through the origin described
by the equation 2x — 3y — z = 0.

Example 3.3.4. Let
U={(r0)]0<r<2 -r<6<r}CR?
and let ¢ : U — R3 be given by
o(r,0) = (rcos @, rsind, r?).

We have
cosf —rsinf
D¢(r,0) = |sinf rcosf |,
2r 0

which has rank 2 (since » > 0) and so is one-to-one on U again by Theorem 2.7.7.
The parameterized set S = ¢(U) is the part of the paraboloid described by z =
22 +y? between the planes z = 0 and z = 4, not including the segment intersecting
the half-plane y = 0,z < 0 (corresponding to # = 7). See Fig. 3.3.

As mentioned above, we would like a way to formalize the notion of “linearizing”
the parameterized set S = ¢(U). That is the essence of the following definition.

Definition 3.3.5. Let S = ¢(U) be a parameterized set and let p € S. The tangent
space to S at p, denoted by T,,(.5), is the subset of T,,(R") defined by

T,(S) = {vp € T,(R") | 3¢ : I — S smooth with ¢(0) = p, ¢'(0) =v,}.

Here, when we say that a parameterized curve ¢ : I — S is smooth, we mean
that there is a smooth function ¢ : I — U such that ¢ = ¢ o ¢.

The key to this definition is that the codomain of the representative parameterized
curve c is restricted to the set S C R”.

Theorem 3.3.6. The set T,,(S) as defined in Definition 3.3.5 is a vector subspace
of T,(R™).

Proof. Exercise. a
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Fig. 3.3 A parameterized paraboloid in R3.

We illustrate Definition 3.3.5 in detail with a simple example.

Example 3.3.7. Let S = ¢(U), where U = R? and ¢ : U — R? is given by
¢(u,v) = (u,v,2u — 3v); see Example 3.3.3. Suppose ¢ : I — S is a smooth
parameterized curve in .S. Then there is a smooth function ¢ : I — U such that
¢ = ¢ o ¢. In other words, for each ¢t € I, there are smooth functions u,v : I - R
such that

ét) = (u(t),v(t)) € R?

and such that c(t) = é(u(t),v(t)) = (u(t),v(t),2u(t) —
component functions of a curve ¢ : I — S given by ¢(t) = (x
satisfy the relation

3u(t)). That is, the
(t),y(t), z(t)) must

2x(t) — 3y(t) — z(t) = 0forallt € T (3.2)
or, what is the same,
z(t) = 2x(t) — 3y(t) forall t € I. (3.3)

Let p = (20,0, 20) € S, ie., 229 — 3yo — 20 = 0. To say that v, = (a, b, c>p €
T,(R?) means that there is ¢ : I — R? satisfying ¢(0) = p and ¢/(0) = (a, b, )y

To say further that v, € T,(S) means we have the restriction that ¢ : I —
S C R3, which, as shown above, means that Eq. (3.2) holds. Differentiation of
Eq. (3.2) with respect to ¢ shows that 22/(t) — 3y'(t) — 2/(t) = Oforall ¢ € I.In
particular,
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0 =22'(0) — 3y'(0) — 2'(0)
=2a—3b—c.

Moreover, if (a, b, ¢), € T,(R?) satisfies 2a — 3b — ¢ = 0, then the curve defined
by c(t) = (zo + at,yo + bt, 20 + ct) isacurve c: R — S:
2(zg + at) — 3(yo + bt) — (20 + ct) = (2z9 — 3yo — 20) + t(2a — 3b — ¢)
=0.

This discussion shows that for all p € S,
T,(S) = {(a,b, ¢),|2a—3b—c= o} C T,(R®).

We now illustrate the definition with a nonlinear example.

Example 3.3.8. Let S be the paraboloid of Example 3.3.4, i.e., S = ¢(U), where
U={(r0)|0<r<2, —m<6<n}and ¢:U — R3is given by

¢(r,0) = (rcosf,rsin, 7“2).

We investigate the tangent space to S at the point p = ¢(v/2,7/4) = (1,1,
We first consider two curves ¢; : I; — U, i = 1,2, where I} = (-1/2,1/2),
I, = (—7/2,7/2) given by

& (t) = (t+ V2, 7r/4),

and

&t = (V2. t+m/4).

Geometrically, the image curves ¢;(I1) and ¢2(I2) are parallel to the coordinate
axes in U and intersect at (v/2, 7/4) = &,(0) = &(0).

Now define ¢; : [y — Sandcy : I — Sbyc; = ¢poc and ca = ¢ o Co.
Explicitly,

( (t + V'2) cos(m/4), (t + V2) sin(m/4), (t + \/5)2)

<t2 — 1,(t+ﬁ)2>,
(ﬁcost+7r/4) V2sin(t + 7/4), )

= (cost —sint,cost +sint, 2).
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The image curves c; (/1) and co([2) are, respectively, the curve of intersection of
the plane 2 = y with the paraboloid z = 22 + y? and the curve of intersection of
the plane z = 2 with the paraboloid z = z? + y2.

Note that both ¢;(0) = p and ¢2(0) = p, so that the tangent vectors v, = ¢} (0)
and w,, = ¢4 (0) are by definition elements of 7},(.S). Explicitly,

v, = (12, 1/\/5,2\/§>p

1
=—(1,1,4
L1,
and
W, = (—171,0>p.

In fact, we show that every linear combination of v, and w,, is a tangent vector to
Satp. Letx, = 51V, + sawy, i.e.,

S1 S1 4sq
v (e ),
Adopting the interval notation from the proof of Theorem 3.2.4 above, we let
I = i (=1/2,1/2), I, = i (=m/2,7/2),and [ = I, N I. Define é: I — U
andc: I — S by
&t) = (5115 + /2, 59t + 7r/4)

and
ct) = (poc(t)) (t)
_ ((m 4 V/2) cos (sat + 1/4) , (51t + V/2) sin (sat + 7/4) , (516 + \@)2) .

The reader can verify that ¢/(0) = x,,, and so x,, € T,,(5).
We note further that if y;, = (a, b, ¢),, € T,,(5), then

—2a—2b+c=0. 34
This is a consequence of the fact that if y, = ¢/(0), where ¢ : I — S is given by

c(t) = (z(t),y(t), 2(t)) with ¢(0) = p = (1, 1,2), then for all ¢t € I, the component
functions must satisfy the equation

2(t) = [e(O) + ()], (3.5)

and so differentiating with respect to ¢ yields

2'(t) = 2x(t)x' (t) + 2y(t)y (t). (3.6)
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p=(1,1,2)

Fig. 3.4 In Example 3.3.8, T),(S) = Span {vp, wp}.

Evaluating at t = 0 gives Eq. (3.4).

Comparing the sets 7,(S) and W = {(a,b,c>p | —2a —2b+c= 0} C
T,(R?), we note that the vectors v, = % (1,1,4), and w;, = (—1,1,0) studied
above are two linearly independent vectors in the 2-dimensional subspace W, and
SO

T,(S) =W = Span{v,, w,}.
See Fig. 3.4.

We have developed these two previous examples in some detail in order to
illustrate the general situation, which we summarize in the following theorem and
corollaries.

Theorem 3.3.9. LetU C R*, ¢ : U — R", and S = ¢(U) be as above. Letp € S,
ie,p=o(p)forp= (p1,...,0x) € U. Foreachi=1,...,k, define¢; : [; - U
by

5i(t):(ﬁ17"'aﬁi+ta"'a]§k)7

where I; is an appropriate interval containing O satisfying the condition that
¢i(I;) C U. Define c; : I; — S by ¢; = ¢ 0 &;, and let (e;), € T),(S) be defined by
(1) = €(0).

Then {(e1)p, ..., (ex)p} is a basis for T,(S).

The set in the conclusion of Theorem 3.3.9 will be called the standard basis for
the parameterized set S.

Proof. To prove that {(e1),,...,(ex)p} is a spanning set for 7,,(.S) amounts to
adapting the methods used in Example 3.3.8 to the general case. Care should be
taken in appropriately modifying the intervals on which the c; are defined in order
to construct a new curve.
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The fact that the set is linearly independent derives essentially from the fact that
the vectors Eg (0) are the standard basis vectors, viewed as vectors in R¥, along with
the regularity of ¢. ad

This theorem has some simple but notable corollaries. Both depend on the fact
that the parameterization ¢ is regular.

Corollary 3.3.10. Suppose U C RF is a domain and ¢ : U — R" is a regular
parameterization, and let S = ¢(U). Then for allp € S, dim T,,(S) = k.

Corollary 3.3.11. If S = ¢(U) is a parameterized set, then
Tp(S) = Image (D¢(p)) ,

where p = ¢(D).

As can be seen from the definitions and examples above, parameterization
plays a key role in studying geometric objects using the techniques of differential
calculus. However, there are some disadvantages to overemphasizing the role
played by parameterized sets. It has been a hallmark of differential geometry to
isolate “intrinsic” properties of geometric objects—those that are properties of the
objects themselves and are not reliant on the “extrinsic” coordinate systems or
parameterizations used to study them. For example, supposing that a set S can be
parameterized by two different parameterizations ¢; : U — S and ¢9 : V — 5,
where S = ¢1(U) = ¢2(V). Then T,(S) defined by either ¢ or ¢ should yield
the same subspace of T,,(R").

The practice of isolating concepts that are intrinsically geometric is a funda-
mental goal of modern differential geometry, and leads to the abstract formulations
of manifolds, submanifolds, and related concepts. We do not emphasize that
perspective here, however.

From a practical perspective, many objects in geometry—even analytic geome-
try, with its use of coordinate systems—are not described as parameterized sets. We
now discuss some other common ways that geometric sets are encountered.

Let U ¢ R" ! be adomain and let f : U — R be a smooth function. The graph
of f is the set Sy C R™ defined by

Sy ={(z1,...,xn-1, f(21,...,20n-1)) | (®1,...,2n—1) €U}.

We will show that graphs so defined are geometric sets in the sense defined at the
beginning of the section. See Fig. 3.5. We begin by mimicking Definition 3.3.5 of
the tangent space above:

Definition 3.3.12. Let U C R" ! be a domain and let f : U — R be a smooth
function. Let Sy C R” be the graph of f and let p € Sy. The tangent space to Sy
at p, denoted by T),(Sy), is the subset of T},(R"™) defined by

T,(S) = {vp € T,(R") | 3¢ : I — S smooth with ¢(0) = p, ¢'(0) =v,}.



86 3 Advanced Calculus

UcRr !

Fig. 3.5 The graph of a function f : U — R in R".

As in Definition 3.3.5, the essential aspect of this definition is the restriction of
the codomain of the parameterized curves.

Theorem 3.3.13. Let Sy be the graph of a smooth function f : U — R, where
U C R" ! is a domain. Then the tangent space Ty,(S¢) is a vector subspace of
T,(R™) with dim T,,(Sy) = n — 1.

Proof. The statement can be reduced to Theorem 3.3.9 and its corollaries by
exhibiting a parameterization of Sy, i.e., a one-to-one, smooth, and regular function
¢ : U — S¢. This can be done by defining ¢ : U — Sy by

QS(CL'l,...,fEn,l) = (xl,...,:vn,l,f(xl,...,xn,l)) .

The fact that ¢ has rank n — 1 follows by computing the Jacobian matrix at any point
in U; hence ¢ is regular. O

Theorem 3.3.14. For the graph of a function f : R*~1 — R, we have

n—1 6
TP(Sf) = {<a’1?"' aan—17a’n>p | Qp = Zala:pf(ﬁ)} )
i=1 ¢

where p = (. f (7)), € U.
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Proof. Let p € U and let p = (p, f(p)). Note that the standard basis vectors (cf.
Theorem 3.3.9) for T,,(S) considered with the parameterization mentioned in the
proof of Theorem 3.3.13 are

of .
(el)p = <1707 .0, aq{l(p)>p’

(e2)p = <O7 1,0,...,0, gxfz(p')>p,

0 ~
(en—l);b = <07 ce 707 ]-7 axnfl(p)>p .

The assertion of the theorem is then just a restatement of saying that v,, is a linear
combination of the basis vectors e, ...,e,_1. O

Example 3.3.15. Returning to the paraboloid of Example 3.3.8, we note that the
surface S can be expressed as the graph z = f(x,y) of the function f : R> — R
given by f(z,y) = 22 + 3. By Theorem 3.3.14,

T,(8) = {{a.b.c), | ¢ = a(2p1) + b(2p2) }

where p = (p1,p2,p3) € S and so p3 = p? + p3. For example, with p = (1, 1,2)
as in Example 3.3.8,

T,(S) = {(a,b,c>p lc=2a+ 2b} :

corresponding to the result we obtained previously.

Our definition of a graph can easily be generalized. The ease of parameterization
for the graph in R" is really a consequence of the fact that the sum of the dimensions
of the domain of f (which is n — 1) and the range of f (which is 1) is n. More
generally, for 0 < k < n, we could consider a smooth function F' : R"7* — R¥.
All of the corresponding statements are easily reformulated in these terms, with
dlmTp(SF) =n—k.

Yet another standard way of describing a geometric set in R” is as the level set
of a smooth function f : R™ — R. Given such a function f, let ¢ € R be in the
range of f. Define the level set of f at a to be the set

Sta={(r1,...,2n) €ER" | f(21,...,2,) = a}.

We say that a is a regular value of f if forallp € Sy ,, D f(p) is an onto linear map
or, what is the same, D f(p) is not the zero transformation for any p € Sy ,.
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Fig. 3.6 The implicit function theorem.

For example, the unit circle in R?, {(x, y) |22 +92 = 1}, can be seen as the
level set for the function f(x,y) = 2? + y? witha = 1.

Definition 3.3.16. Let Sy , be the level set of a smooth function f : R — R at
a € R. The tangent space to Sy, at p € Sy 4 is defined to be the set

Tp(Sa) ={vp € T,(R") | 3¢: I — Sy, smooth with ¢(0) = p, ¢ (0) = v, }.

Theorem 3.3.17. Let f : R™ — R be a smooth function and let a € R be a regular
value of f. Then T,(Sy,,) is a vector subspace of T,,(R"™) and dimT,(S;,) =
n—1

To prove this theorem, we will rely on a fundamental tool of differential
geometry, the implicit function theorem. We state a version of the theorem here
for reference. A more precise statement and proof can be found in [37].

Theorem 3.3.18 (Implicit function theorem). Suppose that @ : R™ xR" — R"
is a function that is smooth near the point (xo,yo) € R™ xR". Writing & by means
of the component functions

P(x,y) = (P (x,y),.... D" (x,y)),

where x = (z1,...,&m) € R™andy = (y1,...,yn) € R", suppose further that
we have
¢ D(x0,y0) =0, and
7
* then X n matrix [8(x0,y0)] (i,7 =1,...,n)is invertible.
Yi
Then there exist a domain U C R™ containing Xo, a domainV-C R" containing
Yo, and a unique smooth function ¢ : U — V such that $(xq) = yo and

{(xy) | (x,y) € UxVand d(x,y) = 0} = {(x,¢(x)) | x € U}.

See Fig. 3.6 for an illustration of the implicit function theorem.
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Proof (of Theorem 3.3.17). Let p = (p1,...,Pn) € Sfq. Since a is a regular

value of f, we have Df(p) = [%(p)%(p)] # 0. Assume without

loss of generality that %(p) # 0. We can then apply the implicit function
theorem to
f:R"'xR—>R

near p to obtain a domain U C R"™! containing (pi,...,p,_1) and a smooth
function g : U — R such that the graph S, coincides with the level set S¢ , near p.
In particular, tangent vectors to Sy , at p in the sense of Definition 3.3.12 coincide
with those defined in the sense of Definition 3.3.16. The theorem then follows by
Theorem 3.3.13. O

In the course of Example 3.3.7, we showed that the tangent plane to the level set
S given by f(z,y,2) = 2z — 3y — z = 0 ata point p is
T,(S) = {(a,b,c}p 1204 —3b—c= o} .
The following theorem shows that this is a symptom of a general phenomenon.

Theorem 3.3.19. Ler f : R™ — R be a smooth function, a € R a regular value of
f,andp € S;q CR". Then

T,(Sf,a) = ker D f(p)
= {<U17~--,Un>p

Proof. Assume first that v, € T,,(S},,). Then there is a parameterized curve ¢ :
I — Sy such that ¢(0) = p and ¢/(0) = v,,. Since f(c(t)) = aforallt € I,
we have by the chain rule that 0 = D f(c(0))(¢’(0)) = Df(p)(v,), showing that
v, € ker Df(p) and so T),(Sy,q) C ker Df(p).

) otk ) =0}

af
(9131

Conversely, assume that v, = (v1,...,vp), € ker Df(p), i.e.,
of of
2L ) - =L (p) v, =0. 7
gz, D) vt g (p) v =0 3.7)

To show that v, € T,,(Sy,,), we need to construct a parameterized curve ¢ : I —
St.q such that ¢(0) = p = (p1,...,pn) and ¢/(0) = v,,. Since a is a regular value,
the implicit function theorem above guarantees that there exist a domain U ¢ R"~!
with (p1,...,pn—1) € U and a smooth function g : U — R with the property that

Pn=9(p1,...,pn—1) and
f(xla"'7xn717g(‘r1u"'7xn71)) =a (38)

for all (z1,...,2,—1) € U. We have made the assumption, without loss of
generality, that aif (p) # 0. Define an interval I C R in such a way that 0 € |
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and that forall ¢ € I, (p1 +v1t,...,pn—1 + vp—1t) € U. Define the parameterized
curve ¢ : I — Sy, by

C(t) = (Pl + U1t7 <oy Pn—1t Unfltv g(pl + U1t7 <oy Pn—1t Unflt)) .
Using the chain rule in the last component, we have

ag ,_ 99
, _ Yy . .
C (0) = <’U17.--,’U'n,1a 81'1 (p) U1 + T 333n—1

®) 1> .69
p

where p = (p1,...,pn—1). However, we note that by applying the chain rule to
Eq. (3.8), we have

af  af g o
To T e oy =0 fri=lon-l (3.10)

Using Eq. (3.10) and recalling the assumption that [;?Tf (p) # 0, we obtain

09 _ 3.11)
oz, aa;; ) '
Substituting Eq. (3.11) into Eq. (3.9) yields
1[0 o)
d(0) = <v1, e Un_1, fg]; 8—51 T (')xnf_l . vnl} >p
= (U1, -+, Vn—1,Vn),
the last equality due to Eq. (3.7). This shows that v, = ¢/(0) € T},(S¢,q). 0

As was the case for graphs of functions, the presentation of level sets here
emphasized hypersurfaces, namely geometric sets whose tangent space at each point
has dimension one less than the dimension of the ambient space. This, of course, is
a consequence of considering functions f : R®* — R = R!. However, all the
definitions and theorems here can be generalized to functions ' : R” — R* where
0 < k < n. In this case, the level set S, of a regular value ¢ € R* will be a
geometric set Sp , with dim T, (Sp ) = n — k foreachp € Sp,.

We close this section with a summary of what we have accomplished thus far.
In Sect. 3.2, we defined tangent vectors at a point p € R"™ to be vectors that are
tangent fo something, namely, tangent to parameterized curves. This is a pointwise
construction, leading to the definition of the tangent space at p as the vector space of
all tangent vectors at p. In this section, we illustrated how certain “geometric sets”
S C R™ define subsets of T,,(R") at each point p € S. For practical purposes, the
important theorems for calculating the tangent space to a geometric set at a point p
are Theorems 3.3.9, 3.3.14, and 3.3.19 along with Corollary 3.3.11.
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The reader may have noticed, however, that as appealing to geometric intuition
as this definition of a tangent vector is, it is somewhat clumsy from a mathematical
perspective. To show that a vector is really a tangent vector, one must exhibit a
parameterized curve that gives rise to the vector in question. We have not even
touched the subject of the question of different parameterized curves giving rise
to the same tangent vector, a technicality that can be addressed by appealing to
more abstract mathematical constructions such as equivalence classes. We will ask
the reader to investigate some of these questions in the exercises at the end of the
chapter.

In the next section, we give an alternative definition of tangent vectors, one that
is in some sense dual to the definition given in this section. The fact that the two
definitions are equivalent will permit us two ways of envisioning tangent vectors,
and so also the tangent space.

3.4 The Tangent Space II: An Analytic Definition

In the geometric definition of tangent vectors in Sect. 3.2, a tangent vector is the
algebraic object that results when the operation of differentiation is performed
on a geometric object, namely on a parameterized curve. In this section, we
shift the perspective completely. The tangent vector will be an analytic object
that in some sense “performs an operation of differentiation” on other objects,
which will now be functions defined on some appropriate domain. The moti-
vating idea in this perspective will be the notion of a directional derivative.
The approach here will have the advantage of offering a more coordinate-free
approach to vector fields in later sections, as well as a lesser reliance on the
seemingly extraneous (although geometrically appealing) parameterized curves of
Sect. 3.2.

Let f : U — R be a smooth function, where U C R" is a domain containing the
point p € U.Let ¢ : I — R™ be a smooth parameterized curve such that ¢(0) = p.
Then, by the chain rule,

=Vf(p)- vy,

where v, = ¢/(0). We are here using the common notation for the gradient and “dot
product” from a first course in vector calculus. This corresponds, up to the usual
convention of v, being chosen as a unit vector, to the standard definition of the
directional derivative of f in the direction v,,. See, for example, [30, p. 164].

Even without the suggestive notation, the reader will have noticed the presence
of the tangent vector v, € T,(R") in the preceding paragraph, defined in the
sense of Sect.3.2—the tangent vector to the parameterized curve c(¢) at ¢(0) = p.
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However, we now view the tangent vector as an operator—a ‘“function” whose
domain consists of smooth functions defined near p and whose range consists of real
numbers:

v,: f—=Vf(p)- vy, eR.

We now formalize this discussion by defining tangent vectors in such a way
as to capture the essential properties of the directional derivative. Let CSO(R”)
be the set of smooth real-valued functions defined on some domain containing
p. (We will be vague about the domains of different elements of C’Z?O(R”); a
precise definition requires considering equivalence classes of functions known
as germs.)

Definition 3.4.1. Letp € R". A tangent vector at p is an operator
vy C°(R") = R

satisfying the following three properties:

1. Forall f,g € G (R"), vp[f + 9] = vp[f] + V,g].
2. Forall f € C;°(R") and ¢ € R, vp[cf] = ev,[f].

3. Forall f,g € C3°(R™), vplf - gl = v[f] - 9(p) + F(p) - v,lg]-

The three properties defining a tangent vector should be familiar to any calculus
student. The first two assert that the tangent vector, as an operator, is linear. The
third asserts that tangent vectors obey the “product rule” (or Leibniz rule). An
operator that satisfies (1)—(3) is known as a linear derivation.

While this definition may appear abstract, we present an important example
immediately to show that linear derivations appear routinely in multivariable
calculus. The prototypical tangent vectors (as linear derivations) are the partial
differentiation operators.

Example 3.4.2. For i = 1,...,n, let (9;)

@111 = 51

restating basic properties of the partial derivative.

» 0 CF(R") — R be defined by

. Then (0;), is a linear derivation. The verification amounts to

The following theorem shows that a familiar property of derivatives is in fact a
formal consequence of the properties defining a linear derivation.

Theorem 3.4.3. Let v, be a tangent vector at p and let [ be a function that is
constant near p, i.e., there exist a domain U C R"™ containing p and a real number
¢ € R such that f(x) = cforall v € U. Then vp[f] = 0.

Proof. We prove the theorem when f(z) = 1 for all x € U, since the result then
follows using property (2) of Definition 3.4.1.
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We can write
vplfl =vplf - f] since f=1
vplf]- f(p) + f(p) - vp[f] by property (3) of Definition 3.4.1
2v,[f] since f(p) = 1,

and so v, [f] = 0. O

Starting from this new analytic definition of tangent vectors, we now begin
the process of reconstructing the key results of Sects. 3.2 and 3.3. Since our goal
is ultimately to view tangent vectors interchangeably as linear derivations or as
tangents to parameterized curves, we purposely blur the distinctions in notation
between the two (as yet distinct) objects. For example, we denote T,,(R™) in this
section to be the set of all linear derivations at p, which is the same notation we
used in the last section to denote the set of all vectors that arise from differentiating
parameterized curves.

Theorem 3.4.4. The set T,(R") of all linear derivations at p € R", with the usual
operations of addition and scalar multiplication of functions, forms a vector space.
The space T,,(R™) will be called the (analytic) tangent space at p.

Proof. Exercise. a

In general, sets of real-valued functions like 7(R) from Example 2.2.7 or any of
its subsets listed there are very large. One would expect that sets of operators whose
domains consist of sets of real-valued functions would be that much larger. However,
the linearity and derivation properties described above ensure that the tangent space
to R™ at a point p is finite-dimensional.

Theorem 3.4.5. The set By = {(81)p e (8,”)1)} of partial derivative operators
is a basis for T,(R™).
We call By the standard basis for T,,(R™) (Fig. 3.7).

This result is a consequence of the following lemma of advanced calculus, a
version of Taylor’s theorem for functions of many variables.

Lemma 3.4.6. Let f : U — R be a smooth function defined on a convex domain
U C R"” containing p = (p1,...,pn) € R™ Then there are n smooth functions
a; : U — R (i=1,...,n)satisfying a;(p) = 0 and
flz)=f(p) + Z (w; — i) %(P) +ai(z)|,
i=1 ¢
forallx = (zq,...,2,) € U.

Proof (of Lemma 3.4.6). Convexity implies that for all z € U, all points on the
segment
{I-t)p+tz|0<t <1}

are also contained in U'.
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Fig. 3.7 The standard basis for T}, (R3) (analytic version).

We appeal to the fundamental theorem of calculus and the chain rule:

f@) = £0) = [ 57 0+t —p)

7/0 [§3£<p+t(x*p)>'($1*p1)+...

-~+%(p+t(wfp))~(mn*pn)] dt

> (i pz/ oy P+t —p)) dt

i=1

Zn: [c’?ai p)+/0 (g;:(mt(xp))gi(p)) dt}

i=1

n

The reader may show that the functions a; : R™ — R defined by

1
a;i(z) = / (gf(p +t(x—p)) — gf(p)> dt are the desired functions. O
0 Ly Ly

Proof (of Theorem 3.4.5). The set B = {(01)p,--.,(On)p} can be seen to be
linearly independent by applying an arbitrary linear combination

c1(01)p + -+ cn(On)p

to each of the n functions 7; : R® — R (i = 1, ..., n) defined by
771'(3717-“71'71) = Zs-
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To show that B spans T,(R"™), we must show that for an arbitrary linear
derivation v, € T),(R™), there are scalars ¢; such that v, = ¢1(01)p+- - -+, (0n ) p-
To do so, let f be a smooth function defined in a convex domain containing p (for
example, choosing a small ball centered at p). By Lemma 3.4.6, there are smooth
functions a; satisfying a;(p) = 0 and also satisfying

£@) = £) + Y (o) — o)

i=1

Apply v, to f:

=l @]+ v 5

:0+Z[§£

i=1

B n ‘ 8f
= ;Vp[ﬂz}%

tip

(mi — pi) + ai(z) (m — pi)]

Vplmi — pi] + (i — pi)’pvp[ai(x)] + ai(p)vplmi — pi

We have relied throughout these calculations on the properties of v,, as a derivation
and Theorem 3.4.3. Setting ¢; = v, [m;], we thus have

Vp = Z ci(9)p,

and so v, € Span(B). Hence T),(R") C Span(B), and together with the rest, B is
a basis for T,,(R"). O

Corollary 3.4.7. For all Euclidean spaces R™, dim T),(R"™) = n.

Recall that we motivated the definition of tangent vectors as linear derivations
by observing some key properties of the directional derivative. We note now that
using the standard basis for T,,(R"), a tangent vector v,, can be written as v, =

>~ ¢i(0;)p, and so

vilfl =D i@yl f] = Z@%

7
p
which agrees with the standard definition of the directional derivative in the
direction v = (cq, . .., ¢y,) in the case that v is a unit vector.

From this definition, we now turn to the implications for defining the tangent
space for geometric sets such as the parameterized sets, graphs, and level sets

described in the previous section. Using the geometric definition of tangent vectors
as tangent vectors to curves, we defined the tangent space to a geometric subset
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S C R" by restricting the codomain of the curves under consideration. In other
words, the restriction on tangent vectors in T,,(R™) to tangent vectors in 7),(.5)
amounts to restricting from the more general curves ¢ : I — R" to the more
specifice: I — S C R™

In the new analytic definition, the restriction will be on the domain of functions
on which the tangent vectors as derivations operate. Namely, we will consider a
tangent vector to the set .S at a point p € S to be a linear derivation acting on
real-valued functions whose domains lie in S C R".

There are some technical and nontrivial considerations here. In particular, we
want to consider the set C;°(S) as a subset of the set C5°(R™). That is, we want
to consider a function defined only at points of S’ (near a point p) to be a function
defined at all points of R"™ near p. In general, this is a kind of “extension” problem.
We will address this problem on a case-by-case basis for geometric sets described
as parameterized sets, graphs, or level sets, although we will always assume that .S
satisfies the requirements for considering C;°(S) a subset of C;°(R™).

Definition 3.4.8. Let S be a geometric subset of R™ with p € S and consider
Cr(S) C C(R™). A tangent vector to S at p is a linear derivation v,
Cr(S) — R. The set of all tangent vectors to S at p will be called the tangent
space to S at p and is denoted by T),(S).

As we have mentioned, we have purposely adopted the same notation for tangent
vectors and the tangent space as in the prior two sections. Note that considering
Ce(8) C C°(R™) is essential to ensuring that 7},(S) can be considered a subset
of T,,(R").

Theorem 3.4.9. Let S be a geometric subset of R". Then T,(S) is a vector
subspace of T,(R™).

Proof. Exercise. O

We now illustrate this analytic definition in the cases of the geometric sets we
have seen so far. The development will give a preview of the more precise definition
of the derivative that we are aiming for in the next section.

The first type of geometric set we encountered in the last section was a para-
metrized set S = ¢(U) C R™, where U C R¥ and ¢ : U — R" is a smooth,
regular parameterization. In this case, for every p = ¢(a) € S we will say that
f € Ce(S) C Cp°(R™) if and only if there is a smooth function f € C,(RF) such

that f = f o ¢. This leads to the following characterization of the tangent space.

Theorem 3.4.10. Let S = ¢(U) be a parameterized set described by a domain
U c RF and a smooth, regular parameterization ¢ : U — R" (1 < k < n). For
every p = ¢(a) € S, define the linear transformation ®, : T,(R¥) — T,(R") as
that whose matrix relative to the standard bases

{(51)11 = %1

'7(8k)a = Tuk

, } C Tu(RY),
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{(al)p: aixl

is given by [D¢(a)], the Jacobian matrix for ¢ at a € R¥. Then

ey (On)p =

p

e } C T,(R")

p

T,(S) = Image(P,,).

Proof. We will show that the set B, = {(e1)p,...,(ex)p}, where (e;), =
D4,((0;)a). is a basis for T),(S). The set B, is linearly independent by virtue of
the corresponding property of the set {(51)a, e (5k)a} and the fact that @, is
one-to-one (since ¢ is regular).

To show that B, spans T,(S), we note that linear derivations on C°(5) are in

one-to-one correspondence with linear derivations on C2°(R¥), a consequence of
the fact that f € C;°(5) if and only if there is a smooth function f € C,(RF) such

that f = f o ¢. For any such f and corresponding f, the chain rule gives

@) [7] = 5| 1o
of | d¢*
kz::T 8ul a
= (e 1]

Hence to say that B, spans 7,,(.S) is equivalent to saying that {(51)a, ce (5k)a}
spans T, (R¥). O

Corollary 3.4.11. For a parameterized set S = ¢(U), we have dim T,,(S) = k,
where U C R is adomain and ¢ : U — R™ is a smooth, regular parameterization.

We now turn our attention to a geometric set defined as the graph of a real-valued
function.

Theorem 3.4.12. Let U C R™ ! be a domain and let g : U — R be a smooth,
real-valued function on U. Let S; C R™ be the graph of g:

Syg={(z1,...,2n) | (x1,...,2p-1) €U, & =g(x1,...,2n-1)}.

Then forp = (p,9(p)), p € U, we have

Ay = Zal’ }CTP(R").

Proof. The proof is essentially identical to the proof of Theorem 3.3.14. In
particular, using the parameterization of .S by the function ¢ : U — S given by

Tp(Sy) = {al(al)p"’"""an )p
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¢(x1,...,xn,1) = (xl,...,xn,hg(ifh...7xn71)),

Theorem 3.4.10 gives

(ei)p = (0i)p + oz, ﬁ(an)pv

fore=1,...,n—1. a

Our last result of this section is the analytic analogue of Theorem 3.3.17
describing the tangent space of a geometric set described as a level set.

Theorem 3.4.13. Let & : R" — R be a smooth, real-valued function with a
regular value ¢, and let S = {(x1,...,2,) | P(x1,...,2,) = c}. Then forp € S,

8@‘ b }
4+ e[ =0p.
p p

oz,

C1

T,(S) = {Cl(al)p + 4 n(On)p 0z,

Proof. On the one hand, for any p € S, we can consider ¢ to be an element
of Cp°(S) that is constant. Theorem 3.4.3 implies that for all v, € T,(5),
v, [@] = 0. Writing v,, using the standard basis vectors v, = > ¢;(d;), shows
thatclazl|+ +cn3¢’—0 So

0P oOP
Tp(S) C {Cl(al)p 44 cn(an)p Cla—wl p+ cee c”aixn p: O} )
Now assume that Vp = Zcz<6z)p € Tp(Rn) satisfies Vp [@] = 0 for p =

(p1,...,0n) € S. We may assume that = 0, since c¢ is a regular value for

&. Hence

oz,

n—1
1 0P
= 00 /0, JZZl o,

Following the strategy of Theorem 3.3.19, by the implicit function theorem, there
exist a domain U C R™~! containing (p1,...,pn_1) and a smooth function g :
U — R such that &(p, g(p)) = 0 for all p € U. By the chain rule, we have for all
j=1,...,n—1that

ob 0P dg

z; | 0z, 00;

This combined with the assumption shows that

n—
Cp = E Cj=——
8$7

and so v, € T,,(S) by Theorem 3.4.12. O
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We conclude by noting that this section has essentially replicated the line
of reasoning in the previous two sections. Despite the differences between the
geometric Definition 3.2.1 and the analytic Definition 3.4.1, there is an essential
unity that can be seen in the pairs

Theorem 3.2.4 <— Theorem 3.4.4,

Theorem 3.3.9 <¢<— Theorem 3.4.10,
Theorem 3.3.14 <— Theorem 3.4.12,
Theorem 3.3.19 <+— Theorem 3.4.13.

In his classic text, Spivak presents the more general theorem that “all reasonable
candidates” for the tangent space “turn out to be essentially the same” [38, p. 122] by
working in the abstract framework of vector bundles and vector bundle equivalences.

Let us summarize what we have achieved to this point. To each point p € R",
we have associated a vector space T;,(R™). Following either route—the geometric
or the analytic—leads to a vector space that is easily identified with R™. For certain
“geometric” subsets S C R™, differentiability gives rise to subspaces T),(.S) of
T,(R™).

One of the main aims of differential geometry is to use information about
the linear spaces T,(S), along with additional “structures,” to study geometric
properties of the nonlinear spaces S.

3.5 The Derivative as a Linear Map Between Tangent Spaces

Having spent some effort in defining the tangent space at a point in a Euclidean
space R™, we now return to the definition of the derivative of a function f : R* —
R™ that has been at the heart of many of our constructions thus far. The goal in
this section is to understand the derivative in its proper setting: not just as a linear
map, which is what we emphasized in Sect. 3.1, but as a linear map between tangent
spaces.

Definition 3.5.1. Let f : R™ — R™ be a function that is differentiable at a point
p € R™. The tangent map to f at p is a function, denoted by (f.), : T,(R") —
Tt (R™), defined in either of the following equivalent ways (according to the
definition of the tangent space):

1. For v, € T,(R"), where v, = ¢/(0) for a differentiable curve ¢ : I — R™ with
¢(0) = p, define
(f)p(vp) = (£ 0 ¢)'(0).
2. For v, € T,(R™) given as a linear derivation, define
((£f)p(vp))[8] = vplp 0 f],
where ¢ € C°(R™).
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The fact that the two definitions are equivalent is due the equivalence of the two
definitions of the tangent space discussed in the previous section. Despite the fact
that we are aiming to work interchangeably with two different definitions, we will
not prove their equivalence. Nor will we choose one or the other definition as “the”
definition.

The most subtle point is to verify that this definition does not depend on the
representative curve or germ of the function that represents the tangent vector v,.
We will not discuss this here, since we are not emphasizing the nature of a tangent
vector as an equivalence class. See, however, Exercise 3.18.

The following result about the role of the Jacobian matrix should provide more
evidence of the essential unity of the two approaches.

Theorem 3.5.2. Let f : R™ — R™ be a function that is differentiable at p € R"™.
Then the tangent map

(f*)p : Tp(Rn) — Tf(p)(Rm)

is a linear transformation of vector spaces. Moreover, using either definition, the
linear transformation (f.), can be represented in matrix form (relative to the
standard bases) by the Jacobian matrix [D f (p)]. See Fig. 3.8.

Proof. There are several considerations to prove. First, we need to show that by
either definition, (f.),(vp) € Ty (R™). We leave the details to the reader,
although we will illustrate the product rule property for the operator (f.),(v,) at
f(p) in the case of the analytic definition. Note first that for ¢1, 2 € C7, (R™),
we have ¢1of € Cp°(R") and ggo f € Cp°(R™). This is due to the differentiability
of f. Also, (¢1-¢2) o f = (¢10 f) - (d20 f). So

((f)p(vp)) 01 - d2] = vp[(¢1 - ¢2) o f]
=vp[(¢10f)- (20 f)]
= (10 ) (p)Vp (D20 [+ (¢20 f)(D)Vp[b1 0 f]
= o1(F(P) ((F)p(vp)) [d2] + 2(f () ((f2)p (V) [01].

Here we have relied on the fact that v, is a linear derivation at p. This, together with
the linearity properties to be verified by the reader, shows that ( f.),(v,) is a linear
derivation at f(p).

The second statement to verify is that (f.), is a linear transformation. We will
illustrate part of this verification in the case of the geometric definition. Let v, w, €
T,(R™). Hence there are curves ¢; : Iy — R™ and ¢y : Io — R” such that
c1(0) = c2(0) = p, ¢1(0) = vp, and ¢5(0) = w,. Let ¢ : I — R" be such that
¢(0) = pand ¢’(0) = ¢} (0) + ¢4(0). Then, using the chain rule,
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Fig. 3.8 The tangent map of a smooth function.

)+ (Df(p)) (c5(0)) (Df(p)is linear)
foe)(0)

The fact that (f,), preserves scalar multiplication follows similarly.
The final statement to address, which was implicit in the previous verification,
is that the matrix representation of (f.), using the standard basis vectors is the
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Jacobian matrix. In the analytic definition, the matrix representation of (f.), is
essentially given by Theorem 3.4.10 which, read in this context, implies that the
columns of the matrix representation of ( f,), are given by

9fi
oz,

of;
OT.m n
We note that the chain rule, Theorem 3.1.7, has a particularly nice form in this
framework.

Theorem 3.5.3. Let f : R* — R™ and g : R™ — R¥ be smooth functions. Then
((go£)x), = (9:) 5wy © (f)p-

The presentation here adapts nicely to the situation of geometric sets. We need
only agree on what is meant for a function f : S,, — S, to be differentiable.

Definition 3.5.4. Let S, C R™ and S;,, C R be geometric sets of the respective
Euclidean spaces. Then a function f : S,, — S,, is said to be differentiable at
p € S, if there is a smooth function g : U — R™ defined on a domain U C
R™ containing p such that g(z) = f(z) for all z € S,,. In other words, f is the
restriction of a smooth function g : R™ — R™.

Compare this definition with the remark prior to Definition 3.4.8. The point is to
be able to rely on the definition of differentiation in the “surrounding” set R™ (by
referring to the function g defined on a “larger” set) despite the fact that f is defined
(or considered) strictly as a function of the “smaller” set S,,.

Definition 3.5.5. Let f : S, — S,, be a smooth function at p € S,,, where S,, C
R” and S,, C R™ are geometric sets. The tangent map to f at p is the function
(f+)p : Tp(Sn) = Tg(p)(Sm) defined exactly as in Definition 3.5.1.

So defined, the tangent map between geometric sets is again a linear transforma-
tion, in the manner of Theorem 3.5.2.

Finally, this definition allows us to recast Theorem 3.4.10, which characterizes
the tangent space of a parameterized set, in its proper context. We begin by proving
an obvious but important property of domains in R".

Theorem 3.5.6. Let U C R"™ be a domain. Then for all p € U, we have
T,(U) = T,(R").

Proof. The theorem is a consequence of considering U as a parameterized set in
R"™ with the parameterization ¢ : U — R" by

¢(z) ==,
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for all z € U. Then D¢(p) = Id for all p € U, and so the result follows from
Definition 3.5.5 and Theorem 3.5.2. O

More generally, the above theorem is true when U is any open set.

Corollary 3.5.7. Let S = ¢(U) be a parameterized set in R™, where U C R¥ is
adomain (1 < k <n),ae€ U, and ¢ : U — R" is a smooth, one-to-one regular
function with ¢(a) = p. Then

T,(S) = (¢+)a (Tu(RF)) = Image((¢+)a)-

Proof. This is essentially Theorem 3.4.10 in the language of Definition 3.5.5 and
Theorem 3.5.6. a

3.6 Diffeomorphisms

Having placed the derivative of a function in its proper context—as a linear map
between tangent spaces—we immediately turn to a special class of differentiable
functions. These will be the “isomorphisms” in the differentiable category. They
appear naturally whenever we discuss “change of variables.” We shall encounter
examples of these later in our treatment of geometry as the “symmetries” of a given
geometric structure.

In this section, we consider functions f : R™ — R™ between Euclidean spaces
of the same dimension. In Chap. 2, linear functions (transformations) 7" : R —
R™ were studied by means of square matrices, with bases being chosen for the
domain and range. In that case, properties of T' such as whether it is one-to-one
or (equivalently, by Corollary 2.7.11) onto could be ascertained, for example by
considering the determinant of the matrix representation of 7.

The case we are considering in this chapter, in which f : R"™ — R" is
nonlinear, is more intricate. For example, there is no general method available even
to determine whether such a function is one-to-one or onto, short of falling back
on the definitions directly. We list here a few examples and encourage the reader to
verify the stated properties.

Example 3.6.1. Let f : R2 — R? be given by
f(U,U) = (u?) - 7)37U).

Then f is one-to-one and onto.

Example 3.6.2. Let f : R? — R? be given by
f(s,t) = (scost, ssint).

Then f is onto but not one-to-one.
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A

Fig. 3.9 The function f : R? — R? of Example 3.6.3.

Example 3.6.3. Let f : R? — R? be given by

z(—14++/14+4224+4y2) y(—14++/1+4x2+4y?) .
fla,y) = ( 222 197) ) 322 197) )» if (z,y) # (0,0),
(0,0), if (z,y) = (0,0).

Geometrically, this function maps a point P in the plane to a point f(P) inside

the unit circle by scaling the vector O? by a factor depending on the distance from
the origin. See Fig. 3.9. In fact, in polar coordinates, the function f is given by

(r,0) (_H— VQ:J’W,Q).

Then f is one-to-one but not onto. However, if we let U C R? be the open unit disk
U={(u,v) |v’+v><1},

then the function f : R? — U is one-to-one and onto. In fact, the inverse function
f~':U — R2is given by
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o) = (7= )

1—u2—v2"1—u?
which maps the open disk onto the plane.

One-to-one, onto functions play a special role in mathematics. For example, they
generalize the notion of permutations or “rearrangements” of finite sets, which can
be thought of as functions that change the “order” of elements but not the number
of elements.

When a one-to-one, onto function in addition preserves some additional structure
on the domain and range, we are led to the notion of isomorphism. Two sets
with some structure are isomorphic if there is a one-to-one, structure-preserving
function between them. In Sect. 2.7, we saw the example of a linear isomorphism as
a one-to-one, onto function between two vector spaces that preserves the vector
space operations. Linear isometries (Sect.2.9) and linear symplectomorphisms
(Sect. 2.10) are special cases of this.

In the context of differential geometry, the sets we consider are given enough
structure so that we are able to define derivatives, along with the concepts that can
be defined in terms of differentiability, such as tangent vectors and tangent space.
That is what motivates, at a more abstract level, the definition of a manifold.

We now consider isomorphisms that preserve the differential structure.

Definition 3.6.4. Let U,V C R" be domains. A function f : U — V isa
diffeomorphism if:

1. f is one-to-one and onto, and so the inverse f -1,V 5 U exists;
2. fis smooth on U;

3. f~lissmoothon V.

The second and third conditions of Definition 3.6.4 are independent of each other,
as the following example shows.

Example 3.6.5 (A one-to-one, onto function that is smooth but whose inverse is not
smooth). Consider the function f : R! — R! given by f(x) = 23, which the
reader can confirm is one-to-one and onto. Moreover, f is differentiable for all x €
R!. However, the inverse f~'(y) = y'/% is not differentiable at 0, so f is not a
diffeomorphism of R!.

We will see that this example reflects a more general fact about the relationship
between the tangent map of a function and that of its inverse.

Theorem 3.6.6. Let U,V C R"™ be domains and let f : U — V be a
diffeomorphism. Then for all p € U, (f)p @ Tp(R") — Ty, (R") is a linear
isomorphism of vector spaces with inverse

(f)p" = ((F D) 50-
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Proof. The statement is a consequence of applying the chain rule (Theorem 3.5.3)
and the fact that (Idg~ ). (p) = Idg, (r~) to the identities

gof=1d, fog=1d

where g = f~1. 0

Corollary 3.6.7. Suppose f : U — V is a diffeomorphism. Then for all p € U,
det(f.)p # 0.

Example 3.6.8. Let

U = {(p1,p2) | pT + 13 >0} =R*\{(0,0)},

and define the function f : U — U by

f(Pl,P2)=< o P2 )

pi+p3 i+ 3

Geometrically, f assigns to each point p in U that is » > 0 units away from the
origin another point f(p) that is on the same ray as Op but 1/7 units away from the
origin. In particular, all points on the unit circle S* = {(p1,p2) | p} +p3 = 1} are
fixed points, i.e., for p € S, f(p) = p. See Fig.3.10.

It can be proved directly that f is one-to-one and onto. It is more convenient to
observe, either geometrically or by the appropriate computation, that

(fo)p) =p

andso f~1 = f.
Computing the Jacobian matrix yields

p5—p3 —2p1p2
®3+p3)? (7+p3)?

[f*} (plap2) =
—2p1ps _PI—D3
(Pi+p3)? (Pi+p3)?

This can be seen to be smooth on U. Since f~! = f, f~! is differentiable also.
Hence f is a diffeomorphism.

Corollary 3.6.7 implies that if f has a critical point, then it is not a diffeomor-
phism. This gives another way of viewing Example 3.6.5, since f(z) = 2 has a
critical point at x = 0.

It is not hard to describe the same type of obstacle in higher dimensions.

Example 3.6.9. Let f : R? — R? be the function given by f(z,y) = (2 —
y3, ). We mentioned in Example 3.6.1 that f is one-to-one and onto. However, the
Jacobian matrix is given by
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""-AIT:1

r=1/2 "'!_q:f(q)

Cep

. of(p)

Fig. 3.10 The diffeomorphism of Example 3.6.8.

D = | %)

—342 0

which is not invertible whenever y = 0, i.e., along the x-axis. Hence f is not a
diffeomorphism of R2.

Example 3.6.10. The following functions are diffeomorphisms:
1. f:R? — R2?givenby f(z,y) = (ze¥,y);

2. g:R3 = R3 given by g(z,y,2) = (22,9, 2 — 2v).

The verifications are left as an exercise.

We mention that there is an “algebra” of diffeomorphisms in the sense of group
theory. Namely, we have the following result, the proof of which is a routine
application of the definitions and the chain rule.

Theorem 3.6.11. The set of all diffeomorphisms of R™ forms a group with the
operation of function composition. That is,

1. If f,g : R™ — R" are diffeomorphisms, then so is f o g;
2. The identity function Id : R™ — R" given by 1d(z) = x is a diffeomorphism;
3. If f : R™ — R is a diffeomorphism, then so is f 1.
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We will devote significant attention in this and later chapters to developing
methods of constructing diffeomorphisms.

We close this section by stating a partial converse to Theorem 3.6.6. This is a
key result in advanced calculus that implies (in fact, it is equivalent to) the implicit
function theorem (Theorem 3.3.18) above.

Theorem 3.6.12 (Inverse function theorem). Let f : R™ — R™ be a function
and p € R™. Suppose that f is smooth in a domain containing p and that (fy),
is a linear isomorphism. Then there exist a domain U containing p, a domain V
containing f(p), and a function g : V- — U such that:

1. gis smoothonV;
2. gof=Idyand f o g =1dy.

In other words, a function that is differentiable near p and with a one-to-one
and onto tangent map at p has a differentiable inverse near p. For this reason, a
function f : R™ — R" satisfying the conditions of the inverse function theorem is
sometimes called a local diffeomorphism.

The proof of the inverse function theorem is quite technical. It can be found, for
example, in Spivak’s Calculus on Manifolds [37]. In this case, as in the case of the
implicit function theorem, we have stated the theorem for smooth functions, even
though the result is true for functions that are continuously differentiable.

We will illustrate the power of the inverse function theorem by showing that a
geometric set S described as a parameterized set may also be described locally as
the level set of some function.

Proposition 3.6.13. Let S = ¢(U) be a parameterized geometric set, where U C
RF (1 < k < n)is a domain and ¢ : U — R is a regular parameterization.
Then for all p € U, there exist a domain V' C U containing p, a domain W C R"
containing ¢(p) such that (V') C W, and a diffeomorphism & : W — &(W) C
R" such that

(b(V):{y€W|d5i(y):()fori:k—i—l,...,n},

where the maps &7 : W — R (j = 1,...,n) are the component functions of
¢ = (PL,...,0").
Proof. Let ¢ : U — R be the component functions of ¢, so that for
(uy,...,ux) €U,

Sut, ... up) = (A (ut, ... up)s .o @™ (ur, ..., up)).

Since ¢ is a regular parameterization, the derivative (¢.)(p) can be represented as
an n X k matrix with rank %k at every point p. We may assume, by permuting the
coordinates if necessary, that

Ot
[3%'

}(p)’ i?j:17""k7
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is an invertible matrix for p € U. Define ¢ : U — RF as

o(ug, ... ug) = (qﬁl(ul,...,uk),...,d)k(ul,...,uk)).

Then by the inverse function theorem (Theorem 3.6.12), there exist a domain V' C
U containing p and a domain V" C R* containing ¢(p) such that ¢ : V' — V" is
a diffeomorphism with inverse 7 = ¢~ : V" — V.
Let W/ C R™ be a domain with the property that w7(W’') C V", where 7 :
R" — RF is the projection 7(z1,...,x,) = (21,...,2)). Note that ¢ = 7 o ¢.
Define the map @ : W’ — R™ by means of the component functions & =
(@1,...,®") as follows:

@i(x)— T; fori=1,...,k,
x; — ¢ (1(n(x))) fori=k+1,...,n.

Since ﬁ =0forj =k+1,...,n, the reader can check that det(®.) = 1. Hence,
again by the inverse function theorem, there is a domain W C W’ containing ¢(p)
such that & : W — $(W) is a diffeomorphism.
Now set V = 7(7(W)) N ¢~ (W). A topological argument shows that V' is a
domain. Further, since ¢(p) € W, we have p € V. By construction, ¢(V) C W.
We will show that @, along with the domains V' and W, has the desired
properties, namely that

¢(V)={33€R"|<15i(x)=OWheni:k+1,...,n}.

Suppose first that y = (y1,...,yn) € ¢(V),i.e., thereis x € V such that y = ¢(z).
Then foreveryi =k +1,...,n,

P'(y) = yi — 6" (1(7(y)))

= ¢'(2) = ¢'(1(m(¢())))
= ¢'(z) = ¢'(r(()))
=¢'(2) — ¢' ()

=0.

Hence _
p(V)C{yeW|d'(y) =0wheni=Fk+1,...,n}.

Now suppose that y = (y1,...,¥,) € W is such that #*(y) = 0 for all i =
k+1,...,n.Inother words, fori = k + 1, ..., n, we have

yi = ¢'(r(n(y))).
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Together with the supposition, we have y; = ¢*(x) foralli = 1,...,n, ie,y =
¢(z). Since x € 7(w(WW)) by construction and since ¢(z) = y € W, we have
xz € V,and soy € ¢(V). This shows that

{ye W | (y) =0wheni=k+1,....,n} Co(V),
which together with the preceding argument yields
{yeW | (y) =0wheni=k+1,...,n} = ¢(V),

as desired. O

Itis in the sense of the following corollary that a parameterized set can be realized
locally as a level set.

Corollary 3.6.14. Let S be a geometric set parameterized as S = ¢(U), where
U cCR* (1 <k <n)isadomain and ¢ : U — R" is a regular parameterization.
Then for each point p € S, there exist a domain W C R™ containing p and a
smooth map F : R™ — R"~* such that SN W = F~1(0).

Proof. For p € S, by Proposition 3.6.13, there exist a domain W containing p and
amap @ : W — R" such that forallz € SNW, &% (z) =0fori =k+1,...,n.
Then the map

F(z) = (8" (x),..., 2" (z))

is the desired function. O

3.7 Vector Fields: From Local to Global

Up to this point, the core idea of this chapter has been associating to each point
of some (possibly) nonlinear object—be it a function or a geometric set—a linear
object that “approximates” the nonlinear one. In this section, we begin to consider
how constructions at the level of linear approximations can give rise to nonlinear
objects. It is passage from “local” to “global.” In the course of these considerations,
we will encounter many of the objects fundamental to differential geometry.
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The first step in the transition from local considerations, or constructions at a
point p, to global ones involving whole regions or sets of points will be constructing
the proper context for such considerations—the tangent bundle. Up to now, for each
point p € R™ we have constructed a vector space T,,(R™). We now consider the
collection of all such tangent spaces.

Definition 3.7.1. The tangent bundle to R™, denoted by TR", is the set of all
ordered pairs of the form (p, v,)), where p € R™ and v,, € T,,(R").

Using the standard bases for R™ and the tangent spaces T,,(R™), elements of the
tangent bundle “look like” elements of R?":

(p7 Vp) = ((p17 e »Pn)v <vl7 cee 7vn>p)a

where for ¢ = 1,...,n, p; is a coordinate of the point p and v; is a compo-
nent of the tangent vector v, considered in either of the two senses we have
defined: either (v1,...,v,), = ¢(0), where c is a smooth curve passing through
¢(0) = p, or

Z” 0

V., = UV, —

P - 13:101-
i=1

It is conceptually important, however, to note that TR" is “not” R?", at least
not as vector spaces. In particular, there is no sense of addition of elements
(p,vp), (¢, vq) € TR™ unless p = ¢. The tangent bundle TR™ has the structure
of what is known as a vector bundle, where there is a vector space structure on the
“fiber” T,,(R™) over each point p in the “base space” R™. We refer the interested
reader to [38] for an in-depth presentation of this mathematical structure in the
context of differential geometry.

For our purposes, however, the main importance of the tangent bundle is its role
as the setting in which to describe vector fields.

P

Definition 3.7.2. For any domain U C R™, a (smooth) vector field on U is a
function V : U — TR™ such that:

1. Foreachp € U, V(p) = (p, vy), where v, € T,(R"™);
2. V is differentiable in the following sense: for all p € U and for all smooth
functions f defined near p, the function F' : U — R given by

F(p) = v,[f] where V(p) = (p, vy)

is a smooth function of p.

The first condition essentially assigns to each point p a tangent vector at p. The
second ensures that this assignment is done smoothly. In terms of components, it
amounts to saying that V' can be written in the form

),
p

where the functions v; : U — R are smooth functions of p. See Fig.3.11.

V(p) = (p, Z vi(p)a%i

1=
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A

Fig. 3.11 A vector field in R2.

Definition 3.7.2 relies on the analytic presentation of tangent vectors as linear
derivations on Cp°(R"™). There is also a natural geometric interpretation of vector
fields, however. A vector field can be pictured as a smooth assignment of a vector
(an “arrow”) to each point p € R"™. The component functions then describe how
the arrows change with position. In physical terms, the vector field might represent
a force field, where the arrow at each point represents a force acting on a particle
located at that point, with the force depending on position. The vector field could
also represent a velocity field of a fluid, where the vector at each point represents the
velocity that a particle “dropped into” the fluid at that point would experience.

We now illustrate the definition with some typical vector fields that arise in
various applications.

Example 3.7.3 (Constant vector fields). LetV : R™ — TR"™ be given by

V(p) = (pa g;kyail p)

= (1) (s By )
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where the k; are constants. In terms of the component functions v; : R" — R,
these vector fields correspond to v;(p) = k; forallp € R" and eachi = 1,...,n.
Geometrically, these vector fields can be envisioned by drawing the same vector at
each pointp € R™.
In particular, we can consider the constant vector fields
0
E. —_ =

l(p) (p7 axl p) 9
fori=1,...,n, where v;(p) = 1if j = ¢ and v;(p) = 0if j # i. At each point p,
the set of tangent vectors { E1 (p), . .., By, (p)} is the standard basis for 7,,(R™).

We have explicitly written the dependence of vector fields on the “base point” p
by writing them as an ordered pair. This notation emphasizes the role of the tangent
bundle as the proper codomain of a vector field:

V.:U—-TR".

However, it is cumbersome and ultimately somewhat redundant to emphasize the
dependence on the point p with a separate component as we have been doing when
we write V(p) = (p,v,). Hence, in the following, we will write V(p) = v, €
T,(R™), with the understanding that the dependence on p is seen in the components
of v, (as functions of p) and with the agreement that it is not possible to perform
vector space operations on vectors V' (p), V' (q) when p # q.

Example 3.7.4 (Radial vector fields). Let Wy : R® — TR? be given by

- 0
Wo(p1,p2,p3) = ;plaixl

p

= <p17p2ap3>p ’

where p = (p1, p2, p3)- In the notation above, v;(p) = p;. Geometrically, W (p)
can be represented as a tangent vector at p that points away from the origin with a
magnitude equal to the distance from p to the origin. In fact, Wy(p) is precisely the
position vector of p (the vector beginning at the origin O = (0, 0,0) and ending at
p) but affixed to the point p instead of the origin. Note that W5 (O) = 0¢.
Similarly, we can define W; : R3\ {0} — TR3 by
W = . 0
1(p1,p2,p3) = sz‘(p) O,

i=1

P

== <Ul (p)7 ’Ug(p), U3(p)>p )
where
Di
pi+p3+p3)t/?

vi(p) = (
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In this case, W1 (p) can be visualized as a unit vector pointing away from the origin
at p. However, W1 (O) is not defined.

Example 3.7.5 (A rotational vector field). Let Xo : R2 — TR? be the vector field
defined by

0 0
Xo(p1,p2) = _p257x1 p+p1871'2 )
= <—p2;p1>p-

Note that X4(0,0) = 0(0,0)- Further, at any point p a distance r from the origin,
Xp(p) will be a vector tangent at p to the circle of radius r centered at the
origin, oriented in a counterclockwise direction. This can be seen by noting that
at each point p, Xy(p) is perpendicular to the position vector. Notice that for
c(t) = (rcost,rsint), the tangent vector to c¢(t) at p = (p1,p2) = c(to) =
(rcostg,rsinty), is given by

c(to) = (—rsintg, 7 costy),
= <*p2,p1>p
= Xp(c(to))-

This vector field is closely tied to polar coordinates. Let f € C*°(R?) be a real-
valued smooth function defined on R? and consider polar coordinates

p1 =rcosb,

p2 = rsinf.

The chain rule gives

of _ Of opr | Of Op>
00  Opy 00 ~ Opa 06

= of (—7" sin@) + ﬁ@‘ cos 9)

Op1 Op2
of of

= — (= + — ,
Op1 ( p2) Opa (pl)

or in other words,

0 0 0
1= (-pa 1 ) UL

which shows that in polar coordinates, Xy = %.
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Fig. 3.12 Some vector fields plotted with Mathematica.

Since the advent of computer algebra systems like Mathematica, Maple, and
MathCAD, picturing vector fields has become a routine task, at least in two
dimensions. See Fig.3.12. Readers with access to such software would benefit by
spending 15 minutes plotting various vector fields of their choosing to develop an
intuition for how the component functions affect the behavior of the vector field in
question.

We will repeatedly confront the question of how a map ¢ : R™ — R™ acts on
vector fields.

Definition 3.7.6. Let ¢ : R™ — R™ be a smooth map, and let X be a smooth
vector field on R™. Then the pushforward of the vector field X, denoted by ¢. X, is
the vector field defined on the range of ¢ such that for every g € C7°(R™),

(0 X)[9l(q) = X[g 0 ¢](p),

where ¢ = ¢(p) is any point in the range of ¢.

The following proposition is a smooth version of Theorem 3.5.2.
Proposition 3.7.7. Let ¢ : R™ — R"™ be a smooth map with component
functions ¢, i.e., ¢(p) = (¢*(p),...,¢™(p)), and let {% li=1,... ,n} and
{Biyj li=1,... ,m} be the standard bases for T(R™) and T(R™) respectively.
Let X = Y X ia%i be a smooth vector field on R". Then the components of
Y =¢. X =Y/ 8%_ are given by the smooth functions

=0
Yﬂzzaxi X
=1



116 3 Advanced Calculus

Fig. 3.13 The integral curve of a vector field.

Proof. Since the definition of the pushforward is essentially a pointwise definition,
the only additional point to prove beyond Theorem 3.5.2 is the smoothness of
the functions Y. This follows from the smoothness of ¢ and the component
functions X°. O

3.8 Integral Curves

The notion of a vector field gives rise to the following “integration” problem:
Starting with a vector field V' : R® — TR", can we constructa curve ¢ : I — R”
such that at every point along the curve, the tangent vector to c agrees with the vector
field V'? Such a curve will be called variously an “integral curve” or a “flow line”
for V.

This problem is the first instance we have encountered of starting with a “local”
object (defined at the level of the tangent space T,,(R™)) and producing a “global”
object (defined at the level of the geometric space R™). It is the smoothness
condition that allows this passage from local to global.

In physical terms, if we imagine V' as the velocity vector field for a fluid at
each point, the integral curve will represent the position of a particle “dropped
into” the fluid at a given point as it is carried along by the fluid’s currents.
For example, in the examples of vector fields given in the previous section, an
integral curve of a constant vector field should be a line in the direction of
the field, while those of the radial fields should be a line pointing away from
the origin and those of the rotational fields should be circles centered at the
origin.

In order to frame the problem, we begin with a precise definition.

Definition 3.8.1. Let IV be a smooth vector field on R", so that V' (p) € T,(R"™)
for all p € R™. An integral curve of V through p is a smooth parameterized curve

¢ : I — R™, where I is an interval containing 0, such that ¢(0) = p and such that
forallt € I, ¢ (t) = V(c(t)).

See Fig.3.13. It is customary to refer to the parameter ¢ of an integral curve as
“time.”
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Before discussing some of the important technical and theoretical aspects of this
definition, we will attempt to construct some integral curves for vector fields in R?.

Example 3.8.2. Let V be the constant vector field on R? given by
V(p) = (k1. k2), € T,(R?);

see Example 3.7.3. To find an integral curve through p = (p1, p2), we consider a
curve c(t) = (z(t), y(t)) and require that

¢(0) = (2(0),5(0)) = (p1,p2)

and
() = (@), 4 () oy = (K1, k2) oy = V(elt))

for all ¢ where c is defined. In fact, the two conditions amount to solving the system
of first-order differential equations
{Zf = klv
d
(TZZ = k?v

with the initial conditions z(0) = p; and y(0) = po. The curve
c(t) = (p1 + kit, p2 + kat)

is a solution to this system and hence defines an integral curve for V. As predicted,
the integral curves are all lines in the direction of (k1 k2). Note that these curves
are defined for all ¢, i.e., we can take I = (—o0, 00).

Example 3.8.3. Let V be the radial vector field on R? given by
V(p) = <p17p2>p € TP(R2)7

where p = (p1, p2); see Example 3.7.4. An integral curve ¢ : I — R? of V through
p given by c(t) = (z(t), y(t)) must satisty (x(0),y(0)) = (p1,p2) and

(@' (), 4" () ey = @), y(1)) o) -

This translates into the linear system of first-order differential equations

do _
{C(%:f - 1”
Yy
dat Y,
with the initial conditions 2(0) = p; and y(0) = p». This system is separable and

has solution (z(t), y(t)) = (pret, paet), ie., c(t) = (p1et, paet) is an integral curve
for V through (p1,p2). Note that the solution is the same even when p; or ps is
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zero. As in the previous example, ¢(t) is defined for all ¢, and so the interval I can
be chosen to be (—o0, 00).

The curves themselves are in general curves of the form y = max, i.e., lines
through the origin with slope m = ps/p; (or vertical when p; = 0). However,
when (p1,p2) # (0,0), the integral curve is in fact a ray, with ¢(¢t) — (0,0) as t —
—oo and ¢(t) moving away from the origin as ¢ increases. When (p1,p2) = (0,0),
the integral curve is the constant ¢(t) = (0,0), representing a stationary point (or
equilibrium solution).

Example 3.8.4. Let X, be the rotational vector field on R? given by

Xo(p) = (=p2,p1),, € T,(R?),

where again p = (p1,p2); see Example 3.7.5. Without using the terminology, we
already saw in that example that ¢(t) = (rcost,rsint) was an integral curve
through (7 costp, rsintg). More generally, an integral curve ¢(t) = (x(t),y(t))
of Xy through a point p = (p1, p2) is a solution to the linear system of first-order
differential equations

de _

¢Cilt - y7

W — g

with the initial conditions x(0) = p; and y(0) = p2. Such a system has solution
c(t) = (p1 cost — posint, py sint + pa cost) .

Note again that ¢ is defined for all ¢, so we can choose the interval I = (—o0, c0).

Geometrically, the integral curves are all circles centered at the origin with radius
\/P? + p3, at least when p # (0, 0). In the case p = (0, 0), the integral curve is the
constant map defined by ¢(¢) = (0, 0). Physically, one could picture that a particle
dropped into the velocity field Xy would rotate counterclockwise about the origin
at a constant distance from the origin.

The examples above correspond to linear systems of differential equations. As a
first course in differential equations illustrates, the solutions of such systems are
particularly well behaved. For example, they are defined for all ¢. Equilibrium
solutions are in general isolated (when O is not an eigenvalue of the associated
matrix). A review of these topics can be found, for example, in [9].

To illustrate the subtleties involved in the case of a general vector field, we
present one more example. Although the corresponding system of differential
equations still admits analytic methods of producing solutions explicitly, as a
partially decoupled system, it already illustrates the complicated nature of integral
curves.

Example 3.8.5. Let V be the vector field on R? given by

V(p) = <p%7p1p2>p € TP(R2)a
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Fig. 3.14 A Mathematica plot of the vector field and integral curves from Example 3.8.5.

where p = (p1,p2). Finding the integral curve c(t) = (x(t),y(t)) through p
amounts to solving the partially decoupled system

de __ .2
(4o
@ = Y,
with the initial conditions 2(0) = p; and y(0) = po. In the case that p; = 0, the
solution is simply (x(t), y(t)) = (0, p2) for all ¢. When p; # 0, the system admits
as a solution (x(t),y(t)) = P1 , b2 . Note, however, that this solution
1=—pit" 1 —pit
is not defined for all ¢; in particular, it is not defined for ¢ = 1/p;. Since the interval

1 1 :
va) or (E’JFOO) according to

I must contain 0, we choose I to be either (foo

whether p; is positive or negative.
The integral curves ¢ : I — R? of V given by

p1 D2
t) =
o(t) (1—p1t’1—p1t>

represent rays with vertex at the origin (which is not part of the image of the integral

1
’p1
particle moving in the velocity field V' moves away from the origin as ¢ approaches

curve). In the case that p; > 0, cis defined on the interval I = (—oo ), and so a
1/p1. In the case that p; < 0, ¢ is defined on the interval (p%, oo), so a particle

would move toward the origin as ¢ approaches co. Points on the p,-axis, where
p1 = 0, are stationary points. See Fig. 3.14.
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We now state the fundamental theorem of existence and uniqueness for first-
order systems of differential equations, presented in the language of vector fields and
integral curves. A detailed proof can be found in [38]; it is just a routine modification
of the standard argument to prove existence and uniqueness for ordinary differential
equations.

Theorem 3.8.6. Let V' be a smooth vector field on R"™. For each point p € R",
there exist an interval I C R containing 0 and a smooth curve ¢ : I — R"™ such
that ¢(0) = pand ¢/ (t) = V(c(t)) forall t € 1.

Moreover, the integral curve for V is unique in the following sense: If c1 : I —
R"™ and ¢y : I :— R™ are two integral curves for V through p € R™, i.e., ¢1(0) =
c2(0) =p, & (t) = V(er(t)) forallt € I and ch(t) = V(ca(t)) for all t € I, then
c1(t) = ca(t) forallt € I N Is.

We generally refer to the integral curve solely in terms of the parameterization
c. In this case, we assume that the corresponding interval I is the maximum interval
on which c is defined and has the required properties.

As usual with differential equations, explicitly producing an integral curve for
a given vector field may be difficult or impossible. Nevertheless, the existence
statement of Theorem 3.8.6 allows us to talk about integral curves for any smooth
vector field. The uniqueness statement, in addition to allowing us to talk about the
integral curve for a given vector field, has the following geometric consequence:
Distinct integral curves do not cross.

Corollary 3.8.7. Let V be a smooth vector field on R". Let ¢c; : Iy — R™ and
co : Is — R™ be two integral curves for V. Then the images of c1 and co either do
not intersect or they intersect for all t in an interval.

Proof. Suppose that the images of two integral curves intersect at a point p. We
may assume by reparameterizing by translation if necessary that 0 € I; N I» and
that ¢1(0) = ¢2(0) = p. Then by the uniqueness of integral curves, ¢;(t) = c2(t)
forallt € I N I5. O

We also note that diffeomorphisms “exchange” integral curves.

Proposition 3.8.8. Let & : R™ — R"™ be a diffeomorphism and let X be a smooth
vector field on R™. Let c¢1 : I1 — R" be the integral curve of X through p € R"
and let co : I5 — R™ be the integral curve of Y = @, X through ®(p) € R™. Then
D(cy1(t)) = co(t) forallt € Iy N Is.

Proof. The proof is an application of the chain rule along with the uniqueness of
integral curves. We have

d dCl

T (Pocy) =, (dt)
= @.(X(c1(1)))
=Y(&(c1(t))),
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so (@ o c¢1)(¢) is the integral curve of Y through the point ¢(c1(0)) = P(p). By
uniqueness of integral curves, then, @ o ¢; = co. O

From Example 3.8.5, it should be clear that the interval I on which an integral
curve is defined cannot in general be chosen to be all of R. We single out those
vector fields whose integral curves are defined for all ¢.

Definition 3.8.9. A smooth vector field V' on R" is called complete if for all p €
R", the interval I on which the integral curve through p is defined can be taken to
be I = R.

In this language, the vector fields in Examples 3.8.2-3.8.4 are complete, while
the vector field in Example 3.8.5 is not complete.

Whether a vector field is complete depends on a number of factors and is in
general not easy to determine. Topological conditions on the domain play a role.
The growth of the component functions of the vector field also comes into play.
The interested reader may consult [1, pp. 248-252] for a detailed discussion of this
question to get a sense of some of the issues at stake.

3.9 Diffeomorphisms Generated by Vector Fields

In the previous section, we saw how a vector field naturally gives rise to an integral
curve. Taking a more global perspective, we now show how a vector field gives
rise to a family of diffeomorphisms, at least near a given point. We begin with an
example.

Example 3.9.1. Let V be the vector field on R? defined by
V(p) = V(p1,p2) = (k1, k2), € T,(R?),

where k; and ky are constants. We saw in Example 3.8.2 that through any given
point p, the integral curve through p is given by ¢, : R — R?,

cp(t) = (p1 + kat, p2 + kat).
Now, for fixed ¢, define the function ¢; : R? — R?2 by
oe(2,y) = (x + kit, y + kat).

We might consider, for example, the “time-1 flow” ¢; : R?> — R? given by
é1(z,y) = (x + k1,y + ko) or the “time-(—3) flow” ¢_3 : R? — R? given
by ¢_s3(x,y) = (x — 3k1,y — 3ka).

This function is closely related to the integral curves of V. The image of a point
(x,y) under ¢; is the point obtained by starting at (z, ) and “following” the integral
curve through (z, i) for time ¢. Using the notation of the previous section,
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¢t (2177 y) = C(z,y) (t)

Note that the notation c(, () for the integral curve emphasizes dependence on ¢,
whereas the notation ¢;(x,y) emphasizes dependence on p. We will discuss this
dependence in more detail below.

Now we choose a fixed value of ¢, say for definiteness ¢ = 1. Then ¢ = ¢y is
defined for all p € R2, with

d(w,y) = (x + ki, y + k)

representing the function given by translation by the constant vector (kq, k2). This
function is a diffeomorphism whose Jacobian matrix is given by

EEE

and the inverse is given by

¢_1((E>y) = (LL' - klay - kQ)

The point of this example is to show how the integral curves of a vector field
define a diffeomorphism, which is obtained by “following” the curve through some
given increment of time. The next theorem generalizes this construction. It is really
just a restatement of Theorem 3.8.6, emphasizing the smooth dependence on both p
and ¢.

Theorem 3.9.2. Let V' be a smooth vector field on R™. Then for each point p € R",
there are:

* adomain U C R" containing p;
* an open interval I, C R containing 0; and
* asmoothmap ¢ : U x I, — R", with elements in the range written as ¢(z,t)

or ¢¢(x),
with the following properties:

1. Forallx € U, ¢(z,0) = ;.
2. Forallz € U and all t € I, the parameterized curve c : I, — R" given by

c(t) = ¢(x, 1)

is the integral curve of V through x.

3. Forallt € I, the function ¢ : U — ¢+(U) C R™ is a diffeomorphism onto its
image.

4. Forall s,t € I, such that s +1 € I,, we have

¢s(¢1(2)) = Pt ().
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Fig. 3.15 A schematic of the flow of a vector field.

The function ¢ : U, x I, — R" is called the flow of the vector field V. See
Fig.3.15.

For a detailed discussion of the proof, we refer to [38, Chap. 5]. A more “modern”
presentation, written in the language of calculus on Banach spaces, is given in [1].

Before proceeding with more examples of this construction, it is worth clarifying
the content of this fundamental theorem. From the outset, the theorem shows that
the differentiability of the vector field V' guarantees the existence of three distinct
data, all of which depend on p. The dependence on p, in the language of ordinary
differential equations, is the dependence of solutions on the initial conditions.
Condition (1) states that the diffeomorphism ¢ is the identity map. Condition (2)
specifies the way in which the family of diffeomorphisms depends on the vector
field V. We have stated the theorem to emphasize condition (3): Vector fields give
rise to a family of diffeomorphisms, which are local in the sense that their domain
is not necessarily all of R"™. Condition (3) also expresses the smooth dependence of
solutions of differential equations on the initial conditions.

Condition (4) has a number of important consequences on the relationship
between different diffeomorphisms in the “family” that can be considered parame-
terized by ¢. For example, every ¢, has an inverse given by (qbt)_l = ¢_4, as long
as t and —t are in I),. Moreover, the diffeomorphisms in each family (for a given p)
commute:

(65 0 ¢1)(p) = (61 0 6s)(p)-

In fact, when the vector field V' is complete, the interval can be chosen to be R for
all p. In this case, the set

{#e |t € R}

is a group under the operation of composition of diffeomorphisms. For this reason,
the set of diffeomorphisms {¢;} is often called the one-parameter group of
diffeomorphisms of the vector field V.

Especially in this case that V' is complete, we often choose a particular
diffeomorphism from each family, i.e., we fix a value of ¢ independently of the
point p. For example, as in Example 3.9.1, we chose ¢t = 1 for each p, yielding what
is called the time-one flow ¢, of a vector field V.
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Example 3.9.3. Following Example 3.8.3, let

V(p) = V(p1,p2) = (p1,p2),, -

As shown earlier, the integral curve through p is given by c(t) = (pie!, pae?).
Translated into the language of flows and diffeomorphisms, this means that, writing
¢:R?2xR — R?or¢; : RZ = R?,

¢(x7y’t) = ¢t(x’y) = (xetvyet) >

defined on all of R? x R. Since V is complete, we can consider the time-one flow
given by
¢1(x7y) = (LE 6,y 6) .

In fact, for any fixed ¢, ¢+, is linear; written in terms of linear transformations on
the vector space R?, we have ¢;,(x) = Ax, where x = (z,y) is a column vector
and A = P 0] for A = elo.
0

The time-one flow is a dilation by the constant factor e. Note that all dilations by
a factor A > 0 are obtained in this way by choosing different (constant) values for
t, e.g. the “time-2 flow” or the “time-(In 5) flow.”

Example 3.9.4. Let X, be the rotational vector field on R? given by

Xo(p) = Xo(p1,p2) = (—p2,p1), € T,(R?);

see Example 3.8.4. An integral curve c(t) = (x(t),y(t)) of Xy through a point
p = (p1,p2) is given by

c(t) = (p1cost — pasint, py sint + po cost) .
This corresponds to the flow
d(x,y,t) = Ppe(x,y) = (xcost — ysint, xsint + ycost),
defined on all of R? x R. Hence the time-one flow is given by

¢1(I7y) = (U,LE - by7 bx + ay) ’ (312)

where a = cos1 and b = sin 1. In fact, different (but fixed) values of ¢ yield all
possible functions having the form of Eq. (3.12) satisfying a? + b% = 1.
Geometrically, flows of Xy yield rotations of R2.

The final example we will present here will be the flow of a vector field that is
not complete, based on Example 3.8.5. The integral curves of that vector field arose
from a nonlinear system of differential equations.
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Example 3.9.5. Let V be the vector field on R? described in Example 3.8.5 by
V) = Vipnp) = (91 pip2), € T(R).

Consider a given point p = (p1, p2) € R2. For the sake of definiteness, we assume
that p; > 0, with the understanding that the argument below can be adjusted to the
case p; < 0. Let U, C R? be the set

Up = {9 | 2 <o <2m}.

I _ <_1 1>
b 2p172p1 )

In Example 3.8.5, we showed that the integral curve of V' through p is given by

C(t): D1 D2
1—pit’'1=—pit)’

defined for ¢ € I, (actually on a larger interval, but in particular on this interval for
reasons noted below).

From this, we aim to find the (local) flow of V/, a diffeomorphism defined not on
all of R?, but only on the set Up,. In fact, the function

Let I, be the interval

¢:U, x I, > R?

given by

x
d)(xvyvt) = ¢t(xay) = <1 — xt ) l—y]}t>

is defined for all ¢t € I, and (x,y) € U, since the condition 1 — z¢ > 0 is satisfied
when ¢ < 1/z, or, since we have x > p;/2 for (x,y) € U,, when t < 2/p;. This
condition is satisfied in particular for all ¢ € I,,.

Depending on the initial choice of p, if 1 ¢ I, it will not make sense to talk
about the time-one flow. However, for any p = (p1, p2) with p; > 0, we can talk
about the time-(1/4p;) flow ¢ : U, — R?,

dpiz Apry )

¢($,y) = ¢1/4p1(x7y) = (4p1 — SU, 4p1 s

We leave it as an exercise to verify that ¢ is a diffeomorphism onto its image

o) = { | 2 <o <am}.
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We have carried out these constructions of diffeomorphisms as flows of vector
fields in order both to illustrate the practical difficulties of explicitly producing such
flows (as the solutions of systems of differential equations) even in simple cases,
and to exhibit the local nature of these diffeomorphisms, defined only on some
subset that depends on the initial point chosen. Many times, however, the hope for
an explicit expression for the local flow of a vector field is abandoned in light of
Theorem 3.9.2. We just refer to “the flow ¢ of a vector field V near p.”

One of the central questions in later chapters will be establishing properties of the
flow ¢ from properties of the vector field V. This is again the passage from “local”
(or “infinitesimal”) to “global.”

3.10 For Further Reading

Presenting the derivative as a linear transformation is a standard feature of most
treatments of advanced calculus. Marsden and Tromba [30] do so nicely in the
context of a first course in multivariable calculus. This is also the starting point for
Spivak’s Calculus on Manifolds, [37]. These treatments all exploit the vector space
structure of R™, which allows the student to easily identify points with tangent
vectors.

Putting the derivative in its geometric context as a transformation between
tangent spaces is usually the first order of business in a course on differential
geometry. There, the basic object is the more abstract notion of a manifold, which
makes the formal treatment of the tangent space essential, in contrast to the
somewhat more concrete setting in R™. The presentation closest to the one adopted
here might be found in O’Neill’s Elementary Differential Geometry [33], which
is accessible to an undergraduate reader. By far the most thorough treatment, in
terms of presenting the theoretical and technical details in the definition of the
tangent space, can be found in Volume I of Spivak’s Comprehensive Introduction
to Differential Geometry [38]. The details there are carried out in the setting of
manifolds.

Vector fields and flows are sometimes downplayed in a first course in differential
geometry, where the emphasis is often on metric concepts such as length and
curvature. The presentation here is influenced again by Spivak [38] as well as by
Warner’s Foundations of Differentiable Manifolds and Lie Groups [40].

After reading Sect. 3.9 above on constructing flows from vector fields, the reader
might be inspired to review the basics of solving systems of differential equations.
Blanchard, Devaney, and Hall’s text [9] gives an introductory approach to the subject
that emphasizes both techniques of explicitly solving systems and the limitations of
such methods, along with qualitative techniques in studying solutions.
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3.11 Exercises

3.1. Use Definition 3.1.1 to verify the following: If f : R? — R? is given by
f(z,y) = (z* — y?, zy), then

(Df(1,2))(v1,v2) = (201 — 4vg, 201 + v2).
Hint: Use the inequality
hi — hih3 + hy < hi + 2h2h3 + hj.
3.2. For each of the functions f below:
1. f:R? — R? given by
flxr,@2) = (aF — 23, 201 22);
2. f:R? — R3 given by
flar, wa,23) = (w1, 22,07 + 23 + 23);
3. f:R? — R* given by
flz1,20) = (21 + T2, 21 — @0, 27 + 23, 2% — 23);

(a) Compute D f(x), where x is an arbitrary point in the domain;
(b) Find all vectors b such that D f(b) does not have maximum rank;
(c) For each such vector b in part (b), find a basis for ker D f(b).

3.3. For each of the following functions, compute the Jacobian matrix at the
specified point p and compute the rank of ( f.),.

(@) f:R? — R? given by
fla,y) = (=* +y*,x = 3y),

p=(1,-3).
(b) f:R3 — R? given by

flz,y,2) = (2% + y* — 2%, sin(x2)),

p=(1,2,0).
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(c) f:R2? = R? given by
f(xvy) = (xQ - y27$ - yazy)a

p=(0,0).

3.4. This exercise fills in some of the analysis gaps in Example 3.1.5.

1
(a) Show that |hy - ha| < i(h% + h2) for all real numbers hy, ho. Hint: Begin
with (|hy| — |h2|)? > 0.

hi-h
(b) Show that  lim [ha - ho|

P2l ),
(h1.h2)—(0,0) |[(h1, h2)||

3.5. Suppose f : R? — R is bilinear in the sense of Sect. 2.8.

(a) Show that
W el
(h1,h2)—(0,0) ||(h1, ha)||

Hint: For each fixed vector h = (hy, he) # 0, consider

o 7B

=0 ||sh[| -

(b) Use Definition 3.1.1 to show that (D f(a,b)) (vi,v2) = f(a,va2) + f(v1,b).
3.6. Let f : R™ — R. For each vector v € R", define

Do)ty TEE ) (@)

t—0 t

)

if the limit exists. Dy, f(a) is the directional derivative of f with respect to v at a.

(a) Show thatif {ey,...,e,} is the standard basis for R", then
De, f(a) = D;f(a),

where D); is the appropriate partial derivative of f.
(b) For every scalar s € R, show that

Dsvf(a) = sDy f(a).

(c) Show that for vectors v, w € R, one has
Dyiwf(a) = Dyf(a) + Dwf(a).

3.7. In this exercise we make a more precise definition of the tangent space to
R" at a point p.
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An equivalence relation is a relation ~ on a set S satisfying the following
properties:

e Forallse€ S, s~ s.
e Forany si,s0 € S, if s1 ~ s9, then so ~ s7.
e Forany s, 89,83 € S, if s1 ~ s5 and s5 ~ s3, then s1 ~ s3.

For every p € R", let C,, be the set of all parameterized curves ¢ : I — R"
through p, where I is an open interval satisfying 0 € I and ¢(0) = p. Define
a relation on C,, by saying that for ¢1,ca € Cp, ¢1 ~ ¢z if and only if ¢f (0) =
c5(0).

(a) Show that ~ so defined is an equivalence relation.
(b) Recall that an equivalence class of a set S relative to an equivalence relation
~ is a subset
la] ={s€S|s~a},

where a € S. (Note that [a] = [b] if and only if @ ~ b.)

Now let V}, be the set of equivalence classes of the set C,, of parametrized
curves through p under the equivalence relation ~. Show that if a,b € C,,
then the operations

[a] + [b] = [d],

where ¢ € C, is given by ¢(t) = p + t(a’(0) 4 '(0)) for all ¢ on which a and
b are defined, and

where d € C, is given by d(t) = p + tsa’(0) for all ¢ on which a is defined,
are well defined is the sense that if a ~ @ and b ~ b, then [a] + [b] = [a] + []
and s [a] = sal.

(c) Show that V), with the operations of addition and scalar multiplication defined
in part (b) forms a vector space. The space V), constructed in this way is a
precise definition of the tangent space 7,,(R").

3.8. Consider the surface S in R3 described by the equation x + y = 22, a
parabolic cylinder.

(a) Show that ¢; : R? — R?3 given by ¢;1(u,v) = (v? — u,u,v) is a regular
parameterization for S.

(b) Show that ¢ : R? — R3 given by ¢o(u,v) = (u? + v2,2uv,u + v) is a
parameterization of part of S that is not regular along the curve of intersection
of S and the plane y = x.

3.9. The unit sphere 52 in R? is the set

S ={(z,y,2) |2? +y* + 22 = 1}.
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Show that ¢ : U — R3, where U = {(u,v)|0<u<2m, 0<v <7}
and ¢(u,v) = (cosusinv,sinusinv,cosv), is a regular parameterization of
a subset in S2. Identify the subset of S? that is not parameterized by ¢.

3.10. Find regular parameterizations for (parts of) each of the following surfaces
in R3. Identify the subsets of each that are not parameterized, if any, according
to the parameterization that you specify:

(a) the cylinder 22 +y2 = 1;

(b) the hyperbolic cylinder 22 — y? = 1;

(c) the hyperboloid of one sheet 2% + y* — 22 = 1;
(d) the hyperboloid of two sheets 22 = 1 + 2 + 32;
(e) the ellipsoid 922 + 4y? + 22 = 1.

3.11. Prove Theorems 3.3.6 and 3.4.9. In other words, using the two definitions
of tangent vectors given, show that T},(S) is a vector subspace of T,,(R™) for
every geometric set S C R"™.

3.12. For the unit sphere S? as in Exercise 3.9, consider p=(1/2,1/2,v/2/2)
€52. Find a basis for T),(S?) in the following ways:

(a) Using the parameterization in Exercise 3.9 by the method of Theorem 3.3.9.

(b) As the graph z = f(z,y) of the function f(z,y) = /1 — 22 — y?, using the
method of Theorem 3.3.14.

(c) As the level surface of the function f(z,y,z) = 2% + y? + 22, using the
method of Theorem 3.3.19. Be sure to verify that 1 is a regular value for f.

(d) Confirm that Tp(SZ) obtained in each of the three manners (a)—(c) always
gives the same vector subspace of T},(R?).

3.13. It is a fact from topology that it is impossible to parameterize all of the
unit sphere 52 C R? using a single domain U C R2. Stereographic projection
represents a way to parameterize “as much of S? as possible” using one domain.
Geometrically, ¢ : R2 — R3 is described as follows:

¢(u,v) = p, where p is the point of intersection of S? with the line passing through the
points (0,0, 1) and (u, v, 0).

(a) Verity that ¢ is given by

2u 2v u? + 02 -1
P(u,v) = 2 2 2 2 2.2 )"
1+u*+v2 " 14+u*+0ve 14+u+v
(b) Show that ¢ is regular by showing that all three of the possible 2 x 2 minors
of (¢). cannot be simultaneously zero.
(c) Find ¢~ !(z,vy, 2) assuming (z,y,x) € S2.
(d) If p = (1/2,1/2,/2/2), use the parameterization ¢ to compute T},(S?).

3.14. For the parameterized surfaces S below, find a basis for the tangent space
T,S at an arbitrary point p € S:



3.11 Exercises 131

(a) the helicoid, parameterized by ¢1 : U — R3, where
U=(0,2r) x RCR?
and
o1 (u,v) = (veosu, vsinu, u);
(b) the catenoid, parameterized by ¢o : U — R3, where
U = (0,27) x R C R?
and
¢2(u,v) = (coshv cos u, cosh v sin u, v);
(c) the torus, parameterized by ¢3 : U — R?, where
U = (0,27) x (0,27) c R?
and
¢3(u,v) = ((4 + cosu) cosv, (4 + cosu) sinv, sinu).

3.15. For each of the surfaces S in Exercise 3.10, find a basis for the tangent
space T,,S at an arbitrary point p = (z,y,2) € S.

3.16. Fill in the details of the proof of Theorem 3.3.9.

3.17. This exercise introduces a smooth “localizing” function that is 1 near a
given point p and 0O farther away from p.

(a) Show that the function f : R — R given by

eVt t>0,
f(t) =
0, t<o,

is differentiable at t = 0 (and hence for all t).
(b) For afixed r > 0, let g : R — R be the function defined as

0
A (R )

where f is the function described in part (a). Show that g, is differentiable
and satisfies the properties that g, is nonnegative for all s, g,.(s) = 0 when
s < 0andg,(s) =1 when s > r2.

(c) For givenr > 0 and p € R", define H,,,, : R™ — R by

Hyp(x) = g,(2r% = ||z = pl|*).
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Show that H,, , is differentiable, that H,,.(z) = 1 when ||z — p|| < r, and
that H, .(x) = 0 when ||z — p|| > (V/2)r.

3.18. Let v, be a tangent vector at p € R", in the sense of Definition 3.4.1.
Suppose two functions f,g : R™ — R agree near p, i.e., there is some distance
r such that if ||z — p|| < r, then f(z) = g(x). Show that v,,[f] = v,[g]. Hint:
First use the properties of a linear derivation to show that if h(z) = 0 whenever
[|z — p|| < r, then v,[h] = 0 by computing

VP[Hp,r/ﬁ ’ h’]’

where H, . /32 is the function described in the previous exercise. Note that
prr/ﬁ(x) . h(x).: 0 for all x € R™. Then use that result along with the
linearity of v, appliedto h = f — g.

3.19. Complete the proof of Theorem 3.4.4.

3.20. Let S? be the unit sphere in R? and let P be the paraboloid in R? given
by
P={(z,y,2) | z=2>+y°}.

Let f : R® — R3 be given by

f(xvyvz) = (y,a:,l - 22)'

(a) Show that f restricts to a map f : S? — P. In other words, show that if
p € S?, then f(p) € P.1s f : S> — P one-to-one? onto?

(b) Letp = (1/3,1/2,/23/6). Describe both T},(S?) and Ty ) (P). Find a basis
for each. In addition, list five tangent vectors in each tangent space.

(c) Compute (f.), for p as in part (b). For each basis vector v,, you produced for
T,(5?), show that (f.)p(vp) € T (P).

3.21. Show that the functions described in Example 3.6.10 are in fact diffeomor-
phisms.

3.22. For aconstant a € R, let f : R® — R3 be given by

J (LU Z) (.T — 7@2 + 7@ Z)
d \/1+2’2’y \/1+Zz’ ’
Show that f isa diffeOIIlOI'phiSHl.

3.23. Suppose that ¢; : Uy — S and ¢ : Uy — S are two regular
parameterizations of the same set S C R™, where Uy,Us; C R*. Show that
b3 ' o ¢y : Uy — Uy is a diffeomorphism.

3.24. Provide the details of the proof of Theorem 3.6.6.
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3.25. Prove Theorem 3.6.11.

3.26. For R? with coordinates p = (p1, p2), find and graph the integral curve
through the point (1,0) for each of the following vector fields:

(@) X(p) = (4p1 + 2p2,p1 + 3p2).
(b) X(p) = (—p1 + 2p2, —p1 — p2).
(¢) X(p) = (p1 — 5p2,p1 — p2)-
(d) X(p) = (—2p1 — p2,p1 — 4p2).

3.27. Let f : R? — R? be defined by

flzy) = (2% =y, 22y) .

Compute f, X for each of the vector fields in Exercise 3.26.

3.28. A vector field X (z,y) = (X' (z,y), X?(x,y)) on R? is called Hamilto-
nian if there is a function H : R?> — R (called the Hamiltonian function for X)

such that X1 = %—H and X2 = —%—H.
y x

(a) Give three examples of Hamiltonian vector fields.

(b) Show that X = (2zy+x2, —(2+y)?) is a Hamiltonian vector field by finding
the Hamiltonian function for X.

3.29. Suppose X is a Hamiltonian vector field with Hamiltonian function H,
defined in the previous exercise. Show that all integral curves of X lie on level
sets of H, i.e., if ¢(t) = (x(t),y(t)) is an integral curve of X, then for all ¢,
H(z(t),y(t)) = a for some constant a € R.

3.30. For each of the vector fields X on R? in Exercise 3.26, find the flow and
time-one flow for X.

3.31. Suppose that U,V C R™ are domains and let f : U — V be a
diffeomorphism. Let X be a vector field on U with flow ¢;. Show that the flow
1y of the vector field Y = f, X on V is given by

Y= f"togof.



Chapter 4
Differential Forms and Tensors

In the previous chapter, we emphasized the central role of the tangent space in
differential geometry. The tangent space at a point is a set whose elements, tangent
vectors, arise from calculus in at least two equivalent ways. We have also seen
examples of how nonlinear geometric objects can arise from an object defined
pointwise at the algebraic level of the tangent spaces. For example, vector fields give
rise to more global geometric objects such as integral curves and diffeomorphisms.
The passage from the algebraic tangent spaces to the geometric space in these
examples was a process of “integration.”

Having said that, we have not encountered many questions so far that are
“geometric” in the traditional sense of geometry as measurement. The goal of
this chapter is to introduce the concepts necessary to pose some of the standard
measurement problems of modern differential geometry.

Typically, the word “measurement” involves assigning a number to an object
that is to describe some quality or aspect of that object. Computing the length,
area, or volume of a geometric object, for example, involves assigning numerical
measurements (in appropriate units) to the object that describes the extension of the
object in the specified number of dimensions.

This chapter introduces differential forms and, more generally, tensors. Linear
forms measure collections of vectors, while differential forms measure vector fields,
both at the tangent space level and in the way they change. Tensors are more general
in the sense that they measure collections of both vector fields and forms.

Differential forms and tensors both emerged at the turn of the twentieth century.
Tensors and tensor calculus enjoyed an explosion of interest especially after Einstein
formulated his theory of general relativity in the language of Ricci’s and Levi-
Civita’s “absolute calculus.” Differential forms, on the other hand, while properly
understood as a particular kind of tensor, gained popularity due to the work of Elie
Cartan on partial differential equations and transformation groups.

In this chapter, we first return to the setting of linear algebra, reviewing some key
facts from Chap. 2 in order to introduce the basic framework for alternating forms
and the key algebraic operations unique to forms. We then show how differential
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forms arise naturally by applying this algebra to the notions of tangent spaces and
vector fields presented in Chap. 3. We introduce the general notion of tensor fields,
which includes all the geometric structures that we will introduce in the second part
of the text. Finally, we introduce the notion of the Lie derivative, which extends the
concept of the directional derivative to the setting of tensors in a way that exploits the
interplay between the “infinitesimal” setting of the tangent spaces and the “global”
setting of the geometric space.

4.1 The Algebra of Alternating Linear Forms

To set the stage for defining differential forms, we take as a starting point the linear-
algebraic foundation developed in Sect.2.8. Recall that a linear one-form « on a
vector space V' is an element « € V*, i.e., « : V — R is a linear transformation.

Starting with a basis B = {ey,...,e,} for V, we define a basis {¢1,...,&,} for
V* dual to B by
1 ifi=j,
ci(ej) = e
0 ifi#j.

(From this point forward, we will adopt the convention that forms shall be named
using Greek letters, while vectors shall be written using Latin letters.)

Recall also (Definition 2.8.8) that a multilinear k-form on a vector space V is a
function

a:Vx---xV =R

whose domain consists of k-tuples of vectors and whose codomain is the set of real
numbers, with the additional property that « is linear in each of its components. The
whole number £ is called the degree of the multilinear form. A 0-form will be, by
definition, a scalar.

For the next several sections we will restrict our attention to alternating (or skew-
symmetric) forms.

Definition 4.1.1. Let V' be a vector space. An alternating k-formonV (k > 2)isa
multilinear k-form on V that satisfies the additional property that

(V1o Viy Vigly oo, Vi) = —(V1, oo, Vig1, Vig o ooy Vi)

for every ¢ = 1,...,k — 1. In other words, interchanging two consecutive vectors
in the domain has the effect of changing the sign of the result. We will adopt the
convention that all 0-forms and 1-forms will be considered alternating.

Before presenting some examples of alternating forms, we first illustrate some
properties that are immediate consequences of Definition 4.1.1.
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Theorem 4.1.2. Let o« be an alternating k-form on a vector space V with

k>2 and let vi,...,vi, € V. If for some i # j we have v; = vj, then
a(vy,...,vg) =0.
Proof. Exercise. a

In fact, Theorem 4.1.2 is a special case of a more general fact.

Theorem 4.1.3. Let « be an alternating k-form (k > 2) and let vy, ..., v € V. If
the set {v1,...,vy} is linearly dependent, then a(v1,...,vi) = 0.

Proof. Since k > 2, if the set {vy,..., vy} is linearly dependent, then one of these
vectors can be written as a linear combination of the others; see Theorem 2.4.3. The
result follows from the fact that « is multilinear and from Theorem 4.1.2. O

We now give some examples of alternating k-forms.

Example 4.1.4. Let (V,w) be a symplectic vector space; see Sect. 2.10. Then w by
definition is an alternating two-form.

Example 4.1.5 (A fundamental example: the determinant). A fundamental exam-
ple of an alternating n-form on an n-dimensional vector space V' is the determinant.
It will also play a key role in our development of alternating forms ahead.

We noted in Example 2.8.10 that the determinant can be viewed as an n-form {2
on an n-dimensional vector space V:

2(vy,...,v,) =det A,

where A = [vy ---v,] is the matrix whose ith column is given by the components
of v; relative to some fixed basis for V.

The fact that (2 is also alternating is just a restatement of the fact that switching
columns of a matrix has the effect of changing the sign of the determinant.

We now illustrate an important construction of alternating k-forms that will
ultimately lead to a basis for the vector space of all alternating k-forms on a vector
space V.

Example 4.1.6. Let V be a vector space of dimension n with basis B =
{e1,...,e,}, and let B* = {e1,...,e,} be the corresponding basis for V*
dual to B. For any choice of k indices i1, ...,ix € {1,...,n} with iy < -+ < iy,
define the function

Eiyei 1V XXV 2R
—_——
k times
by
€i, (V1) ... g4, (VE)
€iyein (V1 ..., Vi) = det :

Eik (.Vl) <. Eiy (Vk)
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k(maﬂ%)
R°=R3xR?
b T
p(c) : p(a) e
< > (Z1,%,%5)
o) p@) -
NS 20
. . p(b) v
€195(a,b,c)=

Volume of the parallelpiped
formed by p(a),p(b),p(c)

Fig. 4.1 A three-form in R®.

Then €;,...;, is an alternating k-form. This follows from properties of the determi-
nant and the fact that the basis forms ¢; are linear.

For example, let V' = RS and consider the standard basis {e1,...,e5} for
B*, where ¢;(a1,as,as,a4,a5) = a; fori = 1,...,5. Consider the map 125 €
A3(RP),

e105 : R x R x R® = R.

Applying this map to the vectors vi = (2,—3,1,7,4), vo = (1,3,5,7,9), v3 =
(0,-1,0,1,0), we have

210
€125(V1,va,v3) =det [-33 —1
490

= 14.

More generally, let a = (a1, a9, 0a3,a4,0a5), b = (b1, bo,b3,b4,b5), and ¢ =
(c1,¢2,c3,¢4,¢5). Then e195(a, b, c) represents the (oriented) three-dimensional
volume of the parallelepiped formed by the vectors p(a), p(b), and p(c), where
p : R® — R3 is the projection defined by p(x) = (x1,x9,x5) for all x =
(1‘1, T2,X3,T4, $5) € RS. See Fig.4.1.

Theorem 4.1.7. Let V be a vector space. For k = 1,...,n, the set Ai(V') of all
alternating k-forms on 'V, equipped with the standard pointwise addition and scalar
multiplication of functions, is a vector space.

Proof. Exercise. a

By convention, we write Ag(V) = R.
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Theorem 4.1.8. Let V be a finite-dimensional vector space with basis
{e1,...,en}, and let {e1,...,e,} be the corresponding dual basis for V*. Then
Jork=1,...,n, theset & = {e;,...;, | 1 <i1 < --- <ix < n}isabasis for the
vector space A, (V') of alternating k-forms on V.

Proof. To show that & spans A (V'), choose any @ € A (V). Then for any choice
ofig,...,ix € {1,...,n} with iy < --- < i, define a;,...;, = a(e;,...,e;). A
calculation shows that & = > a;, .5, &, .4, » Where the summation is taken over all
such choices of i1, ..., .

To show that & is linearly independent, use the technique of Theorem 2.8.2:
For any linear combination of elements of &£ assumed to be equal to the zero k-
form, apply it to ordered k-tuples of basis vectors (e;,,...,e;, ) to show that all
coefficients must be zero. ad

Corollary 4.1.9. Let V be a vector space with dimV = n. Then

dim A4 (V) = (Z) = k'(nnik)‘

Example 4.1.10. A basis for A5(R?) is given by the set {12, €13, €23 }. Explicitly,
leta = <a1, a2, a3> and b = <b1, ba, b3> Then

e1(a) e1(b)

(e12)(a,b) = det [gz(a) e2(b)

} =aiby — a2bl,

and likewise,

(e13)(a,b) = a1b3 — azby,

(e23)(a, b) = azbs — asbs.

4.2 Operations on Linear Forms

The main achievement of the previous section was defining the set A (V) of
alternating k-forms on an n-dimensional vector space V. Theorem 4.1.7 shows that
this set is in fact a vector space with the operations of addition of functions and
multiplication of functions by scalars. In this section we define additional operations
on A (V). The first is a kind of product, which assigns to every pair of forms («, 3)
anew form a A 8. The second operation is the pullback, which is a generalization of
the operation of the same name in the context of the dual space (see Theorem 2.8.5).
Finally, we present a kind of contraction operation, which assigns to a k-form « and
a vector v a new form of degree k — 1.

We first note that there was nothing essential in Example 4.1.6 about the
condition that 3; < - -+ < 7p,.
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Definition 4.2.1. Let V be an n-dimensional vector space with basis B =
{e1,...,en}, and let {e1,...,e,} be the basis of V* dual to B. Then for every
1 <4y,...,1; < n,define the k-formon V &;, A--- A¢g;, as

€ (V1) - €, (Vi)
(i Avor Nei)(Vi, ..., V) = det

i (V1) - € (Vi)

forall vy,...,vip € V.

Note that in the case i1 < - -+ < iy, Definition 4.2.1 agrees with the definition in
Example 4.1.6, and €;; A --- A €;, = €i;...i,- However, there are some immediate
consequences from lifting the restriction that 7; < - -+ < 5. We leave the proofs as
routine exercises involving properties of the determinant.

Proposition 4.2.2. Let V be an n-dimensional vector space with basis B =
{e1,...,e,} andlet {e1,... e, } be the basis of V* dual to B.

1. For1 <k<m,letl <iy,...,ix <n. Suppose that for some s,t € {1,... k},
1s = 1. Then
iy /\"'/\é‘ik =0.

2. Foralll <i,5 <mn,
Ei/\€j = —&j NE;.

Proof. Exercise. a

For the sake of formulating the following proposition dealing with changing the
ordering of the indices in the alternating forms €;, A --- A g;,, we will briefly
review permutations and their basic properties. A permutation of an ordered set
of k elements, denoted for convenience by S = {1,...,k}, is a one-to-one, onto
map 7 : S — S from the set to itself. This is a technical way of saying that it is a
reordering of the elements 1, ..., k. In this notation, (1) is thought of as the first
element in the reordered set, 7(2) the second, etc.

A specific type of permutation is a transposition, which switches the order of two
elements and leaves the others unchanged. It is a fact that every permutation can be
expressed as a composition of transpositions. The way in which a permutation is
written as a composition of transpositions is not at all unique. However, it is another
basic fact that the parity of two different ways of writing the same permutation as
a composition of transpositions must be the same, i.e., for any given permutation, it
can be written only as a composition of an even number of transpositions or only as
a composition of an odd number. In the former case, the permutation is said to be
even, while in the latter case, it is odd. It is common practice to associate the parity

of a transposition with a sign: sgn m = 1 or sgn m = —1 according to whether 7 is
even or odd.
Proposition 4.2.3. Let w be a permutation of a set of indices {i1,. .., i}, where

1<t << <n.Then
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Ex(in) N+ N En(iy) = (580 ) (Eiy iy )-

Proof. The statement follows directly from Proposition 4.2.2. a

With these basic properties in mind, we are in a position to formulate the
definition of the exterior product. We do so in terms of the basis elements €;;...;, ,
although it is possible to write the definition without recourse to the basis by means
of summation over permutations (see, for example, [3]).

Definition 4.2.4. Let « be a k-form on V' and let 8 be a one-form on V. For any
basis {eq, ..., e,} for V with dual basis {e1,...,e,} for V*, we can write

Q= aiyiyEiyiy
B = E :bjl"'jlg.jl"'jl’

where in both cases the sum is taken over all possible ordered multi-indices
(i1 < -+- <ig)and (j1 < --- < j;). The exterior product (or wedge product) a A 3
is defined to be the sum

and

Oé/\ﬁ = E ail...ikbjl...leil...ik /\Ejl...jl
(: > @iyig by i A Agiy Ay A 'Ejz) ;

where the sum this time is over all possible pairs of ordered multi-indices.

The notation may obscure the fact that the definition is essentially just the
distributive law in the context of the exterior product. We leave to the reader to
confirm that o A 3 so defined is, in fact, a (k + [)-form.

Before elaborating basic properties of the exterior product, we illustrate the
definition with an example.

Example 4.2.5. Let V = R* and let {¢1, 2, 3,24} be the standard basis for V*.
Define the one-form «« € A;(V) by @ = 3e1 + 2¢3 and the two-form 8 € Ax(V)
by 8 = €14 + 294 — €34. Then
a N ﬁ = (381 + 263) A (614 + 2694 — 634)
=(3)er ANer Aeg+ (6)er Nea Aeg+ (—3)er Aeg Aey
+ (2esNer Neg+ (d)es Aea Aeg + (—2)es Aes A ey
:661 N Eg /\84*361/\63/\54*261/\63/\84*452 /\63/\64
= be124 — €134 — 4€234.

In the course of this computation we have used the results from Propositions 4.2.2
and 4.2.3.
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Example 4.2.6. Define the two-form w € Ay(R?) as w = €12 + £34. Then

wAw= (12 + €34) A (€12 + €34)
=1 NegNegNeg+e1 Nea NeEgNey
+esNegNeETNeEg+€E3NeEgNegNey
= 2¢1234.
We list some properties of the exterior product of one-forms, then consider
properties of the exterior product in the general context.

Proposition 4.2.7. Let V be a vector space and let o and [ be one-forms on 'V,
ie, o, € V* Then:

(a) For any vectors v,w €V, we have

(o Bl w) = et |50 50

Bv) B(w)
(b) aNa=0.
(c) aNB=—-FAca
Proof. Exercise. a

We emphasize that neither part (b) nor part (c) of Proposition 4.2.7 is true for
general k-forms, as can be seen from Example 4.2.6 above.

The results of the previous propositions in fact follow from more general
properties of the exterior product. The following properties follow by routine
calculations.

Proposition 4.2.8. Let V be a vector space. If « € Ap(V), B € A(V), and v €
A (V'), then:

1. The exterior product is associative: (o A ) Ay =a A (BA).
2. BAa=(-1FanB.
3. The pairing (o, B) — a A B is bilinear.

Proof. Exercise. a

Turning to our second basic operation on linear forms, we note that the definitions
of the pullback of linear one-forms and bilinear forms (see Theorem 2.8.5 and
Definition 2.8.15) extend naturally to k-forms.

Definition 4.2.9. LetT : V — W be a linear transformation between vector spaces
V and W, and let a be a k-form on W. The pullback of a by T, denoted by T™*a,
is the k-form on V' defined by (T*«) (v1,...,vg) = a(T(v1),...,T(vy)) for all
Vi,..., Vg € V.

The fact that 7"« so defined is in fact a k-form is a consequence of the linearity
of T
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Example 4.2.10. Let T : R?® — R? be the linear transformation defined by
T(a,b,c) = (2a — ¢,b — 3c¢).

Let {e1,e2} be the standard basis for (R?)* and let {1, 72,73} be the standard
basis for (R3)*.

Let a = €1 A gy = £12 € A3(R?); we will compute T*a € A3 (R3). To do so,
we write arbitrary vectors v, w € R? in components relative to the standard basis,
v = (v1, v2,v3) and w = (w1, wa, ws). Then

(T"a) (v, w) = a(T(v),T(w))
= a((2v; — v3,v2 — 3v3), (2w — w3, we — 3ws))
= ¢1 ((2v1 — v3,v2 — 3v3)) €2 ((2w1 — w3, w2 — 3wz))
— &2 ((21)1 — V3,V — 3’03)) €1 ((211/1 — W3, W2 — 311)3))

= (21 — v3) (w2 — 3ws) — (v2 — 3v3)(2wy — w3)
= (2uiwe — 2wyvg) — (6vws — 6wy v3)
+ (vows — wavs) + (Bvsws — 3wsvs)
= 2(m An2)(v, W) = 6(m Ang)(v, w) + (12 A1z) (v, w)

= [2(m Am2) —6(n1 Ans) + (N2 Ans)] (v, w).

Hence T*a = 2n1 Ao — 6m1 Ans + n2 A ns.
The reader can verify the following properties of the pullback.

Proposition 4.2.11. Let U, V, W be vector spaces, and let Ty : U — V and T; :
V' — W be linear transformations.

1. Let o, € Ag(V). Then

Ti(anp) = (T ) N(T7B).
2. Let o € Ay (W). Then
(TpeoTh) o =Ty (T5 ).
Proof. Exercise. Note that the second statement is in the same spirit as Proposi-
tion 2.8.16. o

We illustrate the practical use of Proposition 4.2.11 by revisiting Example 4.2.10.

Example 4.2.12. Let T, €1, and 5 be as in Example 4.2.10. The reader can verify
that T*¢y = 2m — n3 and T*es = 12 — 31n3. Hence, by Proposition 4.2.11,
we have
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T*(e1 Neg) = (T e1) A (T e2)
= (2m —n3) A (m2 — 3n3)
=2m Anz —6m Anz —n3 Anz+3n3 Ans
=2m Amz —6n1 Az +n2 Ans,

the same result obtained in Example 4.2.10 directly from the definition.

We conclude this section with one final algebraic operation on linear forms: the
interior product.

Definition 4.2.13. Let V be a vector space, and let v € V and a € A (V). The
interior product of « with v is the (k — 1)-form, denoted by i(v)a € Ax_1(V),
defined by

(i(v)e) (Wi,...,wi_1) = (v, W1,..., Wk_1)

for every wy,...,wg_1 € V.

Again, we leave it as an exercise to verify that i(v)a so defined is multilinear
and alternating, so that the result is in fact a (k — 1)-form.

Example 4.2.14. Letw = g1 Aea+ezAeq € Ax(R*Y) and let v = (vq,v9,v3,v4) be
an arbitrary vector in R®. Then for every w = (wy, wa, w3, wy), we have i(v)w €
A1 (R?) given by
(i(v)w) (W) = w(v, w)
= (81 NEg + €3N 54) (V,W)
= (viwz — vowr) + (vV3wy — v4w3)

= —v2e1 (W) + v162(W) — v463(W) + v384(W),

which shows that
i(V)w = —v9e] + V189 — V4€3 + V3e4.

We conclude by listing properties of how the interior product interacts with the
other operations on linear forms we have discussed so far.

Proposition 4.2.15. Let V and W be vector spaces, o € A,(V), 8 € A4(V),
v € A(W), andlet T : V- — W be a linear transformation. Then:

1. The pairing V x A (V) — Ak_1(V) given by (v,w) — i(Vv)w is bilinear.
2. Forallv € V, we have i(v)(a A B) = (i(v)a) A B+ (=1)*a A (i(v)B).
3. Forallv € V, we have i(v) (T*vy) =T (i(T(v))7).

Proof. Statement (1) follows from the linearity of o and from Definition 4.2.13.

To prove (2), suppose {¢1, ..., en | is a basis for V*. We first prove the result for
basis forms, i.e., o = €;,...;, and B = €}, ...;,. The general result then follows from
statement (1). On the one hand, the reader can verify that
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k
T —~
511 E 6“ 6“ e NE N NEgy,

where the hat indicates that the factor is omitted. On the other hand, note that for
(k+1—1) vectors wi,...,Wgi;—1 €V,

(V) (aAB) (Wi, ..o, Wip1—1) = (@A B) (V, W1, ., Whii—1)

€iy (V) iy (W1) -+ €0y (Wht1-1)

-d i, (V) €, (W1) -+ i (Whg1-1)
= det
€, (v) €5, (W1) -+ €5y (Wht1-1)

L 41 (V) €5 (Wl) g (Wk+l—1)_

Expanding this determinant from the first column and comparing to the right side,
using Proposition 4.2.8 as necessary, gives the equality we are aiming to prove. Note
that the factor (—1)* occurs as the sign of the (k + 1)st term of the determinant
expansion.

Finally, to prove (3), let uj,...,u;y—1 € V. Then for the linear transformation
T:V — W, we have

(z(v) (T*v)) (uy,...,u1) = (T*y) (v,uy, ..., upq)
=(T(v),T(wy),...,T(up-1))

= (i(T(v)w) (T(wy), ..., T(up_1))
=T (i(T(vm) (U, ... we1). i

We illustrate the interior product with one example. Others will be seen in later
sections.

Example 4.2.16. Let 2 = e Aeg Aez € A3(R3) and let x = (71,22, 23). Then
forally = (y1,v2,93), 2 = (21, 22, 23), we have
(1(x)92) (y,z) = 2(x,y,2)
= e1(x)ea(y)es(z) — e1(y)ea(x)es(z)
+e1(y)ez(z)es(x) — e1(z)e2(y)es(x)
+e1(z)ez(x)es(y) — e1(x)ea(z)es(y)
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=21 (Y223 — 22u3) — T2 (Y123 — Y321) + 23 (Y122 — Y221)
=z1(e2 Nes)(y,z) — xa(e1 AN es)(y, z)
+ 23(e1 A e2)(y, z).

Hence,
Z(X)Q =1T1690 NEg — T2€1 NE3g + X361 N Eg.

4.3 Differential Forms

With the previous two sections’ introduction of exterior algebra, as the algebra
of forms is called, behind us, we now return to the setting of calculus and, more
precisely, to the tangent space. Our presentation of differential forms, especially
of one-forms, will parallel our presentation of vector fields as smoothly varying
families of tangent vectors. Indeed, dual to the notion of a vector field, a differential
one-form will be just a smoothly varying family of linear one-forms defined on the
tangent spaces.

However, differential calculus has a special impact in the context of forms,
which we begin to explore in this chapter. The implications for the development
of geometric structures will be the subject of the remaining chapters.

Recall from Chap. 3 that at each point p € R"™, we associate an n-dimensional
vector space, the tangent space T,,(R"™). Tangent vectors v, € T,(R™) can be
thought of as operators assigning to each function f defined in a domain containing
p a real number v, [f]. The standard basis for T,,(R™) is then the set of partial

differentiation operators
{ a } |
a9 9
81‘ 1 p

see Theorem 3.4.5. In this way, a vector field V on R" can be written as

= 0
V= ;’Uz‘%,

where the v; : R™ — R are differentiable real-valued functions.

In keeping with this traditional notation, we establish the following definitions,
which are really just adaptations of the previous two sections to the notation
particular to the vector spaces T,,(R"™).

Definition 4.3.1. For i = 1,...,n, define the elements (dz;), € (T,(R"))" as

0

’6$n

)
p

0

the elements dual to the elements —| in the sense of Example 2.8.4 and the
xT1 P

beginning of Sect. 4.1, i.e.,
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0 1 ifi=j,
(dﬂfz‘)p 9. = U
Zilp 0 ifi+#j.
In other words, the set {(dz1)y, ..., (dz,),} is the standard basis for the vector
space (T,(R™))".

Using this notation, a (linear) one-form «v, € (T,,(R"))" will be written using
the standard basis as

ap = Z a; (dz;),,
i=1

where foreachi = 1,...,n, a; is a constant.

We can then proceed to write a basis for the vector space of alternating k-forms
on the vector space T,(R"™), according to Definition 4.2.1, as the exterior products
of the elements (dz;),. Namely, we can consider the set

{(dxil)p/\---/\(dxik)p iy <~-~<¢k}.
The following proposition is simply Theorem 4.1.8 when V' = T,,(R"™).
Proposition 4.3.2. The set

{(dwil)p/\-n/\(dacik)p iy < -+ <ik}

is a basis for Ay (T,(R™)).

All the properties of the exterior product carry over into this setting. For example,
forallz,5 =1,...,n, we have

(dxi)p A (dzj)p = —(dzj)p A (dTi)p,

and in particular,
(dml)p AN (d(El)p =0.

We now follow the example of Definition 3.7.2 to define the central notion of this
chapter. As in Chap. 3, we denote for the sake of the definition the set

A (TR") ={(p,ap) [p € R", oy € A (TH(R"))}

as the vector bundle of k-forms on 7),(R™).

Definition 4.3.3. A (smooth) differential k-form on R™ is a function

a:R" = A, (TR"™)
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such that:

1. Foreachp € R™, a(p) = (p, ap), where o, € Ay, ((T,(R™))).
2. « is differentiable in the following sense: For all p € R™ and for all smooth
vector fields V; (: = 1, ..., k), the function F' : R™ — R given by

F(p) = ap (Vi(p),-- -, Vk(p)) , where a(p) = (p, ap),
is a smooth function of p.
A 0-form will be, by definition, a smooth function f : R” — R.

We are following the practice, mentioned in Chap. 3, of keeping the vector bundle
concept in the background and writing a smooth differential k-form as a(p) = ),

where
ap € A(T,(R™)).

More to the point, and keeping in mind Proposition 4.3.2, we can write o €
A, (TR™) as

ap) = D i (D)) A A (dai)p,

i1 <--<ip

where the a;,...;,, : R™ — R are smooth, real-valued functions of p.

4.4 Operations on Differential Forms

All the operations of the exterior algebra of linear k-forms can be defined for
differential k-forms by defining the operations pointwise. Namely, let o and 3 be
k-forms, v be a one-form, and let ¢ be an arbitrary scalar. Then the operations of
addition, scalar multiplication, exterior product, and interior product of differential
forms are defined as follows:

* (a4 5)(p) = alp) + B(p)-

* (ca)(p) = c-alp).

* (@A) (p) = alp) Av(p).

e Let V be a vector field on R™. Then i¢(V)« is a (k — 1)-form defined by

(i(V)a) (p) =i (V(p)) a(p).

The reader can verify that the operations yield differential forms, i.e., that the
operations yield smooth forms.

The differential forms endowed with these algebraic operations enjoy the same
properties (pointwise) as listed in Propositions 4.2.8 and 4.2.15.

Example 4.4.1. Let
a=zxdr+ydy+ zdz € A (TR?)
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and
B=xdyANdz—ydr ANdz+ zdx Ady € Ay(TR?).

Then a A B € A3(TR3) is given by:

aAB=z?de Ndy ANdz — zyde ANdx Adz + zzdz Adz A dy
+yxdy ANdy Adz —y?dy Adx Adz +yzdy Adz A dy
+xzdz Ady ANdz — zydz Ade Adz + 22 dz Adx A dy
= (x2+y2+z2)da:/\dy/\dz.

Thus far, we have extended linear forms to the setting of differential geometry
only in the most obvious way: defining differential forms “pointwise,” acting on
tangent vectors at a given point p € R", and then requiring that they vary smoothly
with the point p. In this sense, they are “fields of linear k-forms.” Differential forms,
however, are more than simply algebraic objects. In particular, there is a “calculus”
associated with them in the form of an intrinsic way of “differentiating” differential
forms. The rest of this section is devoted to understanding this operation on forms.

We begin with the case of a 0-form on R, i.e., a smooth function.

Definition 4.4.2. Let f : R™ — R be a smooth function. The exterior derivative
of f is the one-form, denoted by df, defined by

for every smooth vector field V on R".

Note that the linearity of df is a consequence of the way that vector fields act as
operators on smooth functions: df (V; + Vo) = (Vi + Vo) [f] = Vi [f] + Va[f] =

df (V1) + df (Vo) and df (V) = (V) [f] = ¢ (V [f]) = cdf (V).
The first example will justify the notation of Definition 4.3.1 for the basis
elements of the dual space (TR™)* = A;(TR").

Example 4.4.3. Let x; : R™ — R be the projection onto the 7th coordinate, so that
forp € R™" withp = (p1,...,Pn)s

z;(p) = pi-
Let V be an arbitrary vector field on R™ defined by

0

V(p) = a1(p)871

+ -+ an(p)

3

o, v

where the a; : R” — R are smooth functions of p. Then:
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dx; (V) =V [z]
= <a181+ "+ana n) [mz]
= Q;.
Written differently, dx; ((a1,...,a,)) = a;. This is precisely the element of

(TR™)* that is dual to the standard basis vector field

T
The following proposition gives precise meaning to a statement that is defined
only symbolically in the standard first course in calculus.

Proposition 4.4.4. Let f : R™ — R be a smooth function. Then, using the standard

basis of one-forms {dx1, ... ,dx,}, we can write
_of of
df (p) = oy p(dxl) T+ o p(dxn)zr

Proof. The statement follows by evaluating the two sides of the equation against a
0

general vector field V' = Z al , the left side using Definitions 4.4.2 and 3.7.2

and the right side using Deﬁnltlon 4 3.1. a

The reader may notice that the components of the one-form df, relative to the
standard basis, are the same as the components of the usual gradient vector field
V f. However, the distinction between the vector field V f and the differential one-
form df is an essential one. The latter notion is defined in terms of the differential
structure alone, whereas we will see that the former is dependent on an additional
(metric) structure.

We now proceed to use the definition of the exterior derivative of a O-form, along
with the exterior product, to define the exterior derivative of a k-form. In what
follows, we shall rely on the standard basis for A;(R™) given in Proposition 4.3.2.

Definition 4.4.5. Let w be a k-form on R™ with smooth component functions
ai,..q, : R" = R, ie, w = > a;..5,dz;; N--- ANdx;,, where (i1 ---1ix) is a
multi-index of the set {1,...,n}. The exterior derivative of the k-form w is the
(k 4 1)-form dw defined as follows:

dw = Z (daiy i) Ndxiy A=+ Ady,,.

Example 4.4.6. Let o, 3 € A;(R3) be defined by o = zdx + ydy + zdz, 8 =
22dy — cos(xz)dz, and define v € Ax(R3) asy = xdy Adz+ydx Adz+ zdz A dy.
Then

da =d(x) Ndz +d(y) ANdy + d(z) Adz
=drxNdx+dyANdy+dz Ndz
:O,
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dB = d(z*) A dy + d(— cos(zz)) A dz
= (2zdx) A dy + [zsin(zz)dz + zsin(zz)dz] A dz
= 2zdx A dy + zsin(zz)dz A dz,

and

dy=d(x) Ndy Ndz +d(y) Ndx ANdz + d(z) Ndz A dy
=drANdyNdz+dyNdx Ndz+dzNdx Ndy
=dx ANdy Ndz.
Example 4.4.7. Let w be an n-form on R”. Then dw = 0. Indeed, since A, (T,R™)

is one-dimensional (at each point p € R"™), we can write w = fdxy A - - - A dz,, for
some smooth function f : R” — R. Hence

[ of of
dw = <8x1 dri + + .

dxn> ANdzxy A Ndzxy,

and each term of the exterior product is zero, since dx; A dz; = 0.

The following proposition illustrates the relationship between the exterior deriva-
tive d and the pointwise operations on differential forms.

Proposition 4.4.8. Let o, € A(TR™) be smooth k-forms, v € A (TR™) a
smooth one-form, and let s,t € R be scalars. Then:

1. d(sa+tB8) = sda + tdS; and
2. d(aNy) = (da) Ay + (=1)Fa A (dy).

Proof. The equality (1) is immediate. To show (2), we prove the statement for
monomial forms, the result then following from (1). So let & = adz;, A -+ Adx;,
and vy = bdx;, A---Adxj,, where a, b : R™ — R are smooth real-valued functions.
We assume that the multi-indices (i1, ...,4;) and (j1,...,J;) are disjoint, since
otherwise, both sides of the equation in (2) will be zero. We can then compare the
terms involved. On the one hand,

— Oz m

d
d
)
= Z (a-b)dxm | Ndxi, A+ Ndxs, ANdxg, A--- Ndxy,
m=1

- b da
= Z <aaxm + baxm> dz:m) ANdzi N ANdzy,
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/\d.’lﬁjl /\---/\d:l?jl

- b
= Z (aa——&—b (ia )dscm/\dscil/\---/\dscik,/\dmjl/\---/\dmjl.

0%,

(da) A~y :(Z da dxm> (das, A+ Adwy) A (bdzj, A Adaj,)

" 0
= Z ( 8; )dxm/\dx“ - ANdzy, Ndxg, Ao Aday,

and

b
A(dy) = (adxiy A -+ Ndxi,) A (Z (a—dxm) Ndzj, /\~~/\dle>

0xm

= (aaib>dxi1/\--~/\dxik/\dxm/\da:jl/\-~-/\da:jl.

m=1

To add the latter two expressions, the dx,, factor must pass through the k factors
dz;,,. . .,d;, , introducing the factor (—1)* in (2). Comparing the left and right
sides shows the desired equality. a

The most important property of the exterior derivative of a smooth differential

form is a consequence of the familiar equality of mixed partial derivatives. We will
encounter implications of the following theorem throughout the text.

Theorem 4.4.9. Let o be a k-form on R". Then
d(da)=0
Proof. We will present the proof for a 0-form, i.e., for a smooth function f :

R™ — R. This is sufficient for the general case in light of Definition 4.4.5 and
Proposition 4.4.8. We have

(df)—d<6f P m)

0x1 Oxy,
0%f 0%f 0% f
(a 52 ¥ Gpragy T 8zn8x1dxn> A dzy
0%f 0% f 0% f
d —=d . dz,, d
+ <8x1(9x2 T1+ 0z3 Tphe Oxn0xs v ) A d@at
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0% f 0*f 0*f
d d s+ —=dxy, | Adxy,
* <8x18xn S 0x20xy, vatet e ’ ) ’
*f *f
= — dz; N\dz;
— (&riaxj 8@8@) Ti A O
1<J
=0,
the last equality due to the equality of mixed partials of f. a

Theorem 4.4.9 prompts the following definitions.

Definition 4.4.10. Let o be a k-form on R™. Then « is closed if do = 0, and « is
exact if there is a (k — 1)-form £ such that df = «.

It follows immediately from Theorem 4.4.9 that every exact form is also closed. In
fact, for smooth forms defined on all of R"”, the converse is also true: Every closed
form is also exact. This fact is a consequence of the more general Poincaré lemma,
which we state here for reference.

Theorem 4.4.11 (Poincaré lemma). Suppose that U C R" is a domain that is
star-shaped, i.e., there is a point p € U such that for all ¢ € U, the entire line
segment with endpoints p and q lies in U. Let « be a closed k-form defined on U.
Then there is a (k — 1)-form 3 defined on U such that o = d.

For a proof, see, for example, [14] or [37]. We list here two important corollaries
of the Poincaré lemma.

Corollary 4.4.12. [f « is a closed k-form defined on all of R™, then « is exact.
Proof. R" is star-shaped. a

Corollary 4.4.13. Let o be a closed k-form defined on a domain U. Then for each
point p € U, there is a domain V' C U containing p on which « is exact.

Proof. By virtue of being an open set, U contains an open ball V' centered about p,
and an open ball is star-shaped. a

For this reason, a closed form can be said to be locally exact.

While we will not pursue the many avenues toward which Definition 4.4.10 leads,
we note that there are basically two ways that a closed form can fail to be exact.
One way obtains when the domain is a region in R™ that has “holes.” Another
occurs when the form itself is either not defined or not differentiable at some point
or region in R™. Both of these obstructions are studied in the field of differential
topology.

The pullback of a differential form by a function is also defined pointwise.

Definition 4.4.14. Let f : R® — R™ be a smooth function and let o be a
differential k-form on the codomain R™. The pullback of o by f, denoted by f*«,
is a differential k-form on the domain R of f defined by
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(f* ) @) (Vi) - (Vie)p) = a(f(0) (s (V)ps - fo(VE)p),

where (v1)p, ..., (Vk)p € T,R™ and f, is the tangent map of f. The pullback of a
0-form (function) g by f will be the composition

[fg=gof.

Note that f*« is smooth in the sense of Definition 4.3.3, a consequence of the
smoothness of f and «.

The following example illustrates the nature of the computations implied by
Definition 4.4.14.

Example 4.4.15. Consider R?® with coordinates (1,2, 3) and R? with coordi-
nates (y1,y2). Let a be the one-form on R? given by

Ayyy2) = Yidyr + ydyo,
and let f : R® — R? be given by
f(z1,22,25) = (27 + 23, sin(z3)) .
Expressed in another way, we have
FR?) = {(y1,52) | 3 (1,22, 23) € R® such that y; = 2} + 23, yo =sin(z3)} .
Consider a general vector field X on R3,

d 9 0
X=X'"—+XxX>— 4+ X3~
81‘1 + 81‘2 + 6373,

where X!, X2, X3 : R?® — R are smooth, real-valued functions. To compute f*a,
we first compute the Jacobian matrix of f:

2x1 2x 0
(f*)(xhﬂfzﬂfs) = |: 01 ? :|

0 cos(zs3)
Hence
1 o O 3 0
(F) (eramms) (X) = (221 X1 + 220X )671 +cos(zs) - X .
and so

O f (1 wa,25) ([ X) = Qa2 22 sin(es)) ([+X)
= (22 + 22)? (221 X + 225X ?) + (sin(x3))3(cos(z3) - X3).
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Comparing coefficients shows that
fra= (221 (2] 4 23)%)dz1 + (222(2] + 23)?)dzs + (sin®(z3) cos(z3) ) das.

We will return to this example after establishing some properties of the pullback
of differential forms that yield useful computational techniques.

Proposition 4.4.16. Let f : R™ — R™ be a smooth function.
1. For differential k-forms o, f on R™ and scalars s,t € R,

J* (sa+ t8) = sf*a + tf*B.
2. For a differential k-form o and a differential one-form 3 on R™,

[ lanB)=(fa) A (fB)
3. For a differential k-form o on R™,

frlda) =d(f*a).
Proof. Statements (1) and (2) are proved pointwise in the same manner as their
linear counterparts in Propositions 4.2.8 and 4.2.11.
Statement (3) follows from (1) and (2) if we can prove the corresponding

statement for O-forms. For in that case, writing @ = ) _; ardz; using the multi-

index I to represent (iy,...,) and defining de; = dx;, A --- A dx;,, we would
have

f*(da) = f* (dzlz a,da:1>
(21: d(aldm1)>
I (ZI: day A dx;)
(

23

f*

f*da]) A (f*da?[)
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To prove the statement for O-forms, let @ : R™ — R be a 0-form (i.e., a real-
valued function) on R™ and write f : R™ — R™ using component functions

o
flz, ... zn) = (fl(wl,...,xn),...,fm(ajl,...,xn)).

Writing the coordinates in R™ as (y1, . .., ym ), we have
m
0
=1 i

n
For any vector field X on R, we can write X = Z X! , and
i=1

5':52-

_ off .\ @
f.X = z; <c'9xiX ) By
Hence

(f*da) (X) = (da)(f.X)
D (O
= Dy, (3%){)'
7
Examining components, we obtain
) = S (2205
ria =3 (505 ) as
= d(ao f)
=d(f*a). O

The preceding proposition has the following computational corollary.

Corollary 4.4.17. Let f : R™ — R™ be a smooth function with component
functions f*,..., f™ Let o =Y aydy;, A---Ady;, be a k-form on R™, where
ay = aj,...; : R™ — R are smooth real-valued component functions. Then

fra=Y (foa)df’" A--- Ndf.
Example 4.4.18. Returning to Example 4.4.15, consider f : R? — R? given by

fz1, 22, 23) = (a7 + 23, sin(w3))
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and the two-form o on R? given by a = y?dy; + y3dyo. By Corollary 4.4.17,

ffa= (z] + 23)%d(23 + 23) + (sin(z3))>d(sin(z3))
= (22 + 22)% (2z1dxy + 2xodxs) + (sin(x3))>(cos(z3))dzs
=221 (2% + 22)%dxy + 22o(x? + 22)%dxy + (cos(x3)) sin®(x3)dxs,
agreeing with the previous computation.

Example 4.4.19. Let f : R? — R? be a smooth function. We write the coordinates

of the domain as (1, z2) and the coordinates of the codomain as (y1, y2), and we

denote the component functions of f by f!, f2: R? — R. Letw = dy; A dys.
Then

[rw = f*(dyr A dyo)

= df' A df?
oft of! of* f2
~ (o + Ghann) n (Gt + Gha
- aflan afl an
n (81’1 8172 6562 8x1 dxl /\de

= dCt(f*)dl’l A\ ddfg.

The preceding example is a special case of a more general fact. Before stating the
general result, note that in discussing diffeomorphisms (or, more generally, smooth
functions between spaces of the same dimension) there is often an abuse of notation,
whereby the same variable names are used for the coordinates of the domain and
those of the codomain. This abuse has the advantage of allowing us to write results
like that of the previous example in the following nice manner.

Proposition 4.4.20. Consider the differential n-form on R'™ given by 2 = dx; N
- A dxy,, where (21,...,xz,) are coordinates for R™. Let f : R" — R" be a
smooth function on R". Then

102 = (det(£) - 2

Proof. Exercise. a

4.5 Integrating Differential Forms

We began this chapter with the perspective that differential forms give a way of
measuring vector fields or collections of vector fields. In this section, we indicate
one way that this “local” measurement (i.e., at the level of the tangent space) can
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be used to measure “global” geometric objects, and in particular the geometric sets
of Chap. 2. In essence, this section extends to the nonlinear setting the fact that the
determinant of n vectors in R™ can be interpreted as a kind of “oriented volume” of
the parallelpiped formed by the vectors. To do this, we will extend the concept of the
multiple integral in such a way that the integral is defined in a coordinate-free way.

As will become clear, integration as presented in this section will not be our
main concern in this text. In fact, little of the later exposition will depend on the
ideas in this section, especially if the reader has had some prior familiarity with the
Gauss-Stokes theorem.

For the same reason, we will not attempt to give a rigorous definition of
an integral as a limit of sums, instead relying on familiarity with the standard
definitions in a first course in multivariable calculus. Nor will we be overly
concerned with the objects over which forms will be integrated. We will simply
refer to a region of integration as any subset D C R"™ on which the multiple integral
/ p dry -+ - dzy, is defined. The simplest such region is a “rectangular” region

[al,bl] X X [an,bn] .

For a more precise treatment of all the ideas in this section, the reader is encouraged
to consult [14] or [37].

We will define the integral of an n-form w over an n-dimensional region of
integration R essentially as a multiple integral. However, from the outset we have
the task of reconciling two basic facts. On the one hand, interchanging the order of
two of the basis one-forms changes the sign of the alternating form w. On the other
hand, changing the order of integration should not change the result of the integral.

The key to reconciling these two competing facts is the notion of orientation.
Intuitively, orientation is the notion that allows us to distinguish between left
and right on a number line or between clockwise and counterclockwise in the
plane.

Definition 4.5.1. Let U C R” be a domain. An orientation of U is a choice of
n ordered smooth vector fields (B, ..., B,) on U with the property that for each
pe U, {Bi(p),...,Bn(p)} is a basis for T,,(R™).

The key to this definition is that fixing one ordered basis B in fact partitions
the set of all ordered n-tuples of basis vector fields into two classes. For any other
ordered n-tuple of basis vector fields B’ = (Bj, ..., B},), we have

det [B1(p)--- B, (p)] # 0

for all p € U (the determinant computed by writing B.(p) as column vectors
relative to the basis B). Since the determinant of a matrix is a continuous function
of the entries of the matrix, which are themselves smooth functions, it must be
everywhere positive or everywhere negative. If the determinant is positive, we say
that B’ determines the same orientation as BB; otherwise 3’ determines the opposite
orientation from that of B. We sometimes say that B’ is positive or negative
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relative to B according to whether it determines the same or opposite orientation
as compared to .
The standard orientation on U C R™ is the one given by selecting as a distin-
0
Oxi p
We are now in a position to define the integral of an n-form on a region of
integration in R".

guished basis the standard basis vector fields { E1, . . ., B, }, where E;(p) =

Definition 4.5.2. Suppose U C R" is a domain with the standard orientation, and
let S C U be aregion of integration. Let w be an n-form on U, so that w = adz; A
- -+ A dx,, for some smooth function a : U — R.. Then define

/w:/---/adx1~--dmn,
5 s

where the integral on the right is the standard multiple integral.

An important feature of this definition is that it is “almost” invariant with respect
to diffeomorphisms. To make this sentence precise, we introduce the following
definition.

Definition 4.5.3. Suppose that U, V' C R"™ are domains oriented by ordered bases
B = (By,...,By) and B’ = (Bi,...,B)) respectively, and let f : U — V be
a diffeomorphism. Then f is called orientation-preserving (relative to B, B’) if the
orientation on V' induced by the ordered n-tuple (f. B, ..., f«By) is the same as
that given by B’. Otherwise, f is called orientation-reversing.

The reader can check that if U is an oriented domain and f : U — U is a
diffeomorphism of U onto itself, then f is orientation-preserving if and only if
det[(f+)p] > 0 for all p € U. In Exercise 4.16, we ask the reader to explore
behavior typical of an orientation-reversing diffeomorphism in the plane.

The following theorem specifies the extent to which integration of differential
forms is “independent of coordinate systems.” It underlies several of the definitions
that follow later.

Theorem 4.5.4. Let f : U — V be a diffeomorphism, where U,V C R" are
oriented domains. Let D C U and S C V be regions of integration such that
f(D) = S. Then for any n-form w on R,

/Df*w:i/Scw

with the sign being positive or negative according to whether f is orientation-
preserving or orientation-reversing.

Proof. Writing the pullback f*w in coordinates—essentially the calculation of
Proposition 4.4.20—the equality is nothing more than the change of variables
formula of multivariable calculus. See, for example, [30]. O
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Fig. 4.2 A torus parameterized according to Example 4.5.5.

The following example illustrates this theorem, as well as the ideas of integration
we have introduced so far.

Example 4.5.5 (The volume of a solid torus). A solid torus T C R3 can be
described as a solid of revolution obtained by revolving a disk in the plane around
an axis away from the disk, for example, rotating the disk

{(2,0,2) | (x —a)* +2* <*},

where 0 < b < a, about the z-axis. Our goal is to compute the volume of 7" by
integrating the standard volume form w = dx A dy A dz over T'.

However, rather than computing fTw directly using Definition 4.5.2 (which
involves carefully setting up the limits of integration in the appropriate multiple
integral), we will instead consider a parameterization of 7. For this purpose,
consider the parameterization ¢ : R® — R? given by

o(r,s,t) = ((a + rcost)coss, (a+rcost)sins, rsint),

and define the set Q = [0, b] x [0, 27] x [0, 27] C R3. The reader should verify that
in fact, ¢(Q) = T'. According to this description, the (r,t) variables correspond to
polar coordinates for the disk, while the s variable represents the angle of rotation
of the disk around the z-axis. See Fig. 4.2. (There are some technical considerations
regarding the parameterization ¢. For example, it is not one-to-one on all of Q.
We will not address these, noting only that removing “singularities” where such
problems exist does not change the value of the integral.)
A routine calculation reveals that

det(¢.) = r(a + rcost),

and so, for r > 0, ¢ is orientation-preserving on @), since r < b < a.
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In order to apply Definition 4.5.6, we resort to Proposition 4.4.20 and the
above-referenced computation to note that

@ w = det(g,)dr Ads A dt
= r(a+rcost)dr Ads A dt.

Then, using Theorem 4.5.4 and Definition 4.5.6, we have

/w:/ P*w
T Q
2w 2w b
:/ / /r(a—i—rcost)drdsdt
o Jo Jo

= 212ab?.

Let S C R"” be a k-dimensional geometric set. An orientation on S is defined
exactly as in Definition 4.5.1, i.e., as an ordered k-tuple of vector fields on S that at
each point p € S form a basis for T},(.S). There are several natural ways in which
an orientation on S may arise. For example, if S = ¢(U) is a parameterized set, the
orientation on S induced by the parameterization ¢ : U — S is defined by choosing
the distinguished ordered basis {(¢.)q(E1(a)), ..., (¢x)a(Er(a))}, where a € U
and p = ¢(a) € S. Here (B, = 3%1, NS ng) is the standard basis for
U C R

Another natural way of describing an orientation on a k-dimensional geometric
set S C R"™ is by specifying a co-orientation on R™. That is, choose an ordered n-
tuple of basis vector fields (B, ..., B, ) on R™ along with an ordered (n — k)-tuple
of pointwise linearly independent vector fields (N1, ..., N,,_x) having the property
that N;(p) ¢ T,(S) forallp € S (j = 1,...,n — k). In that case, an ordered
k-tuple of basis vector fields (X1, ..., X%) on S will be given a positive orientation
if the orientation (Xi,..., Xy, N1,..., N,_x) agrees with the given orientation
(B1,...,B,) on R™, and a negative orientation otherwise. This generalizes the
familiar notion of specifying an orientation of a surface in R3 by means of a nonzero
vector field normal to S.

We note that there are sets on which an orientation cannot be defined, the classic
example being the Mébius strip in R?. Deciding whether an orientation can be
defined on a set is a topological question that we will not treat here. In what follows,
all the sets we will consider will be orientable in the sense that an orientation can
be defined.

We now define the integral of a k-form over a k-dimensional geometric setin R".
We especially pay attention to parameterized sets, keeping in mind from Chap. 3 that
other geometric sets such as graphs and level sets can be realized as parameterized
sets.

Definition 4.5.6. Let w be a k-form on R™ and let S = ¢(U) be an oriented
k-dimensional geometric set parameterized by a smooth, regular parameterization
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¢ : U — R", where U C RF is a domain. Let D C U be a region of integration.
Then the integral of w over R = ¢(D) is defined to be

fioms o

where the integral on the right is defined according to Definition 4.5.2 and the sign
is positive or negative according to whether the given orientation on .S agrees with
or does not agree with the orientation on S induced by ¢.

The reader should compare this definition with Theorem 4.5.4. It appears that
this definition depends heavily on the parameterization. However, it is another
consequence of the change of variables theorem that if R = ¢1(D1) = ¢2(D2)
and if ¢1 and ¢, induce the same orientation on R, then | b, Piw = J Db, P3w.

With this build-up, we finally present some examples of integration of forms
on parameterized sets. We will start by reformulating the line integrals from
multivariable calculus into the language of differential forms.

Example 4.5.7. Consider S = ¢(U), where U = (—m,7) C Rl and ¢ : U — R?
given by
@(t) = (cost,sint) .

Let D; = [0,7/2] and Dy = ¢(D1); Dy is the part of the unit circle in the first
quadrant in R?.
We will compute sz wg, Where wg = —xodx1 + T1dxs. We have

¢*wy = " (—xadry + x1d2s)
= —(sint)d(cost) + (cost)d(sint)
= (sin?t 4 cos® t)dt
— d,

so that

E3
/ wo = ¢ wo
Dy Dy

/2
- [
0

=m/2.

We can repeat this calculation using the one-form w; = x1dx; + x2dzs. Note
that now

¢ wy = @ (x1dxy + x2dTo)
= (cost)d(cost) + (sint)d(sint)
= O,
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and so

/ w1 = (]5*0.)1 =0.
Dz D1

Example 4.5.8. In R3, let @ = zdx A dy — ydx A dz + zdy A dz and let S be the
upper half of the unit sphere described by 22 + y? + 2% = 1 with z > 0 oriented by
means of an inward-pointing normal vector. Then S can be parameterized by means
of the map ¢ : R — R? defined as ¢(u,v) = (cos usin v, sin u sin v, cos v), where
R = [0,27] x [0, 7/2]. (We put aside the issue of R being closed and that ¢ is not
one-to-one on R.)

We have

o fe

= / [—sin? usin® v — 2 cos u sin® v cos v]du A dv
R

w/2 27
= / / [— sin? usin® v — 2 cos usin? v cos v] du dv
0 0
= —27/3.

In closing, we mention here the famous Gauss-Stokes theorem, written here in
the language of differential forms. This theorem relates the calculus of forms, and
particularly the relationship between the exterior derivative and the exterior algebra
of forms, with the geometry of the region of integration.

To state the theorem, we let D be an oriented k-dimensional geometric set with
boundary in R". Defining this precisely would take us too far astray. The reader
can picture that if D is the image under a smooth parameterization of the rectangle
[0,1] x --- x [0,1] C R*, then the boundary 9D of D is the image of the points
having any coordinate either O or 1. Intuitively, the boundary of an interval should
be the two endpoints, the boundary of the unit disk in the plane should be the unit
circle, and so on. For suitable geometric sets, 0D can also be considered a geometric
set (of dimension k£ — 1) that can be oriented in a way consistent with the given
orientation of D. We refer the reader to [5], [14], or [37] for a more precise and
thorough treatment of these concepts, which are essential to both the statement and
the proof of the theorem.

Theorem 4.5.9 (Gauss—Stokes). Let D C R"™ be an oriented k-dimensional
region of integration, with boundary 0D oriented consistently with that of D. Let w
be a smooth (k — 1)-form defined on an open set containing all of D. Then

/ wz/dw.
oD D

Applying this theorem to problems of integration is a standard goal of a first
course in multivariable calculus. We will see further applications later in the text.
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4.6 Tensors

In this section, we outline what might be considered a general way of describing
differential geometric structures. When we say that differential geometry consists
in studying the tangent bundle with some “structure,” it will be a tensor that will
provide the structure.

A tensor can be thought of as a generalization that encompasses vectors, forms,
and more. While the emphasis in this book will be on particular examples rather than
the most general setting, we introduce tensors here both for the reader’s familiarity
and to present a unified treatment of several basic constructions in differential
geometry. For a more detailed treatment, the reader may consult [38], [40], or [1].

As usual, we begin in the linear setting. Let ' be a vector space with dual space
V*. Recall from Definition 2.8.8 that a multilinear map is one that is linear in each
component.

Definition 4.6.1. A tensor of type (r, s) on V is a multilinear map

a: V% - - xV*xVx.---xV =>R.

r times s times

The set of all tensors of type (r, s) on V' will be denoted by T"* (V).
We note immediately that the set of all (7, s) tensors has an algebraic structure.

Theorem 4.6.2. The set T™*(V') with the standard operations of addition of real-
valued functions and multiplication of functions by scalars is a vector space.

Proof. Since the operations are defined pointwise, the proof is essentially the same
as that of Theorem 2.8.1. a

We illustrate the definition with several examples in order to show that it in fact
encompasses a number of the objects that we have already encountered.

Example 4.6.3 ((0,1)-tensors). A (0, 1)-tensor is alinear map o : V' — R.. In other
words, a € V*, and so

T (V) = V™.
Example 4.6.4 ((1,0)-tensors). A (1,0)-tensor is a linear map a : V* — R. Note
then that a € (V*)*.

There is anatural map I : V — (V*)* givenby I(v) = ey : V* — R, where for
every a € V*, ey(a) = a(v). We leave it as an exercise to show that [ is a linear
isomorphism under the assumption that V' is finite-dimensional. Since we will be
concerned with only the finite-dimensional case, we will identify (V*)* with V/,
and so we write

(V) =V.

Example 4.6.5 ((1,1)-tensors). Leta : V* x V. — R be a (1, 1)-tensor on the
finite-dimensional vector space V. We follow the thinking of the prior example to
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interpret the map a in a more familiar way. Forevery v € V,themap A, : V* = R
given by A, (a) = a(a, v) is linear as a consequence of the bilinearity of a. Hence
Ay € (V*)*, and so by the previous example, there is w € V such that I(w) = A,,.
Note that we have constructed for each v € V' a vector w with the property that for
alla e V¥,

a(w) =ala,v) = Ay(a).

Let Abethe map A : V — V defined by A(v) = w. It can be shown that A is in fact
a linear transformation, and that the correspondence between the set of (1, 1)-tensors
and the vector space L(V, V) of linear transformations from V' to itself (with the
operations of pointwise addition and scalar multiplication) is a linear isomorphism.
So a (1, 1)-tensor can be thought of as a linear transformation A : V' — V.

Example 4.6.6 ((0, 2)-tensors). A (0, 2)-tensor on V is nothing other than a bilinear
form as described in Sect. 2.8. Recall Proposition 2.8.14, which associates a matrix
representation for each bilinear form by means of a basis on V. In particular, the
inner products and linear symplectic forms described in Sects. 2.9 and 2.10 are both
examples of (0, 2)-tensors.

Example 4.6.7 (Alternating (0, k)-tensors). A (0, k)-tensor « is a multilinear map
of k-tuples of vectors:
a:Vx.-.-xV—=R.

If v is an alternating (0, k)-tensor, in the sense of Definition 4.1.1, then « is nothing
other than a linear k-form. In other words, we have A (V) C T%* (V).

The final observation we will make in the linear setting concerns the dimension
of T™*(V'), where V is a vector space of dimension n. Let {ey,...,e,} be a basis
for V and let {€1,...,&,} be the corresponding basis for V*.

Let ]! }* be the (r, s)-tensor

I YR X VEX Y x--x V5 R

REE 2

r times s times
given by

JiJs
i1

€ (a1, @, Vi, V) = an(eg,) - an(ey,) - g5, (V1) -+ €5, (Vs).

We sometimes use the traditional “tensor product” notation

el =e,0 Qe Qe Q- Qegy,.
In this notation, the exterior product can be expressed in terms of the tensor product.
For example,

EiNE; =€, RE; — €5 DE;.

The fact that the functions az llf ° are multilinear is a consequence of the linearity
of the one-forms ay, and the basis forms ¢;.
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Theorem 4.6.8. The set of all (r, s)-tensors of the form 5fllfr, where
Wy e esybry J1y---yds €{1,...,n},

is a basis for T™*(V).

Proof. Linear independence can be verified by evaluating an arbitrary linear
combination of elements having the form in Theorem 4.6.8 against (r + s)-tuples of
the form (g;,,...,€i,,€5,, - ., €;,) to show that in order for the linear combination
to be zero, all coefficients of the combination must be zero. (This is essentially the
method of proving Theorem 2.8.2.)

To show that the set spans T">*(V'), choose an arbitrary t € T"*(V') and define
the scalars

tﬁi: = t(€i17 sy €0y €y aejs)'
A calculation confirms that
t=> il o
Corollary 4.6.9. Suppose V is a vector space with dim(V) = n. Then
dim T¢(V) = n" T8,

The ® notation reflects the fact that there is an operation defined on the set
of all tensor fields, which we introduce here although we will not dwell on its
corresponding algebra.

Definition 4.6.10. Let .S be an (r, s)-tensor and T an (I, m)-tensor on a vector
space V. The tensor product ST is defined to be the (r+1, s+m)-tensor defined by
(5 & T)(Om ey Oy Ol 1y ooy Qg [, VI 0o, Vg, Vg g0 ;Vs—i—m)
=81, ..y, Vi, V) T (g1 Qg Vg1, - ooy Vem)-
The reader should note that the tensor product is not commutative.

The process of adapting Definition 4.6.1 to the nonlinear setting should by now
be a familiar one.

Definition 4.6.11. A tensor field S of type (r,s) on R™ is an assignment of an
(r, s)-tensor S(p) to each tangent space T,,(R™) that is smooth in the following
sense: For any collection of r smooth differential one-forms aq,...,qa, and s
smooth vector fields X7, ..., X, the function f : R™ — R given by

f(p) = (S(p)) (041(]9), IR ar(p)vxl(p)’ s ’Xs(p))

is a smooth function of p.
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The phrase tensor field is meant to emphasize the distinction between the smooth
Definition 4.6.11 and the purely algebraic notion of a tensor in Definition 4.6.1.
However, we will sometimes use the word tensor to mean a tensor field when the
context is clear.

Keeping in mind Theorem 4.6.8 as well as the standard basis vectors for

alEi

P
T,(R™) and the dual basis forms dx;(p) for (T,(R™))*, we can write a typical
(r, s)-tensor field on R™ as a sum of terms having the form

@8 ) @G p@dle (p) @ --- @ da;, (p),
where the a’* " 7* : R™ — R are smooth functions.

Tyl

Examples of tensor fields can be produced by extending each of Examples 4.6.3
through 4.6.7 to the nonlinear setting. In particular, we note that a (0, 1)-tensor field
is a differential one-form, a (1,0)-tensor field is a vector field, and an alternating
(0, k)-tensor field is a differential k-form. As mentioned earlier in the linear setting,
the exterior product of differential k-forms can be expressed in terms of the tensor
product. For example,

dr Ndy = dx ® dy — dy ® dx.

Much of the latter part of the text will be devoted to an in-depth presentation of
some of these examples of tensor fields.

One of the essential features that distinguishes the theory of linear tensors and
that of nonlinear tensor fields is the behavior of tensor fields under “change of
variables,” or in other words, how tensor fields transform under diffeomorphisms.
While the model for this study will be the previously encountered pullback of
differential forms, the issue is somewhat more complicated owing to the “mixed”
nature of (r,s)-tensor fields acting on both differential forms and vector fields.
That is why it is essential to consider diffeomorphisms instead of just smooth maps
(compare to Definition 4.4.14).

Definition 4.6.12. Let U,V C R" be domains and let ¢ : U — V be a
diffeomorphism with inverse ¢ = ¢~ : V — U. Let S be an (r, s)-tensor field
on V. The pullback of S, denoted by ¢*S, is defined to be the (r, s)-tensor field on
U given by

(¢*S) (al,...,a,.,Xl,.. .7X3) = 5(1,[}*0[1,... ,¢*ar,¢*X17...,¢*Xs),

where the «; are smooth one-forms and the X; are smooth vector fields on U.

We illustrate the essence of this definition with two elementary examples. In
both cases, we write the coordinates of the domain as (z1,...,z,) € R™ and
the coordinates of the codomain as (yi,...,y,) € R™. We write the component
functions of ¢ : R™ — R" as gbi R = R, ie.,



168 4 Differential Forms and Tensors

d(x1,. .. xn) = ((bl(xl,...,xn),...,(b"(a:l,...,xn)),

and likewise for the inverse 1) = (1!, ..., ™). This allows us to use the traditional
notation

yi = ¢ (xe,. .., 1),
2 =P (Y1, Yn)-
Example 4.6.13 (The pullback of a basis (0,1)-tensor). Let T = dy,. Then for any

B
tor field X = > a;=—. weh
vector 1ne Qa axl we nave

(0"T) (X) = T(¢+X)

oy Y dyr\ 0
= dy; (Z (alaxl + + anaxn) 8yk>

k=1
_ Oy dy;
- 0x1 tootan Oxy,
(= Xly1)

Example 4.6.14 (The pullback of a basis (1,0)-tensor field). Let T = aiyj' Then
for any differential one-form oo = > a;dx;, we have

1=1
0x1 oxy,
= (a0 — 4 + (a, o
(@ 09)5! (o),

The difference in how the basis tensors transform under the pullback operation,
or change of variables, can be seen in the role of the “summation variables” x;.
In the first example they play the role of independent variables that are “operating
on” the dependent variables y;, while in the second example they play the role of
dependent variables “operated on” by the independent variables ;.
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This difference distinguishes between what are called “contravariant” and
“covariant” tensors, as the first and second examples, respectively, are known.
In classical tensor analysis and differential geometry, the behavior of objects under
change of variables was in fact used as the key feature in defining tensors. The
interested reader may refer, for example, to [38].

We list here a few properties of the tensor product that we will encounter in the
future.

Proposition 4.6.15. Let S be an (r, s)-tensor field, T a (k,l)-tensor field on R",
and ¢ : R™ — R" a diffeomorphism. Then:

1. The mapping T™* x T*! — T™5:5+ given by (S,T) + S @ T is bilinear.
2. 07(S®T) = (¢"5) ® (¢"T).

Proof. We leave the verification of (1) to the reader. The equality in (2) is verified
by applying both ¢*(S®T) and (¢*S) ® (¢*T') to an arbitrary (r + k+ s+1)-tuple
of r 4+ k one-forms and s + [ vector fields:

(ala"'7aT3aT+17'"7aT+k'7X1a"'7XS7XS+1""7XS+l) . a

There is a rich algebra of tensors and tensor fields that is outside the scope of this
text. However, we will encounter the following operation on tensor fields, which we
present only in the specific context of (0, k)-tensors.

Definition 4.6.16. Let T be a (0, k)-tensor field (k¢ > 1) and let X be a smooth
vector field. Then the interior product of T with X, denoted by (X )T, is the (0, k—
1)-tensor field defined by

(X)) (Y1,...,.Y 1) =T(X,Y1,...,Yi_1).
The following examples give some feel for the computations with the interior
product, as well as some of the common contexts in which it will be encountered

in the following chapters. The reader should compare the following examples to the
computations of Sect.4.2.

Example 4.6.17. Let g € T%?(R?) be defined by
g =dxr1 ® dry + dzre ® dxs.

For any smooth f : R? — R, let

_9f 9 of @

"~ Qa1 0x1 Oz Oxo’

Then forany Y = Y'! 8%1 + Y23%2, we have

(i(X)g) (V) = g(X,Y)
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= dl’l(X)dl‘l(Y) + dCCQ(X)d.’L’Q(Y)

_ Oy OF o
_8x1Y +6x2Y
=df(Y).

Hence (X )g = df. We will return to this example in Chap. 6.
Example 4.6.18. Let

w=dri Ndxo +drz Ndry € TO’2(R4),

and let

LR Rl Ry )

_ 1
X=X 6331 8332 (9l‘3 62?4

be a given smooth vector field. Then the reader may verify that
i(X)w = X'dey — X%day + X3dxy — X*dxs.

Many of the cases in which we will encounter the interior product later in the text
will be in the context of differential forms—alternating (0, k)-tensors. We conclude
this section with a proposition that relates the interior product with the operations
we have seen earlier in this section.

Proposition 4.6.19. Let o be a differential k-form and X a smooth vector field on
R™. Then:

o If f is a smooth function, then i(fX)a = fi(X)c
o IfY is a smooth vector field, then i(X +Y)a = i(X)a +i(Y)a.
e If f1, fo are smooth functions and (3 is another k-form, then

i(X) (fiae+ f28) = fri(X)a + f2i(X)B.
e If B is a one-form, then
i(X)(a A B) = (X)) A B+ (=1)fa A (i(X)B).

o If¢: R™ — R is a diffeomorphism, then

where Y = ¢, X.

Proof. All statements are proved pointwise. See Proposition 4.2.15. a
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Note that we have not addressed the interaction of the interior product with the
exterior differentiation operation d. Here the relationship is more complex, and will
be addressed in the next section.

4.7 The Lie Derivative

Given the nonlinear nature of differential geometry, with a “structure” tensor varying
smoothly from point to point, it is natural to try to measure how the structure tensor
changes in a given direction. A basic tool for this purpose is the Lie derivative,
named after one of the pioneers of modern differential geometry, Sophus Lie. The
notion of the directional derivative of a function will provide the motivation for
defining this key concept (Fig. 4.3).

We recall the basic framework from Chap.3. Let f : R™ — R be a smooth
function and let X be a smooth vector field on R™. Let ¢; be the flow generated by
X. For each p € R", there exist a domain U, C R" containing p and an interval
I, C R containing 0 such that for each ¢ € I,

O : Up — (bt(UP)

is a diffeomorphism. Moreover, for all p € U, ¢, : I, — R™ given by ¢,(t) =
®¢(p) is an integral curve for X through p, i.e., ¢,(0) = p and ¢}, (t) = X(cp(t)). In
this framework, interpreting X analytically as operating on functions f, with X [f]
being the directional derivative of f along X, we can write

-7 Yy
=T, ) ((£)Y1,(01) %Y5),

LxT="2,_of(t)

Fig. 4.3 The Lie derivative of a (0, 2)-tensor 7" with respect to a vector field X with flow ¢¢.
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XU10) = |, (e

o {IRER )

=2l inw).

t=0

Keeping in mind the definition of the pullback of a tensor field (Definition
4.6.12), the preceding discussion prompts the following:

Definition 4.7.1. Let T be a tensor field of type (r, s) on R™ and let X be a vector
field with flow ¢, : R™ — R". The Lie derivative of T with respect to X, denoted
by LxT, is the (r, s)-tensor defined as

d *
;CXT = % t:0(¢tT) .

We leave it as an exercise to show that LxT is in fact an (r, s)-tensor. As the
definition suggests, it measures the rate of change of the tensor 1" along the flow
lines of X.

The definition can be extended immediately to the derivative of a pullback for
any value of ¢, not just at ¢ = 0.

Proposition 4.7.2. Let T, X, and ¢ be as in Definition 4.7.1. Then for every tq in
the interval where ¢y is defined, we have

S| = e, (ex7).

t=to

Proof. We rely on the properties of the flow from Theorem 3.9.2:

% T = % _ (@)
-2 (@00)T)
_ % (6w @)'T)
ACIC)
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Before narrowing our attention to the cases that we will encounter most
frequently in this text, we list here some useful properties of the Lie derivative acting
on tensors. Of course, these apply to differential forms as a special case.

Proposition 4.7.3. Let S and T be tensors and let X be a smooth vector field on
R™ (with the degrees of the tensors implicit and depending on the context below).
Then:

1. ,CX(S—FT) =LxS+LxT.
2. Forany constant c € R, Lx(cT) = c(LxT).
3. Lx(S®T)=(LxS)RT+S® (LxT).

Proof. We leave the verifications of (1) and (2) to the reader. Statement (3)
follows by resorting to the same tactic used to prove the Leibniz product rule
in a first calculus course, along with the properties of the tensor product in
Proposition 4.6.15. To see this, let ¢; be the flow generated by X:

d

Lx(S@T)=—| (4(S®T))
t=0
_ iy S5 ®T) —H(S®T)
h—0 h
h—0 h
iy GRS ® (T — 4SO T +¢;S0T — (S8 T)
h—0 h
iy @S @ (T = T) + (¢35 = S) & T
1m
h—0 h
— ( 1im ¢ o O =T o 25— S
- (pmeis) o (jm ST=T) + (1 5= o7
=SQRLXT+LxS®T. -

Although the definition and the preceding proposition have been phrased in full
generality, this section is really devoted to presenting the Lie derivative of those
objects that we will encounter most frequently: vector fields, differential forms, and
(0, 2)-tensors. We will do this by expressing the Lie derivative in coordinates.

Let X = Z X7 i be a vector field on R™ with flow ¢; : R™ — R", which

Ox;
we write in componenis as ¢y = (&,...,¢7). In particular, ¢g(z) = z for all
z € R™ and
d =X
4 e -xw,

Finally, we recall that ¢, L—o_,.
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0
Proposition 4.7.4. For each i = 1,...,n, let 0; = e be the standard basis
7

vector fields on R™ with coordinates (x1,...,x,). Let X = Z;;l X30; be a
smooth vector field on R™. Then foralli =1,...,n,

Lx0i= Z 6:1“

Proof. The proof relies essentially on the chain rule and the product rule from
multivariable calculus. We calculate the effect of the operator £ x 0; on an arbitrary
smooth function f : R™ — R at a point x € R™:

(£x0:)[f] (z) = | _ (619:)[f](z) by Definition 4.7.1
_ 4 [(¢—_¢)«0;] [f](x) by Definition 4.6.12
dt lt=0
= % t:Oai o) [f o¢_4| by Definition 3.7.6
d 0 0
= q t—OZ 8:5;( ) - ;x (¢¢(x)) by the chain rule

ax] dt t=0 O0x;

I
_zj:ax]( )8%

(¢e(xz)) since f is independent of ¢

e’ ,
@]

= j aai( ) ai (—X7(x)) by the definition of ¢;
0x7 of
—Z o, )87%_@)7
)¢l
so Lx0; = — oz, ———0; as desired. Note that we have relied on the equality of
mixed partials for the 51xth equality. a

This basic proposition in turn gives the more general statement.

Proposition 4.7.5. Let

; 0 _ ; 0
X:ZXa—xi and Y_ZY 3o;
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be smooth vector fields on R". Then the Lie derivative of Y with respect to X is
given by

K
(')xj

cXY:Zn:AJi
Jj=1

where the functions A7 : R™ — R (j = 1,...,n) are given by

n

; Y7 0XJ
Al = Xk —yF ).
Z < 8£Ck axk )

k=1
Expressed more compactly, LxY = XY — Y X.

Proof. Apply the results of Proposition 4.7.3 to the result of Proposition 4.7.4 for the
basis vector fields. Here we consider the component functions Y as (0, 0)-tensors
for the purpose of applying Proposition 4.7.3(3). a

The following proposition follows immediately from Proposition 4.7.5; we leave
the details to the reader.

Proposition 4.7.6. Let X and Y be vector fields on R". Then:

1. LxX =0.
2. LxY =Ly X.
3. Forallp € R", themap L, : T,(R") x T,(R™) — T,(R") given by

(Xp, Yp) = (L£p)(Xp, Yyp) = (LxY)p

is bilinear.
Proof. Exercise. a

The first statement of Proposition 4.7.6 says that a vector field is “constant along
its own flow lines.” The second statement, on the surface merely a statement of
anticommutativity, has deeper implications. According to the definition of the Lie
derivative, the left-hand side of the equality, £xY, appears to depend on the vector
field Y and the flow of the vector field X . Conversely, the right-hand side, involving
Ly X, depends on the vector field X and the flow of Y.

More precisely, let ¢;, 1, be the flows generated by X and Y, respectively.
Consider the curve ¢ : I — R" through the point x € R™ given by

c(t) = ci(w) = (Y 0 p—y 0Pt 0 ¢y) ().

Here [ is an interval containing 0 on which all flows are defined. This curve can be
thought of as taking a point p = ¢q(p) and following a “loop” formed by the flow
lines of X, then Y, then — X, and then —Y" to reach the point ¢ = ¢;(p). In general,
¢t (p) may or may not be equal to p, as the following two examples illustrate.
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(z.ye’) -~ (ze' ye")
Yy Y
(-’E,y) d)t (Iet7y)

Fig. 4.4 The flow loop of the vector fields in Example 4.7.7.

0
Example 4.7.7. On R2,let X = xa— andlet Y . The reader can verify that
T

= yi

dy
the corresponding flows ¢, for X and 1, for Y are given by ¢;(z,y) = (wet, y) and
Yi(z,y) = (x,ye!). Both are defined for all t € R. Hence we have

ce(,y) = Y-t (d—t (Y1 (¢ ( 9))))

(
=Yt (¢t (Vu(ze’,y)))
=Y_ t((b ¢(we!, ye' )
=_ t((xe)~e*,ye)
= (z, (ye") - e™)
= (z,9).

See Fig. 4.4.

0 0
Example 4.7.8. On R2,let X = ya— andletY =z — 5 , with corresponding flows
Y

given by ¢¢(x,y) = (x + ty,y) and Y1 (z,y) = (x,y + tz). Then
ct(z,y) = Y-t (o—¢ (V1 (de(2,y))))
—t (90—t (Ye(z + ty,9)))
t(¢ t(z+ty,y+tx+1y)))
=y (z+ty —tly +to+2y), y + tz + t*y)
= (x —t?r — t3y,y + t2y + 3z + t4y) .

For example, for every (z,y) € R?, ¢1(z,y) = (—v, 3y + ). See Fig. 4.5.
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Td’*l o B

¥y

~—>4
(271) ¢1 (31)

Fig. 4.5 The flow “loop” for the vector fields in Example 4.7.8, with ¢1(2,1) = (-1, 5).

What is the difference between these two examples? Simply put, it is the Lie
derivative. A computation reveals that in Example 4.7.7, LxY = 0, whereas in
Example 4.7.8,

0 0

Y= —2— —_—.
Lx x@ery@y

At the heart of the previous discussion lies the following theorem. It is actually
a consequence of more general results; we refer the interested reader to [38, pp.
218-225].

Theorem 4.7.9. Let X and Y be smooth vector fields on R"™ with corresponding
flows ¢ and ;. Then

ct(p) = (W—todp_rorod)(p) =p

forallpifandonly if LxY = 0.

Corollary 4.7.10. LxY = 0 if and only if for all t on which the corresponding
flows are defined, 1, o ¢y = Py 0 Y.

Proof (of Corollary 4.7.10). The statement is really a reformulation of the theorem,
keeping in mind the important property (¢;)~! = ¢_; of one-parameter flows (and
likewise for 1);). The statement about ¢, in Theorem 4.7.9 really states, then, that

(1/}t)_1 © (¢t)_1 oo ¢y =1Id,

and the result follows by composing both sides on the left by ¢; o ;. O

In light of Theorem 4.7.9 and its corollary, the Lie derivative of vector fields
measures the degree to which the flows of vector fields do not commute, where the
flows commute (in the sense of Corollary 4.7.10) if and only if LxY = 0.
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Before turning away from the Lie derivative of vector fields, we introduce one
definition (really in this presentation a notation) that is in common usage.

Definition 4.7.11. Let X and Y be smooth vector fields on R™. Then the Lie
bracket of X and Y, denoted by [X, Y], is defined to be

[X,Y] = LxY.

Certain authors vary the definition by a sign. The notation comes from the
terminology of Lie groups and Lie algebras, which are lurking beneath the surface
of our discussion of vector fields. Exploring these ideas—even listing the algebraic
properties of the Lie bracket—would lead us too far astray. The interested reader is
invited to read Warner’s exposition in [40].

One algebraic property of the Lie derivative of vector fields that appears often
in calculations is the Jacobi identity, which is usually written in the notation of Lie
brackets.

Proposition 4.7.12 (Jacobi identity). Let X, Y, and Z be vector fields on a
domain U C R™. Then

(XY Z]| + [V, [Z, X]| + [Z, [X, Y]] = 0.

Proof. The identity follows by applying Proposition 4.7.5. For every smooth
function f on U, we have

([X, ¥, 21+ V2, X]] + [Z,1X, Yn) ] = X[V, 2] [f]] - [v. 2] [X[f]

+Y[[Z X/ - 12 X] Y1)
+Z[X YIS - X YTZ[A)

- [Y[Zm] e

+ Z|X[Y[f]] - Y[X[f]]-

= X[Y[Z[f] - YIX[Z[/]]]
=0. O

The following proposition shows that diffeomorphisms preserve the Lie
derivative of vector fields.
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Proposition 4.7.13. Let ¢ : U — V be a diffeomorphism between domains U,V C
R™. Then for all vector fields X,Y on U,

om (['XY) = £¢*X¢*Y-

Proof. We again rely on Proposition 4.7.5 as well as Definition 3.7.6. Let f : V' —
R be a smooth function on V. Then

o« (LxY) [f] = (LxY)[f o ¢]
= (XY -YX)[fodq]
=X[Y[fog]] =Y [X[foq]
= X[(¢:Y) [flog] =Y [(¢:X) [f] o ¢]
= 0. X [0.Y [f]] — 6.Y [0. X [£]]
= (0« X¢.Y — 0. Y. X) [f]
= (Lyp.x0:.Y)[f]. O

Written in the language of Lie brackets, Proposition 4.7.13 says that

on ([X, Y]) = [¢*X7 ¢*Y} :

We now turn to the Lie derivative of differential forms. As before, we begin
with a coordinate calculation for the Lie derivative of a basis one-form, followed
by a coordinate expression for the Lie derivative of any one-form on R"™. The more
general case of the Lie derivative of a k-form on R™ is best handled by means of
the Cartan formula, which we present following the initial coordinate calculations
and some basic properties.

Proposition 4.7.14. Let X = Y X/ % be a smooth vector field on R", and let
dx; be a standard basis one-form on R". Then

N ;
Lx (dz;) = Jz::l a—xjdxj (= dX?")
Proof. Exercise. See Proposition 4.7.4. a

Proposition 4.7.15. Let X = ) X' 5
; Xy
=1

a= E:L:l a;dx; be a differential one-form on R"™. Then

be a smooth vector field on R™ and let

L’Xa = Zn:bjdxj,

j=1
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where the functions b; : R™ — R (j = 1,...,n) are given by
"\ [ Oa; oxk
b = —L . x* : :

Proof. As in the proof of Proposition 4.7.5, the result is an application of Proposi-
tion 4.7.3 to the coordinate calculation for the basis forms in Proposition 4.7.14. O

We now present a useful property that expresses the Lie derivative of (0, k)-
tensor fields in terms of the Lie derivative of vector fields.

Proposition 4.7.16. Let T be a (0, k)-tensor field on R", and let X and Y1, ..., Y}
be vector fields on R". Then

(LxT)(Y1,....Y) =X [T(Y,...,Y%)]

k
- ZT(Yla"'7n—17£X1/;a}/i+la'"7Y]€)'

=1

0
Proof. Consider the standard bases { } for T(R™) and {dzq,...,

3x1 81:"
i 0 i 0
dx,} for T*(R™). We write X = ZX e and Y; = ZY — for j =

1,..., k. Furthermore, the correspondlng standard basis elements for the set of
(0, k) tensors have the form dz;, ® - - - ® dx;,, where i1, ...,9; € {1,...,n}.
Using these coordinates, we ﬁrst prove the statement for monomial tensors
of the foom A = adz;, ® --- ® dz;,, where a : R® — R is a smooth
function. The calculations will rely extensively on Proposition 4.7.3(3) as well as
on Proposition 4.7.5.
As a consequence of the usual Leibniz product rule, we have

X[AYy,....Yo)] =X [a-Y]' - V]

DR TR
j=1 J

0 6Y ;
— Z X7 < a Ylh Y’lk +a 1 Yzz . Yka
= O0x; 83@

i 7;71 8lek
_|_...+a.Y11...Ykil . axj >

Using Proposition 4.7.3(3) along with Proposition 4.7.14, we have
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LxA :X[a]dxil ® - @ dz;,
a- (Ede“) ®d$i2 ® - ®d(L‘ik
+-ta-dey, ®--@dz;,_, ® (ﬁxdl‘lk)

ZXJa—; dry, @ @ dz;,
. J

L OX ™

j=1 7
+..
"L 9X i
ta-d, ® - @dr;, , @ ;T%d:@ :
and so
A " j Oa i i
(‘CX )(Ylv 7Yk)—ZX % Yl Yk
j=1 /

, v OX i
QY ey Z -y

Finally, using Proposition 4.7.5, we have

A((EX}/I),Y% 7Yk> =a- (EX}/l)'il Y'Qiz ler

- oYyt oX™ ; ;
XJ Y2l Y
(Z amj 1 8.13] > 2 ro

Jj=1

A(Yla (EXY2)7}/37 T 7Y]€)

; 00X ; ,
—q-Y™. § 2 LYis Ly
a 1 < 8.I] 2 axj ) 3 [

j=1
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A<Y17 e 7Yk717 (‘CXYk)>

. Z oY, OXix
_ () 'lk 1 J
=a-ye ( Oz — Y Oz )

Here (L XY])z represents the ¢ component of the vector field Lx Y.
Putting all these calculations together shows that

k
X[AM, .. V)] = (LxA) (Y1, Vi) + > AN, LxYi, ., Ya),

i=1

as was to be proven.
Since a general (0, k)-tensor field is a sum of tensors of the form A above,
applying Proposition 4.7.3(1) proves the proposition. a

In addition to the properties of the Lie derivative on general tensors listed in
Proposition 4.7.3, there are several additional properties of how the Lie derivative
acts on differential forms, and in particular how it interacts with the exterior product
and the exterior derivative.

Proposition 4.7.17. Let o and 3 be differential forms and let X be a smooth vector

field on R™ (with the degrees of the forms implicit and depending on the context
below). Then:

1. Lx(anp)=(Lxa)ANB+an(Lxp).
2. Lxda = d([:on).

Proof. Statement (1) follows from Proposition 4.7.3 and the fact that differential
forms are a specific type of tensor, namely (0, k)-tensors that have the additional
property of being alternating. Moreover, the reader should verify that the exterior
product A can be written completely in terms of the tensor product &.

Statement (2) follows by applying Proposition 4.4.16 to the definition of the Lie
derivative:

d *
Lxdo= G| (@i(do)
d 0 ((bt )

)

tt
(3],
d(Lx

)
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where ¢, is the flow generated by X . However, there are important technical details
associated with the second-to-last equality, “passing the d-operator through the
derivative.” See [40, pp. 71-72] for those details. O

We will frequently rely on the following theorem in calculating Lie derivatives
of differential forms.

Theorem 4.7.18 (Cartan’s formula). Let X be a smooth vector field on R™ and
let w be a differential k-form. Then

Lxw =i(X)dw +d (i(X)w).

Proof. We verify the equality in coordinates with w a one-form; the result then
follows from Propositions 4.7.15, 4.6.19, and induction. Let X = Y~ X Z%, and
letw =Y a;dz;. Then dw = Y da; A dz;, and so

1(X)dw = Z ((i(X)da;) dz; — X'day).

Also
A(i(X)w) =d (3" X'a:)
= Z d(Xiai)

=Y (X'da; + a;dX").

Together, this means that
i(X)dw + d(i(X)w) =Y _ (i(X)da; + a;dX").

Comparing this with Proposition 4.7.15 proves the statement. a

We can now return to the comment at the end of the last section, relating the
interior product to the exterior differential.

Corollary 4.7.19. Suppose (2 is a k-form and X is a vector field satisfying L x {2 =
0. Then
1(X)d2 = —d(i(X)0).

In other words, the Lie derivative describes the degree to which the interior
product of a k-form fails to anticommute with the exterior product.

We are now in a position to illustrate some calculations of Lie derivatives for
differential forms that we will encounter in the future.

Example 4.7.20. On R? with coordinates (2, y, z), define the differential one-form
ag = xdy + dz. Let

g ngxg—l—yg—l—lzg, ngg.

X1 = oz’ Ox Oy 0z Oy
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Then we have

L‘Xlao = i(Xl)dao + d(i(Xl)Ozo)
— i(Xy) (dz A dy) + d(0)
= dy,

Lx,ap =i(X2)dag + d (i(X2)ao)
= i(X2) (dx A dy) + d(zy + 22)
= (ady — ydzx) + (xdy + ydx + 2dz)
= 2xdy + 2dz

= 20{0,
and

Lx, 00 = i(X3)dag + d (i(X3)ap)
=i(X3) (dz A dy) + d(x)
= —dx + dx
=0.
Example 4.7.21. On R* with coordinates (z,y, 2, w), consider the differential two-

form wyg = dz A dy + dz A dw. Note that dwy = 0, so Cartan’s formula is just
£Xw0 =d (Z(X)OJO)

bet o 9 o 0
X = —_ —_ X = _— _
! x8x+zaz’ 2 y8x+waz
Then
L:Xle = d(z(Xl)wO)
=d (zdy + zdw)
=dx Ndy+dz A dw
= Wo,
and

£X2wo = d(i(XQ)Wo)
= d (ydy + wdw)
=0.
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There is an analogy to Proposition 4.7.16 for differential forms, which states that
the exterior derivative can be expressed completely in terms of the Lie derivative.

Proposition 4.7.22. Let o be a smooth k-formon R". Let Yy, Y1, ..., Y}, be smooth
vector fields. Then

k
da(Y07Y17"'7 Z |: %ayla”'a?a"'ayk)
1=0
+ (D Ha(Ly,Y;, X, Y, Y YY),
1<J

Here the hat notation Y; signifies omitting Y; from the list.
In particular, for k = 1, we have

da(X,Y) = X [a(Y)] - Y [(X)] — a(LxY).

Proof. The full proof can be accomplished by induction on k, relying repeatedly
on Proposition 4.7.16 and Theorem 4.7.18. We will prove the basis step £ = 1 here
(which is in fact the case that we will encounter most in the future), and then indicate
how to prove the inductive step, leaving the details to the reader.

Let « be a one-form and let X, Y be vector fields. By Proposition 4.7.16, we have

(Lxa)(Y) = X [a(Y)] - a(LxY). (A)
By Cartan’s formula, we have

(Lxa)(Y) = (d(a(X))) (V) + (i(X)da) (V)
=Y [a(X)] +da(X,Y). (B)
Substituting (B) into (A) yields the result.

For the induction step, assume that the statement holds for all (£ — 1)-forms and
let « be a k-form. Relying again on Proposition 4.7.16 and Theorem 4.7.18, we have

n

(Lxa)(Y1,....Ys) =X [a(V1,.... Vo) + > _(-1)'a(M1,...,LxY;, ... Vi)
=1

and
Lxa=d(i(X)a)+i(X)(da).

Then the induction hypothesis applies to the (k — 1)-form
B =1i(X)a.

Substituting, keeping careful track of the signs, yields the result. a
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We close this section with an important interpretation of the Lie derivative of a
differential form that will be discussed in more detail in the subsequent chapters.
Although we will most often see this in the special case of differential forms, we
state it for a general tensor field.

Theorem 4.7.23. Let S be a tensor field on R™. Let X be a smooth vector field on
R"™ with flow ¢;. If Lx S = 0, then for all t for which the flow is defined we have

P18 =S.

Proof. In essence, this statement reduces to the observation that the definition of the

Lie derivative,
d
LxS=— )
X dt t:O(qst ) )
implies that if the Lie derivative is 0, then ¢; S must be constant with respect to ¢.
Hence

;S =¢S5 =1d)*S=S5. O

Read literally, Theorem 4.7.23 states that if Lx.S = 0, then S is constant along
the flow generated by X. In the geometric spirit that we will be developing in the
next chapters, where we consider a geometric “structure” defined by a differential
form or tensor, the theorem states that diffeomorphisms generated by vector fields
with the property that £x S = 0 “preserve the structure” defined by S.

4.8 For Further Reading

There are two standard ways of presenting tensors. Historically, tensors received
the most attention from physicists, whose interest in calculation and coordinate
systems placed the distinct emphasis on the behavior of these objects under change
of coordinates. This emphasis led to an elaborate index and summation system.
A classical presentation of the subject from this perspective can be found, for
example, in [15]. The tedious notation and component calculations has often led to
a kind of disdain, best typified by Elie Cartan’s characterization of tensor calculus
as “the debauch of indices.”

The reformulation of tensor calculus and differential forms in particular was a
consequence of the coordinate-free ideal that drove the development of differential
geometry within pure mathematics. This was done in the context of manifolds, and
can best be appreciated in the classic texts of Spivak [38] and Warner [40]. Most of
the results in this chapter can be found in those two sources.

Integration of forms has a slightly different historical trajectory. Standard
references for this topic include Spivak [37] and do Carmo [14]. Our treatment most
closely follows the latter.
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We also note that the coordinate-free approach of mathematicians found its
way back to physicists through texts like [1, 3], written by mathematicians for an
audience with applied and physical tastes.

The effort to bring differential geometry to students at an earlier point in their
formal mathematical training—a primary goal of this text—has inspired several
texts whose goal is to make differential forms accessible to students with a
background in calculus and linear algebra. The elegant presentation of differential
geometry by O’Neill [33], first in 1966 and then again in 1997, is a case in point,
although forms appear only in passing. Weintraub’s 1997 text [41] set itself the task
of presenting a first course in vector calculus through the lens of differential forms;
its only drawback is its somewhat unorthodox notation. Finally, we mention the
2006 text by Bachman [5], which shares many of the goals of the present chapter
and has the additional benefit of introducing contact structures, a topic we will visit
in detail in Chap. 7.

4.9 Exercises

4.1. Consider the linear two-form v € Ay(R?) given by v = 3¢15 — 2e34. For
arbitrary vectors a,b € R* with components a = (a1, az,a3,a4) and b =
(b1, b2,bs,by), evaluate y(a,b). Then find nonzero vectors a and b such that
7(a,b) =0.

4.2. Prove Proposition 4.2.7.

4.3. Prove Proposition 4.2.8.

4.4. Prove Proposition 4.2.11.

4.5. Leta = 2e3 + €3 € A1 (R?). Let Ty : R® — R? be given by

T (z,y,2) = By + 22, —x —y + 2,z — 42)
and let T : R? — R3 be given by
To(z,y) = (122 — 13y, 2 + 2y, —x — y).
Compute 77« and T5 o in two ways, first using the method of Example 4.2.10

and then using the method of Example 4.2.12.

4.6. Prove the following converse of Theorem 4.1.2: Suppose that « is a k-form
with the property that for ¢ # j, v; = v; implies that a(v1,...,vg) = 0. Then
« is an alternating form.

4.7. Leta = cea+e3 € A1 (R?), where ¢ € R, and let T : R® — R? be a linear
transformation represented by the matrix A = [T'] = [a;;]. Find necessary and
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sufficient conditions on the entries a;; such that 7"« = ko for some constant k.
Write these conditions in the specific cases that k = 1 and k = 0.

4.8. Let a = a1dx + asdy + azdz be a smooth differential one-form defined on
all of R3. Define a function f : R? — R by

1
f(.’If,y,Z):/ [x~a1(tm,ty7tz)
0
+y - as(ta, ty, tz) + z - as(tz, ty, tz)] dt.

Show that dae = 0 if and only if o« = df. (This proves that every closed one-form
defined on all of R3 is exact.)
For the following Exercises 4.9—4.11, let o, 8 € A;(R?) and v € A3(R3) be
given by

o = zdx + ydy + zdz,

B = xdy — ydx + dz,

v = 22dx A dy + 22dy A dz + yPdx A dz.

4.9. Compute the following:

(a) da, dg, dy.
®) aNB, any, BAY.
©) aANda, BAAB, aNdS.

410. Let X =y —af + 2.

(a) Compute i(X)c, i(X)53, i(X)y.
(b) Compute i(X)de, i(X)dB, i(X)dy.
(©) Compute d(i(X)a), d(i(X)8), d(i(X)7).

4.11. Let ¢ : R® — R? be given by
é(u, v, w) = (e sinu, e* cosu,v® — u?)
and let ¢ : R? — R3 be given by
¥(s,t) = (scost, ssint,t).
(a) Compute ¢*cv, ¢* 3, ¢*~.
(b) Compute ¥*a, ¥*3, ™.

(¢) Compute ¢*(da), ¢*(df3), ¢*(dy).
(d) Compute *(da), *(dB), ¢¥*(dv).

4.12. Prove Proposition 4.4.20.



4.9 Exercises 189

4.13. Let {E1,..., E,} be a set of vector fields defined on a domain U C R"
such that for all p € U, {E1(p), ..., En(p)} is an orthonormal basis for T,,U in
the sense that

Ei(p) « E;(p) = 6i;

using the notation of the “dot product” on R"™. Such a set is said to be an
orthonormal frame relative to the standard inner product. Note that by making
the identification 7,U = R", we can consider each of the vector fields E; to be
a differentiable map

E, :U—R",
and in particular we can consider the tangent map (E;). : TU — TR"™.

Fori,j =1,...,n, define for all vector fields V' on U,

wii (V) = (E:)«(V) « Ej.

(a) Show thatforallz,j =1,...,n,w;; is a differential one-form, i.e., that it is
smoothly varying and linear on each tangent space.

(b) Show that wj; = —w;;. [Hint: Differentiate £; . E; = d;;.]

(c) Let {e1,...,e,} be the set of one-forms dual to the vector fields
{E1,..., Ey,}. Show that

de; = Z&?k N Wi
k

and
dwij = Zwik A W
k
These two sets of equations are called Cartan’s structural equations.

4.14. This exercise is an example of the constructions in Exercise 4.13. Consider
the vector fields E1, E> on U = R?\ {(0,0)} given by

Biwy) = —— 2y ¥ 0

1\x,Yy) = x2+y2 al’ x2+y2 ay7
—y 0 x 0

E = 2 9.
2(,y) R s 0y

(a) Verify that forall p € U, {E1(p), E2(p)} is an orthonormal basis for T,,U.

(b) Compute €1, €5.

(c) Verify Cartan’s structure equations by computing each side of both sets of
equations in Exercise 4.13(c).
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4.15. For each of the diffeomorphisms in Example 3.6.10, determine whether
they are orientation-preserving or orientation-reversing.

4.16. Let U and f be as in Example 3.6.8 and let 0 < r < 1.

(a) Show thatif p = (p1,p2) € U satisfies p? + p3 < r2, then f(p) = (q1,q2)
satisfies ¢? + ¢35 > (1/r)%. That is to say, show that if C,. is the circle of
radius 7, then points inside C,. are mapped to points outside C' /. = f(C.).

(b) Show that f is orientation-reversing (relative to any fixed orientation of U).

4.17. Suppose that w; is a closed differential form and w- is an exact differential
form, both defined on some open set U C R™. Show that w; A wo is exact.

4.18. Let ¢ : U — R? be the regular parameterization of a paraboloid given in
Example 3.3.4, i.e.,

U={(r0)|0<r<2-r<6<7}CR?
and
$(r,0) = (rcosd,rsinf, r?).

Let w = ady A dz — ydx A dz + zdx A dy € Ax(R?). Compute fs w, where
S = ¢(R) has the orientation induced by ¢ and R = [1/2,3/2] x [0, 7/2].

4.19. Given a parameterized surface S with the standard orientation induced by
the parameterization and the differential two-form w below, compute |, g w-

(@) S = ¢1(R) is the part of the helicoid of Exercise 3.14(a), where R =
[7/2,7] x [0,1], and w = xdy A dz — ydx A dz + zdz A dy.

(b) S = ¢2(R) is the part of the catenoid of Exercise 3.14(b), where R =
[7/2,7] x [0,1], and w = dx A dy.

4.20. Suppose that V' is a finite-dimensional vector space. Show that the map
I:V — (V*)* described in Example 4.6.4 is an isomorphism.

4.21. Let €23 € T%?(R3) be as in Theorem 4.1.8 and let & : R®* — RS be
defined by
Q(Iayvz) = (x+y,x—y—z,y+z).

Compute &*€23.
4.22. Let V, W be two vector fields on R?, and define g : TR? x TR? — R by
g(V,W) = (1 + 42 )V'W! + (day) VW2
+ (4zy) VW' + (1 + 49°) VW2,
where (x,y) are coordinates on R? and V = <V1,V2>, W = <W1,W2>

are the corresponding coordinate expressions for the vector fields V' and W. In
particular, V1, V2, W1, W? are smooth functions of (z,y).
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(a) Show directly from Definition 4.6.11 that g is a (0, 2)-tensor field.
(b) Let X (z,y) = xa% + ya%. Compute i(X)g.
(c) Compute ¢*g, where ¢ : R? — R? is given by

¢z, y) = (22, 2y).
. Lyl o2 2 9 9
4.23. Repeat Exercise 4.22 for g(V, W) = V!W 4+ VW= X = Tor Yo
Yy x
and ¢(x,y) = (2° + y*, 2zy).

4.24. Let ¢ : R® — R™ be a smooth map. Let X be a smooth vector field on
R”™ and let Y be a smooth vector field on R™. We say that X and Y are ¢-related
if . X = Y. Show that if X is ¢-related to Y and X’ is ¢-related to Y, then
[X, X'] is ¢-related to [Y,Y].

4.25. Prove Proposition 4.7.6.
4.26. Consider the vector fields X,Y on R? given by

—ng —|—y2%7 Y = e‘”’g —l—e_yg —l—e‘zg.

X = Yor Jy ox oy 0z

Compute Lx Y.
4.27. Consider the vector fields X, Y on R? given by

d 0
X(u,v) = L —l—v%, Y(u,v) = —v—+u—.

(a) Compute the flows ¢ of X and 1/, of Y. Use these to compute the curve ¢(t)
through ¢(0) = (1, 0) given by

c(t) = (Y_top_orhrog)(1,0).

(b) Compute LxY . How does your result correspond to the result of part (a)?

4.28. Repeat Exercise 4.27 using

0 0 d 0
X (u,v) = 4u% + Voo Y (u,v) = i 4u%.

4.29. Following the outline of Proposition 4.7.4, prove Proposition 4.7.14.
4.30. Let X, Y be vector fields on R? given by

—zg+x2g, Y =(xy—2)

X= You dy 0z
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Leta = zdy +dz, 8 = yz dx + xz dy + zy dz, and w = dzx A dy be differential
forms on R3.

(a) Compute Lxa, Lx 5, and Lxw.
(b) Compute Ly, Ly 5, and Ly w.

4.31. Let X, Y be vector fields on R* with coordinates (1, y1, 22, y2) given by

o 00 o, 0
= 1a y181 8 y28y2
Y m 2 b by bl
= Yoe T oy TR0, T 2oy,

Let a = x1dy; — y1dxy + wodys — yodxs and w = dxy A dy; + dza A dys be
differential forms on R*.

(a) Compute Lx« and Lxw.
(b) Compute Ly« and Ly w.

4.32. Consider the differential one-form o = xdy + dz on R3.

(a) Find conditions for a vector field X to satisfy £ xa = 0. Give three examples
of such vector fields.

(b) For each of the examples you constructed in part (a), verify the conclusion
of Theorem 4.7.23 by computing the flow ¢, of X and then ¢; «

4.33. Consider the differential two-form wy = dz1 A dy; + dza A dy» on R*
with coordinates (x1,y1, 2, Y2)-

(a) Find conditions on a smooth vector field X so that
L XWwo = 0.

Give three examples of such vector fields.
(b) For each of the examples you constructed in part (a), verify the conclusion
of Theorem 4.7.23 by computing the flow ¢t of X and then ¢} wy.

4.34. For a smooth vector field X = Y X' t-2- on R™, use the techniques used

to prove Proposition 4.7.4 to show that for every Bhk=1....n,
" (0X7 ox*
Lx(dz; @ dxy) = Z ( o dz, @ dxy, + e —dz; ® d:c,,).

r=1

4.35. Letg = 3, . gijdr; ® dx; be a smooth (0, 2)-tensor. Use the result of

Exercise 4.34 to show that for a smooth vector field X = >~ X* d‘z ,



4.9 Exercises 193

Lxg= Zhijdzi ® dzx;,

4,J
where
- dgi; oxk oxk
hij = Xk it Gih— |-
J ];( al'k- +gkj 3xi +gk8$j
(The tensor h = Lxg occurs in physics as the strain tensor for small

deformations; cf. [15, p. 210].)



Chapter 5
Riemannian Geometry

We begin our presentation of differential-geometric structures with the one whose
origins are most closely tied to the way the subject was developed by Gauss and
Riemann, and that carries the name of the latter. The concepts of Riemannian geom-
etry are familiar: length, angle, distance, and curvature, among others. Historically
tied to the origins of differential geometry, and with such familiar concepts,
Riemannian geometry is often presented in textbooks as being synonymous with
differential geometry itself, instead of as one differential-geometric structure among
many.

In our presentation, Riemannian geometry will be the study of a domain U C
R™ equipped with a (0, 2)-tensor with particular properties, called the Riemannian
metric tensor. In this way, we will foreshadow many concepts that will appear again
in the other geometric structures that we will consider. We will also see later that key
concepts in Riemannian geometry do not carry over to the contact and symplectic
settings of the later chapters.

It is worth noting at the outset that this point of view will sacrifice the historical
development of Riemannian geometry in favor of a more axiomatic approach.
This approach involves a definite loss. The classical, more historic, presentation
beginning with curves and surfaces in R? has both concreteness and a sense of
motivation for the ideas to be generalized. We hope to compensate for this loss later
by the ease of presenting contact and symplectic structures in a parallel manner.

5.1 Basic Concepts

The central object of Riemannian geometry is the metric tensor. This object should
be seen as the analogue in the smooth setting of the inner product from linear algebra
presented in Chap. 2. As with the inner product, the metric tensor will ultimately
give rise to notions of length and distance, as well as concepts related to angles such
as parallelism and orthogonality.

A. Mclnerney, First Steps in Differential Geometry: Riemannian, Contact, Symplectic, 195
Undergraduate Texts in Mathematics, DOI 10.1007/978-1-4614-7732-7_5,
© Springer Science+Business Media New York 2013
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As in earlier chapters, we work mainly in the setting of a domain U in R".
In particular, a domain is open in the sense that for every point p € U, there is an
open ball centered at p that is completely contained in U.

Definition 5.1.1. Let U C R" be a domain. A Riemannian metric on U is a smooth
(0, 2)-tensor field g satisfying the following two properties:

1. g is symmetric: for all p € U and all tangent vectors X, Y, € T,,U,
9p(Xp, Yp) = gp(Yp, Xp);
2. g is positive definite: for all p € U and all tangent vectors X,, € T,,U,
9p(Xp, Xp) =0,

with g, (X, X;,) = 0 if and only if X, = 0,.

In other words, a Riemannian metric is a smooth assignment of an inner product
to each tangent space.
We sometimes simply refer to a Riemannian metric as a metric tensor.

Definition 5.1.2. A Riemannian space is a domain U C R"™ equipped with a
Riemannian metric g, and is denoted by (U, g).

In the notation of Chap. 4 (see Theorem 4.6.8), we can write

n
9= Z gijdz; @ duj,

i,j=1

where the g;; : R® — R are smooth functions and the dx; are the standard basis
one-forms for T*U. Symmetry is then expressed by saying that

9i5 = Gji-

It is also convenient at times to express the metric tensor g by means of the matrix
G = [gi;]- In this notation,
T
9(X,Y) =y Gx,

where x and y are column vector representations of vector fields X, Y using the
standard basis for 77U . Then G is a symmetric, positive definite matrix, with positive
definiteness ensuring that det G > 0.

Before proceeding to examples, we immediately present the most basic geomet-
ric measurement associated with a Riemannian metric: the length of a smooth curve.
This will allow us to appreciate the difference between Riemannian metrics once we
turn to examples.

Definition 5.1.3. Let (U, g) be a Riemannian space and let ¢ : [a,b] — U be a
smooth, regular parameterized curve (in particular, ¢(t) # O for all ¢ € I). The
length of c is defined to be
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b
) = [ o (et0). )] .

It is a straightforward application of the chain rule and the bilinearity of g to see
that the length is in fact independent of parameterization, although the definition is
written in terms of a particular parameterization. A precise statement and proof of
this fact can be found in [25, p. 8].

Example 5.1.4. Let U = R? with coordinates (x,y) and let

go = dxr ® dr + dy ® dy,

10
qo= 1]

This Riemannian metric is known as the standard Euclidean metric on R? for
reasons that will be seen immediately and throughout. Note that gy is constant,
acting in the same way on all tangent spaces.

For a regular parameterized curve ¢ : [a,b] — R? described by c(t) =
(x(t),y(t)), we have

or, using matrix notation,

(90)ete) (&(0), (1)) = (g0t (<a'c<t>, J0) . (6(0), y<t>>)

and so

b 2 2
dx dy
¢ = — — | dt.
o= [ \/(dt) “(5)
The reader will recognize this as the standard calculus formula for the arc length

of a parameterized curve.

Example 5.1.5. Let U = R? with coordinates (u, v), and let

g1 = (14 4u?)du @ du + (4uv)du @ dv
+ (4uv)dv ® du + (1 + 4v?)dv @ dv,

or, in matrix notation,

G = 1+4u? 4w
T w1+ 40
The reader should verify that g; as a (0, 2)-tensor satisfies the properties of a
metric tensor.
The length of a curve ¢ : [a,b] — R?2, c(t) = (u(t),v(t)), according to the

metric g; is given by
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li(c) = /ab [(1 +4u?) (‘Z)Q + (8uw) (‘Z) @;)
+(1+40%) (fgﬂ o

This length is different from the standard Euclidean metric structure of
Example 5.1.4. However, we note that for a circle with center (0,0) and radius
a parameterized as ¢(t) = (acost,asint), 0 < ¢ < 27, we have

li(c) = /02” [(1 + 4a® cos® t) (—asint)?

+ 8(acost)(asint)(—asint)(acost)

1/2
+ (1 4 4a?sin®t) (a cost)? dt

which agrees with the length of the same circle using the Euclidean metric go. We
leave to the reader to list examples of curves whose ¢;-length is different from the
lo-length: any line segment, for example.

Example 5.1.6. Let U = R?, with coordinates again denoted by (u, v), and let go
be given by

g2 = (14 4u?)du @ du — (4uv)du @ dv
— (4uv)dv @ du + (1 4 4v*)dv @ do,

or, in matrix notation,

2 _
G2:[1+4u 4uv]'

—duv 1+ 40?

Proceeding in the same way as in the previous example, the reader may verify

that
ly(c) = /ab [(1 + 4u?) (65;)2 — (8uw) (‘Z‘) (‘j;;)
(1t 40?) (Zﬂ v

While the differences between this metric and the previous one look minor, they
are in fact quite significant. For example, the reader can verify that the length of the
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same circle parameterized as above by c(t) = (acost,asint) with 0 < ¢ < 27 is
now, according to the metric go, given by

2m
ly(c) = / a[l+4a® sin2(2t)] 12 dt,
0
which is an elliptic integral that cannot be evaluated by means of elementary
functions. Numerical methods show that for a circle of radius ¢ = 1, we have

ls(c) ~ 7.64,

compared to
l1(c) = 27 ~ 6.28.

Example 5.1.7. LetU = {(z,y) | y > 0} C R? be the upper half-plane, and define
the metric g3 by

1 1
gs = ?daj®dm+ ?dy®dy,

or

The half-plane U equipped with the metric g3 is sometimes called the Poincaré
upper half-plane and g3 the Poincaré metric, after the renowned mathematician
Henri Poincaré.

Notice that g3 is obtained by scaling the standard Euclidean metric gg by a factor
of 1/y2. We now illustrate this scaling’s dramatic impact.

First note that the length of a parameterized curve ¢ : [a, b] — U according to g3
is given by

b 5 911/2
1 dx 1 dy
14 = — || = — = dt
() /a [(zﬁ) <dt> i (y2> <dt) ]
1/2
/b1 da 2+ dy\” 0
Jaoy [\t dt '

For curves parallel to the x-axis, for example parameterized as c(t) = (z(t), yo),
we have l3(c) = (1/yo)lo(c), i.e., horizontal curves with fixed g3-length “get
longer” (relative to the standard Euclidean metric) farther away from the x-axis.
See Fig. 5.1.

Consider the parameterized curves ¢ : R — R? with initial point (x¢, o) having
the form ¢(t) = (o, yo + at) with0 < ¢ < land a > 0,yo > 0. These are curves

parallel to the y-axis whose Euclidean length is £y(c) = a. If we compute the length
of ¢ with respect to g3, we see that
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5 5
4 4
3 3
2 3 2
e—1 T
2 -
1 e—11
1
e—1
0 0
-1 0 1 2 3 4 -1 0 1 2 3 4

! a
63(0) = / dt
0o Yo +at

=In|——.
Yo
Again, vertical curves with this parameterization having fixed gs-length “get longer”
relative to the standard Euclidean metric with increasing y.

Example 5.1.8. We give an example of a non-Euclidean metric structure on U =
R23, one that arises naturally in the setting of contact geometry. Using the standard
coordinates (z,y, z) on U, let g4 be described by the matrix

1 0 0
Gi=101+2% =z
0 T 1

The matrix G4 can be seen to be symmetric and positive definite, with det(G4) = 1
for all (z,y, z); in this way the reader can see that g4 is a Riemannian metric.

Rather than write out the length integral ¢4(c) with respect to g4 in general
(which is not complicated, but messy), we will illustrate it for a few specific curves.
To that end, let ¢; : [0,27] — R? be defined by ¢;(t) = (acost,asint,0), a
parameterization of a circle of radius a in the xy-plane. In this case, relying on
matrix notation for computational purposes, we have

1 0 0 —asint
ga(c1(t),c1(t)) = [~asint acost 0] {0 1+ (acost)? acost| | acost
0 acost 1 0

= a? + a* cos? t,
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and so
2m 1/2
ly(cr) = / a[l+a*cos*t] " at,
0

an elliptic integral similar to the one encountered in Example 5.1.6.
On the other hand, for ¢o : [0, 27] — R3 a circle of the same radius but in the
xz-plane parameterized by co(t) = (acost,0,asint), we have

91(éa(t), éa(t)) = a®,
yielding

2
ly(co) = / a dt = 2ma,
0

which agrees with the Euclidean length of a circle.

Length is not the only metric quantity that carries over from an inner product
space to its smooth, Riemannian counterpart. Translating the notion of the angle
between two vectors defined by an inner product (Definition 2.9.7) to the context
of the tangent space, the metric tensor allows us to define the notion of the angle
between (nonzero) tangent vectors X, Y, € T,U, which we will denote by Z,:

Zy(X,,Y,) =cos™! 9p(Xp: ¥p) .
e (95 (X0, X172 (9, (Y, V)] 2

As before, we say that tangent vectors X,,, Y}, are orthogonal if g,(X,,Y,) = 0.

The final concept we present in this section is one that we will encounter
again in other geometric settings. The following proposition, a smooth analogue
of Theorem 2.9.22, shows that the metric tensor induces a smoothly varying
isomorphism between the vector space of tangent vectors and the vector space
of one-forms. The isomorphism will allow us to define the gradient of a smooth
function.

Proposition 5.1.9. Let (U, g) be a Riemannian space, X(U) the set of smooth
vector fields on U, and A1 (U) the set of smooth one-forms on U. Then the map
v X(U) = A(U) given by v(X) = i(X)g for X € X(U), i.e., y(X) is the
differential one-form such that for any vector field Y on U,

(VX)) () = g(X.Y),

induces a vector space isomorphism vy, : T,U — T7U forallp € U.

Proof. The fact that v(p) : T,U — T, U is a vector space isomorphism for each
p € U is just Theorem 2.9.22. We only point out that our proof in Theorem 2.9.22
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that y, is onto required the choice of an orthonormal basis. In the present setting,
beginning with any basis of smooth vector fields, the Gram—Schmidt process for
creating an orthonormal basis is in fact smooth, yielding a basis of vector fields that
is orthonormal at each pointp € U.

Note that v(X) varies smoothly with p, since both g and X vary smoothly with
p. Hence v(X) is a smooth one-form on U. a

We note that every smooth (0,2)-tensor A induces a smooth map between
X(U) and A;(U) that is linear at the tangent space level. Recall that when the
map induced by A is one-to-one for each p € U (and so, as a linear map
between vector spaces of the same dimension, A in fact induces an isomorphism),
A is said to be nondegenerate. The fact that a Riemannian metric tensor is
nondegenerate is a consequence of positive definiteness. We will encounter the
concept of nondegeneracy and its consequences many times in the chapters ahead.

We are now in a position to define the gradient of a smooth function, which will
depend essentially on the Riemannian metric.

Definition 5.1.10. Let f : U — R be a smooth function defined on a Riemannian
space (U, g). Let v : X(U) — A;(U) be the map induced by g from Proposi-
tion 5.1.9. Then the gradient of f, denoted by V f, is the vector field defined by

-1
V=" (df)-
Using matrix notation with coordinates (z1,...,z,), we can write
of
8{131
Vi=G"'| : |,
of
Oy

where as usual, G is the matrix representation of g.

Example 5.1.11. Let gy be the standard Euclidean metric on R", i.e.,
go =dr1 ®dry + -+ - + dx, @ day,

whose matrix representation is the identity matrix,

In this case, the gradient takes the familiar form
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oy 0 L 0f 0

Ox, 0z, | Oxy, Oz,

Vf=

which is the definition presented in a first course in multivariable calculus.

Example 5.1.12. Let g, be the metric on R? given in Example 5.1.8. The reader
can verify that

1 0 0
Gi't=10 1 -z
0 —z 1+2°

Hence, using coordinates (x, y, z), the gradient according to g4 is given by

_ofo  (of _ Of\ O 20f _ 0f) 9
vf_@x@ac+<8y x82>8y+<(1+x)8z x@y)@z'

We close this section by mentioning one property of the gradient of a scalar
function; others may be found, for instance, in [1].

Proposition 5.1.13. Let f : U — R be a smooth function on a Riemannian space
(U, g). Let V f be the gradient of f induced by g, and let ¢, be the flow generated by
V£, so that ¢o(p) = p and %(bt (p) = Vf(¢t(p)). Then f is nondecreasing along
the flow lines of V f :

F(pe(p)) > f(bs(p)) whent > s.

Proof. Using the standard basis for TU, we write

0 0
—x1 = 4 ... n
Vf 61’1 + +X 8:1:n’

where X? : R™ — R are smooth functions. Let

h(t) = f(¢:(p)) = f(61 (D), -- . &} ().

Relying on the chain rule, we have

dh_ 0f do} . 0 dop
dt ~ Oxp dt Ox,, dt
of 1 of
= =X . L xn
(9171 + + 6‘1‘"
=df (V)
=g(Vf,Vf) >0,

where the final inequality is just the positive definiteness of the metric tensor g.
Hence h is nondecreasing, which proves the proposition. ad



204 5 Riemannian Geometry
5.2 Constructing Metrics; Metrics on Geometric Sets

In this section, we illustrate two methods of constructing new metric tensors from a
given one, both based on constructions outlined in Chap. 4. We then will show how
to define Riemannian metrics on geometric sets, in particular on parameterized sets.

The most straightforward way to create a new metric is to multiply an existing
one pointwise by a smooth, positive function.

Proposition 5.2.1. Let (U, g) be a Riemannian space, and let h : U — R be a
smooth, positive function on U, i.e., h(p) > 0forallp € U. Then gy, = h - g is also
a Riemannian metric on U.

Proof. Exercise. a

For example, the Poincaré metric of Example 5.1.7 is obtained by scaling the
standard Euclidean metric gq by the positive function h(x,y) = 1/y*. The length
computations in that example begin to show the drastic geometric impact that the
scaling factor may have. We will see more evidence of this phenomenon in the
coming sections.

Certain geometric properties do remain unchanged for two metric tensors related
by scaling.

Proposition 5.2.2. Suppose (U, g) is a Riemannian space. Let h : U — R be a
smooth positive function, and let g, = h - g be the Riemannian metric on U as
in Proposition 5.2.1. Then for all p € U and for any two nonzero tangent vectors
Xy, Y, € T,U, the angle between X, and Y, relative to g is the same as the angle
between them relative to gy

Zgn (vayp) = lg(vayp)-
In particular, X, and Y, are orthogonal relative to g if and only if they are

orthogonal relative to g,

Proof. The proof is a routine calculation using the definition above:

(gh)p (X:m Yp)
[(9m)p (X Xp)2 [(gn)p (Y, Y12
h(p) - 9p(X,, Yp)
[h(p) : gp(va Xp)}l/Q [h(p) : gp(Y;N Yp)]1/2
9p(Xp, Y;,)

= . O
(95 (Xp, Xp)]? [9p (Y, V)]

The second method for constructing metrics involves important techniques in
differential geometry. We will discuss its importance after introducing the method
in the following proposition.
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Proposition 5.2.3. Let (U, g) be a Riemannian space, where U C R™ is a domain.
Suppose that for a domain V. C R* (1 < k < n), we are given a smooth, one-to-
one function ¢ : V. — U that is regular in the sense that for allp € V, (¢.)p is

one-to-one. Then the pullback g4 = ¢*g of g by ¢ is a Riemannian metric defined
onV.

Proof. The only property of a metric tensor that does not follow immediately from
the properties of the pullback is the positive definiteness of g,. Suppose that for
p €V, X, €T,V is such that g, (X, X,,) = 0. Then, by definition,
0 = go(Xp, Xp)
= (¢"9)(Xp, Xp)
= g(¢*XP7 ¢*XP)7

and so ¢, X, = 0¢(p), since g is positive definite. But since (qﬁ*)p 1S one-to-one,
X, = 0,. Hence g is positive definite, as desired. a

Several of the examples of Riemannian metrics from the preceding section in fact
arise naturally from applying Proposition 5.2.3 to the standard Euclidean metric on
R3. We leave it to the reader to check that the maps given in the following two
examples are regular, along with the details of the pullback calculations.

Example 5.2.4. Let ¢ : R? — R? be defined by
b1 (u,v) = (u,v,u* + v?),
and let gy be the Euclidean metric tensor on R3. Then

g1 = 190
= (14 4u?)du ® du + (4uv) du @ dv + (4uv) dv @ du + (1 + 4v?)dv @ dv

is a metric tensor on R?. See Example 5.1.5.

Example 5.2.5. Let ¢ : R? — R? be given by
b2 (u,v) = (u,v,u* — v?),
and let gy be the standard Euclidean metric tensor on R?. Then

92 = 9390
= (1 +4u?) du @ du + (—4uv) du @ dv
+ (—4uv) dv @ du + (1 + 4v*) dv @ dv

is a metric tensor on R?. See Example 5.1.6.
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These examples give an insight into a dominant theme in modern differential
geometry: the goal of describing geometric structures “intrinsically.” The reader
might have recognized in Example 5.2.4 a parameterization of the paraboloid

S:{(x,y,z)€R3|z:x2+y2}.

There are two conceivable ways to perform geometric measurements on S and
subsets of S. The first approach would be to perform measurements on S as a subset
of the “ambient space” R?, in particular by means of the metric tensor gy on R3.
This is the approach of classical differential geometry.

The second approach is to regard .S as an object in itself with its “own” geometric
structure, without explicitly resorting to the structure of the ambient R3. This is the
“intrinsic” approach mentioned above.

This discussion motivates the following definition, which extends the notion of
a metric tensor from domains in Euclidean space to geometric sets. The reader is
encouraged to review Corollary 3.3.11.

Definition 5.2.6. Let S C R"™ be a parameterized set as in Definition 3.3.2, i.e.,
there exist a domain U C R* and a one-to-one, smooth, regular function ¢ : U —
R" such that ¢(U) = S. A Riemannian metric g on .S will be defined in terms of a
Riemannian metric gy on U: For any two vectors vy, vy € T,,S, with p = ¢(a) € S
and a € U, there are unique vectors uy, uz € T,U such that (¢.),(u1) = vy and
(¢x)a(ug) = va. Define

(gS)p(VlaVQ) = (9v)a(ur, uz).

The essence of this definition is that calculations involving the tensor gg on S are
performed not in the ambient space R", but in the parameter domain U by means
of gyy. We will sometimes blur the distinction between gg and g, referring to them
both simply as g.

There is a price to this approach. By shifting the emphasis so decisively to
the parameterization of .S, it would be easy to conclude that we are not really
studying the geometry of S at all, but rather particularities of ¢ or of U. In
particular, given two different parameterizations of S, say ¢1 : Uy — R"™ and
@2 : Us — R™ with ¢1(Uy) = ¢2(Us) = S, the corresponding metrics ¢;
and g» might conceivably have very different properties. One of the hallmarks of
modern differential geometry, however, is to define geometric properties in such a
way that they do not depend on the parameterization, which will in fact be the case
for Definition 5.2.6 above. We will return to this subject in Sect. 5.6.

Example 5.2.7. Let S; C R? be the paraboloid defined by 2 = 22 + y%. Then
the Riemannian metric g; from Examples 5.1.5 and 5.2.4 can be considered a
Riemannian metric on the paraboloid S, itself. Note that circles centered at the
origin in the (u,v) parameterization space, given by u? + v? = a2, correspond to
circles of radius a in the plane z = a2, and so their Euclidean length 27a matches
their g; -length.
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Fig. 5.2 The “circle of radius 2” on the paraboloid and the parabolic hyperboloid, according to
the parameterizations of Examples 5.2.4 and 5.2.5.

Example 5.2.8. Let Sy C R? be the hyperbolic paraboloid defined by z = z:2 — 3.
Then the Riemannian metric g from Examples 5.1.6 and 5.2.5 can be considered
to be a metric on S itself. Notice that the go-length of the circle u? + v? = @2
in the parameterization space represents the Euclidean length of a deformed circle,
the intersection of the hyperbolic paraboloid with the cylinder 22 + y? = a? in R3
whose z-coordinate “height” ranges from —a? to a?. See Fig. 5.2.

5.3 The Riemannian Connection

In Riemannian geometry, the covariant derivative is second in importance only to
the metric tensor. While the unfolding of this concept is presented in great detail
in treatments like [25] or [13], we will try to give a brief sense of the development
of this concept, followed by a modern definition and some of the more important
properties of this differential-geometric concept.



208 5 Riemannian Geometry

The notion of the covariant derivative emerges from the following problem: For
a vector field X on a surface S C R?, find the “derivative of X in a given direction
from the point of view of the surface S.” The operating intuition here is that all the
geometry defined on S should be defined relative to the tangent space 7},5.

We first try to approach this problem “classically,” using the standard Euclidean
metric on the “ambient” R3. We will carry this out by means of an example on the
paraboloid described by z = 22 + y2. Following this example, we will formulate a
modern definition of the covariant derivative. We will then show that, at least in the
case of the paraboloid, this definition coincides with the more cumbersome classical
approach.

Example 5.3.1. Consider the paraboloid S C R described by
S ={(x,y,2) | 2= 2 +y*},

which we describe as a geometric set by means of the parameterization ¢ : R? —
R? given by
d(u,v) = (u,v,u* + v?).

A vector field X on S will then be given, following Corollary 3.3.11, as the image
under ¢, of a vector field X on R2. In other words, for p = ¢(a) € S with a € R2,
we have X (p) € T, if and only if there is X (a) € T, R? such that (¢..)q(X (a)) =
X(p). .

In more detail, let X be a vector field on R2. Using matrix notation relative to
the standard basis for TR2, we can write

5 X (u,v
X(uw) = [XQEU, U%] S T(UW)RQ,

where X', X2 : R? — R are smooth functions. Thus vector fields X on S must
have the form
X2

X(@,,2) = (6) [X ]

(10 X1
{0 1] 3]
| 2u 2v

Xl
= X? € Tsy.)R?, (5.1)
120X + 2y X?

where (,y, z) = ¢(u, v), and in particular, z = u? + v
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Consider, for example, two vector fields X, Y on S defined by

and

Vo) = (0|} - o
T+ 2y

We are going to imitate somewhat naively the definition of the directional
derivative of a function in order to try to define “the derivative of the vector field
Y in the direction X.”

To that end, let us define DxY as the componentwise derivative of Y in the
direction X:

XYY
DxY = | X[Y?|,
X[Y3]

which in the example we are considering is a vector field on R?. In our case,

(Z +22

DxY = (2 +2x

a@ + 225 9

The problem with this naive definition is that the resulting vector field DxY is
not a vector field on S; it does not have the form (5.1) above (Fig.5.3).

In order to adapt this definition, we consider instead the fangential component

of DxY, which we denote by (DxY ). To do this, we will compute a unit normal
vector to S by the standard methods of vector calculus:

)
) [1]
) [2x + 2y]

xr

(
0
0
2

1 —2x

(1 + 422 + 4y2)1/2

n(zr,y,z) =

Note that we are relying heavily on the standard Euclidean metric tensor on R?2,
since both unit length and orthogonality are metric concepts.
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Fig. 5.3 The covariant derivative as a tangential directional derivative.

We then compute the tangential component by subtracting from D x Y its normal
component, using “dot product” notation (really the standard Euclidean metric
again!):

(DXY)T = DXy — (DXy . Il)l’l

—2z
0 2 (14+42244y2)1/2
— T
= |0| — ((1 + 422 + 4y2)1/2> (1+4w2T4y2)1/2
2 (e + a7/
I b
C 1+4z Yl
z

where (7,9, z) € S, and so z = 2 + y?. Note that

4z 4y 8z
20 | —— 2 =
x<1+4z>+ y<1+4z> [+ 4z

ie., (DxY ) satisfies (5.1) above and so is a vector field on S. We call (DxY)r
the rangential directional derivative of Y in the direction X.

We have presented this example in detail to illustrate the concept of the
“directional derivative of a vector field Y in the direction X from the perspective of a
surface” in familiar terms from vector calculus. It also illustrates several features that
are awkward from a modern point of view. The first, which we noted in the course
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of the discussion, was the heavy reliance on the standard Euclidean metric structure
in the “ambient” R3. This flies in the face of the goal of differential geometry to
present concepts intrinsically.

There is another important way that the procedure above relies on special features
of the ambient R?. Implicit in the construction above was the reliance on the
standard basis {e, es, ez} of T, R3 for p € R?, where as usual,

1 0 0
(el)p =10 ) (e2)p = |1 ) (e3>P = |0
0 0 1

p p p

Writing Y = Y'e; + Y?2e, + Y3es, our naive definition of Dx Y took the form
DxY = X[Y']e; + X[Y?ey + X[Y?]es.

On the other hand, if we expect this naive concept to compare favorably to an
ordinary differential operator, we would expect a product rule to be at work, where
each component would have the form

Dx(Yie;) = X[Y'ie;)| = X[Y']e; + YX]ey].

The two expressions yield the same result as long as we assume that the “directional
derivatives” of the basis vector fields e; are 0, i.e., that these basis fields are
“constant” with respect to every vector field X. It is what would allow us to say
that (e;), is “parallel to” (e;), when p # ¢, despite our insistence in Chap. 3 that
T,R? and T, R? are formally different vector spaces.

With this motivation, we now proceed to the central definition of this section.

Definition 5.3.2. Suppose X and Y are smooth vector fields on a Riemannian space
(U, g). Let 8y = v(Y') be the one-form corresponding to the vector field Y under
the isomorphism ~ induced by ¢ defined in Proposition 5.1.9. Construct a new one-
form 6y, x as follows:

1,
9y7X = il(X) [ﬁyg + dey] .

The covariant derivative of Y with respect to X (relative to the metric tensor g),
denoted by V x Y, is the vector field

VxY = 771(93/7)().

The assignment V : (X,Y) — VxY is also known as the Riemannian connection
corresponding to g.

In other words, V xY is the unique vector field satisfying
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29(VxY, Z) = (Lyg) (X, Z) + (dby) (X, Z), (52

for all smooth vector fields Z.

We will use the phrase “Riemannian connection” interchangeably with the phrase
“covariant derivative adapted to the metric g,” although we will generally refer to the
operator V as the Riemannian connection and the vector field V x Y as the covariant
derivative of Y with respect to X.

Equation (5.2) is often written in an equivalent form, known as Koszul’s formula:

29(VxY,Z) =X -g(Y,Z2)+Y -g(X,Z) = Z - g(X,Y) (5.3)

We leave the proof of the equivalence of Koszul’s formula and Definition 5.3.2 as
an exercise for the reader.

Before outlining some properties of this admittedly strange-looking definition,
we give a coordinate expression for the covariant derivative relative to a coordinate
system (z1,...,2,) on a domain U C R™. In particular, we write 9; = di:n to
denote the standard basis vector fields for T'U, and we express the metric g in matrix
form G = [g;;] with inverse matrix G~ = [¢"/].

n n
Proposition 5.3.3. Let X = X'0; and Y = _ Y7 9; be smooth vector fields
i=1 j=1
on U, so that the component functions X' and Y7 are smooth for all i and j. Then

T
k=1 v

vxyzi ZXiO;Y%—i—ZFi’;Xin O,
i i,j

where the n> functions FZ.’;. :R™ — R are given by

1| 09jm . O%im 09i;
Fk = — J _ J mk
Y2 [Z ( ox; + 0 O0xpm, g

m=1

(5.4)

The functions Fiﬁ- are called the Christoffel symbols for the Riemannian connec-
tion V.

We take advantage of the proof of this proposition in order to introduce a
basic convention of tensor calculus known as the Einstein summation convention.
According to this convention, the components of k-forms are denoted with “low-
ered” indices, while components of vector fields are denoted with “raised” indices.
Moreover, when the same index appears “above” and “below” in the same term, it is
assumed that there is a summation on the repeated variable. For example, we write

X = X9
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to represent
n
X::E:X%%
=1

The action of a one-form o« = o;dz® (i.e., @ = > a;dz?) on a vector field
X = X’0; is given by
a(X) = O[ZXl
As a final example, matrix multiplication can be expressed in Einstein summation
notation as follows: Let A = [a%] be an m x r matrix, so that a’; is the entry of the

ith row and jth column, and let B = [b"] be an r x n matrix. Then C' = AB = [cf]
is given by

cf:afiﬁ,
where k =1,....m,t=1,...,r,andl =1,...,n.

‘We also note that in Einstein summation notation, summed indices are named
(and renamed) arbitrarily, so that X*0; and X’0; have exactly the same meaning.

Proof (of Proposition 5.3.3).
In Exercise 4.35 of Chap. 4, we asked the reader to show that if the metric g is
expressed as

g = gijdl‘i ® dl‘j,
then Ly g = h;jdz’ @ da?, where

09y OYE ovh
Oxy, Gk ox; Yik oz

hi; =Y*

This gives, on the one hand,

i(X)Lyg = (hiyX")da?

- x 09 ) 4 . oYk
. i b

Turning to the other term in (5.2), we have
Oy =i(Y)g = g;;Y'da?,

and so

_ (99ij i % k j
dfy = (&EkY —&-g”axk> dz” N dx?.

Hence
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i VA ) .
i(X)dOy = (gig Y +gijg$k> (X*dz? — X7 dax)

0Gij i oyt »
_Xk<8 LY g5 k>dg;]

- Dgis
—XJ( Sy wgyk)dx

oxk

We can now reindex the summation indices in the second term by interchanging the
indices k and j,

i(X)doy = X* (ag” Y+ g 8Yk> da?
ox

0 k
8ng 3Yi .
— Xk Y4 : J
< D " i ) de
oY’ 0gi;
— Xk: i k 1] )
( 52 gg—&-YXaxk (5.6)

oYy’ - 0g; ,
- X’fa—gik - Y’Xk(,;”“>da:ﬂ.
Lj Ly

We now compare the expressions in (5.5) and (5.6) in order to evaluate the
expression (5.2) defining the covariant derivative, combining terms that are linear
in the X* as well as the quadratic terms of the form X?Y*, both after reindexing
appropriately. We obtain

1

Oy,x = 3 [i(X) (Lyg) +i(X)dOy]

1 Y

=3 ( ng gij + 2T ; X7 Y’“) da?
< Do g” + i j X Y’“) da?

where

1
L= -
kg 2 |: 8951 axk ij

39jk T agij 3gik]

Finally, note that
VZ'0;) = Z' gizda?,
and so
7 Heyda?) = (gljaj) 0.
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Hence

VxY =~ (0yx)
-1 8 k j
=7 a gl_] +F7,]i)7]X Y dl‘
[ oYy’ ,
— lj in . T .lek
_g ( &rk 9ij + ik,j >:| al
- Xka 5l + (g" i ;) Xiyk} ol

5'Yl
Xk
oxy,

+ Xt Y’“] o,

where
Il =g"Tiy.

Here we have used the Kronecker delta notation ! = 0 when i # [, 5! = 1 when
i = I; in other words, 6! is the (I, 4) entry of the identity matrix I. Hence the equality
we have used,

1j l

g”’ 9ji = 51',
is just the Einstein notation for G™1G = I. Moreover, the reader can verify the
identity, which is also encountered frequently in Einstein notation calculations, that

oy ov!
8xk i 8xk'

This proves the proposition up to reindexing. a

We will often rely on the following corollary, which states that the Christoffel
symbols are the components of the vector field obtained by taking the covariant
derivative of a basis vector field with respect to another basis vector field.

Corollary 5.3.4. For the standard basis vector fields 0; = corresponding to

9
3:52-

coordinates (x1,...,T,) on R",

Vo, 0j =Y TEo.
k

Note also that the Riemannian connection V adapted to g is defined completely
in terms of the Riemannian metric. As the coordinate calculation shows, the vector
field VxY depends on the components of X at the point p, but depends on the
components of Y in a neighborhood around p, since the partial derivatives of the Y7
appear in the coordinate expression. The is the first indication of a point we shall
make later: The Riemannian connection is not a tensor.
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We proceed to illustrate the definition with a number of examples.

Example 5.3.5. Let R™ be equipped with the standard Euclidean metric tensor, i.e.,
[9i;] = I,,. Since in particular all the components g;; of g are constant, we have, by
Eq. (5.4) of Proposition 5.3.3, that

k _
rk=o

for all choices of indices %, j, k. In this case, for smooth vector fields

X=> X0, Y=) Y9,

we have

VxY =) X[V
k

Hence in the most basic case of the standard Euclidean metric structure on R”,
the covariant derivative coincides with the “naive” definition of DxY that we put
forward in Example 5.3.1.

Instead of using the coordinate expression in Proposition 5.3.3, we can compute
the Christoffel symbols directly from Definition 5.3.2 along with Corollary 5.3.4, as
we illustrate in the following example.

Example 5.3.6. Let g be the metric tensor on R? induced by pulling back the stan-
dard Euclidean metric tensor on R3 from the paraboloid, as in Example 5.2.4, i.e.,

1+ 4u?  4duv
G = lgi5] = .
1935 { duv 1+ 41}2}
In the coordinates (u, v), we will denote the basis vector fields
0 0
U=—, V=_—.
ou ov

In this notation, Corollary 5.3.4 can be written as

VyU = TLU + I3V, VyV = LU + I3V

VyU = T3 U+ T3V, VvV = I3,U + T'3V.
In order to find I'}; and I'Z, we first evaluate g(Vy U, U):
9(VuU,U) = g(I'U + I{V,U)
= g(I'hU,U) + g(ITy V. U)
= I'1yg(U.U) + Ifg(V,U)
= I'lgu + ITiga
= I (1 + 4u®) + I' (dw).
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On the other hand, turning to Definition 5.3.2, we have

9(VoU,U) = 5 [(Lug)(U,U) + (d0y)(U,U)] .

DN | =

Recalling again the result of Exercise 4.35, we have

Lyg = (8u)du ® du+ (4v)du @ dv + (4v)dv @ du + (0)dv ® dw.

Also,
Oy =i(U)g
= (1 + 4u?)du + (4uv)dv,
and so
dfy = 4vdu A dv.
Hence,
1
g(VyU,U) = 3 [(8u) + 0]
= 4u.

We have shown so far that
IL(1+4u?) + ' (4uv) = 4u.

We invite the reader to perform the analogous calculations for g(Vy U, V') to obtain
a second equation involving I'}; and I'Z;, namely

Il (duw) 4+ T2 (1 + 40?) = 4.
Note that this system is in fact linear in I} and I'4:

I (1 + 4u?) + T (4uw) = 4u,
I (duw) + T3 (1 + 40?) = 4o,

which can be written in matrix form as

L] [4u
|-

a-1_ 1 1+ 402 —duw
T\ 1+ 42 + 402 —duv 1+ 42|’

Since
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we can solve the system to obtain

o 4du o 4v .
71 4 42 + 402’ 71 4 42 + 402

In a similar way, the reader can verify that Iy, = I'2, =0, )] = I'Z; = 0, and

4u 9 4ov

nL=— Iy = ————.
27 42 + 2 27 4 42 + 402

We now turn to some of the essential properties of the Riemannian connection.

Theorem 5.3.7. Let (U, g) be a Riemannian space with corresponding Riemannian
connection V. Let X and 'Y be smooth vector fields on U. Then:

1.
2.

VxY is a smooth vector field.

The assignment
(X,)Y)— VxY

is linear in the first argument. In other words, given smooth vector fields X1, Xo
and smooth functions f1, fo on U, we have

Vixitx.Y = [iVx,Y + 2V, Y.
The assignment
(X,Y)— VxY

is additive in the second argument: For smooth vector fields Y1, Y, on U, we have
Vx(Y1+Ys) =VxY: + VxYa.

The assignment
(X,)Y)— VxY

is a derivation (i.e., obeys the Leibniz “product rule”) in the second argument:
Given a smooth function f : U — R, we have

Vx(fY)=X[f)-Y+[-VxY.

The Riemannian connection is symmetric (or torsion-free), by which we mean
that
VxY —Vy X =LxY.

In particular, for basis vector fields 0; and 0;, we have V,0; = Va, 0;, and so
Fiﬁ- = Fﬁ» for all k.

The Riemannian connection is compatible with the metric g, by which we
mean that
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for all smooth vector fields X,Y,Z on U.

Proof. Statements (1)—(3) are immediate consequences of Definition 5.3.2. State-
ment (4) is really a local statement that must be verified for all p € U, and so can be
verified using the coordinate expression in Proposition 5.3.3.

Statements (5) and (6) can best be seen using the Koszul formula (5.3). The
calculations are similar, so we illustrate only the proof of (5).

For any smooth vector field Z on U, we have

29(VxY —Vy X, Z)=29(VxY,Z) —29(Vy X, Z)
=X -9V, 2)+Y -¢g(X,Z2) - Z-g(X,Y)
—9(LxZ,Y) = g(Ly Z, X) + g(LxY, Z)
—[Y - 9(X,2)+ X -9(Y,2) - Z-g(Y,X)
—9(LyZ,X) = g(LxZ,Y)+g(Ly X, Z)]
=29(LxY,Z),

where we have relied on the symmetry and bilinearity of g and the fact that
LxY =—-LyX.
Hence, by the nondegeneracy of g (see the comment after Proposition 5.1.9),
VxY - Vy X = LxY. O

We note here that many modern differential geometry texts present the covariant
derivative in an axiomatic way. Namely, a Riemannian connection is defined as an
assignment

(X,)Y)— VxY

satisfying properties (1)—(6) of Theorem 5.3.7. The existence of such an assignment
is then proved by showing that the formula of Definition 5.3.2 does in fact satisfy the
required properties. One of the advantages of the more axiomatic definition is that it
points to a more general mathematical structure on a domain, an affine connection,
which is independent of the metric structure. An affine connection is defined to be
an assignment that satisfies statements (1)—(4) of Theorem 5.3.7. Doing so provides
a general framework for developing a range of differential-geometric structures.
This approach is epitomized in the classic (but advanced) work of Kobayashi and
Nomizu [24].

In the more general context of an affine connection, one defines a (1, 2)-tensor
quantity

T(X,Y)=VxY -VyX — LxY,

called the rorsion. (Note that the assignment (X,Y) — VxY is not tensorial, i.e.,
multilinear, in the Y component due to statement (4) of Theorem 5.3.7.) It is then
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traditional to prove that while there are many possible affine connections defined on
a domain U, there is a unique affine connection that is torsion-free and compatible
with a given metric tensor g, i.e., satisfying statements (5) and (6) of Theorem 5.3.7.

Let us now return to Example 5.3.1 from the beginning of the section, which
served to motivate the concepts involved in terms of a tangential directional
derivative of a vector field.

Example 5.3.8. Consider R? with the metric g obtained by the pullback of the
standard Euclidean metric tensor on R3 from the paraboloid, discussed in Exam-
ple 5.2.4. We have

] = {1 Fau? du } |

duv 1+ 4o?

Consider the constant vector fields on R2,

%= 5= o)

and
~ 0 0 1
Y=—+4+—= .
ou * ov [J
We will now use the results of Proposition 5.3.3 and Example 5.3.6 to compute
VY. We have

Vﬂ=PWWHMFMM+%@wW>

LA + TR0 5

+ |0 TR + TR (E) )
2 %2\ (vl 2 w2y o2y | 9

FIB (R + TR 5
(A N0 (W O
O\ 144u? + 402 ) Ou 1+ 4u? + 402 ) Ov
_ 1 4u
144w+ 4?2 (4o

Recall from Example 5.2.4 that g = ¢7 go, where gg is the standard Euclidean

metric on R3 and
o1 (u,v) = (u,v,u2 + vz)

is a parameterization of the paraboloid. We have deliberately chosen X and Y so
that
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1 1
X=(p).(X)=]0], Y=(e0)(")=| 1 [,
2u, 2u + 2v

correspond to the vector fields we used for illustration in Example 5.3.1.
We have

i 10 1w
(¢1)+ (V;*(Y> 01 .[1+4zfv+4@2]

2u 2v TH4u? +4v?
1 4u
B 14407 + 407 Su;f:éSv2
4z
T 144z ]
z

where = u, y = v, and z = u? + v2. Note that
(61). (VxV) = (DxY)r,

using the notation of Example 5.3.1. We will return to this observation in Sect. 5.6.

At least for the chosen example, the covariant derivative corresponds to the
tangential directional derivative defined earlier.

In Exercise 5.13, we ask the reader to show that the previous example is a special
case of calculations for a surface described as the graph of a function f : R? — R.

We conclude this section by extending the construction of the covariant derivative
as the tangential directional derivative of a vector field, with a vector field being
understood as a (1,0)-tensor, to a broader class of tensor fields. Although it is
possible to define the covariant derivative of a general (r, s)-tensor, we present here
only the definition of the covariant derivative of a (0, s)-tensor with respect to a
vector field, which will cover the most important cases we will encounter, namely
metric tensors and differential forms.

Definition 5.3.9. Let T be a (0, s)-tensor field and let X be a vector field, both
defined on a domain U C R™. We define the covariant derivative of T, denoted by
VxT, as the (0, s)-tensor field given by

(VxT)(Y1,....Ys) = X [T(V1,...,Y)| = > T(V,...,VxY;,...,Ys)

i=1

for smooth vector fields Y7,...,Y;. Note that we interpret T'(Y7,...,Y;) as a
smooth real-valued function f : U — R given by
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f(p) =T,(Yi(p),. .., Ys(p))-

We leave to the reader to show that V x 7" so defined is in fact a (0, s)-tensor field.

Example 5.3.10. Considering a smooth function f as a (0,0)-tensor, Defini-
tion 5.3.9 takes the form

Vxf=XIf],

showing that V x agrees with the standard directional derivative as well as with the
Lie derivative £ x of a smooth function.

Example 5.3.11. Let o be a one-form. Then Definition 5.3.9 takes the form
(Vxa)(Y) = X [a(Y)] — a(VxY).

Example 5.3.12. In the particular case of the metric (0,2)-tensor g to which V
corresponds, the compatibility condition (6) of Theorem 5.3.7 implies that

(Vxg)(Y, 2) = X [g(Y, 2)] = 9(VxY, Z) = g(Y,Vx Z)
=0.

Like any good quantity with the name “derivative,” the covariant derivative of
tensor fields obeys a kind of product rule with respect to the tensor product.

Proposition 5.3.13. Let S be a (0,r)-tensor and T a (0, s)-tensor. Then for a
smooth vector field X,

Vx(S®T)=(VxS) T+ S® (VxT).

Proof. Consider the r vector fields Y7, ..., Y, and the s vector fields Z1, ..., Z;.
Unraveling the definition, we have

(Vx(S@T))(Va,....Y,, Z1,...,2Z,) =

X[(SeT)V,....Ye, Z1,...,Z)]

N (S@T)N,.... VY. Ve, 21, Zs)

1=1
- (S@T)N,...,Y, 21, ..., VxZj,..., Zy)
j=1

X [S(Vieeo V) T2, 20)

=Y SMi,.. . VxYi, YT (2, Zs)
1=1

=3 S, Y)T(Zy,...,.VxZj,..., Z)
j=1
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=X[S(Y,....Y)] - T(Z,...,Zs)
+S(Y1,....Y,) - X [T(Zy,...,Z)

=3 S, Vi, YT (2., Z)
=1

=Y SMi,... . YT (Zy,...,VxZj, ... Zs)
j=1

= (X [S(Y,...,Y,)]

ZS(YD‘..,VX}Q,...,YT)) T(Zy, ..., Zs)
=1

+S(Yy,...,Y,)- (X [T(Z,....Z)]

S
—ZT(Zl,...,VXZj,...,ZS))
j=1

=[(VxS)T+ S (VxT)| Y1,....Y, Z1,...,Zs). ]

The following theorem, which we state for reference, relates the covariant
derivative to the two other types of derivative we have seen so far, namely the Lie
derivative and the exterior derivative. It is really just a version of Propositions 4.7.16
and 4.7.22 in light of the symmetry condition VxY — Vy X = LxY.

Theorem 5.3.14. Let (U, g) be a Riemannian space with Riemannian connection
V. Let X be a smooth vector field, T a (0,r)-tensor, and w a differential r-form.
Then for any vector fields Y1, ..., Y,

1. The Lie derivative can be expressed in terms of the covariant derivative:
(LxT)(Ya,....Y,) = (VxT)(Yi,....,Yo) + > T(Yi,...,Vy,X,....Y,).
i=1

2. The exterior derivative can be expressed in terms of the covariant derivative:

T

dw(yba}/ly .. aYF) = Z(_l)z(vnw)(}/O) s 7}A/i7 . ;Yr)
i=0

Proof. Exercise. a

In fact, the definition of the Riemannian connection, depending heavily on
the Riemannian metric, has been made in such a way to ensure compatibility
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with the Lie derivative and the exterior derivative, two concepts whose definitions
do not depend on the metric tensor at all. The compatibility that is expressed
in Theorem 5.3.14 can be considered a major consequence of the compatibility
conditions (5) and (6) of Theorem 5.3.7.

5.4 Parallelism and Geodesics

Having introduced two fundamental notions of Riemannian geometry, the Rie-
mannian metric tensor and its associated Riemannian connection, we are now in
a position to examine some geometric notions beyond those of length and angle
introduced in Sect. 5.1. In particular, we will define geodesics, the analogue of
“straight lines” in the context of “curved space.” This concept relies heavily on the
notion of the covariant derivative introduced in the previous section.

In order to generalize the notion of a line to the setting of a Riemannian space, we
first need to have a sense of what qualities of a line we hope to generalize. In fact, as
with many fundamental notions, the concept of a line unites a number of seemingly
distinct properties. In Euclid’s axiomatic geometry, a line is completely described
by two distinct points. In this setting, two lines are parallel if they have no point of
intersection. In the analytic description of Euclidean geometry, a (nonvertical) line
is described by one point and a number, the slope; two distinct lines are parallel if
they have the same slope.

In the vector geometry of R, a line can be characterized by one point
(represented by a position vector) and a unit “direction” vector. Two lines can then
be said to be parallel if their direction vectors are the same, up to sign. Key to this
notion is the ability to compare the direction vectors at different points in R3.

Another property of a Euclidean line might be offered by physics. A particle’s
motion is linear if its acceleration at each point is zero. This is essentially Newton’s
first law.

Finally, there is another metric property of lines in Euclidean space that seems
to be outside all the above conceptions: The shortest distance between two points is
the length of the line segment between them. Phrased differently, the shortest path
from a point P to a point () is a line segment.

In this section, we show how several of these different properties can be
formulated in a non-Euclidean setting using the Riemannian connection associated
to a given Riemannian metric. The Euclidean case, when [g;;] is the identity matrix
and I’ Z’j = 0, will still be the reference case.

For the notions introduced in this section, we will consider vector fields V'
defined along a curve. Let ¢ : I — R™ be a smooth parameterized curve. A vector
field along cisamap V : I — TR"™, given by

t— V(t) € Tc(t)Rn,
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Fig. 5.4 A vector field V' along the curve c.

which is smooth in any of the obvious senses from Chap. 3, for example that the
component functions V() relative to a coordinate basis of TeR™ are smooth
functions of t. See Fig. 5.4.

Such might be the case, for example, for a vector field V' defined on R™ and
then restricted to a parameterized curve ¢ : I — R", i.e., V(t) = V(c(t)) for all
t € I. However, vector fields along a curve need not arise in this way. For a smooth
parameterized curve ¢ : I — R™, the velocity vector field é(t) = (c.) (&) (also

d
denoted by d—;), where E is the standard basis vector field on TR, is a case in

point. In coordinates,

Z:: t@a:,

where ¢(t) = (c1(t),...,cn(t)). This vector field is not defined for points not on
e(I).

It is not hard to see that the definition of the covariant derivative V x Y extends
directly to vector fields X,Y along a curve c. With this in mind, we define the
derivative of a vector field V' along the curve c to be

DV
— =V¢nV. 5.7
7t é(t) (5.7)

Using Proposition 5.3.3 and taking into account the chain rule, we obtain
DV [ av*k de; 0
=7 _ k. i .
dt ; dt * o < Udt ) Oxy,’

where V(t) = > VZ . Note that when V' is a vector field on R" restricted to a
vk dx;

81‘1‘ dt ’

Definition 5.4.1. Let V be a vector field along a parameterized curve ¢ : I — R".

curvec: I — R"™, we have —_— Z

D
Then V is parallel along c if d—y =0forallt e I.
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(t)

Fig. 5.5 A parallel vector field V' along a curve c with the standard Euclidean metric.

The terminology is suggestive here: V' is parallel along c if it is “constant
along ¢.” We will see shortly that this version of “constant” is closely related to
the geometry and, specifically, to the metric tensor.

The condition for V' to be parallel along c can be expressed, using coordinates,
by saying that the components V¢ of V are solutions to the first-order system of
differential equations

dt J T odt

dv?t + EL TL dc; Vi = 0,
: (5.8)

avn ndei17j
dt +Zi,jpij dt V7 =0.

We illustrate the impact of the metric tensor on this notion of parallelism with
two examples.

Example 5.4.2. Let R? be endowed with the standard Euclidean metric gg with
the corresponding Riemannian connection Fi’} = 0 for 7,5,k = 1,2. Then the
system (5.8) takes the form

vl _

dt J

v _

dt J

i.e., V is a constant vector field in the standard sense that

d d
t)=k'— + k*— forallt € R.
V(¢) A + Og orallt €

Note that in the Euclidean case, the notion of parallelism is really independent of
the curve c: For any parameterized curve ¢, V' is parallel along c if and only if V' is
constant. See Fig.5.5.

Example 5.4.3. Let U = {(x,y) | y > 0} C R? be the upper half-plane endowed

2
with the Poincaré metric tensor g3 described by the matrix F/Oy 1 /0 2} .Letc:
Y
I — U given by c(t) = (c1(t),c2(t)) be a parameterized curve. Then using the
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Fig. 5.6 A parallel vector field along a line segment, relative to the Poincaré metric on the upper
half-plane.

calculation of the Christoffel symbols in Exercise 5.9, the system (5.8) takes the
form

avt 1de 1 2der _
TV @ anV & =0
dV2 1 dc
dt cz(t) Vo ( ) =0.

The reader can verify, for example, that along the vertical line segment c
[0,1] — U given by c(t) = (0,1 + t), the constant vector field Vo = - is not
parallel, but that the vector field V4 : I — TU given by Vi(t) = (1 + t)a% is
parallel.

Along the horizontal line segment ¢ : [0,27] — U parameterized by c(t) =

(t,1), the reader can verify that the vector field V' : I — T'U given by

V(t) = (cos t)% + (sin t)aay

is parallel. See Fig. 5.6.

There are several consequences of the close relationship between the Riemannian
connection and the metric tensor in the context of parallel vector fields.

Proposition 5.4.4. For a Riemannian space (U, g) with associated Riemannian
connection V, let V' be a parallel vector field along the parameterized curve
c: I — U. ThenV has constant magnitude along c.

Proof. Define h : I — Rby h(t) = gou)(V(t), V(t)). We will show that b’ (t) = 0.
Let X : I — TU be defined by

X(t) = Z % ox;’

the tangential vector field along c. By the chain rule, we have

?

dh

=X 9oy (V (1), V(1))] -
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However, by property (6) of the Riemannian connection in Theorem 5.3.7,

X[gV, V)] =g(VxV,V)+g(V,VxV)
=29(VxV,V)
=0,

since V is parallel along c. a
The proof of the following proposition is nearly identical to the previous one.

Proposition 5.4.5. Let (U, g) be a Riemannian space, and suppose that V and W
are two parallel vector fields along the parameterized curve ¢ : I — U. Then the
angle between V and W is constant along c.

The following is a consequence of the existence and uniqueness theorem for
systems of first-order linear differential equations. Details of the proof can be found
in [13, p. 52].

Theorem 5.4.6. Let (U, g) be a Riemannian space with corresponding Riemannian
connection V. Let ¢ : [0,1] — U be a smooth curve with ¢(0) = p. Let Vi € T,U.
Then there is a unique parallel vector field V along c such that V(0) = V;. The
vector field V is called the parallel transport of Vj, along c.

As is typical in the context of differential equations, explicit computations of
parallel transport are often difficult. We illustrate a manageable example here.

Example 5.4.7. Consider R? with the metric go given in matrix form by

[(92)ij] = [1+4u2 dww }

duv 1+ 402

with the corresponding Christoffel symbols as computed in Example 5.3.6:

4u
1 _ 1l
Ify =15, = 1+ 402 + 402’
4v
2 2
M=1p= 1+ 4u? + 402’

F112:F122:F211 :F221 =0.
We will compute the parallel transport V' of the tangent vector V) = % ]p at the

point p = (0, 0) along the curve described by c(t) = (¢,¢) for ¢t € [0, 1].
The system of differential equations in this case takes the form

(5.9)

{Vl + s (V4 V2) =0,

Ve (V14 v2) =0,



5.4 Parallelism and Geodesics 229

)
) RN
........ >
iy
0= Bu

Fig. 5.7 The parallel transport of the tangent vector Vj along the curve c of Example 5.4.7, relative
to the parabolic metric.

Adding these equations gives the separable equation

—8t
VIV = s (V7).

which can be solved using initial conditions
Vi0)=1, V?*0)=0

to yield
1

VIigVie ————.
* (1+8t2)1/2

Substituting into the system (5.9) gives
Vl + UJF;% = O,
Vg A =0

+ (1+8t2)3/2

Integrating and again using the initial conditions gives

1 1 0 1 1 0
Vi =3 ((1 TYE 1) au 2 ((1 +812)1/2 1) o’
See Fig. 5.7.

In the above example, we might abuse terminology by saying that V' (0) = % €
T(O)O)R2 is parallel to V(1) = 2.2 — 1.0 ¢ T(171)R2 along c, instead of the more
cumbersome but correct “V/(1) is obtained by parallel translation of V' (0) along
the curve ¢.” It is exactly in this sense that the Riemannian connection gives a way
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of comparing (“connecting”) tangent vectors at one point with tangent vectors at
another as mentioned in the introduction to this section. In particular, in the case
of the Euclidean connection, parallel transport is what allows us to freely transport
tangent vectors from one tangent space to another—since the result will be the same
constant vector regardless of the path.

Thus far in this section, our primary object of attention has been a vector field
defined on a curve. To say that V is parallel along c is understood as a condition on
V', with the curve playing a secondary (although necessary) reference role.

We now turn our attention to certain curves that are well adapted to the
Riemannian geometry as determined by the metric tensor. These are the curves that
are “self-parallel” in the sense of the preceding definitions of the section.

Definition 5.4.8. Let (U,g) be a Riemannian space with adapted Riemannian
connection V. A parameterized curve c : I — R" is a geodesic if

Vee = 0.
Using the notation introduced earlier in this section, c is a geodesic if

D
pr (¢)=0.
This notation suggests that geodesics are curves that have zero “acceleration” in
some sense, which should remind the reader of the properties of Euclidean lines
discussed at the outset of the section.

As with parallel vector fields along a curve, the condition for ¢ : I — R" to be
a geodesic amounts to saying that the component functions (c1,...,¢,), ¢; : I —
R, satisfy a system of differential equations—this time, a system of second-order,
nonlinear differential equations. Explicitly, the system (5.8) applied to the tangential

vector field
_de_do 9 de, O

S dt 7%8901 Tt dt Ox,
takes the form

d?cq 1 dec; de;
a2 LGt @w =0

(5.10)

d?c, n  de; dej
dt? + Zi,j Fij dt dt — 0.

Let us examine geodesics for several of the metric tensors we have encountered
so far.

Example 5.4.9. Consider R? with the standard Euclidean metric gy and Rieman-
nian connection defined by I’ l’j = 0 for all ¢, j, k. Then the system (5.10) takes the

form
d’c
dt(/Ql - 07
d202
dt? b
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Fig. 5.8 Graphs of geodesics in R? with the parabolic metric, created with the computer software
3D-XplorMath-J.

whose solutions all have the form
c(t) = (o + at,yo + bt)

for constants a, b, z¢, yo. Hence in the Euclidean case, geodesics are lines with the
usual (linear) parameterization.

Example 5.4.10. Let us again turn to the metric go on R? obtained by pulling
back the standard Euclidean metric tensor on R3 from the paraboloid, as in
Examples 5.2.4 and 5.3.6:
[(g2):;] = 1+4u?  duv
921 duv 1+ 402

with the corresponding Christoffel symbols as computed in Example 5.3.6.
In this case, the system (5.10) takes the form

. 4eq .2 2\
Cl+(71+4cf+4c§>(cl + co )—0
. 4co .2 L2\
02+(71+4C%+4c§)(61 + %) =0.

Needless to say, producing explicit solutions for this system by means of integration
will not be easy. Computer software can create image curves for these geodesics. See
Fig. 5.8.

For example, there are geodesics that satisfy the relationship u = kv, for any
constant k. These lines through the origin in the (u, v)-plane correspond under the
parameterization of the paraboloid to the intersection of z = x? + y? with the plane
x = ky; these are called “meridians” of the paraboloid. Even for these relatively
simple geodesics (there are others!), the parameterization is quite complicated.
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The reader can verify, for example, that the parameterization for the geodesic
corresponding to u = 0 is given by ¢(t) = (0, ca(t)), where ¢z is given implicitly by

2¢2/1+ 4(c2)? + In ’2@ +/1+ 4(02)2‘ = kot + ko,

and k1, ko are constants of integration obtained from the initial conditions.

Example 5.4.10, along with Exercise 5.23, shows that the parameterization is
essential to the way a geodesic is defined, in the sense that the same image curve
may be the image of a geodesic under one parameterization and not under another.

We close this section by listing several geometric properties of geodesics. Precise
statements and proofs of these properties would take us too far from the introductory
scope of this presentation; the interested reader is encouraged to refer to [13] or [25].

In the following, let (U, g) be a Riemannian space. Let I = [a, b], and recall that
for a curve ¢ : I — U, the length of c is defined as

b
(0= [ lote.o)”

The first theorem states that geodesics are the shortest paths between two
points—as long as the points are “close enough” together. In this further sense,
geodesics are the generalization of lines to the context of “curved space” that we
discussed in the introduction to this section.

Theorem 5.4.11. Let (U, g) be a Riemannian space. For each point p € U, there is
a domain V), C U containing p that has the following property: If ¢ : [a,b] — V),
is a geodesic such that co(a) = p and ¢o(b) = ¢, and if ¢1 : [a,b] — V), is any other
smooth curve satisfying c1(a) = p and ¢1(b) = g, then

L(co) < (cq).

In light of this property of geodesics as “length-minimizing” curves, questions
of existence and uniqueness are all the more important. The two final theorems of
this section address these questions in slightly different ways. The first says that
geodesics locally exist in every direction.

Theorem 5.4.12. Let (U, g) be a Riemannian space. Then for all p € U and all
vo € T,U, there exist an € > 0 and a unique geodesic c : (—¢,€) — U such that
¢(0) = p and ¢/ (0) = vy.

The second theorem is a less straightforward application of the usual existence
and uniqueness theorems for ordinary differential equations. It says that for any two
points “close enough together,” there is a geodesic connecting them. This is closely
related to the definition and properties of the “exponential map,” an important
construction that lies at the heart of many proofs of more advanced theorems in
Riemannian geometry. For more details, see [13].
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Theorem 5.4.13. Let (U, g) be a Riemannian space. For every p € U, there exists
a domain V,, C U containing p such that for every q € V), there is a geodesic
¢ [a,b] = V, with c(a) = p and c(b) = q.

5.5 Curvature

A theme of the previous sections has been the extent to which the Riemannian
metric tensor is able to intrinsically capture ideas of shape that had in classical
differential geometry been described extrinsically, referring to the ambient space
with its “natural” or “absolute” metric structure. We have seen how the Riemannian
connection, viewed as covariant differentiation, can be seen to measure the extent
to which a metric differs from the “flat” standard Euclidean metric (where the
Christoffel symbols are identically zero). The adjective “flat” here describes such
facts as that geodesics are lines and that parallel translation consists in “translating
the base point” of a tangent vector.

The concept that has been lurking beneath all of this is curvature. Since the
first efforts to measure curvature numerically in the classical context of curves and
surfaces, curvature has come to be measured by means of a tensor. The curvature
tensor has the disadvantage of being a complicated quantity. Mikhail Gromov, a
prominent figure in late twentieth-/early twenty-first-century differential geometry,
called it “a little monster of multilinear algebra whose full geometric meaning
remains obscure.”! It is complicated because it is rich. Much active research in
Riemannian geometry centers on the ways in which the curvature tensor determines,
and is determined by, the metric (and topological) properties of a geometric space.

In keeping with our theme of presenting geometry as the study of tensor
structures on the tangent space, we will not follow the more historical (and more
concrete) route of presenting the geometric problems that gave rise to the various
concepts associated with the curvature tensor. Rather, we will define the curvature
tensor in terms of the Riemannian connection, present some elementary examples,
and then outline some of the many geometric measurements contained within the
little monster of the curvature tensor.

Up to now, we have generally avoided the use of the Lie bracket notation [ X, Y]
in favor of the Lie derivative notation £xY . However, the Lie bracket notation is
standard in the presentation of curvature, so we will use it here. Recall that for
smooth vector fields X and Y on a domain U C R",

(X YD = (£xY)f] = X Y] = YV [X[f]- (5.1

'Quoted in [[10], p. 15].
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Furthermore, if (z1, ..., x,) is a coordinate system for U with corresponding basis
vector fields 9; = — for the tangent space 7U, we have
[0;,0;] =0

for all ¢, 7. The reader is encouraged to review Sect. 4.7 for the other relevant
properties of the Lie bracket (i.e., Lie derivative) of vector fields, which we will
use often below.

Definition 5.5.1. Let (U, g) be a Riemannian space with associated Riemannian
connection V. Let X' (U) denote the set of smooth vector fields on U. The curvature
of (U, g) is a map R that associates to each pair of vector fields X,Y € X (U)
the map

R(X,Y): X(U) — X(U)

defined by
R(X,Y)(Z)=Vx(VyZ) - Vy(VxZ) - VixyvZ.

Key to the definition is the following proposition, stating that R so defined is a
tensor, even though the Riemannian connection V is not. In the same sense that
a linear map from a vector space V' to itself is considered a (1,1)-tensor (see
Example 4.6.5), a multilinear map

VxVxV -V

can be considered as a (1, 3)-tensor on the vector space V.

Proposition 5.5.2. For smooth vector fields X,Y, Z on U, the assignment
(Xp, Y, Zp) = R(Xp, Y3)(Zp)

is multilinear for all p € U, and depends smoothly on p. Hence R is a (1, 3)-tensor
field.

Proof. The smoothness with respect to p follows from the smoothness of X, Y, Z as
well as that of V (in the sense of Theorem 5.3.7 (1)). In the remainder of the proof
we will suppress the dependance on p, with the understanding that all vector fields
in the calculations are being considered at a point p.

The linearity in the first and second components are consequences of Theo-
rem 5.3.7(2) and Proposition 4.7.6 (3). Hence the only component in which we
need to check linearity is the third. The additivity in the third component follows
from Theorem 5.3.7 (3). So the only remaining property to check is that

R(X,Y)(fZ) = [R(X,Y)(Z)

for all smooth functions f : U — R.
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Relying then on Theorem 5.3.7 (4) and (5.11), we have

R(X.Y)(fZ) = Vx(Vy(£2)) = Vy (Vx(F2)) = Vixy)(FZ)
= Vx (Y[/)Z + [Vy2)
— Yy (X[f)Z + fVx2)

- ([X7 Y][f1Z + fV[X,Y]Z)

=X YD Z+ ) VxZ+X[f)VyZ+ f(Vx(VyZ))
- (Y[X[fIDZ - (X[f)VyZ = (Y[f]) VxZ
- (Vv (Vx2)) - (X[Y[f]| - Y [X[f]]) Z
- fVixyZ

= f(VX(VyZ) - Vy(VxZ) - V[X7Y1Z>
= fR(X,Y)(Z). O

It is also common to consider a related tensor quantity, which is obtained from
Definition 5.5.1 by means of the Riemannian metric g.

Definition 5.5.3. The Riemannian curvature tensor R is the (0,4)-tensor de-
fined by
R(X,Y,Z,W) = g(R(X,Y)(Z),W)

for all vector fields X, Y, Z, W on U.

We leave it as an exercise to verify that R so defined is smooth and multilinear.

There is an inherent confusion of notation in using not only the same notation
R, but also the same “curvature” terminology to describe two related but different
objects. We will try to adhere to the convention of using the term curvature for the
assignment of a linear map to pairs of vector fields, which will often be written
with two arguments R(X,Y"), while the curvature tensor will be the assignment
of a scalar quantity to a quadruple of vector fields, and it will be written with four
arguments R(X,Y, Z, W). It will also be clearer in context using the tensor notation
for coordinate calculations, which we present now.

Let U C R"™ be a domain with coordinates (z1,...,,) and basis vector fields

0; = I Let g be a Riemannian metric on U described by the matrix [g;;], with
L

associated Riemannian connection V given by Christoffel symbols Fl’j
Note that for vector fields X = Y X0;, Y = > Y90;, and Z = Y Z*0,
Proposition 5.5.2 implies that
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R(X.Y)(Z) =Y X'YIZ" (R(0;,0;)(9r))

N
:Zn: S XWYIZFRL, | o,
=1 \i,j5,k

where by definition, R! ;1. 1s the [-component of the vector field R(9;, 0;)(0k):
R(9;,0;) Z RL,.

Proposition 5.5.4. Let (U, g) be a Riemannian space whose associated connection
is described by the Christoffel symbols I l’; Then the components of the (1,3)
curvature tensor are given by

Rij = o, [T] " on, [Th] +> (T Tl — 151
Furthermore, for R;ji = R(0;,0;, 0k, 0;), we have

Rijr = Z Rq]kgfl

Proof. We apply Theorem 5.3.7 and the fact that [0;,0;] = 0 for all 4,5 to the
curvature tensor defined in Definition 5.5.1. As in the proof of Proposition 5.3.3, we
rely on the Einstein summation convention of summing over repeated upper—lower
indices. In particular, we will alternate freely between summation indices s and !
below:

R(8;,0)(9%) = Vo, (Vo,0) — Vo, (Vo,0k) = Via,.6,1 0%
= v(’)i (Fj"skas) - Vaj (Fzskas)

0 9 .

d ,
= 5o (L)) 00+ I3 I 00 — o, [T 0 — I} .0,

0 0
= (8% (] - o [T + Tl — fkﬂ@) .

Hence P P
Rl = 7 [I‘lk] - . [Filk:} + ;kFils - Fls'
K3
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The components of the curvature tensor follow immediately from the bilinearity
of g:

R(aw 8]7 a]ﬁ al) = g(Rfjkata al)
= Ri;39(8:,0))
= jokgtl- O

Before turning to examples, we point out that on its face, computing the curvature
tensor is even more formidable than computing the covariant derivative. In general,
the curvature requires specifying n* components, so even in R2, Proposition 5.5.4
requires 16 computations (compared to the 8 required to compute the Christoffel
symbols for the Riemannian connection). These difficulties in computation might
be overwhelming were it not for the many symmetries and relations between
components that are concealed in the definition. We list some of them now.

Proposition 5.5.5. Let R be the curvature associated with a Riemannian metric g
and Riemannian connection V. Let X, Y, Z W be smooth vector fields. Then:

1. R(X,X) = 0. In particular, R, = 0.

2. R(X,X,Z W) = 0. In particular, R;;3;; = 0.

3. R(X,Y, Z,Z) = 0. In particular, R;;, = 0.

4. R(X,Y)Z+R(Y,Z2)X + R(Z,X)Y = 0. In particular,

We note that (1) is an equality of linear maps, (2) and (3) are scalar equalities,

and (4) is an equality of vector fields.

Proof. Statements (1) and (2), which are in fact equivalent, follow immediately
from Definition 5.5.1, keeping in mind that [ X, X] = 0 for all vector fields X.

To prove (3), we rely on the compatibility of V with g, expressed in Theo-
rem 5.3.7(6). We have

X[Y9(2,2)| = X[9(VyZ,2) +9(Z,Vy Z)]

=X[29(VyvZ,2Z)]
=2(9(Vx(Vv2),2)+9(VyZ,Vx2)). (5.12)
Likewise, we have
Y[X[9(Z,2)]|=2g(Vy(VxZ),Z)+9(VxZ,VyZ)) (5.13)
and
[(X,Y)(9(2,Z)) =29 (Vixv)Z,2). (5.14)

Using (5.12), (5.13), and (5.14) together with the definition of the Lie bracket,
we have
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=9(VxVyZ - VyVxZ - Vxy1Z,72)

1

— 3 (X Wbz 20 - Y X (2. 2)] - (V) 0(2.2))

- % (XY -YX —[X,Y]) [9(Z,2))
=0.

To prove (4), we rely repeatedly on the symmetry of V, expressed in Theo-
rem 5.3.7(5), i.e.,
VxY - VyX =[X,Y].

We have
R(X,Y)(Z) =VxVyZ —-VyVxZ —-VxyZ, (5.15)

R(Y,Z)(X) =VyVzX —=VzVyX — Vjy 7 X
=Vy (VxZ +[Z,X]) = VzVy X — Viy 1 X
=VyVxZ+Vy[Z,X]-VzVyX - Vy 57X
= VyVxZ+VizxY +[Y,[Z, X]] (5.16)
—VzVy X = Vy, 71X,

and

R(Z,X)(Y) = VzVxY—VxV,Y -V Y
=Vz (VyX+[X,Y]) - Vx (Vv Z+1[2,Y]) —Viz,x1Y
=Vz(Vy X)+Vz([X,Y]) - Vx(VyZ)-Vx([Z,Y])-Vzx)Y
=V Vy X+Vxy 2+ [Z, [X, Y]] (5.17)
—VxVyZ-VznX—[X,[Z,Y]]|-Vzx)Y.

Adding Eqs. (5.15), (5.16), and (5.17) and using the anticommutativity of the Lie
bracket [X,Y] = —[Y, X] gives

R(X,Y)(2)+R(Y, Z)(X)+R(Z, X)(Y) = [X, [V, Z]| + [V, [2, X]| + [, [X, Y]]
=0

by the Jacobi identity 4.7.12. a
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The first three properties of Proposition 5.5.5 are often presented in an equivalent
form, emphasizing various anticommutativity relations within the curvature tensor.
These all flow from the observation that if « is a bilinear form, then the condition
that «(v,v) = 0 for all vectors v is equivalent to the condition that a(v,w) =
—a(w, v) for all pairs of vectors v, w (see Theorem 4.1.2 and Exercise 4.6).

Corollary 5.5.6. Let R, X,Y, Z, W be as in Proposition 5.5.5. Then

1. R(Y,X)(Z) = —R(X,Y)(Z). In particular, Ré-ik = —Réjk.

2. R(Y,X,Z,W)=—R(X,Y, Z,W). In particular, Rj;;; = — Rk

3. R(X,Y,W,Z) = —-R(X,Y, Z,W). In particular, R;ji, = — R k.
The following symmetry is a consequence of those already presented.

Proposition 5.5.7. For any vector fields X,Y, Z, W, the curvature tensor satisfies
R(Z,W,X,Y)=R(X,Y,Z,W).

In particular, Ry;; = Rijp.
Proof. Using Proposition 5.5.5 (4), the reader can verify that for any four vector
fields X, X5, X5 and Y, we have

R(X1,X2,X3,Y)+ R(X2, X3, X1,Y) + R(X3,X1,X2,Y) =0.

In particular, the following four identities hold:

R(X,Y,Z,W)+R(Y,Z,X,W) + R(Z,X,Y,W) = 0,
R(WW,X,Z,Y)+ R(X,Z,W,Y) + R(Z,W,X,Y) =0,
R(YY,W,X,Z)+ R(W,X,Y,Z) + R(X,Y,W,Z) = 0
R(Z,Y,W,X)+ R(Y,W,Z,X)+R(W,Z,Y,X) =0

)

Adding the four and using Corollary 5.5.6 (2) and (3) gives
2R(YY, Z, X, W)+ 2R(Z, X, Y, W)+ 2R(W,Z,Y,X) = 0.

Since
R(Y7 Za Xa W) + R(Z7XaKW) = _R(X7Y7 Za W)

and since Corollary 5.5.6 implies
RW,Z,Y,X)=R(Z,W,X,Y),
we have
R(X,Y,Z,W)=R(Z,W,X,Y). O

All of these symmetries and relations drastically reduce the computations
required to compute the n* components of the curvature tensor. For example, the
reader can verify that for n = 2, the only independent component is R1212.

With these observations, we now proceed to some examples.



240 5 Riemannian Geometry

Example 5.5.8. Let R™ be equipped with the standard Euclidean metric tensor
go with the associated Riemannian connection defined by the Christoffel symbols
I’i’;- = 0 for all 4, j, k. Proposition 5.5.4 then gives

Rij, = Rijiu =0
forall i, j,k,0 = 1,...,n. This further justifies the terminology “flat,” in the sense

of “having no curvature,” for the standard Euclidean structure on R".
Notice that this implies that

VxVyZ -VyVxZ —-Vixy1Z =0
for all vector fields X, Y, Z. Symbolically, this can be written
VxVy = VyVx =Vix vy
and in particular, for basis vector fields 0;, 9;, we have
Vo, Vo, = Vo, Va,,

a kind of “equality of mixed partials.”

In the following two examples of metrics on domains U C R?2, we compute
the independent component R;512 of the curvature tensor in two different ways: the
first using Definitions 5.5.1 and 5.5.3 and the second using the coordinate formula
of Proposition 5.5.4.

Example 5.5.9. Let R2 be endowed with the metric g of Example 5.3.6, i.e.,

[gij] - { duy 1+ ?

1+ 4u?  duw }

with the associated Riemannian connection defined by the Christoffel symbols

4u
1 _ pl
FH_F22_1+4u2+4u2’
4ov
2 _ 2 _
Fll_F22_1+4u2+4v27

F112:F122:F211:F221:0-

Let 0 = a% and 0y = 8%; as usual, [0q,02] = 0. Using Definition 5.5.1, we
have

R(91,0:)(81) = Vo, Vi, 01 — Vi, Vo, 01
=V, (15,01 + F22182) — Vo, (I)01 + IT,05)
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Fig. 5.9 A Mathematica plot of the vector field R(d1, J2)01 with the parabolic metric.

4du 4v
= V,(0) — Vo, (1 + 4u? +4U281 * 1+ 4u? +4v282>

4u 4u
—(o 0 0
(2{1+4u2+4’02} P T d? a2 V2

+ 0 { dv } By g, 32>

T4 402 2T Trauz 1 a2

B 16uv LA+ 4?)

T (4?4022 (144 + )2

See Fig. 5.9.
Then by Definition 5.5.3,
Ri212 = g (R(01,02)(01),02)
16uv 4(1 + 4u?)
=9 2 2291 2 57302, 02
(14 4u? + 40?) (14 4u? + 4v?)
16uv —4(1 + 4u?)

92 T 42 1 402)2

—4
U1+ 4u2 + 402’

O AT E T gy
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Example 5.5.10. Let U be the upper half-plane with the Poincaré metric

0= ' 1]

and associated Riemannian connection given by the Christoffel symbols
Ity=1/y, Th=Iy=I5%=~1/y, Iy =I% =13 =1I55=0,

as in Exercise 5.9.
Applying Proposition 5.5.4, we have

Riz12 = Rim ©g12 + R%Ql 1922

:R%ﬂ(l/?ﬁ)

= 112 [F221] _2 [Flzl] + Iy IH + 55 — T T3 — T3 T3,
y2 | Ox Oy
1

= E.

So far, we have essentially defined differential geometry as the study of tensors
defined on domains of R™. Our examples have been chosen to illustrate explicit
calculations with such tensors.

Further development of Riemannian geometry proceeds by defining these tensors
on geometric sets such as spheres, surfaces, and especially their generalizations to
higher dimensions, then using these tensors to make measurements.

While this goal is outside the introductory framework that we are presenting here,
we will exhibit several of the more specialized curvature concepts that appear in the
development of Riemannian geometry, as well as the statements of some theorems
to give the reader a flavor of the subject.

For the following, consider two vector fields X and Y on a domain U C R"
equipped with metric tensor g and curvature tensor RR. Suppose that for all p € U,
X(p) and Y (p) are linearly independent. Let o, C T,U be the two-dimensional
vector subspace of T,,U spanned by X (p) and Y (p). In analogy with the transition
from tangent vectors to vector fields, we write 0 C TU to be o(p) = o,,. The field
of subspaces ¢ is called a plane field on U.

Definition 5.5.11. For the plane field ¢ defined by linearly independent vector
fields X and Y, the sectional curvature with respect to o is the scalar quantity

R(X7 Y7 Y7 X)

KO = R = X X avr) & VP

Since the denominator can be interpreted as the (square of the) area of the
parallelogram formed by vectors X and Y, the sectional curvature might be thought
of as a “curvature per unit area.”
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Implicit in this definition is the following:

Proposition 5.5.12. Suppose that {X1,Y1} and { X5, Y} are two pairs of (point-
wise) linearly independent vector fields that span the same plane field o. Then

K(X1,Y1) = K(X3,Y2).
Hence the sectional curvature is independent of the vector fields defining o.
Proof. Writing one basis in terms of the other,
X5 =aX; + b, Yo = X1 + dY7,
the reader can verify that
R(X5,Y2,Y5,X5) = (ad — be)*R(X1,Y1, Y1, X1)

and

9(X2, X5) - g(Ya,Y2) — [9(Xs, Y2)]?

= (ad = be)? (9(X1,X1) - g1, Y1) ~ [g(X1, V)IP) . O

Definition 5.5.11 takes a special form in the two-dimensional case, i.e., when
U C RZ2 The only two-dimensional subspace o C TU is TU itself. Hence K
is a scalar function of p € U alone. In this case, the quantity K is known as the
Gaussian curvature. It can be expressed explicitly using the coordinate basis fields

0 .
01 = — and 0o = —— using the components of the curvature tensor:
a$1 8x2
Ri201 —Ri212

K = = .
g11922 — (912)2 g11922 — (912)2

(5.18)

Example 5.5.13. Let g be the metric on R? corresponding to the pullback of the
standard Euclidean metric from the paraboloid, and let R be the corresponding
curvature tensor (see Example 5.5.9). In this case, the reader can verify that

g11922 — (912)® = 1+ 4u® + 40°,

and so the Gaussian curvature is given by

K(u,v) = —Ri212 _ 4
’ 911922 — (g12)%2 (1 + 4u? + 4v2)?

Example 5.5.14. Let U be the upper half-plane with the Poincaré metric g and
corresponding curvature tensor R, as in Example 5.5.10. The Gaussian curvature
is then

~1/y* _
(1/y?) (1/y?) — (0)(0)

K(.’L‘,y) =
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Example 5.5.14 shows that the Poincaré metric is special in the sense that the
Gaussian curvature is constant. Metrics whose sectional curvature is the same
constant for all plane fields o are called metrics of constant curvature. Similarly,
a parameterized set S = ¢(U) C R3 with regular parameterization (U, ¢) is called
a space of constant curvature if ¢* gg is a metric of constant curvature, where gq is
the standard Euclidean metric on R?. They are studied extensively; the reader may
refer to [13,25] or any number of other texts on Riemannian geometry for a sample
of the results that exist about constant-curvature metrics.

We present one final example of a sectional curvature computation, this time
when n = 3.

Example 5.5.15. Consider R? with the metric g given by

1 0 O
l9ij] = [01+2%x
0 =« 1

In Exercise 5.10, we ask the reader to show that

F111:F121:F131=0;

T 1 — 22

F112:F211:07 F122:F221:§a F132—F231: 5
1 1 2 2 1 3 3 L
I's =13 =0, F13:F31—§7 F13—F31:—§,

We will first compute the sectional curvature K (o12) corresponding to the
coordinate plane field 015 spanned by % and a%'
We have
Ri2o1 = Rigyg11 + Ripogo1 + Rigogat
0 0
(&) - G)
+ Iy + T oy + Top gy — DTy — ol — I
+ R (0) + Rin(0)

_lia 2
—4( 3+a:).
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Another computation shows that g11 - g22 — (g12)? = 1 + 2, and so

Ri221 —3 + 22
K o = = .
(012) g11 - 922 — (g12)? 41+ 22)

We compute one more sectional curvature. Let oz be the plane field spanned by
the vector fields
0 0 0

X, = — -9 .9
! 2T 8y Yo

The reader can verify that
9(X1,X1) = g(X2, X2) =1, g(X1,X2) =0,
so that
K(UH) :R(X17X27X27X1)-

Computing, using the fact that

g 0 g 0
2Oy gL, Dy =,
R(X13X27X23X1) = Q(R(XMXQ)XQ’Xl)
= (R(X1, X2)X>)"
=) (X1)'(X2) (X2)* R},
igk
= Rip — TRip; — o Rigy + 2 Riz3.
: 1 1 2y pl T p1 z
Further calculations show that Ry,, = 1(73 +27), Rigg = T Rigy = T and
1
Rl = 7 Combining all this gives

Klow) = H-3+a®) o (2) =2 (£) +a? (i)

This illustrates the fact that the sectional curvature may in general be constant
for certain plane fields but not for others.

We close this section by defining two other curvature-related quantities. We
will not explore them in detail, however. We include them only for the sake of
completeness.
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Definition 5.5.16. Let (U, g) be a Riemannian space. Let {E1,...,E,} be a
set of vector fields such that at each point p € U, the set of tangent vectors
{E1(p), ..., E,(p)} is an orthonormal basis for T,U. The Ricci curvature tensor
Ric is the (0, 2)-tensor defined by

1 n
RiC(X, Y) = 71 ZR(X7 Ei7Y7 E2)7

=1

for any vector fields X, Y. The Ricci curvature at p € U in the direction X, where
X is a unit vector field, is defined to be

Ric(X) = Ric(X, X).

We leave it as an exercise to show that these definitions are independent of the
choice of orthonormal basis.

We follow do Carmo [13] in including the factor of ﬁ so that for every j =
1,...,n, Ric(E;) is the average of the sectional curvatures of plane fields o;;, i #
J» where o5 is the plane field spanned by {E;, E; }.

In addition, we have the following fact in the case that n = 2.

Proposition 5.5.17. IfU C R?2, then for every unit vector field E,
RZC(El) = K,

i.e., the Ricci curvature agrees with the Gaussian curvature.

Proof. Choose a unit vector field Ey such that for all p € U, {E1(p), E2(p)}
is a basis for T,,U. The results then follows by comparing Definition 5.5.16 with
Eq. (5.18). O

In fact, for metrics of constant curvature, the Ricci curvature agrees with the
sectional curvature in higher dimensions as well.

The components of the Ricci curvature tensor are computed by applying
Definition 5.5.16 to compute (Ric) ;i = Ric(E;, Ey):

, 1 i
(Ric)n = — > Rl (5.19)
i=1
The final curvature quantity that we present here is the same sort of construction.

Definition 5.5.18. Let (U, g) be a Riemannian space, and let {F1, ..., E, } be aset
of orthonormal basis fields for T'U. The scalar curvature S is defined as

1 n
= — ic(Ey).
S - ;:1 Ric(Fy)
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As above, it is an exercise to verify that the definition is independent of the choice
of orthonormal basis. Again, the normalization factor ensures that in the case of
n = 2, the scalar curvature agrees with the Gaussian curvature.

5.6 Isometries

The previous sections provide the first illustration of a major theme of this
text, differential geometry as the study of smooth structures—tensors—defined on
domains in R". Indeed, the reader should have begun to appreciate the wealth
of concepts that arise starting “just” from the Riemannian metric tensor and the
calculus required to take derivatives.

Alongside the study of sets with structure is the study of those functions between
such sets that “preserve the structure” in a sense we will make precise below. Such
functions will allow us to talk about when two sets with structure are “equivalent,”
for example in the sense of congruence in Euclidean geometry.

In addition, such structure-preserving functions single out those subsidiary
structures and concepts that belong within the confines of the geometry in question,
as opposed to incidental or “extrinsic” structures. One could even try, once a family
of structure-preserving functions is identified, to define a geometry as the study of
all properties that are preserved by the given family.

Definition 5.6.1. Suppose ¢ : U — V is a diffeomorphism between two Rieman-
nian spaces (U, g1) and (V, g2). Then ¢ is said to be an isometry if ¢*go = ¢1. In
other words, ¢ is an isometry if for all p € U and tangent vectors X,,,Y, € T,U,
we have

91(p) (Xp» Yp) = g2(¢(p)) (¢*va ¢*Yp) .

In this sense, we say that ¢ preserves the metric structure. Under the pairing ¢
between U and V/, which in turn induces the linear isomorphisms (¢.), : T,U —
Ty )V ateach point p € U, we can perform measurements on U (with g1) oron V'
(with go) and obtain the same results.

The isometry condition is a stringent one. As we will see in the subsequent
examples, it amounts to saying that ¢ satisfies a system of partial differential
equations. Needless to say, the project of trying to find all isometries for a given
pair of metrics by solving the system of PDEs explicitly in terms of elementary
functions is usually beyond hope.

We begin our examples with the “test case” of isometries of the standard
Euclidean plane.

Example 56.2. LetU =V = R?and g1 = ¢» = dz ® doz + dy ® dy. Let
¢ : R? — R? be a smooth map, written in components as

(b(xay) = (¢1($,y),¢2($,y)> :
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Then computing the pullback using Proposition 4.6.15, we have

¢*gr = do' @ do' + do* ® d¢?

B o' 2 0> 2 ol 8¢)1 ¢2 D>
(L) () ) s (2 B0
3¢>13¢>1 09> 99>
+(ay bz oy oz

Ot D¢?
+<<¢) <¢))dy®dy.
Ay
Hence the condition that ¢*gs = g¢; is equivalent to the components of ¢
satisfying the PDEs

dy ® dx

Example 5.6.3. Consider again R? with the standard Euclidean metric go, and
suppose that ¢ : R? — R? is a linear map, in the sense that ¢(z,y) = Ax =

(ax + by, cx + dy), where A = @ Z] . Then the system of PDEs in Example 5.6.2
c

takes the form

a?+c? =1,
ab+ cd =0,
b2 +d?=1.

The reader can verify that these equations can be written as AT A =1, i.e., that
A is an orthogonal matrix. Hence the system of PDEs that defines the Euclidean
isometries agrees in the linear case with the classical fact of linear algebra that the
orthogonal matrices are exactly the linear isometries of R? as described in Sect. 2.9.

Example 5.6.4. Let U = {(z,y) |y > 0} be the upper half-plane in R? with the
Poincaré metric g = yiz (dz ® dx + dy ® dy). We will show explicitly that the map
¢ : U — U given by

Y
d)(l’,y)— <x2+y27x2+y2>

is an isometry of g.
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First, the fact that ¢ is a diffeomorphism can be seen from the observation that ¢
is the composition of a (linear) reflection about the y-axis with the diffeomorphism
of Example 3.6.8.

To show that ¢ = (¢!, ¢?) preserves the Poincaré metric tensor, we first compute

2 _ .2 2xy
dot = 2 Y 4 _ g
¢ (22 + y2)2 T+ (22 + y2)2 Y
and
—2zy 22 —y?
dp? = ——Z—d ——=dy.
¢ (@2 + 2)? T+ (22 1+ 422 Y
Hence
. 1
¢*g = @) (d¢' @ do' + d¢* @ d¢?)

1
= FE TP [(z% 4+ y*)%dz @ dz + (2° + y*)dy @ dy]
1

This shows that ¢ is an isometry.

We made note earlier of the fact that the project of describing all isometries of
a given metric tensor by means of solving a system of nonlinear PDEs is usually
impractical or impossible. At the end of the section, we will give some examples of
theorems that describe all isometries of a given metric tensor. In fact, Examples 5.6.3
and 5.6.4 are both special instances of those theorems.

There is a method of constructing local isometries, meaning isometries defined
in a (possibly small) domain around each point. This is essentially Theorem 4.7.23,
which we restate here in the specific instance of a Riemannian metric tensor.

Theorem 5.6.5. Let (U, g) be a Riemannian space, and let X be a vector field such
that Lx g = 0. Then for each p € U, the flow ¢, : U, — ¢(Up) generated by X,
satisfying ¢o(p) = p and d‘—lt((zﬁt (p)) = X(¢:(p)), is a family of isometries, i.e.,

big=g

for all t such that ¢ is defined.

Theorem 5.6.5 prompts the following definition, named for the German mathe-
matician Wilhelm Killing. Killing’s work on geometry and transformation groups
paralleled that of Sophus Lie and presaged that of Elie Cartan.
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Definition 5.6.6. Let (U, g) be a Riemannian space. A Killing vector field is a
vector field X satisfying the condition that

ﬁxg = 0.

Because of Theorem 5.6.5, Killing vector fields are also known as infinitesimal
isometries, a terminology that arises from the idea of “integrating” vector fields to
obtain isometries.

We now illustrate the Killing vector field condition in local coordinates, express-
ing it as a system of first-order, linear partial differential equations.

Proposition 5.6.7. Let (x1,...,x,) be a system of coordinates on a domain U with

corresponding basis {(37;)1) = % o1 T,(R™). Let g be a Riemannian metric

tensor with components [g;;]. Then X = Z X9, is a Killing vector field if and

n(n+1)

only if the components X' satisfy the 5

partial differential equations

n

09i; oxk oxk . .
Z(Xkag]Jrgjka +9ika)07 hLj=1,...,n, 1<
— T T Ty

Proof. This follows immediately from Exercise 4.35. ad

Example 5.6.8. Let go be the standard Euclidean metric on R? with coordinates

(z,y).Let X = X! a% + X2 8% be a vector field on R2. Our goal is to first describe

Killing vector fields in the Euclidean context in R2, and then to integrate them to
obtain (local) Euclidean isometries.
Applying Proposition 5.6.7 yields, after the appropriate calculations,

X1
=0, (5.20)

oxXt  9Xx?
_ 21
By + o 0, (5.21)

2
Bizo. (5.22)

dy

By (5.20) and (5.22), we see that X! = X!(y) and X?> = X?(z). Equa-
tion (5.21) then implies that

2SN S
oy  oxr

for some constant a, and so the Euclidean Killing vector fields must have the form

0 0
X(:L'7y) = (ay+b)%+(iax+c) 87:1/7

for some constants a, b, c.
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The fact that Euclidean Killing vector fields have such a simple form allows
them to be integrated in order to obtain isometries. The flow ¢; given by ¢ (x,y) =
(x(¢),y(t)) generated by a Euclidean Killing vector field must satisfy the system of
first-order ordinary differential equations

T =ay+b,
Yy =—azr+c.

Solving this system can be accomplished by employing the toolbox of a first
course in differential equations to obtain the general solution

x(t) = 1 cos(at) + co sin(at) + ¢/a,
y(t) = o cos(at) — ¢y sin(at) — b/a,

where c¢; and ¢, are constants depending (smoothly) on the initial position

(2(0),y(0)) = (x0,yo)-

This shows, incidentally, that the local isometries arising as integrals of Euclidean
Killing vector fields are in fact defined globally, and can be expressed as composi-
tions of rotations and translations.

Example 5.6.9. LetU = {(z,y) | y > 0} be the upper half-plane with the Poincaré

2
metric [g;;] = F/Oy 1 /0 2} . Then the components of a vector field
Y
0 0
X=X'—+X>_
ox + dy
must satisfy, by Proposition 5.6.7,
1 ox!
[ x2_ =0 5.23
B < Y or ) ; (5.23)
1 /oX! 0Xx?
il =0 5.24
(o) o 20
1 0Xx?
——(Xx?- =0. 5.25
y? ( "oy ) 02
This system implies, noting that y # 0 and by subtracting (5.25) from (5.23),
that ) ,
X X
= 4+ =0
9 ) J
{a)l(ll B 8)?2 B (5.26)
ox oy
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The relations between component functions X' and X? expressed in the
system (5.26) arise naturally in a number of settings. For example, in the study of
functions of one complex variable, Eqgs. (5.26) are the celebrated Cauchy—Riemann
equations. The functions X', X2 are said to be harmonic conjugates. Both X! and
X? individually are said to be harmonic functions in that they both satisfy Laplace’s
equation:

82X1 62X1
B2 T T
0?Xx?  92X?
oz T oz =0

This is a direct consequence (with the equality of mixed partials) of the sys-
tem (5.26).
We summarize this discussion as follows:

The component functions X! and X2 of a Killing vector field for the Poincaré metric on the
upper half-plane are harmonic conjugates. In particular, they are both harmonic functions.

The reader may verify, however, by way of example that the following vector
field is a Killing vector field for the Poincaré metric on U:

9 o O 0
X(z,y) = (JU —y ) 2 + (ny)a—y

Integrating such vector fields to come up with a local isometry in closed form is
impractical. However, a wide variety of computer software can illustrate flow lines
in these cases. See Fig. 5.10.

So far, the examples of isometries we have encountered in Examples 5.6.3, 5.6.4,
and 5.6.8 have all been examples of what might be called “self-isometries,” in the
sense of being differentiable maps between a domain equipped with a Riemannian
metric and itself. In this case, we can use the notation

¢:(U.g) = (U,9),

where the geometric condition for ¢ to be an isometry is then ¢*g = g. Before
turning to the more general case, we point out that there is an algebra associated
with self-isometries expressed in the following theorem.

Theorem 5.6.10. Let (U, g) be a Riemannian space, and let I1so(U, g) be the set
of all self-isometries of (U, g), i.e., ¢ € Iso(U,g) ifand onlyif ¢ : U — Uisa
diffeomorphism satisfying ¢p*g = g. Then:

1. 1d € Iso(U, g), where 1d(p) = p is the identity map.

2. If o1, 02 € Iso(U, g), then ¢1 o ¢o € Iso(U, g).
3. If ¢ € Iso(U,g), then p~* € Iso(U, g).
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Fig. 5.10 A Mathematica plot of integral curves of the vector field X
(2zy) 8%, which is a Killing vector field for the Poincaré metric.

(a® —v?) 35 +

Proof. All of the statements follow from Theorem 3.6.11 and properties of the
pullback operation. We illustrate the proof of (2) as an example. Assume ¢7g =
g and ¢5g = g, where ¢; and ¢o are diffeomorphisms. Then ¢ o ¢ is a
diffeomorphism by Theorem 3.6.11. Further,

(fp10¢2)" g =5 (d19)
= 959

=g. O

Theorem 5.6.10 is summarized in mathematical terminology by saying that the
set Iso(U, g) is a group under the operation of function composition.

We now present one method for constructing examples of isometries between
domains with different Riemannian metrics. We start with two different param-
eterizations of the same geometric set S C R", where R" is equipped with a
Riemannian metric g. Let U1, Uy C R* be domains and let

¢1:U1*>S, ¢22U24)S

be two parameterizations of S. Recall that ¢, ¢ should be regular, i.e., one-to-one,
smooth, with one-to-one tangent maps, and so have inverses on .S.



254 5 Riemannian Geometry

Theorem 5.6.11. Suppose that S C R is a geometric set parameterized by two
regular parameterizations ¢1 : Uy — S and ¢o : Uy — S, where U;,Uy C R
(k < n) are domains. For a Riemannian metric g on R", define g; = ¢;g (i = 1,2).
Then ¢ : (Uy, g1) — (Uz, g2) defined by ¢ = ¢5* o ¢y is an isometry.

Proof. We leave it as an exercise to show that ¢g; and g, are Riemannian metrics,
which relies heavily on the fact that (¢1)., resp. (¢2), is a vector space isomor-
phism between T'Uy, resp. TUs, and T'S. Hence all the properties of the Riemannian
metric can be checked by referring to the given Riemannian metric g.

To show that ¢ is a diffeomorphism is a routine exercise in the differentiability
of inverses and compositions. Hence to show that ¢ is an isometry, we need to show
only that ¢*go = g¢;. This is again an application of the properties of pullbacks:

¢ g2 = (¢3' 0 ¢1)* 92

= 67 ((621)") 92
= 61(6;")"(659)
=67 (¢2005") g
= ¢1(Id)"g
=919
=0 |

We illustrate this theorem with one example.

Example 5.6.12. Let S C R? be the piece of the paraboloid
S={(z,y,2)|z=2"+y*, 2>0,0<z <1}

and go = dr ® dr + dy ® dy + dz ® dz the standard Euclidean metric on R3.
Let (Uy, ¢1) be the standard parameterization of .S that we have relied on thus far:
Up = {(u,v) |[u>0,0<u?+0v* <1} and ¢1(u,v) = (u,v,u? + v?). In this
case, we have seen in Example 5.2.4 that

91 =190
= (1 + 4u?)du @ du + (4uv)du @ dv + (4uv)dv @ du + (1 + 4v*)dv @ dv.
Let (Usa,¢2) be the parameterization of S by polar coordinates: U =

{(r,0)|0<r<1,-7/2<0<m/2}, ¢p2(r,0) = (rcosf,rsind,r?); note then
that on .S,

Qb;l(xvya Z) = (\/Ea tan_l(y/a:)) .

The metric defined by the pullback of gy by ¢ is given by
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92 = 390
= d(rcosf) ® d(r cos ) + d(rsin0) @ d(rsin ) + d(r?) @ d(r?)
= (14 4r?)dr @ dr + r*df @ db.

In this case, Theorem 5.6.11 shows that ¢ : U; — Us given by

QZS(U, U) = ¢2_1 S ¢1 (U, U)

=¢5 " (u,v,u® +v?)

= ( u? 4+ vz,tan_l(v/u))

is an isometry between (U, g1) and (Us, g2).

Two Riemannian spaces (Ui, g1) and (Us, g2) can be considered equivalent if
there exists an isometry ¢ : U; — Us. (The previous sentence can be made precise
by saying that this notion defines an equivalence relation on the set of Riemannian
spaces.) In that case, the two spaces can be considered two different “models” for
the same geometric object.

We now show that isometries preserve not only the Riemannian metric, but all the
key geometric constructions we have introduced, such as geodesics and curvature.
For that reason, we say that the constructions are invariants of Riemannian
geometry, in the sense that they are independent of a particular model of the space
in question.

Before stating some of these results, we first prove two lemmas that technically
belong in the context of tensor calculus.

The first lemma is a property of diffeomorphisms in general. The reader may
compare this to Proposition 4.7.13.

Lemma 5.6.13. Let ¢ : U — V be a diffeomorphism between domains U,V C
R" If X is a vector field on U, let Y = ¢. X to be the corresponding vector field
on V. Then for any tensor field T defined on V,

¢" (LyT) = Lx(¢°T).
Note that in fact, every vector field Y on V also determines a unique vector field

X on U such that ¢, X =Y, since ¢ is a diffeomorphism.

Proof. Let ¢y : V. — (V) be the flow generated by Y. We use the fact (see
Exercise 3.31) that the condition ¢, X = Y implies that the flow generated by X is
given by

¢ lodrog: U — ¢~ (Yu(V)).
Then, relying on Definition 4.7.1,
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i)

t=0

d * *
= dat (¢ th)

t=0

= (07 [(o71)¢"] T)

t=0

= di| o7 ew oy (']

=Lx(¢*'T). O

The second lemma is a property of isometries. We first introduce some notation.
Let X be a vector field on a Riemannian space (U, g). We define 6, x = i(X)g as
the unique one-form on U satisfying 8, x(Y) = g(X,Y") for all vector fields Y on
U. In the notation of Proposition 5.1.9, 6, x = v(X).

Lemma 5.6.14. Let ¢ : (U,g) — (V,h) be an isometry between Riemannian
spaces (U, g) and (V,h). Then for any vector field X on U and corresponding
vector fieldY = ¢.X on 'V, we have

¢* (On,y) = 0g,x.
Proof. Let Z be any vector field on U. Then
(¢"0n,y) (Z) = Ony (6+2)
— WY, 6.2)
= h($:X, ¢+ Z)
= (¢"h)(X, Z)
=g9(X,2) since ¢ is an isometry
=04 x(Z).
Hence ¢* 0y = 04 x. O

We now put these technical lemmas to use in proving theorems to show how
isometries preserve the geometric constructions of the previous sections.

Theorem 5.6.15. Let ¢ : (U,g) — (V,h) be an isometry between Riemannian
spaces. Let VNV be the Riemannian connections associated to g, h respectively.
Then for all vector fields X,Y on U,

$.(VxY) = V4, x(4.Y).

Proof. We will use Lemmas 5.6.13 and 5.6.14 along with Definition 5.3.2 of the
Riemannian connection. Let W be a vector field on V, and let Z be the vector field
on U such that ¢, Z = W.
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On the one hand, we have

2h (V. x (¢:Y), W) = 2h (Vg x (¢:Y), 6. Z)
= (Lp.vh) (6 X, 0:Z) + dOp .y (0:X, ¢ Z)
= (0" (Lg.vh)) (X, Z) + (¢"(dbn,¢.v)) (X, Z)
(Ly (¢"h)) (X, Z) + (d¢™On . v) (X, Z)
= (Lyg) (X, 2) +db,,y (X, Z)
=29(VxY,Z),

where we have also used the fact from Proposition 4.4.16 that the exterior derivative
commutes with pullback.
On the other hand,

=2(¢"h) (VxY,2)
=29(VxY,Z).
Hence

h(Vo.x(6.Y), W) =h(6.(VxY), W)

for all vector fields W, and since A is positive definite (hence nondegenerate),

Vo.x(¢:Y) = ¢.(VxY). O

The reader should refer back to Example 5.3.6 in light of Theorem 5.6.15.

Corollary 5.6.16. Let (U1, 91) and (Uz,g2) be Riemannian spaces with corre-
sponding Riemannian connections ¥V and V. Suppose ¢ : (U1,g91) — (Us, g2)
is an isometry. If ¢c1 : I — Uj is a geodesic with respect to g1, then

02:¢0612I—>U2

is a geodesic with respect to g.

Proof. By the chain rule, ¢ = ¢.c;. So by Theorem 5.6.15,

Ve, éa = Vg, (9:€1)
= ¢« (V¢ c1)

=0 since ¢y is a geodesic.

Hence c; is a geodesic with respect to V. a
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This corollary, in addition to confirming that geodesics are really an invariant of
the metric structure, also gives a way of using an isometry (or set of isometries) to
build new geodesics out of old ones.

Example 5.6.17. Let U be the upper half-plane with the Poincaré metric g. We ask
the reader to show in Exercise 5.23 that the parameterized curve ¢ : I — U given by

c(t) = (1,¢€"),

a parameterization of a line parallel to the y-axis, is a geodesic.
In Example 5.6.4, we showed that the map

Y R
¢(37,y)— <x2+y27x2+y2>

is an isometry of (U, ¢). Hence, by Corollary 5.6.16,
c=¢oc: I —-U

given explicitly as

c() = (1o 1o
ct) = ——,——
1+e2t’ 1+ e2t
is also a geodesic. Geometrically, ¢ can be seen to be a parameterization of the upper
half (y > 0) of the circle
(2+1/2)2 +y% = 1/4
with center (—1/2,0) and radius 1/2. See Fig. 5.11.

The following statement, which is also essentially a consequence of Theo-
rem 5.6.15, is important enough to be stated as a theorem in its own right.

Theorem 5.6.18. Let (Ui, g1) and (Usz,g2) be Riemannian spaces with corre-
sponding curvature tensors R1, Ro. Suppose ¢ : (U1, g1) — (Ua, g2) is an isometry.
Then

¢*Ry = R;y.

In other words, for all vector fields X, Y, Z on Uy,
¢« (R1(X,Y)(Z)) = Ra(¢: X, 0.Y ) (¢4 Z).
Proof. According to the definition
R(X,Y)(Z) =Vx(VyZ) - Vy(VxZ) - Vixy|Z,

the statement follows from Theorem 5.6.15 and Proposition 4.7.13 (using here the
notation of the Lie bracket). a
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Fig. 5.11 Graphs of some geodesics in the Poincaré upper half-plane.

Corollary 5.6.19. The following curvature-related tensors are preserved by
isometries:

o the (0,4) curvature tensor R;
e the Ricci curvature tensor Ric;
e the scalar curvature S.

Proof. We leave the proof as an exercise in writing the statements precisely and
then applying Theorem 5.6.18. a

Incidentally, read in the context of Theorem 5.6.11, the preceding statement
says that for a geometric set, all of the curvature concepts are independent of
parameterization.

We mention in particular one instance of Corollary 5.6.19, the “remarkable the-
orem” (theorem egregium) proved by Gauss, recalling that the Gaussian curvature
for two-dimensional domains coincides with sectional, Ricci, and scalar curvatures.

Corollary 5.6.20 (Theorem egregium). Let U C R? be a domain, and let f :
U — R3 be a regular parameterization of the surface S = f(U). Let g = f*go be
the metric tensor on U obtained by pulling back the standard Euclidean metric on
R3. Then for all isometries ¢ : (U, g) — (U, g), the Gaussian curvature K of g is
invariant:

Kog¢=K.
In order to give the reader a taste of the kind of theorems that are much sought

after in Riemannian geometry, we state without proof a kind of local converse to
Theorem 5.6.18.

Theorem 5.6.21. Let (Uy,¢91) and (Us, g2) be Riemannian spaces of the same
dimension and the same constant sectional curvature. Then they are locally
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isometric: For each pair of points p € Uy and q € Us, there exist a domain V, C Uy
containing p, a domain Vo C Us containing q, and an isometry ¢ : Vi — Va such

that (p) = q.

For a proof, the reader may consult do Carmo [13, p. 158].

We close this section by giving some examples of the types of theorems
characterizing the isometries of a given Riemannian metric tensor. Proofs can be
found, for example, in [15].

Theorem 5.6.22. Let ¢ be an isometry of R? with the standard Euclidean metric
go- Then ¢ can be expressed as a composition

¢ = ¢30 @20 ¢1,

where ¢y is a translation, ¢ is a rotation, and ¢s is either the identity (if det(¢.) >
0) or a reflection (if det(p.) < 0).

In particular, all isometries of the Euclidean metric are linear. This gives an
indication of how rigid the partial differential equations defining the isometry really
are. Also note that the flows of Killing vector fields (see Example 5.6.8) yield all
possible isometries, up to reflection.

By way of comparison, we state the corresponding result for the Poincaré metric.
For ease of notation, we will use complex notation

(x,y) =z=x+iy.

Theorem 5.6.23. Let U be the upper half-plane with the Poincaré metric g. Let
o : (U, g9) = (U, g) be an isometry. Then ¢ can be expressed as a composition

¢ = p20 ¢,
where
az+b
gbl(z)—m, a,b,c,d € R, ad —bc > 0,
and ¢ is either the identity (if det(ds) > 0) or ¢pa(z) = —Z (if det () < 0).
az+b

Functions of the form ¢(z) = have been studied extensively, and are
cz

+d

known as Mobius transformations. The interested reader may consult, among many
texts, the presentation by Schwerdtfeger [36].

Finally, while the two preceding theorems give an inkling of how restrictive the
isometry condition is, it should be noted that for general Riemannian spaces, the
only isometry might be the identity map. Riemannian spaces that have (relatively)
many isometries, usually due to the presence of built-in symmetries, are hence of
particular interest.
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5.7 For Further Reading

The number of texts on Riemannian geometry, often in the guise of texts on
differential geometry in general, is so large that it would be impossible to list
even the high-quality treatments. In such cases, the author’s tastes can hardly be
disguised.

As we have already noted, most of the classical treatments of Riemannian
geometry begin with a treatment of curves and surfaces. Dirk Struik’s Lectures on
Classical Differential Geometry [39], first published in 1950, is representative of
how the subject was treated for decades, both in style of presentation and choice of
topics.

Michael Spivak’s Comprehensive Introduction to Differential Geometry [38] can
be seen as an effort to bridge the classical approach with the modern. In the second
volume, Spivak includes key writings of Riemann, followed by a discussion of how
to understand them in modern notation and terminology. Spivak’s volumes remain
standard reference guides in differential geometry, next to the advanced volumes of
Kobayashi and Nomizu [24].

Two important contributions paved the way to a wider undergraduate audience
for Riemannian geometry. Do Carmo’s Differential Geometry of Curves and
Surfaces [14], first translated from Portuguese into English in 1976, set a gold
standard in terms of exposition, and can be viewed as an introduction to his more
advanced but perhaps even more readable Riemannian Geometry [13]. The latter
has influenced the presentation in this chapter.

O’Neill’s Elementary Differential Geometry [33] shares the readable style of
do Carmo, and the notation is at this point more conventional. A more recent
text, Kiihnel’s 2006 Differential Geometry: Curves—Surfaces—Manifolds [25], will
likely become a standard, combining a strong motivation with a clear and rapid
development into the heart of Riemannian geometry. Frank Morgan’s 1998 text [32]
deserves special mention, having a very similar audience and style as the current
text, and features a chapter of examples of undergraduate research projects in the
subject.

The more advanced treatments are characterized by two important features that
are absent from our introductory presentation here. First, they present results in
the context of manifolds, which generalize our use of domains in R™. This opens
up questions about the relationship of topology to Riemannian geometry, which
is a major subject of research that might be best illustrated by the (Riemannian-
geometric) proof of the famous Poincaré conjecture. Second, they present in far
greater depth the extent to which curvature determines, and is determined by, other
geometric properties of a Riemannian space. This line of study makes it possible to
make a strong claim that Riemannian geometry is the study of curvature, even more
so than the study of the Riemannian metric tensor.

We will not even list the many more advanced texts that are available. Beyond do
Carmo [13], we mention only the more recent Riemannian Geometry by Peterson
[34], which includes important and illustrative modern examples, and also presents,
to this author’s knowledge, the first systematic use of the formulation of the
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Riemannian connection in terms of the Lie and exterior derivatives that we have
used as Definition 5.3.2.

5.8 Exercises

5.1. Given the metrics g below defined on a subset U C R2, along with a
parameterized curve ¢ : I — U: (i) Write an explicit coordinate expression for
g; and (ii) set up integrals representing the g-lengths of the curve ¢, evaluating the
integral if possible. In these examples, go represents the standard Euclidean metric
structure on R? or R3, as appropriate.

@ U=R*g= 15557 ) 90 ¢ : [0,27] = U given by c(t) = (2cost, 2sint);
() U= {(z9)|2*+y* <r?}, g = ¢igo, where ¢1 : U — R? is given by

o1(u,v) = (u,v, V12 —u? — v2),

c:[0,27] — U given by c(t) = (% cost, 5 sint);
© U= {(u,v) |0<u<2m,0<v<7} g = ¢4go, where ¢ : U — R?is
given by
@a(u,v) = (rcosusinv, rsinusinv, r cosv),

c: (0,7m) = U given by c(t) = (¢,1).
5.2. Prove Proposition 5.2.1.
5.3. Let gg be the standard Euclidean metric tensor on R3, and let

2u 2v w402 -1
¢(u7v): 2 27 2 2’ 2 2 .
l+uw+ve ' 14+u*+ve 14+ur+wv

Give an explicit coordinate expression for ¢*go. (The map ¢ is an example of a
geometric construction known as stereographic projection; see Exercise 3.13. Note
that p(R?) = S\ {(0,0,1)}, where S C R3 is given by

S={(z,y,2)|2* +y* +2° =1},

is the sphere of radius one. The metric ¢ = ¢*g( can then be considered a metric on
¢(R?))

54. Let Xq,...,X, be smooth vector fields on a domain U C R™ such that at
each point p € U, the set {X1(p),..., X, (p)} forms a basis for T,U. Show that
there is a metric tensor g such that for p € U,

9(p)(Xi(p), X;(p)) = dij.
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5.5. Write the coordinate expressions for the gradient of a smooth function
according to the metrics given in Examples 5.1.5 through 5.1.8.

5.6. Write the coordinate expressions for the gradient of a smooth function
according to the metrics on R? given in Exercise 5.1. For each, include an explicit
description of the isomorphism in Proposition 5.1.9.

5.7. Use Propositions 4.7.16 and 4.7.22 to show that Koszul’s formula (5.3) is
equivalent to Eq. 5.2 of Definition 5.3.2.

5.8. Use the method of Example 5.3.6 to show that the Christoffel symbols for the
metric g of Example 5.2.5,

(o] = 1+ 4u? —duv
ST —duv 1+ 2]

are given by

4u 9 —4v

rN=—— =
B 4 42 + 4027 W7 4 42 + 402

F112:F122:F211:F221:07

—4u 9 4v

ny=— "  I=—"
227 1 A + 4027 T2 4 42 + 42

Then repeat the verification using the coordinate calculation of Proposition 5.3.3.

5.9. Show that the Christoffel symbols for the Poincaré metric g on the upper half-
plane U = {(z,y) | y > 0} described in Example 5.1.7,

1= [ 1e]

are given by
F111:07 F121:1/y7
Iy =Ty =-1/y, Ifh=1I5=0,
F212:O> F222:—1/y~

5.10. Let g be the metric tensor on R3 given in Example 5.1.8:

1 0 O
9] = |01+ 22z
0 « 1
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Show that the Christoffel symbols for g are given by

F111:F121:F131:0»

T 1— 22

F112:F211:07 F122:F221:§» F132:F231: 9
1 1 2 2 1 3 3 T
I3 =135 =0, F13:F31:§7 I :F?,l:*ia

F212:—$7 F222:F232:0>
1 1 1
F23:F32:—§,
F§3:F§3:F§3:0~

F223:F§2:F§3:F§’2:O,

5.11. For each of the metrics in Exercise 5.1, write explicitly the isomorphism 6y x
of Definition 5.3.2 for arbitrary vector fields X = X*.2 + X2 a% andY =Y'2 ¢

Y? a%' Then find V xY and write the corresponding Christoffel symbols.

5.12. Let By, ..., E, be vector fields on the standard Riemannian space (R"™, go)
such that at each point p € R™, {E1(p), ..., E,(p)} forms an orthonormal basis for
T,R" relative to gg. Show that the one-forms w;; defined in Exercise 4.13 satisfy,

for all vector fields V,
wij (V) = go(Vv E;, Ej).

In the notation of Exercise 4.13,
VvE; = (E;)«(V).

5.13. Let U C R? be a domain and let f : U — R be a smooth function. Let
S = ¢(U) be the geometric set described by the parameterization ¢ : U — R?
given by ¢(u,v) = (u,v, f(u,v)). Define g = ¢*gq as the pullback of the standard
Euclidean metric gg on R3.

(a) Show that g is given by
g= 1+ du@du+ (fuf,) du®dv+ (fufy,) dv@du+ (14 £2) dv® dv,

where f,, and f, are the respective partial derivatives of f.
(b) Let V be the Riemannian connection on U corresponding to g and suppose that

- -0 -0 - .0 ~ o O
_ w1 2 _y1 2
X_X8u+X Eee Y Y8u+Y g

are smooth vector fields on U. Show that
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ViV = F[}:ﬂq + (Hf(XY)> [f“} , (5.27)

where N2 = 1+ f2 + f2 and
Hf(X,)}) = fqulf/l +fqu1f/2 +fvuX2)71 +f'qu2f/2

is the Hessian of f interpreted as a quadratic form.
(c) Show that

[’111: N2 F121: Nz

iy =Ty = fu];[éuva Ity=1T% = fu]'VJ;uu’ (5.28)
fu'fvv fv'fvv
F212: Nz F222: N2

(d) Show that if X = ¢,(X) and Y = ¢,(Y), then the tangential directional
derivative (DxY")7 on S defined in Example 5.3.1 coincides with the image of
V Y under ¢,:
(DxY)r = ¢(VzY). (5.29)
5.14. Use Proposition 5.13 to compute the Christoffel symbols for the standard
metric ¢*go of the graphs in R of the following smooth functions (on appropriate
domains):

(@) f(u,v) =2u+ 3v;
®) flu,v) = Vu2 +v?

©) flu,v) =v1—u2—v2

5.15. Consider a parameterized curve ¢ : I — R? written as c(t) = (z(t), 2(t)),
whereby we envision R? as the zz-plane in R3. The surface of revolution obtained
by revolving the image of ¢ around the y-axis in R3 is parameterized by

o(t,u) = (z(t) cosu, z(t) sinu, z(t)).

(a) Write the coordinate expression for the metric ¢*gg, where g is the standard
Euclidean metric on R3.
(b) Compute the Christoffel symbols for the metric g in part (a).

5.16. Prove Theorem 5.3.14. Hint: Use Propositions 4.7.16, 4.7.22, and the fact that
V is torsion-free.

5.17. On the standard Riemannian space (R?,go), let X = (z,y, ). Compute
DX
T along the helix ¢ : R — R3 given by c(t) = (cost,sint,t).

5.18. On the Poincaré upper half-plane (U, g) of Example 5.4.3, let
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DX
Compute — along the curve ¢ : [0, 1] — U given by:

(a) c(t) = (¢, 1);

(b) c(t) = (t,1+1);

(c) ¢(t) = (cos(mt), 2 + sin(mt)).

5.19. Let (U, g) be the Riemannian space of Example 5.3.6. For the vector field
DX

X = (—v,u) on U, compute e along the curve ¢ : [0, 7] — U given by ¢(t) =

(cost,sint).

5.20. For the Riemannian space (U,g) of Exercise 5.19, compute the parallel

transport V' of the tangent vector v;, = (0,1) , € T),U along the curve ¢ : [0, 27] —

R? given by c(t) = (cost,sint), where p = ¢(0) = (1,0). Hint: To solve the

system of differential equations for V'(t) = (V(t), V?(t)), use the substitution

u = (cost)V! 4 (sint) V2.

5.21. Let (U, g) be the Poincaré upper half-plane, and for p = (1,0), consider
the tangent vector v, = (0, 1) » € TpU. Find the parallel transport of v, along

c:10,1] — R? given by c(t) = (t,t + 1).

5.22. Consider the unit sphere S? C R3 with the metric obtained by restricting
the metric go on R3. In other words, for v,, w, € T,(S?) C T,(R?), define
9(Vp,Wp) = go(vp, W), Let ¢ : I — S? be a parameterization of a great circle
with constant speed, i.e., go(¢(t), ¢(t)) = k for all ¢ € I. Show that ¢ is a geodesic
on S by computing V¢ as the tangential directional derivative as in Example 5.3.1.

5.23. Show that for the upper half-plane with the Poincaré metric of Example 5.1.7,
the vertical lines parameterized as c(t) = (z¢, yoe**) are geodesics (where k is any
constant), but the vertical lines parameterized by ¢ (t) = (zo, yo + t) are not.

5.24. For each of the metrics in Exercise 5.1, compute Rj212.

5.25. Compute the six independent components of curvature tensor

Ri212, R1313, Ra323, R1223, R1323, R1213

for the metric of Example 5.1.8. Refer to Exercise 5.10.

5.26. Consider the Riemannian space (R3, g), where ¢ is the metric described in
Example 5.5.15. As in that example, let Xy = 3% — x%. Compute the sectional
curvatures corresponding to the planes spanned by:
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5.27. Show that the Ricci curvature tensor is symmetric: For all vector fields X, Y,
Ric(X,Y) = Ric(Y, X).

5.28. All of the definitions of this chapter related to the covariant derivative, and
the different curvature tensors carry over to the case of pseudo-Riemannian metrics,
which are symmetric (0, 2)-tensor fields that are nondegenerate in the sense that if a
tangent vector X, satisfies g(X,,Y},) = O for all tangent vectors Y}, then X,, = 0,,.
Pseudo-Riemannian metrics may not be positive definite. Such tensors provide the
natural mathematical setting for general relativity. (For more information on pseudo-
Riemannian metrics, the reader may consult [25] or [32].)
Let U C R* be defined as

U={(r,¢,0,t) eR*|0<r <2GM,0< ¢ <, 0<0<2r},

where Gy and M are some physical constants. Consider the Schwarzschild metric
tensor

-1
g=— <1— 2G0M) dr @ dr —r* (d¢ @ d + sin® ¢df @ df)
T

2G M
+(1— Go )dt@dt.

r

Verify that the Ricci tensor Ric and the scalar curvature .S are both identically zero.
5.29. Verify the result of Example 5.5.9 using the method of Proposition 5.5.4.
5.30. Verify the result of Example 5.5.10 using Definitions 5.5.1 and 5.5.3.

5.31. For each of the metrics in Exercise 5.1, write the differential equations that
describe the Killing vector fields for the metric.

5.32. Show that X is a Killing vector field for the Riemannian space (U, g) if and
only if for all vector fields Y, Z on U,

9(VyvX,Z)+¢g(VzX,Y)=0.
5.33. Let (U, g;) be the Riemannian space of Example 5.6.12, i.e., U C R? is
given by

U={(u,v)]|0<u®+v*<1},
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and g1 = ¢} go, where go is the standard Euclidean metric on R?® and ¢ : U — R?
is given by
b1 (u,v) = (u,v,u* +v?).

For fixed 6 € [0,27],let ) : U — U be given by
Y(u,v) = (ucosf 4+ vsinf, —usinf + v cos ).
Show that + is an isometry of (U, g1). Interpret this result geometrically, with

respect to both U and S = ¢(U) C R?.

5.34. For a domain U C R?, let ¢ : U — R? be a regular parameterization with
component functions ¢(u,v) = (z(u,v),y(u,v), z(u,v)). Let x,, and x,, be the
vectors fields on R? defined by

o (0 v 0=
Xu(mwu)<8u78u’8u>7
B _/O0x Oy 0Oz
XU_¢*(6U)_<<%’811’<%>’

where 9, = % and 0, = 8% are the standard basis vector fields for TR?2.

For the standard Euclidean metric tensor gy on R3, define functions E, F,G : S —
Ron S =x(U) by

E= (¢*90)(aua 8u) = gO(XuaXu)z

F= (¢*90)(8ua av) = gO(XuaXU)7

G = (¢"90) (0, 0p) = go(Xv-Xy).

Finally, define vector fields E1, E2 on U by

1
VEVD

B = Oy, FEo= (=Fo, + E0,),

1
VE
where D = EG — F?.

(a) Show that {E';, F} is an orthonormal frame of vector fields on U (in the sense
of Exercise 4.13; see also Exercise 5.12) relative to the metric tensor g = ¢*go.

(b) Again referring to Exercise 4.13, compute the one-forms €1, €2, and wi2. In this
context, wio is defined to be the one-form on U

w12(V) = go((E1)«(V), E2),
where (E1 ). is the tangent map of ¢, Ey : U — R3.

(c) Let V be the Riemannian connection on U associated to the metric tensor g =
¢* go. Show that for all vector fields X on U,
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9(VxE1, Ey) = wia(X).

(d) Show that the Gaussian curvature K of g = ¢*gq is given by

P [8<FEU—EGM> 8(2EFU—FEU—EEU)]
~ 2v/D | 0u EVD o EVD ’

where E,, represents 0, [F], etc.
(e) Show that dwis = —Keq A g9, where K is the Gaussian curvature described in
part (d).
5.35. Continuing Exercise 5.34, de~ﬁne El = ¢, Fn, Eg = ¢, F5 as vector fields
on the surface S = ¢(U). Define E; to be a vector field on R? for which at each
point p € S, {El (p), Es (p), Es (p)} is an orthonormal basis for T}, R? relative to

the standard Euclidean metric go. For example, using the standard cross product in
R?3, we could define F5 = F; x Es.

(a) Let €1, €9, 3 be the corresponding one-forms on S C R?, ie., g; = i(Ei)go.
Show that v,, € T,,S if and only if 3(p)(v,) = 0. In particular, ¢*e3 = 0.
(b) Define the attitude matrix A = [a;;] relative to the orthonormal frame

{El, Eg, E3} to be the 3 x 3 matrix of smooth functions a;; : U — R, where

E, = aufa + amg + a13g,
ox dy 0z
Ey = 0212 + 11222 + 02327
ox oy 0z
E3 a317— + asz + a332-
0 1o} 0z

Further, let dA be the 3 x 3 matrix of one-forms on U, [dA], ;= da;;. Let w be

defined as the formal matrix product w = (dA)A” and let w;; = [w]; ;- Show
that wj; = —w;; and that w;; satisfy Cartan’s structural equations in a manner
exactly as in Exercise 4.13.

(c) Verify that w1 agrees with the form of the same name in the previous exercise.

5.36. Let {El,EQ,Eg} be the orthonormal frame adapted to a parameterized

surface S = ¢(U) C R? as in the previous example, with associated one-forms
{€1,€2,e3} and w;; for ¢, j = 1,2, 3. Show that for all vector fields V on S,

3
VVEZ‘ = Z wij(V)Ej,
j=1
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where V is the Riemannian connection associated with gg. (For this reason, the
forms w;; are called the connection forms associated to the orthonormal frame

{E17E2,E3}-)
5.37. For a parameterized surface S = ¢(U) C R? with the adapted orthonormal
frame {El, Es, Eg}, define the map N : T'S — T'S by

N(V)= vVES = W13(V)E1 + WQS(V)E27

where V' is a vector field on S. The map N is known as the shape map associated to
the parameterization of .S.
(a) Show that N is a linear transformation.
(b) Show that for vector fields V, W on S,
go(N(V), W) = go(V, N(W)).

(c) Show thatdet(N) = K, where as in Exercise 5.34, K is the Gaussian curvature
of S.



Chapter 6
Contact Geometry

Despite the effort that might be required to master the constructions of the previous
chapter, the core concerns of Riemannian geometry are traditional ones: length,
angles, curvature, etc. Indeed, the way we view the underlying set of spatial “points”
in Riemannian geometry is not much different from the way that Euclid described
them over one thousand years ago.

The development of projective geometry in the nineteenth century challenged
that view of spatial points. Ideas like “points at infinity” and “lines as points”
ultimately put an end to the centuries-long efforts to deduce Euclid’s fifth postulate
from the other axioms. The freedom to consider “points” as objects more general
than spatial objects was one of the main conceptual developments that opened the
door to modern geometries, and to contact geometry in particular.

Another development that paved the way for new, non-Euclidean geometries like
contact geometry was the line of work initiated by Felix Klein in his 1872 Erlangen
program. According to Klein, the proper objects and relations of geometry were
those that remained invariant under a given collection of transformations. Euclidean
geometry, for example, was the study of those objects that are preserved under the
set of translations, rotations, and reflections. Klein’s perspective, combined with So-
phus Lie’s 1890 use of “contact transformations” for the study of partial differential
equations, gave further impetus to the modern theory of contact geometry.

Contact geometry slowly emerged as its own distinct field of study beginning in
the 1950s. It experienced a surge of attention in the 1990s thanks to developments in
other areas of mathematical research. The first textbook on contact geometry at the
graduate level, by Hansjorg Geiges [19], was published only in 2008. Nevertheless,
key ideas of contact geometry can be seen as early as Huygens’ 1690 formulation of
geometric optics. Enthusiasts cite geometer V.I. Arnold’s claim, “Contact geometry
is all geometry.”!

'Quoted in H. Geiges, An Introduction to Contact Topology, Cambridge University Press, New
York, 2008, p. ix.

A. Mclnerney, First Steps in Differential Geometry: Riemannian, Contact, Symplectic, 271
Undergraduate Texts in Mathematics, DOI 10.1007/978-1-4614-7732-7_6,
© Springer Science+Business Media New York 2013
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We begin this chapter with two expositions of topics in which contact geometry
provides a natural setting, the first in physics and the second in mathematics. We do
this with the understanding that the reader will undoubtedly be less familiar with the
basic concepts in play, and we hope that the expositions will motivate and justify
later definitions.

Our presentation of contact geometry then proceeds in a manner parallel to the
previous chapter’s presentation of Riemannian geometry. The structure tensor of
contact geometry, the contact form, will be a nondegenerate differential one-form.
After introducing this form, we identify the objects that arise naturally from the
definition of the contact form. We note from the outset, however, that the proper
object of study in contact geometry is not the contact form itself, but the associated
contact hyperplane. The consequences of this sentence will be seen throughout the
chapter, most notably in the definition of the structure-preserving transformations,
the contact diffeomorphisms.

One important difference between contact geometry and Riemannian geometry
is the fact that all contact structures are “locally the same.” This is the content
of Darboux’s theorem, which we present in its own section. For the field as
a whole, this has the consequence of putting a far greater weight on topology
than on calculus-based techniques like those presented in the previous chapter.
Natural questions include, for example, establishing which topological spaces (or
manifolds) can support a contact structure. These questions are outside the scope of
this text. We will try to compensate, however, by introducing special geometric sets,
Legendre sets, which are interesting in their own right.

Finally, we note that for ease of exposition, most of this chapter will be situated
in R3, although, as we have already indicated, we might not always be envisioning
R? in the familiar way as a set of points in space. In the last section of this chapter,
we will indicate how the definitions translate to higher (odd!) dimensions.

6.1 Motivation I: Huygens’ Principle and Contact Elements

One of the fundamental goals of classical physics is to describe a physical theory
of light. The competing “particle theories” and “wave theories” of light, and the
way in which these conflicting theories were harmonized by Maxwell’s theory of
electromagnetism (and later further refined by theories of quantum electrodynamics)
is a dramatic story that is properly told in a first course in electricity and magnetism.
One of the early attempts to formulate a theory of light and the associated physical
phenomena of reflection and refraction was carried out by Christiaan Huygens in
his 1690 text Treatise on Light. In this section, we give a brief outline of his model,
although in modern terminology. This is an instance of what is generally known
as geometric optics. In so doing, we show how basic concepts of contact geometry
have a natural role in setting up a mathematical model for Huygens’ principle.
Huygens’ description of the propagation of light begins with a model of a point
source emitting light rays that travel through the “ether” at finite (but very high)
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Fig. 6.1 Illustrations from a 1912 edition of Huygens’ Treatise on Light (University of Chicago
Press, tr. Silvanus Thompson).

speed. An “elementary wave” consists of all points that would be reached by all
rays emitted from a single point source in some fixed time. Geometrically, assuming
that the medium permitted constant speed for light rays, an elementary ray would
be represented by a sphere whose center was the point source.

More important for his later explanations of reflection and refraction, Huygens
made the further assumption that each point on the wave becomes, in turn, a
new point source for further elementary waves. His original rationale for this
assumption was based on the analogy of a billiard ball transmitting momentum to
neighboring balls.

Moreover, since the speed of the light rays from the secondary source wave
was the same as that of the original elementary wave, the secondary wave should,
in Huygens’ terminology, be “touching” (i.e., tangent to) the original elementary
wave. In geometric language that we will make more precise below, a light wave
propagates in such a way that the resultant wave at time ¢ty + At is obtained as
the envelope of elementary waves obtained from points on the wave at time ¢y. See
Fig.6.1.

Here is a summary of Huygens’ ideas in geometric terminology, following the
exposition by Geiges [17, 18]:

HUYGENS’ PRINCIPLE: Every point of a wave is the source of an elementary wave. The
wavefront at a later time is the envelope of these elementary waves.

Our goal in the remainder of this section is to provide a mathematical framework
for Huygens’ principle. We begin using the language of vector calculus. Then,
defining “points” differently, we will rework the formulation in a way that introduces
some key elements of contact geometry. Throughout this section, we illustrate the
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Fig. 6.2 The wavefront map ¢,..

concepts by describing plane waves, which we describe as curves in R?. Elementary
waves, then, will be circles instead of spheres.

Let the initial wavefront be described by a curve Cy C R?2, which we will
assume to be smoothly parameterized by p : I — R? with components p(t) =
(p1(t), p2(t)). Moreover, for each p(t) € Co, let Sy, be a circle (“elementary
wave”) centered at p(¢) with radius r, with r representing the distance traveled by
a light ray in some fixed time. Let W, represent the collection of all such circles
Sp(t),r’ where t € I.

Definition 6.1.1. The envelope C, of the set W, described in the preceding
paragraph is a curve in R? satisfying the following properties:

* Each point q € C. is a point on exactly one circle Sp(y),,, i.€., for each q € C;,
there exists a unique p(t) € Cp such that q € Sy .

* The tangent line to C;. at q coincides with the tangent line to Sy, at g, where
qc Sp(t),r-

We will assume the existence of such envelopes for the remainder of this
discussion.
Our goal is to express Huygens’ principle by means of a diffeomorphism

ér : R? » R?,

where > 0 is a given distance. This diffeomorphism will describe the evolution
of the wavefront in the following sense: For a wavefront C, the evolution of Cj
through a distance r will be given by C, = ¢,(Cp), and points p(t) € Cp are
mapped to the corresponding point q = ¢,.(p(t)) € C,. To do this, note that
the same parameter ¢ used to parameterize Cj can be used to parameterize C,.,
writing q(t) = (q1(t), g2(t)) as the unique point on C, such that q(t) € Sp),,-
See Fig. 6.2. We make the nontrivial assumption that the parameterization q(¢) is
smooth—an assumption that can easily be false in general envelope constructions.
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In this framework, then, the two conditions of Definition 6.1.1 can be formulated
using vector calculus notation as

(a(t) — p(t) - (a(t) — p(t) = r?, (6.1)

q'(t) - (at) - p(t)) =0. (6.2)

Equation (6.1) expresses the fact that q(¢) lies on the circle with center p(¢) and
radius r. Equation (6.2) expresses the fact that the tangent vector q'(t) to C,. is
perpendicular to the radial vector q(¢) — p(t) for all ¢, and hence tangent also to the
circle Sp (1) -

Differentiating Eq. (6.1) yields

which together with Eq. (6.2) implies that

p'(t) - (a(t) — p(t)) = 0.

In components, this is written

P (g1 — p1) + (g2 — p2) = 0.

For convenience, we assume for the moment that p/ (¢) # 0 for all ¢, so we can write

@ —p1 = —m(q2 — p2), (6.3)

where m(t) = p,(t)/p) (t) is the slope of the tangent line to Cy at p(t).
Substituting Eq. (6.3) into (6.1) and solving for (g2 — p2)? yields
o 17

((12 —Pz) = m’

or, choosing the positive square root for specificity,

= —|— .
q2 = P2 12
This along with Eq. (6.3) implies that
B mr
q1 =D1 Jitme

The preceding discussion shows how the conditions of Huygens’ principle
translate into the fact that the map
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¢r(p1,p2) = (Pl (6.4)

mr r
a \/1—|—m2’p2+ \/1—|—m2>

maps points p = (p1,p2) € Cy to points q = ¢,.(p) € C,.

The problem with the map ¢, so defined is that it does not depend on p =
(p1,p2) alone. The quantity we have labeled m depends not just on the point p(t)
but also on the parameterization p : I — R?Z. In order to address this problem, we
introduce a new setting for describing wavefronts: the set of “contact elements.”

Definition 6.1.2. A contact element in R? is a pair (P, {) consisting of a point
P € R? along with a nonvertical line ¢ C R? such that P € £. The set of all contact
elements in R? will be denoted by CR2.

There is a standard system of coordinates for CR?, namely,
CR? = {(z,y,m) | (z,y) € R*, m e R},

where the ordered triple (x,y, m) corresponds to the contact element (P, £), with
m the slope of the line ¢ through P = (z,y). Hence as a set, CR? is the same as
R3. In particular, we can consider 7,,(CR?) = T,(R3) for all p = (x,y,m). We
maintain the notational distinction in order to emphasize that we are not envisioning
“points” in CR? as spatial points in the same way that we traditionally view points
in R3. See Fig. 6.3.

Every smooth curve ¢ : I — R? with nowhere-vertical tangent line gives rise to
acurve ¢ : I — CR? as follows: For all ¢t € I, define

where ¢(t) = (z(t),y(t)) and ‘
mit) = y(t)

is the slope of the tangent line to ¢(I) at the point c(t) = (x(t),y(t)). We will call
the curve ¢ the lift of ¢ to CR2.

Suppose that the images of two curves ¢; : I; — R? and ¢y : I, — R? intersect
at a point P € R2. The images of the corresponding lifts ¢;, ¢ intersect in CR?
only when the images of ¢; and c2 have a common tangent line £ at P. In that case,
¢y and ¢y are said to be “in contact” (to first order) at p, whence the name ‘“contact
elements”.

Not every curve in CR? can be considered the lift of a curve in R2. In fact, a
necessary and sufficient condition for a curve v : I — CR? given by components
y(t) = (z(t),y(t),m(t)) to be the lift of a curve ¢ : I — R? is that for all ¢,

again under the assumption that & (¢) # 0 for all ¢.
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Fig. 6.3 Contact elements and curves in CR?2.

The above discussion can be framed nicely in the language of differential forms.
With the standard coordinates (z,y,m) on CR?, consider the special differential
one-form

a=dy —mdzx.

At each point p = (z,y,m) € CR?, a(p) defines a vector subspace E, C
T,(CR?):

B, = kera(p) = {v, € T,(CR?) | a(p)(v,) = 0}

see Fig. 6.4.
In this terminology, we can rephrase the condition for «y to be the lift of a curve
in R? as follows:

Proposition 6.1.3. Let v : I — CR? be a curve in CR?, with ~(t) =
(x(t),y(t),m(t)) and &(t) # 0 forallt € I. Consider the one-form o = dy — mdx
on CR?, whose kernel we denote by E,, = ker a(p). Then 7 is the lift of a curve c
in R? if and only if ¥(t) € E, ) forallt € I. Equivalently, vy is the lift of a curve c
if and only if v*a = 0.

For this reason, we now consider a wavefrontin CR2 tobe acurve y : I — CR?
that is the lift of a curve ¢ : I — R2.

Returning to our effort to express Huygens’ principle in terms of a diffeomor-
phism, we see that the proper setting for the wavefront map ¢, above is as a map

¢r : CR? = CR2.
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m

m=3

—a

Fig. 6.4 Bases for the subspaces E = ker ap.

Proposition 6.1.4. The map ¢, : CR?> — CR? given by

¢T(Iayam) = <CC— m7y+ram)
V1+m? V1+m?

is a diffeomorphism.
Proof. See Exercise 3.22. a

In the framework we have been developing, the most important property of ¢, is
expressed in the following proposition.

Proposition 6.1.5. Let ¢, : CR?2 — CR? be the diffeomorphism of Proposi-
tion 6.1.4, and let o = dy — mdx be the special one-form from Proposition 6.1.3.
Then

pra = a.
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Proof.

(b:oz:d(y—i—r)—md(ac—m)
e Ve

rm r
= (dy T AL m2) dm) -m <d:z: T Armoe dm)

= dy — mdx
=a. a

An immediate consequence of Proposition 6.1.5 is the following statement.

Corollary 6.1.6. Suppose vy : I — CRZ2 is a wavefront. Then v, = ¢, 0~y is also
a wavefront. In other words, ¢, maps wavefronts to wavefronts.

Proof. We assume that g is the lift of a curve in R?, so by Proposition 6.1.3 we
have vja = 0 for the one-form o = dy — mdzx. But then

(¢r 070) =Yg
= by Proposition 6.1.5
=0.

Hence, again by Proposition 6.1.3, . is the lift of a curve on R2. O

We conclude this section by highlighting the role of the special differential form
« in the formulation of Huygens’ principle in the setting of contact elements. First,
the one-form « allows us to distinguish which curves in CR? represent wavefronts.
The fact that the diffeomorphism ¢, constructed according to the requirements of
Huygens’ principle has the property that ¢, preserves « thus translates into the fact
that ¢, transforms wavefronts into wavefronts, and so describes a model for the
propagation of light.

6.2 Motivation II: Differential Equations and Contact
Elements

In the previous section, we saw how the set of contact elements provides a setting for
a geometric description of Huygens’ principle for the propagation of light. Huygens
did not use the mathematical framework of contact elements. The first place that the
set of contact elements (“lineal elements”) was used explicitly was in Sophus Lie’s
work in the late nineteenth century. Much of Lie’s work can be seen as an attempt
to use geometric and algebraic techniques for analyzing problems in differential
equations. In this section, we present some of these ideas in the context of solving
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(2m,1,0) (7/2,0,—1)

Fig. 6.5 The image of the one-jet of the function u : R — R given by u(t) = cost.

first-order ordinary differential equations, although our treatment really derives from
methods designed for first-order partial differential equations. We will return to this
more general setting at the end of the chapter.

Consider for the sake of illustration the initial value problem of finding solutions
u : R — R to the ordinary differential equation

Qu—tiu' =u—t, u(0)=1, (6.5)

where u is considered a function of the independent variable ¢. The reader is
invited to review which methods encountered in an elementary course in ordinary
differential equations might be applied to solve this equation. Our goal is to
formulate a different approach to this ordinary differential equation by recasting
it in the setting of contact elements.

Recall that a curve ¢ : I — R? gives rise to a lift & : I — CR? defined by

&(t) = (z(1),y(t), m(t)), where c(t) = (x(t), y(t)) and

(provided, of course, that i:(t) # 0 for ¢t € I). In the same way, a smooth real-valued
function u : R — R gives rise to a curve % : R — CR? as follows:

a(t) = (&, u(t), u'(t)) .

The parameterized curve u is called the one-jet of the function u. The one-jet can
be thought of as the graph of u in the set of contact elements. See Fig. 6.5.
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Note that u*«a = 0 for the special one-form a = dy — mdx. The partial
converse of this statement is slightly more involved than what was encountered in
Proposition 6.1.3.

Proposition 6.2.1. Let ¢ : I — CR? be a smooth curve in CR?,

satisfying c*a = 0, where o = dy — mdx. Suppose further that there is sy € 1
such that z(so) # 0. Then there exist an interval I; containing x(so) and a function
g : I — R such that the image of the one-jet § : I, — CR? coincides with the
image of ¢ : Iy — CR? on some subinterval Iy of I.

Proof. Let Iy C I be an interval containing sg such that (s) # 0 for all s € Iy, so
that the function z is monotone on /. By the one-dimensional version of the inverse
function theorem, x is invertible on Iy: There exist an interval I; containing x(s)
and a one-to-one, onto function x : Iy — Ij such that (y o z)(s) = sforall s € I
and (x o x)(t) =tforallt € I.

Define g : I1 — R by g(t) = (y o x)(t). Note that for each ¢ € Iy, there is
s = x(t) € Iy such that z(s) = t. Further,

=m(s) since ¢*a = 0.

All this together shows that the image of the one-jet § : I; — CR? with component
functions g(t) = (¢, g(t), ¢’ (t)) coincides with the image of ¢ : I — CR? given
by c(s) = (z(s),y(s),m(s)). In fact, co x = g. O

Consider now a first-order ordinary differential equation of the form
F(t,u,u") =0, (6.6)
where we consider ' : CR? — R to be a smooth real-valued function.
Equation (6.5) at the outset of this section is an example of such an ordinary
differential equation, with

Fa,y,m) = (2y — a)m +z — .

We will say that a function v : I — R is a solution to the ordinary differential
equation Eq. (6.6) if the graph of the one-jet u of w lies on the level set
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m

Fig. 6.6 The surface Sr in CR? = R3 when F(z,y,m) = 2y —z)m +z — y.

Sp={(z,y, m) € CR? | F(x,y,m ) =0},

or equivalently, if F' o & = 0. In other words, u is a solution to Eq. (6.6) if @ is a
parameterized curve on the geometric set Sg.

An initial condition of the form u(tg) = wug corresponds to the statement
that the graph of the one-jet @ also intersects the line in CR? given by
{(z,y,m) | = to,y = up}. In our model example, the initial condition u(0) = 1,
combined with the condition that F(x,y,m) = 0, together amount to the
requirement that (0,1, 1/2) € Image(@). See Fig. 6.6.

Having described a first-order ordinary differential equation as a two-
dimensional level set in the three-dimensional space of contact elements CR?, we
will now outline a geometric technique to solve the ordinary differential equation.
The solution, which as we have seen above will be viewed as a curve in CR?,
will be obtained by means of the existence theorem for systems of ordinary
differential equations in the guise of integrating a particular vector field, called
the characteristic vector field. After outlining the method, known as the method of
characteristics, we will then adjust the method according to a technique developed
by Lie.

In order to employ this method in the setting described above, we must assume
that the one-forms o = dy — mdx and dF are linearly independent at all points
of the level set Sg. The reader can verify that for (x,y, m) € Sp, this condition is
satisfied when either F,, # 0 or F, # —mF,, where F,, F;, and F,, are the partial
derivatives with respect to the indicated variables. This condition ensures that at
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Fig. 6.7 The characteristic vector field X .

each point p = (z,y,m) of Sp, the tangent plane 7,,Sr C T,CR? intersects the
plane E, C T,CR? defined by

E, =kera(p) ={Y, € T,CR? | a(p)(Y,) = 0}

in a one-dimensional subspace of T,CR? for all p € Sp.

Definition 6.2.2. Let F' : CR? — R be a smooth function and let Sy be the level
set {F' = 0} subject to the assumption that o and dF are linearly independent for all
p € Sp. Define Xp = <X X2 X 13;> to be the vector field uniquely determined
by the following three conditions:

« a(Xp) =0;
« dF(Xp) =0;
s XL=-F,

In coordinates, ~
Xp = (—Fp,—mF,,, F, + mF,).

The field X5 is called the characteristic vector field associated with the func-
tion F. See Fig.6.7.

The assumption that dF' and « are independent at each p € S ensures that the
vector field X - is nowhere zero, and hence spans the vector subspace Tj, Sy N E,,.
The third condition in Definition 6.2.2 is a normalization condition that ensures that
Xpis unique.
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Theorem 6.2.3. With F, Xp, and Sr as in Definition 6.2.2, let ¢ : I — CR?
described as c(s) = (2(s),y(s), m(s)) be the integral curve of X p through a point
¢(0) = (xo,y0,m0) € Sp. Then there is an interval Iy such that the function
u : I1 — R defined by u(t) = (y o x)(t) is a solution of the initial value
problem described by F(t,u,u') = 0 and u(xg) = yo. Here, as in the proof of
Proposition 6.2.1, x o x = Id.

Proof. Most of the work has already been expended in the constructions. By the
chain rule,

d OF der OFdy OF dm
as P = 5ot oy s T omas

= dF(Xp) since ¢ is an integral curve of Xp

=0, by the definition of Xp.
Hence F' is constant along ¢, and so
F(c(s)) = F(c(0)) = F(zo,y0, mo) = 0,

since ¢(0) € Sp.

Further, the condition that a(X ) = 0 is equivalent to c*o = 0, which by
Proposition 6.2.1 implies that ¢ coincides, up to reparameterization, with the lift of
a function v = y o x. Hence w represents a solution to the ordinary differential
equation Eq. (6.6) satisfying the initial condition u(xg) = yo. O

Theorem 6.2.3 summarizes what is called the method of characteristics: In
order to find solutions of a differential equation, find the integral curves of the
corresponding characteristic vector field. Lie adapted the method by exploiting the
fact that S is not just any level set, but the zero level set.

Proposition 6.2.4. Let Xp be the characteristic vector field associated to the
smooth function F' as above. Define a new vector field Xr as follows: Xp =
Xp+ Fo,, or in coordinates, Xp = (—F,,,F —mF,,, F; + mF,). Then the
integral curve of X g through a point p € S agrees with the integral curve of Xp
through p.

Proof. According to the proof of Theorem 6.2.3, F' = 0 along the integral curves
¢ of Xr. However, at all points p € Sp, we have Xr(p) = Xr(p). So by the

uniqueness of flows, the integral curves c of X and ¢ of X through a pointp € Sp
must coincide. O

The vector field X defined in Proposition 6.2.4 will be called the Lie charac-
teristic vector field of F.

One of the goals of this chapter will be to recast the results of this section into
the language of contact geometry, including the geometric distinction between the
characteristic vector field X 7 and the Lie characteristic field X . We only point out
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here that for the purposes of solving ordinary differential equations, it is often easier
to integrate to obtain the flow lines of Xz than to obtain those of X .

Example 6.2.5. We employ the method of characteristics to solve the initial value
problem (6.5). Recall that the corresponding smooth function F' : CR? — R is

F(x,y,m)= 2y —x)m+z —y.
Hence the characteristic vector field is given by
Xp = <:v — 2y, (z — 2y)m, 2m? — 2m + 1>,
while the Lie characteristic field for F' is given by
Xp = <x—2y,x—y,2m2 —2m+1>.
Note that the system of ordinary differential equations associated to finding the
integral curves of X decouples into a linear system of first-order equations in

x and y, along with a separable ordinary differential equation involving only the
dependent variable m:

ds :x_2y7

d;

dfz‘; =Tr—Y,

%‘ =2m? —2m + 1.

Using the standard techniques for solving first-order linear systems of ordinary
differential equations, the reader can verify that

((s),y(s)) = (—2sin s, cos s —sin s)
satisfies the first two equations with the initial conditions
(x(0),5(0)) = (0,1).

We could now proceed to solve the third equation for m. However, we already
have enough information to solve the differential equation (6.5). After all, writing

t =x(s) = —2sins,

we obtain s(t) = sin~!(—t/2) on the interval I; = (—2,2) (s(t) is what we called
X (t) in the discussion above), so by Proposition 6.2.1,

Va4 —t?

+

[N}
N | =+

u(t) = y(s(t))

is a solution to the differential equation
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2u—t)yu' =u—1t, u(0)=1.

As mentioned, the third equation in this case was superfluous to solving the
y'(s)
a'(s)
both the third differential equation arising from the characteristic vector field and
m'(s) = u'(t), where t = —2sin s.

satisfies

differential equation. We leave it as an exercise to verify that m(s) =

As we have mentioned, the importance of the method of characteristics cannot
be fully appreciated in the setting of ordinary differential equations. We will later
show its full power in the setting of first-order partial differential equations. We have
presented the method in this context only to show how the set of contact elements
provides a natural setting for first-order differential equations—Lie’s main interest
in initially taking the first formal steps in contact geometry. As in Sect. 6.1, the
reader will take note of the role played by a special one-form «. The special one-
form is just one of several basic objects of contact geometry that are already in play
in the method of characteristics.

6.3 Basic Concepts

Having spent the prior two sections showcasing what might be called the first
example of a “contact space,” the set of contact elements, we turn to the general
setting. In the course of doing so, we will have a chance to look back and see several
of the objects we have encountered so far during the motivations in a more general
setting.

In this section, as mentioned in the introduction to this chapter, we will work
only in R3, although we may be picturing it differently—for example as CR?, the
set of contact elements. All of the definitions and theorems generalize to higher
dimensions, which will be the subject of the final section.

The primary object of study in contact geometry is a plane field £ C TR? with
certain properties that we will detail below. The reader can keep in mind the role that
E = ker « played in the description of wavefronts in our formulation of Huygens’
principle and again in the method of characteristics.

A plane field, which we briefly encountered in Chap.6 in our discussion of
sectional curvature, is defined to be a smoothly varying family of two-dimensional
subspaces F,, C TpR3, smooth in the sense that there are smooth vector fields X, Y
such that for all p € R?, {X(p),Y (p)} is a basis for E,. A plane field on R? can
also be described, however, as the kernel of a nowhere-zero one-form. In fact, in
this chapter we will consider only plane fields of this type. So given a plane field
E c TR?, we will assume that there is a smooth, nowhere-zero one-form « such
that for all p € R3,

E, ={X, € T,R® | a(p)(X,) =0} .
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Note that o does not uniquely describe the plane field E. In fact, for any nowhere-
zero function f : R?® — R, ker o = ker(fa).

Definition 6.3.1. A contact form on R? is a one-form o on R? that is nondegener-
ate in the following sense: For all p € R3,

ap N day # 0,

i.e., for any basis {X,,Y,,Z,} C T,R?, we have (a;, A day,) (X, Yy, Zp) # 0.
The contact distribution E,, associated to « is the plane field defined by E,, = ker a.

We will illustrate the significance of the nondegeneracy condition repeatedly
throughout the chapter.

In analogy with Definition 5.1.2, we say that a domain U with a contact form « is
a contact space, which we write (U, «). In this chapter, we will almost exclusively
consider U = R3 or, in the last section, U = R2"t1,

We will now turn to some examples.

Example 6.3.2. Consider R? with the usual coordinates (z,y, z). Let
ap = xdy + dz.
We will call o the standard contact form on R3. Note that doy = dx A dy, and so
ag Ndag =dz ANdy Ndz,

the standard volume three-form on R3.
The contact distribution is seen to be

Eo={(X' X% X% | X? = —2X?},
which has as a basis, for example, the vector fields

{(1,0,0),(0,1,—z)} .
See Fig. 6.8.

Example 6.3.3. The set of contact elements CR? can be considered the set R3
with coordinates (x,y,m). The special one-form that we encountered in the first
two sections,

a1 = dy — mdz,

is a contact form, since a; A day = —dx A dy A dm. The corresponding contact
distribution is given by
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Fig. 6.8 The contact distribution for the standard contact structure induced by ayg.

By ={(X' X% X% | X? =mX'}

with basis {(1,m,0),(0,0,1)}.

In this setting, we can rephrase Proposition 6.1.3 as saying that a parameterized
curve ¢ : I — R3 is the lift of a curve in R? if and only if ¢(¢) is in the contact
distribution for all ¢ € I. We also note that the characteristic vector field X rofa
smooth function F' : R? — R (see Definition 6.2.2) satisfies X (p) € (E1), for
all p € R2.

Example 6.3.4. Define
oy = dz + xdy — ydzx.

Since as A dag = 2dx A dy A dz, as s a contact form with contact distribution Fo
spanned by the vector fields V; = (1,0, y) and V2 = (0,1, —x).

Example 6.3.5. Let az = (cos z)dx + (sin z)dy. We have
dag = (sin z)dx A dz — (cos z)dy A dz,
$0

ag Ndaz = —dx Ndy Ndz,

and hence a3 is a contact form. The contact distribution E7 is spanned by the vector
fields
{(0,0,1),(—sinz,cosz,0)} .
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Example 6.3.6. Consider the one-form on R3 expressed in cylindrical coordi-
nates as
oy =cosT dz + rsinr db,

where as usual, 72 = 2%2+4y? and tan § = y/x. There are issues with the smoothness
of a4 that are masked somewhat by the cylindrical coordinates, in particular along
the z-axis (when r = 0). Explicitly, we have

_ —ydr+axdy

do =

)

and so, written in rectangular coordinates,

sinr

a4:cos7‘dz+( >(—yd:c+1:dy),

doy = (W) dx Ndz — (ysmr) dy Ndz + (cosr—i— W) dx A dy.
T r T

. S sinr
In order to address the differentiability issues when r = 0, we can replace —
r

with
sinr - if e >0,
r)= T
1(r) {1 ifr =0.

It is an exercise in calculus to show that f is not only continuous (from the right) at

r = 0, but also differentiable (from the right) at » = 0. Although we will continue

to write 4 in terms of S“%, we will in fact mean f, and so ay is differentiable.
The calculations above show that

oy A\ doy = (l—i—cosr-w)dx/\dy/\dz,
r

which is nowhere zero, and so a4 is a contact form. The contact distribution E, is
spanned by the vector fields

{(cosr)ag; +y (512T> Dz, (cosT)0y — (SiM) az} 5

or in cylindrical coordinates,

{0, (cosT)0p — (rsinr)d,} .

We will have many occasions to return to these examples throughout this chapter
and in the exercises. For the rest of the section, though, we will investigate the
meaning and some of the implications of the nondegeneracy condition for a contact
form.
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The differential form o A da, as a three-form on R2, must be of the form fdV/,
where dV is a basis three-form for the one-dimensional vector space A(R?), for
example dx A dy A dz. Hence the nondegeneracy condition a A da # 0 implies that
a A da differs from dV by a factor of a nowhere-zero function f. For this reason,
a A do may be regarded as a “volume form” on R? when « is nondegenerate.

Referring to a fixed volume form dV/, it is possible to classify « as “positive”
or “negative” according to whether the corresponding f is everywhere positive or
everywhere negative. For example, relative to the standard volume form dx AdyAdz
on R?3, the contact forms in Examples 6.3.3 and 6.3.5 are negative, while those in
Examples 6.3.4 and 6.3.6 are positive. In fact, in R3, being positive or negative
depends only on the contact distribution E': For any nowhere-zero function g, the
reader can check that the forms « and ga are either both positive or both negative.

These preliminary comments on the nondegeneracy condition have had an
algebraic character. We now turn to the more geometric side of the condition. In
particular, we will discuss the meaning of the nondegeneracy condition of o from
the perspective of the contact distribution F,,. To do so, we turn to the question of
“integrating” a plane field.

Consider first the example of a smooth function F' : R3 — R. Assuming that
dF(p) # 0 for all p € R?, the function F' defines a plane field Er on R? in a
natural way: For any p € R3, let S, be the level surface of F' through p, and let
Er(p) =T,S, C T,R?. In fact, Er = ker dF.

This example raises the following question: Starting with an arbitrary smooth
plane field E C TRS3, is there a smooth function F : R?> — R such that £ =
ker dF at each point p € R3? If so, E can be considered to be tangent to the level
sets of F', and F is said to be integrable (also called completely integrable). The
terminology comes from the analogy of “integrating” a one-form dF’ to obtain the
function F'. Indeed, the question is directly analogous to “integrating” a vector field
(a “line field”) to obtain integral curves.

The answer to the question of the preceding paragraph is given by Frobenius’s
theorem. For the sake of the statement of the theorem we define a k-dimensional
distribution E C TR"™ (kK < n) to be a smoothly varying k-dimensional
subspace of the tangent space. We can think of a k-dimensional distribution as the
subspace spanned by k smoothly varying vector fields X7, ..., X} that are linearly
independent at each point.

Theorem 6.3.7 (Frobenius). Let E be a k-dimensional distribution in R™ with
the property that for all p € R™ and X,,,Y,, € E,, we have [X,,,Y,| € E,. Then E
is locally integrable in the following sense: For each p € R", there exist a domain
U, C R¥ and a smooth regular parameterization ¢ : U, — R™ such that p €
S = ¢(U,) and such that for all ¢ € S, E, = T,S. Moreover, there exist a domain
V, C R™ containing p and a smooth function F : V,, — R"~* such that SNV, =
F~1(0).

Conversely, if E is integrable, then for all p € R"™ and all vector fields X,Y
such that X,,,Y,, € E, forallp € R", [X,,,Y,] € E,.
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A plane field E with the property that [X,Y] € E for all X,Y € E is called
involutive. As a consequence of Frobenius’s theorem, note that if F is an involutive
distribution of dimension k = n — 1, then there exist a domain V' containing p and
a smooth function ' : V' — R such that for each ¢ € V, E, = ker dF'(q).

We will not present the proof. The interested reader may find a detailed
discussion of the theorem and proof in [40]; see also the more intuitive presentation
in [3, Appendix 4].

We will, however, prove an equivalent version of Frobenius’s theorem assuming
Theorem 6.3.7. The case that we will be most concerned with in this chapter will be
that in which k = 2 and n = 3, i.e., the case that F is a plane field in R3.

Theorem 6.3.8. Let E be a plane field in R? defined as the kernel of a one-form c,
so that E = ker a. Then E is integrable if and only if o A dov = 0.

Proof. Suppose first that E is integrable. Then there is a function F : R? — R such
that ker &« = ker dF'. This implies that there is a smooth, nowhere-zero function
a: R® — R such that

a = adF.

So da = da A dF', and
aANda=(adF)A(daNdF) =0,

a consequence of Proposition 4.2.7.

On the other hand, suppose that a Ada = 0. For p € R3, let U, V be vector fields
such that {U(q), V(¢)} is a basis for E, at each point ¢ near p. Let W be a vector
field also defined near p such that {U, V, W} is a basis for TR3, and in particular,
W (q) ¢ E,. Then

0= (aNda)(UV,W)
=a(U)da(V,W) — a(V)da(U,W) + a«(W)da(U, V)
=a(W)da(U,V) since U,V € ker a.
Since W ¢ Kker «, this implies that da(U,V) = 0. But according to Proposi-
tion 4.7.22,
0=da(U,V)
=Ula(V)] =V [a(U)] = (U, V])
= —o([U,V]),
andso [U,V] € kera = E.
Since {U, V'} is (locally) a basis for E, for any two vector fields X,Y € E, we

have [X,Y] € E as a consequence of Proposition 4.7.6. Hence, by Theorem 6.3.7,
FE is integrable. a
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This short detour in discussing the integrability of plane fields has been for the
purpose of reformulating the nondegeneracy condition for contact forms:

The contact distribution E = ker « is not integrable.

In fact, it is often said that the nondegeneracy condition for a contact form means
that the contact distribution is “maximally nonintegrable,” since not only is o A do
not identically zero, it is in fact nowhere zero.

Before concluding this section, we introduce one other fundamental object in
contact geometry. The nondegeneracy of the contact form implies the existence of a
distinguished vector field that is transverse to the contact distribution. That fact, in
turn, is a consequence of the following analogue to Proposition 5.1.9.

Proposition 6.3.9. Let 2 be a nowhere-zero three-form on R?, in the sense that for
allp € R3, 2, # 0,. For p € R3, let (A3), be the vector space of two-forms on
R3 at p. Then for all p € R?, 2 induces a vector space isomorphism

Q,: T,R® = (Ay),

defined by
Qp(Xp) = Z.(Xp)er
Moreover, the associatim} p > §2, is smooth in the sense that if X is a smooth
vector field on R3, then 2(X) is a smooth two-form on R3.
Proof. Exercise. a

The isomorphism of Proposition 6.3.9 will appear more than once in the
following sections. The first consequence is the existence of the distinguished vector
field mentioned above.

Theorem 6.3.10. Let o be a contact form on R3. There is a unique vector field &
with the properties that

e ) =1 and
e i(&)da=0.

The vector field € is called the Reeb field of a.

Proof. The fact that the contact form « is nondegenerate means exactly that the
three-form {2 = « A da is nowhere zero and so satisfies the hypotheses of
Proposition 6.3.9. So define

¢ = N7 Yda).

Note that for any vector field X, we have
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(i(§)da) (X) = (i(§)(i(£)92)) (X)

2(¢,6,X)
0,

and so i(§)da = 0.

Further, if £ = ker « is the contact distribution of «, then £ ¢ E. Otherwise, if
we had &, € E, for some p € R?, we could find a basis {&,, B2, B3 } of T,R?
such that {&,, B2} was a basis for the two-dimensional subspace E, C T,R?®.
But this, along with the fact that i(£)da = 0, would contradict the nondegeneracy
of a:

0 # (o Ada) (&, By, By)
= a(&)da(By, By) — a(By)da(&y, By) + a(By)da(éy., By).
Hence £ ¢ E for all p.
To verify the second property of &, for each p € R3, let X,,,Y, be any two

linearly independent vectors in E,,. Note that {¢,, X}, Y} then forms a basis for
TpRg. By a calculation exactly like the one in the preceding paragraph,

da(Xp,Yy) # 0

we may in fact assume that
da(Xy,Yp) =

1
by replacing X, with —X,,, where a = da(X,,, Y}) if necessary. Then
a

(Qp)(gpvxpvyp) = (Z(gp) )(Xp’Yp)
= day,(Xp, Yp)
=1,

and so

H
|

(a A da)(fvamY )

a(&p)da(Xp, Yy) — a(Xp)da(§y, Yy) + a(Y,)da 51)7 »)
=a(&p) since X,,Y, € E, and da(X,,Y,) =

Finally, to show that £ so defined is unique, assume that £’ is a vector field such
that «(¢’) = 1 and i(§')da = 0. Then
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i(€)(2) =i(€) (a A dav)
= a()da — a Ni(£)da

= da,

s0 £2(€') = 2(€). But since 2 is one-to-one, we have £’ = €. O

A number of times in the discussion and proofs above, we have noted that the
Reeb field & of a contact form « is transverse to the contact distribution F,, in the
sense that £ together with a basis for F,, yields a basis for TR?. For example, the

0
Reeb field for the standard contact form g = xdy + dz on R? is & = 2 In the
z

exercises, the reader is invited to find the Reeb fields for the other contact forms in
the examples above.

An immediate consequence of the transversality of the Reeb field to the contact
distribution is the fact that every vector field can be decomposed into a “vertical”
and a “horizontal” part.

Proposition 6.3.11. Let o be a contact form on R> with corresponding Reeb field &
and contact distribution E. Then every smooth vector field X on R? can be written
uniquely as

X = fe+ H(X),

where f : R® — R is a smooth function and H(X) is a smooth vector field such
that for all p € R?, Hy(X) € E,,.

Proof. Forany p € R3, let
f(p) = a(p)(Xp).

So defined, f is smooth by virtue of the smoothness of « and X.
Define H(X) = X — f¢. Then H(X) € E by construction. Uniqueness follows
from the definition of f. O

One calls H(X) the horizontal component of X. A vector field X satisfying
H(X) = 0, and hence parallel to the Reeb field, is called vertical. Likewise, a
vector field for which X = H (X)) is called horizontal.

It is important to notice that the Reeb field is defined essentially in terms of the
contact form « and not in terms of the contact distribution, which was identified at
the beginning of this section as the essential object of study of contact geometry.
In particular, for a nowhere-zero function f : R3 — R, the contact forms « and
fa have the same contact distribution but different Reeb fields. In this sense, the
Reeb field is not really an object of contact geometry per se, but rather an object of
“contact dynamics.” We will return later in the chapter to discuss the relationship
between the Reeb field for a contact form « and that of fa.
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6.4 Contact Diffeomorphisms

Our emphasis in this text has been geometry as the study of a structure defined by a
tensor field on the tangent bundle. In the previous chapter, we singled out from the
set of all diffeomorphisms certain special ones—the isometries—that “preserve the
Riemannian metric structure.” Isometries were defined in terms of the metric tensor
g as those diffeomorphisms ¢ for which ¢*g = g.

The situation for contact geometry is complicated somewhat by the fact that the
object we have identified as central to contact geometry is not the contact form «,
but rather the contact distribution associated to the contact form. For that reason, we
will distinguish between two special types of diffeomorphisms—those that preserve
the distribution and those that preserve the contact form itself. One of the goals of
this section is to highlight the distinctions between these.

Definition 6.4.1. Let (U;, a1) and (Uz, ) be contact spaces, where Uy, Uy C R?
are domains, and let ¢ : U; — U, be a diffeomorphism. We say that ¢ is a contact
diffeomorphism if there is a nowhere-zero function f : U; — R such that

¢ an = faq.

We write (Z) : (Ul,()q) — (UQ,OQ).

Before illustrating the definition, we prove a proposition that captures the essence
of the condition ¢* s = fay.

Proposition 6.4.2. For domains Uy, Uy C R3, let (U1, a1) and (Us, a2 be contact
spaces with associated contact distributions Ey and Es. Let ¢ : Uy — Us be a
diffeomorphism. Then ¢ : (Uy, 1) — (Us, o) is a contact diffeomorphism if and
only if
¢« (E1) = Ea.

Proof. First, assume that ¢ : (U1, 1) — (Usa, a2) is a contact diffeomorphism, so
there is a nowhere-zero function f : U; — R such that ¢*as = fay. For p € Uy,
let Yy, € (E2)g(p) and let X, € (E1), be such that (¢.),(X,) = Yy(p), since
(¢+)p : TpyUr — Ty Us is a vector space isomorphism. We have

020[2

—~

In other words, X, € (£),, since f is nowhere zero, and s0 Y,y € (¢4)p(E1)p.
This shows that Es C ¢, (F1).



296 6 Contact Geometry

Similarly, let X, € (E1)p. Then

az(d(p)) ((9x)p(Xp)) ¢ az)(p)(Xp)

(
f(p)ai(p)(Xp)
Oa

and 5o (¢.),(X,) € (E2)g(p). Hence ¢.(E;) C Es, which together with the
previous paragraph shows that

¢« (F1) = Es.

Conversely, assume that ¢ is a diffeomorphism satisfying ¢.(E1) = Es. Let &
be the Reeb field associated to a;. Define f : U; — R by

f(p) = a2(0(p)) ((¢)p((€1)p)) = (¢"2) (P)((€1)p)-

Note first that f is nowhere zero: If f(p) = 0, then (¢.),(&1)p € (E2)p(p)s
and so (£1)p € (E4)p, since ¢, is an isomorphism and since Ey C ¢, (E7) by
assumption. This contradicts the fact that oy (&) = 1.

We will now show that for f so constructed, ¢*as = faq, i.e., ¢ is a contact
diffeomorphism. For p € Ui, choose X, € T,U;. We write, following the
decomposition given in Proposition 6.3.11,

Xp=Vp + Hp,

where V,, = (a1(p)(Xp)) (&1)p and H, = X, — V,, € (E1),. We have, using the
linearity of ¢, and a,

(¢"a2) (P)(Xp) = a2((p)) ((04)p(Xp))
= a2(d(p))((94)p(Vp) + (04)p(Hp))
a2(0(p)) ((04)p(Vp)) + 2(d(p)) ((64)p(Hy))
= a2(0(p))((¢4)p(Vp))  since ¢.(Er) C By

Hence ¢*ay = faq, and the proposition is proved. O

The following definition is a more restrictive “special” type of diffeomorphism,
which is closer in spirit to the other structure-preserving diffeomorphisms we see in
this text (although further in spirit from the essence of contact geometry considered
as the study of the contact distribution independent of the contact form).
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Definition 6.4.3. Let (U, 1) and (Uz, ) be contact spaces, where Uy, Uz C R?
are domains, and let ¢ : Uy — U, be a diffeomorphism. Then ¢ is a strictly contact
diffeomorphism if
P s = ay.
Every strictly contact diffeomorphism is a contact diffeomorphism according to
Definition 6.4.1, with f = 1, and so preserves the contact distribution. In addition,

the following proposition shows that strictly contact diffeomorphisms preserve the
Reeb field.

Proposition 6.4.4. Let (Ui, ) and (Us,an) be two contact spaces with corre-
sponding Reeb fields &1 and &5. A contact diffeomorphism ¢ : (Uy, 1) — (Us, ag)
is strictly contact if and only if p.& = &o.
Proof. Assume first that ¢ is strictly contact, so that ¢p*ay = ;. Our goal will be
to show that a(¢.&1) = 1 and i(¢.&1)dag = 0, which by the uniqueness of the
Reeb field proved in Theorem 6.3.10 will show that £ = ¢.&;1.

The first of these conditions is straightforward:

a2(¢+81) = (97 az)(&1)
=a1(&) by Definition 6.4.3

=1 by Theorem 6.3.10.
To verify the second condition, for p € Uy, choose any W¢(p) IS T¢(p) Us. Since

¢ is a diffeomorphism, there is a tangent vector V,, € T,,U; such that (¢.),(V,) =
W (p)- We have

(i((d:)p()p)da2(6(p))) (Wo(p)) = daz(8(p)) ((6+)p(E1)ps Wes(r))
= daz(¢(p)) ((¢)p(§1)ps (D4)p(Vi))
= (¢"daz2)(P)((§1)ps Vp)
= d(¢"2)(P)((€1)p, Vi)

= dea (p)((€1)p: Vo)
=0 by Theorem 6.3.10.

We have relied on the assumption that ¢ is strictly contact for the second-to-last
equality. Together, these show that ¢.&; = &2, where &5 is the Reeb field for as.

Now assume that ¢ is a contact diffeomorphism, so that ¢$*ay = fo for some
nowhere-zero function f : U; — R. We need to show that under the additional
assumption that ¢.£; = &, then f(p) = 1 for all p € U;. To see this, note that for
all p € Uy,
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= ¢" (i(¢+(&1)p)a2) (p) by Theorem 4.6.19(5)
= ¢" (i(§&2)a2) (p) by assumption

=¢"(1)(p)

=1. O

As we have mentioned, the central object of study in contact geometry is to
be the contact distribution, not the contact form. For that reason, strictly contact
diffeomorphisms that preserve the form itself are not the most important structure-
preserving diffeomorphisms. However, because of the important role of the contact
form in our presentation, and in particular the importance of the Reeb field, the more
restrictive strictly contact diffeomorphisms will find a place throughout the chapter.

We now turn to examples of contact diffeomorphisms.

Example 6.4.5. Let ag = xdy + dz and a; = dy — mdx be the contact forms
described in Examples 6.3.2 and 6.3.3. Then ¢, : (R3, o) — (R?, ) given by

(bl(mvyv Z) = (yv Z, —.’L‘)

satisfies ¢ a1 = . Hence ¢y is a strictly contact diffeomorphism. Note that ¢, is
linear.

Example 6.4.6. Let ag = xdy+ dz and as = dz + xzdy — ydx be the contact forms
described in Examples 6.3.2 and 6.3.4. Let ¢ : (R?, ag) — (R3, ) be given by

(s )
¢2($7y72)—({1ﬁ7272+ 9 .

As in the previous example, ¢p5aa = ay, SO ¢q is a strictly contact diffeomorphism.

Example 6.4.7. Consider (R?, a), where oy = xdy + dz is the standard contact
form on R?. Let a = (a1, as,as) be an ordered triple of constants, and define the
diffeomorphism T, : (R3, o) — (R3, ap) by

Ta(x,y,z) = ($+a1,y+a2,2+a3 _aly)7

Then T, is a strictly contact diffeomorphism. We call such diffeomorphisms
“contact translations.”

Strictly contact diffeomorphisms are the formal analogy in the contact setting
to isometries in the Riemannian setting: They are diffeomorphisms that preserve
the structure tensor. When there is a strictly contact transformation between two
contact spaces, not only are their contact structures the “same” in the sense that
they have corresponding contact distributions, but they also have corresponding
Reeb fields. The examples above (and Exercise 6.9) show that the contact forms
in Examples 6.3.2 through 6.3.5 in fact describe isomorphic contact structures with
corresponding Reeb fields.
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As in the case of isometries, the strictly contact condition amounts to saying that
the component functions of the diffeomorphism satisfy a system of nonlinear partial
differential equations. For example, let (R?’7 o) be the standard contact space, i.e.,
ag = zdy +dz. Let ¢ : (R?, ) — (R?, o) be a strictly contact diffeomorphism
with component functions ¢ = (¢!, $?, ). Then the functions ¢* : R® — R
satisfy the system

1992 | 89° _

¢ o + o0 )
o) )

d>13% + (’% =z, (6.7)

199> | 9¢®  _
¢S+ % =1

Part of the subtlety of contact geometry arises from the fact that the Reeb
field is considered an “extra” structure, related to the contact form but incidental
to the contact distribution. Contact diffeomorphisms—which preserve the contact
distribution but not necessarily the Reeb field—are thus considered the proper
structure-preserving diffeomorphisms in contact geometry.

Example 6.4.8. Let o be the standard contact form on R3 and let \ be a nonzero
real number. Let D), : (R?,a9) — (R3, ap) be defined by

-D)\(xvy7 Z) = ()‘xﬂ )‘yv AQZ)

Then D, is a contact diffeomorphism, since Doy = A2ag. Note that Dy is not
strictly contact when A # 1.

There is an algebraic structure on the set of all contact diffeomorphisms given by
the following theorem.

Theorem 6.4.9. For a domain U C R3, let (U,a) be a contact space with
contact distribution E,, = ker «, and let Diff (U, E,) be the set of all contact
diffeomorphisms from (U, &) to itself. Then:

L If ¢1,¢2 € Diff (R?, Ey), then ¢1 o ¢ € Diff (R?, Ey).
2. The identity map 1d € Diff (R?, E,,).
3. If ¢ € Diff (R3, E,), then ! € Diff (R?, E,,).

In other words, Diff (R?, E,,) is a group.

Proof. Statements (1) and (3) follow from the fact that for a diffeomorphism ¢ :
U — U, afunction f : U — R, and a one-form «c on U,

¢*(fa) = (feo9)(¢9a).

In particular, since (¢ o ¢~1)*a = «, we have

Statement (2) is just the fact that (Id)*a = «. O
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The following question arises naturally in the context of contact diffeomor-
phisms: Given two contact spaces, is there a contact diffeomorphism between them?
In other words, how can we determine when two contact spaces are the same? For
example, the contact structure defined by the contact form of Example 6.3.6 is not
the same as the standard contact structure defined by oy = xdy + dz. That fact,
noted in 1983 by Bennequin, became a landmark in contact geometry and gave
rich texture to the field, including the distinction between “tight” and “overtwisted”
contact structures. Techniques developed by Eliashberg to classify contact structures
are topological in nature and are hence beyond the scope of this text. We will return
to this topic when we discuss Darboux’s theorem.

6.5 Contact Vector Fields

We now investigate the “infinitesimal contact diffeomorphisms” in analogy with our
treatment of Killing vector fields as the “infinitesimal isometries” in the Riemannian
setting (see the remark following Definition 5.6.6). In so doing, we will again see
the importance of the nondegeneracy condition for the contact form. We will also
develop a methodology that in principle, if not always effectively in practice, yields
interesting examples of contact diffeomorphisms for a given contact space (U, «).

Definition 6.5.1. Let (U, ) be a contact space, and let X be a smooth vector field
on U C R3. Then X is a contact vector field if Lxa = ga for some smooth
function g : U — R. We say that X is a strictly contact vector field if Lxa = 0.

We will shortly show how to characterize contact vector fields in such a way that
generating examples will be easy. One example, however, is immediate.

Example 6.5.2. Let (U, ) be a contact space with Reeb field . Then ¢ is a strictly
contact vector field:

Lea = i()da + d(i(€)a)
= 0+d(1)
=0.

The terminology in Definition 6.5.1 is due to the following result.

Theorem 6.5.3. Let X be a contact vector field on the contact space (U, o), so that
Lxa = ga for some smooth g : U — R. Let ¢, be the flow generated by X. Then
for all t such that ¢ is defined, ¢, is a contact diffeomorphism. If X is a strictly
contact vector field, then ¢, is a strictly contact diffeomorphism.

Proof. The second statement is a direct result of Theorem 4.7.23. In fact, the
first statement follows by a slight modification of the same argument. Using
Proposition 4.7.2, we have
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d * ik
o (6i0) = 67 (Lxa)
= i (90)
= (g0 61)(6}0).

Expressing this in coordinates reveals a system of separable first-order ordinary
differential equations that together yield ¢y = fa, where

f(t,p) = exp (K(g ° ¢>s)(p)ds> . O

Theorem 6.5.3 also justifies referring to contact vector fields as “infinitesimal
contact diffeomorphisms.”

A fundamental fact about contact vector fields is the following consequence of
the nondegeneracy condition for o.. The reader should verify that the set X' (R3, o)
of contact vector fields, with the operations of pointwise tangent vector addition and
scalar multiplication by smooth real-valued functions, is a vector space.

Theorem 6.5.4. Let (U, ) be a contact space, where U C R? is a domain. Let
X (U, @) be the vector space of contact vector fields on (U, o), and let C*°(U) be the
vector space of smooth real-valued functions on U. Then the map & : X (U, «) —
C>(U) given by

P(X) = a(X)
is a vector space isomorphism.

Proof. The fact that @ is a linear map is a consequence of the linearity of a.

To show that @ is one-to-one, let X be a contact vector field and suppose &(X ) =
0. Then there exists a smooth function g : U — R such that Lxa = ga; we will
first show that g = 0. Let £ be the Reeb field associated to «.. By supposition,

Lya =i(X)da+d(i(X)a)
i(X)da + d(0)

and so we have
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The two prior calculations in fact show that if #(X) = 0, then i(X)da = 0.
But then

i(X)(aAda) = (a(X))da —aNi(X)da
=0,

and so by the nondegeneracy of o, X = 0. Hence @ is one-to-one.
To show that @ is onto, we will rely on the following lemma, which will
occasionally be of interest on its own.

Lemma 6.5.5. Let (U, «) be a contact space with associated Reeb field & and
contact distribution E = ker a. Let B be the set of one-forms [3 with the property
that B(§) = 0 (such one-forms are called semibasic). Then the map A : E — B
given by

A(H) =i(H)da

induces a vector space isomorphism E, — B, forallp € U.

Proof (of Lemma 6.5.5). We leave to the reader to show that the set B, of semibasic
one-forms at p is a vector subspace of A, (T, U) forallp € U.

The map A is linear due to properties of the interior product. Further, for every
vector field X, we have

(i(X)da) (§) = —i(X) (i(§)da)
=0 by the definition of the Reeb field,

and so in particular, if H € E, then A(H) € B.

To show that A is one-to-one, suppose that for H € E we have A(H) = 0.
In the proof above that ¢ is one-to-one, we showed that the conditions a(H) = 0
and i(H)da = 0, along with the nondegeneracy of «, together imply that H = 0.
But H is horizontal, so «(H) = 0 by definition, and A(H) = 0 by assumption, so
i(H)doa = 0. Hence H = 0 and A is one-to-one.

To show that A is onto, suppose 8 € B, so that (&) = 0. It is an exercise to show
that the nondegeneracy of « guarantees that there are vector fields { By, B, B3}
such that for each p € U, {B1(p), B2(p), B3(p)} is a basis for T,,(U) and such that
B1 = ¢ and Bs, By € E with dOé(BQ7 B3) =1.

So for a basis {By, B2,Bs} such that By = ¢ and By, B3 € FE with
dOz(Bg, Bg) =1, define Hﬁ = b232+b333, where b2 = ﬁ(B;;) and bg = —B(Bg).
Note that by construction, Hg € E. Moreover, for any V' = v1 By + vo By + v3Bs,
we have

(i(Hg)da) (V) = da(Hpg, V')
= (bz’Ug — bgvg)d&(Bg, Bg)
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= v23(Ba2) + v33(Bs)
=38(V) since $(B1) = 0 by supposition.

Hence A(Hg) = (3, and so A is onto. O

Returning now to the proof of Theorem 6.5.4, let f € C'*°(U), and consider the
one-form 8y = £ [f] o — df. Note that the definition of 3 ensures that 5;(£) = 0.
Hence we can define

Xy =fE+Hy,

where Hy = A7'(3y) in the notation of Lemma 6.5.5, i.e., i(H f)do = f3¢.
We have, then, that
i(Xp)a = a(f§) +a(Hy)
= fa(€) since Hy € B
= f.

Further, we can verify that X is a contact vector field:

Lx,a=i(Xf)da+d(i(Xyf)a)
= i(f&)da +i(Hy)da + d(f)
=¢[fla—df +df
=¢[fle
and so Lx,a = ga for g = £ [f]. O

The contact vector field Xy = @~1(f) is called the contact gradient of f,
in analogy with Definition 5.1.10. Note the essential role of the nondegeneracy
condition in both constructions. For reasons that will be clear in the next chapter,
X is also referred to as the contact Hamiltonian of f.

The following result follows immediately from the proof of Theorem 6.5.4.

Corollary 6.5.6. Let (U, «) be a contact space with Reeb field £. Suppose that X
is the contact gradient of a smooth function f : U — R. Then Xy is a strictly
contact vector field if and only if

§lf1=0.
We will conclude with several examples to illustrate the main ideas of this

section.

Example 6.5.7. Let (R?, a) be a contact space with Reeb field € and let f : R? —
R be a constant function, f(p) = c for all p € R3. Then the contact gradient X
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is given by X, = c£. By Corollary 6.5.6, X is strictly contact. In particular, when
f=1,X; =X, =& Alsonote that when f = 0, X; = X = 0; the flow of X
is the identity diffeomorphism.

Example 6.5.8. Let (R?, a) be the standard contact space with g = zdy +dz, so
that the Reeb field € is equal to 2 and, writing X = (X!, X2 X?3),

A(X) = i(X)dOzo
=i(X) (dz A dy)
= —X%dr + X'dy.
Hence for a semibasic one-form 5 = bidx + bady, we have
A_l(ﬂ) = <b2, —b1,$b1> .

In particular, for a smooth function f : R?® — R, the semibasic form ¢ (in the
notation of Theorem 6.5.4) is given by

Br=¢&f]a—df
= fo(zdy + dz) — (fzdx + fydy + f.d2)
= —fodz + (zf. — fy)dy,
so that
Hy =AY E[fla—df) = (~fy +afe, fo, —2fa).

These calculations show that for the standard contact form «g, the contact
gradient is given by

Xp=fe+Hp=(af:— fy. for [ —2fa). (6.8)

For example, consider the function f(z,y, z) = yz. The contact gradient is then
given, according to Eq. (6.8), by

Xy = (2y —20,9yz2).

Integrating X, to find the integral curve through an initial point (xo, Yo, 20) is
possible, since the corresponding system

T =uzy-—z,
y =0,

z =yz,
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is partially decoupled. We leave to the reader to carry out the integration, which
yields the integral curve c : I — R3 given by

c(t) = (z(t),y(1), 2(t))

= (e (z + 20t), Yo, 20€*°") .

Note that these integral curves are defined for all ¢ (/ = R), and so in particular, it
is possible to consider the time-one flow ¢ : R® — R generated by X, given by

bp(x,y,2) = (e¥(x + 2),y, ze¥) .

The reader may verify that ¢ is a contact diffeomorphism with ¢cg = €¥a.

There are obvious obstructions to constructing globally defined contact diffeo-
morphisms in this way, namely the problems encountered in Chap. 3 of integrating
vector fields. To illustrate this, consider the function g(z,y, z) = zz. The contact
gradient X, is given by

Xg= <x2, z,0> ,

so the integral curve ¢ : I — R3 through ¢(0) = (0, v0, 20) satisfies

Again, this system is partially decoupled and can be integrated to obtain

X
C(t) = (1 _(;Ot?yO"'tZOyZO) )

which is defined on the interval (—oo, 1/x¢) if o > 0, or (1/x¢, +00) if g < 0.

In general, it will be impossible to globally define the time-one flow for X,.
However, for each point py = (z0, Yo, 20) With £y > 0, it is possible to choose an
a > 0 and a domain U, containing po such that the map ¢, : U, — ¢,(U,) (the
“time-a flow”) given by

ba(,y,2) = < y+az,«2)

1—az’

is a diffeomorphism onto its image. For example, if 0 < ¢ < 1, choose a to satisfy
1 < a < 1/z0 and choose

Uy ={(z,y,2) |0 <z <1/a}.
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In fact, ¢, : U, — ¢4(U,) is by construction a contact diffeomorphism (not defined
on all of R?), with ¢* g =

ag.
1—ax

We close this section by returning to one of our motivating problems for contact
geometry, the method of characteristics.

Example 6.5.9. Let us consider the set of contact elements CR? to be R3 with
coordinates (z,y, m) and the contact form «; = dy — mdz, so that the Reeb field
& is given by & = 6% and A(X) = —X3dx + X'dm for X = (X!, X2 X?).
By almost identical calculations as in the previous example, we have for a smooth
function F : R?® — R that

HF - <_Fm7 _mFma FJ, + mFy> 3
and so the contact gradient of F' for the contact form «; is given by
Xr=F& +Hp = (—Fp,F —mF,,,F, + mF,).

Note that we encountered both of these vector fields in Sect. 6.2 in the context
of using the method of characteristics to solve the first-order ordinary differential
equation represented by the equation F(t,u,u’) = 0. In fact, Hr was what we
called the characteristic vector field (and denoted by Xp) of the equation F' =
0, while X was what we called the Lie characteristic vector field. In hindsight,
we can see that X is a contact vector field, and so its flow determines a contact
diffeomorphism of CR?, whereas H is a horizontal vector field.

6.6 Darboux’s Theorem

We now turn to a fundamental result in contact geometry. This entire section will
be devoted to understanding its statement and proof. We will take advantage of
this context to illustrate several other basic theorems and techniques of differential
geometry that are of interest in their own right.

Darboux’s theorem essentially says that from a local point of view, all contact
structures are “the same.” More precisely, near any point, a form a on R3 can be
expressed as the standard contact form oy = xdy + dz by means of a change of
coordinates, i.e., a local diffeomorphism. In this sense, Darboux’s theorem is a kind
of “normal form” theorem that is common, for example, in the field of linear algebra.

More important from a geometric perspective, Darboux’s theorem states that
there are no local properties to distinguish one contact structure from another. This is
in marked contrast to Riemannian geometry, where tensor quantities like curvature
have a distinctly local character.

Differences between contact structures, if they arise, must then be found at the
global level, like topological invariants or the global behavior of integral curves.
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Indeed, this fact shapes the contours of the subject at a more advanced level. It
has the distinct disadvantage that many of the most interesting questions in contact
geometry will fall outside the bounds of this introductory text.

We begin this section with a basic theorem of differential geometry, a kind
of “straightening out” theorem that says that locally, the flow of a vector field
can be represented as a line. While it properly belongs in the setting of Chap. 3,
on advanced calculus, we present it here for two reasons. First, we will use the
result (and its corollary) only in the proof of Darboux’s theorem. More importantly,
though, it can be considered a first example in a family of “normal form” theorems
to which Darboux’s theorem belongs.

Theorem 6.6.1. Let X be a smooth vector field on R™ and let p € R"™ be such
that X (p) # 0O,. Then there exist a domain U containing p and a diffeomorphism
¢ :U — ¢(U) C R"™ such that ¢(p) = p and

0
0u(X(2) = 5
T1g(a)
forall x € U, where (x1,...,x,) are understood to be the coordinates of R™.

Proof. First, forp = (p1,...,pn) € R, define t, : R* — R"™ by

tp(xl,...,l'n) = (‘rl_plu"wxn_pn)'

Note that ¢,(p) = 0 and (¢,,).(X) = X o t,. In particular, (¢,).(X (p)) = X(0).

Second, suppose that Y is a vector field on R™ satisfying Y (0) # 0. Let
{e1,...,e,} beabasis for TyR"™ such that e; = Y (0). Define a linear isomorphism
(and hence diffeomorphism) A : R — R" in such a way that A,e; = 8%1"0 for
alli =1,...,n (werely on the fact that A(0) = 0). In particular, A, Y (0) = 0%1‘0.

Now suppose that Z is a vector field on R™ with coordinates (z1, ..., 2z,) such
that Z(0) = a%1(0). Let¢ : V x I — R" be the flow generated by Z, where
V' C R" is a domain containing 0 and I C R is an interval about 0. Here we are
writing

(@1, 8) = Us(x1, .., x0) = (21, .-, Zn)s

where 1 has the properties (from Theorem 3.9.2)

oo (4 09)) = 20400

and
P(x,0)=a forallz € V.

Consider the function o : V; — R”, where V; C R x R®~!, defined by

o(x1, T2, &n) =Ygy (0,2, ... 20) = (0, 22,..., 20, T1).
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More precisely, V1 = I x Uy, where I; C I is a subinterval containing 0 and U; C
R"! is a domain containing (0, ...,0) such that o(V;) C V. Note that o(0) = 0.
As a result of the properties of the flow, the function o satisfies (o), (0) = Id and
a*(a%l) = Z oo on Vj. In particular, (o,)(0) is an isomorphism, so by the inverse
function theorem 3.6.12, there is a domain W containing 0 such that 0 : W —
o (W) is a diffeomorphism. The inverse 0! : o(W) — W is differentiable and has
the property that (071).(Z) = 52 oo™,

For p € R", we now construct the desired diffeomorphism in an appropriate
domain containing p. If X is a vector field such that X (p) # 0, then the vector
field Y defined by Y (y) = (t,)«(X(x)), where y = t,(x), has the property that
Y (0) # 0. Hence there is a linear diffeomorphism A : R™ — R such that the
vector field Z defined by Z(z) = A.(Y(y)), where z = A(y), has the property

that Z(0) = 6%1(0). So there are a domain W around O and a diffeomorphism
o : W — o(W) such that J*(a%(w)) = Z(u), for all w € W, where u = o(w).
Define the domain U by U = (¢, 0 A~ 00)(W); we have x € U exactly when

there is an element w € W such that

The reader can verify that ¢(p) = p.
Then, for x € U, we have

(
= (tgl oo toA)Y(y) wherey =t,(z)
= (t, 007 ") Z(z) wherez = A(ty(z))
=(t;' oo ). Z(o(w)) wherew € W is such that o(w) = 2
P
0
—(+— =
= (1) (@)
0 . . 1
= 5 (¢(z)) by an explicit calculation of (¢, ). O
1

We will need the following corollary, applying Theorem 6.6.1 to the context of
the problem of (locally) first-order partial differential equations of a particular form.
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Corollary 6.6.2. Let X be a smooth vector field on R" and let g : R™ — R be a
smooth function. Then for every p € R™ such that X (p) # 0, there exist a domain
U containing p and a smooth function f : U — R such that

X [f] =gl

0
In other words, writing X = Z X i for smooth functions X* : R* — R,

'L

the first-order partial differential equatlon

3f n O0F
6351 teetX Ox,

has a smooth solution f defined in a domain about each point p for which X (p) # 0.

Proof. For a given p = (p1,...,pn) € R", let U be a domain containing p and let
¢:U — ¢(U)bea diffeomorphism satisfying the conclusions of Theorem 6.6.1,
in particular ¢.X = 2~ on ¢(U) and ¢(p) = p. We can assume (by choosing a
smaller domain if necessary) that U has the property that for x = (21, z2,...,2,) €
¢(U), we have (s,22,...,2,) € ¢(U) forall s € [p1,z1] if p1 < 27 and for all
s € [z1,p1] if 21 < p1.

Then for all x = (x1,22,...,2,) € ¢(U), define the smooth function F' :
¢(U) — R by

z1
F(zy,xa,...,2,) :/ g(s,xa, ... ,x,)ds;

p1

by construction, 81 =g.
Now define f = F o ¢ on U. Then

X [f] = df(X)
= d(Fo¢)(X)
= (¢7dF)(X)
= dF(¢.X)

0

= Fi
A (5.-)
_OF

= — = O
8.1‘1

The second result we will need before turning to Darboux’s theorem concerns
time-dependent vector fields and forms. These are properly thought of as smoothly
varying one-parameter families of vector fields or differential forms in the same
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sense as any vector field generates a time-dependent family of diffeomorphisms via
the existence and uniqueness theorem (Theorem 3.9.2). As a matter of fact, without
going into all the technical details, we shall assume that Theorem 3.9.2 extends
to time-dependent vector fields. In particular, given a time-dependent vector field
X, then for each ¢t = t( for which X, is defined and around each point p there
are a domain U and a time-dependent family of diffeomorphisms ¢; : U — ¢:(U)

d
defined for ¢ in an interval around ¢, having the property that pn di(x) = Xi(de(x)).

In fact, one basic way in which a time-dependent vector field might arise is by
differentiating a smoothly varying family of diffeomorphisms. Given such a family
¢¢ : R™ — R™, define

Xilon() = “gt) = o.a.t) (7).

where ¢ : R™ x R — R" is defined by ¢(x, s) = ¢s(x).
Some of the details will emerge in the proof of the following theorem of advanced
calculus. The reader should compare this to Proposition 4.7.2.

Theorem 6.6.3. Let oy be a smoothly varying, time-dependent family of differential
k-forms on R". Let ¢; : R™ — R" be a smoothly varying time-dependent family of
diffeomorphisms, and let X; be the associated time-dependent vector field satisfying

Xi(de(x)) = %(m) Then

dO[t

d
G @ia0 =0 (5t + Lx,an). ©9)

Proof. We will present the proof only in the special case we will encounter here,
namely n = 3 and k = 1. In other words, o is a family of one-forms on R?>. The
general case is more complicated only by virtue of notation.

We first prove that Eq.(6.9) holds in a special, adapted case, namely for the
family of diffeomorphisms

U R*x T — R?x 1,
where [ is an open interval containing 0 and
iz, s) = (z,8+t)

is defined when s € I, s+t € I, and x = (z1, 72, 23) € R3. Note that the vector
field X; associated to 1), is

0

d _
Xilwys) = Stnlens) o = (0, 1) gy = 5| -
(w,5)
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Now let o; be a time-dependent family of one-forms on R? x I, which can be
written in components as follows:

or(x, s) = ar(z, s, t)dxy + az(z, s, t)drs + az(z, s, t)dxs + b(z, s, t)ds

for smooth functions a1, as,as,b : R® x I x I; — R (here I; is the interval on
which the family o is defined).

We will prove that Eq. (6.9) holds in this special case, for the family of one-
forms o; and the family of diffeomorphisms 1;, by performing three coordinate
calculations.

First, note that

Yio(x,s,t) = (a1 0 Yy)dr1 + (a2 0 Yr)dza + (a3 0 Yy )dxs + (boy)d(s + t)

=ai(z,s +t,t)dxy + as(z, s + t,t)dzy
+az(z, s+t t)des + bz, s+ t,t)ds,

so that the chain rule yields

d

dt s T (s + m)} dxy (6.10)

0
Yio)(z, s, t) [6 x8+tt)+6t

6(12
l:a $S+tt)+ﬁ(

x,8+t, t)} dxo
da
+{8 (x,s+t,t)+ atg(x,s+t,t)]dx3
ob
+{ (x,8+1,1) +8t(x,s+t,t)}ds.
Second, since

i(at)(x, s,t) = %(a:, s, t)dxy + %(x, s, t)dxs

dt ot ot
Oa 0b
+ 5'153 (z,s,t)dxs + — Y —(z, s, t)ds,

we have

. [ d _du Oaz
¢t |:dt(o-t):| ($7S7t) - ot (.T,S-i—t,t)dﬂ?l + ot (xa3+t7t)d$2

0 b
+ ﬁ(a:,s +t,t)drs + —

5 Y (x,s+t,t)d(s+1t)



312 6 Contact Geometry

@?u@+¢¢m@ 6.11)

0 0b
+ %(m, s+t t)dxs + a(m, s+t,t)ds.
Note that ¢ is constant with respect to the d operator on R? x I.
Finally, applying Proposition 4.7.15 to X;, with X} = X? = X} = 0 and
X} = 1 as above, we have

0az

0s

Lxon(@,s,1) = 2 (a5, t)dor +

s (z,s,t)dxs

8a3 ob
+ E(% s, t)dxs + g(ax s, t)ds.

Hence

0 0
it (Cx,00) (w00) = (Gt own ) o+ (G2 0 )

+ (8;; o¢t> dxs + (gls) owt> d(s+1t)

9ay

Os

_du

s (x,s+t,t)dxy +

(x,s8+t,t)dxs (6.12)

Oag

+8s

(x,s+t,t)des + %(x, s+ t,t)ds.
Comparing Eq. (6.10) with the sum of Eqs. (6.11) and (6.12) yields Eq. (6.9) in
the specific case of ;.
We now turn to the general case. Let ¢; : R® — R? be a smooth family of
diffeomorphisms that generates the time-dependent vector field X;. Consider the
smooth function ¢ : R? x I — R? given by

¢z, 8) = ds(2),

where z € R3 and s € I. Here I is the open interval on which the family ¢; is
defined. Note that by construction,

@) (5

=X .
o) = Xil)
Define the smooth map i : R? — R3 x I by i(z) = (x,0) and note that

¢y =¢oot,



6.6 Darboux’s Theorem 313

where 9; : R® x I — R3 x [ is the special function considered at the outset. Then
for a smooth family a; of one-forms, we have

d d

(o) = =

I
~.

(
g (1% [f{it((b*at) + ﬁigﬁ*at}) (the case proved above)

Py {qﬁ* (jtat> +¢*(Lx, at)}) by Proposition 4.7.13

=i"YPiP (dtat+£Xf,Oét)

L[ d
= (bt (dtat + ;CXtOét) 5
proving Eq. (6.9) in general. O

We are now in a position to state and prove the contact version of Darboux’s
theorem.

Theorem 6.6.4 (Darboux’s theorem for contact geometry). Let (R3,a) be a
contact space and let oy = xdy + dz be the standard contact form on R3. For all
p € R3, there are a domain U containing p and a diffeomorphism ¢ : U — ¢(U) C
R3 such that ¢(p) = p and such that ¢* o = cg on U.

Proof. In broad outline, we will follow the strategy of Theorem 6.6.1. That is, we
will first translate the problem to one “centered” at the origin. We then use a linear
map to give the contact one-form a standard form at the origin. The third step
is where the details differ. We will construct a “path” of one-forms from a given
form to the standard contact form, which will in turn allow us to construct a one-
parameter family of diffeomorphisms that ultimately gives the appropriate change
of coordinates. Finally, we translate the problem back to the base point p, being
careful to ensure that the work we have done in the third step is not distorted in the
process of translation.
Let p = (p1,p2,ps3) € R3. Define the diffeomorphism ¢, : R* — R? by

tp(z,y,2) = (x + p1,y + P2, 2 + p3).

Define fp = t; and note that 5,(0) = «(p). Since t, is a diffeomorphism, the
one-form [y is nondegenerate.
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Next, let & = % and & be the Reeb fields for oy = xdy + dz and
Bo respectively, and let {¢1,(>} be a basis for E; = ker y. Define the linear
isomorphism A, : ToR? — TyR3 by

0 0 0
A*(%) = (1, A*((’Ty) = (2, A*(%) =&1.

Extend A, to a linear map A : R® — R3; A is a diffeomorphism. Further,
(A*Bp)(0) = ap(0) by construction, since A(0) = 0 and the maps agree on the
basis vectors 6%|0, a% 0’ 6%|0. Define 81 = A*f3y.

We now consider the one-parameter family of smooth one-forms

ay = (1 — t)ozo + tﬂl,

where ¢ € [0, 1]. It can be considered a “line segment” of one-forms with initial
“point” a and terminal “point” oy = (1. Note that for all ¢, a;(0) = ao(0) =
B1(0); in particular, «;(0) is nondegenerate for all ¢. By a topological argument
involving the continuity of a;; A day; and the compactness of [0, 1], there is a domain
V1 containing 0 € R? such that oy is nondegenerate, and so oy is a contact form,
on V; for all £. Let & denote the Reeb field of the contact form o

The core of the proof is the construction of a smooth family of diffeomorphisms
¢ V — ¢(V) for some domain V C V; containing 0 € R? having the property
that ¢} oy = o for all ¢ € [0, 1]. We will do this by constructing a time-dependent
vector field X; with properties that, together with Theorem 6.6.3, will ensure that
its flow will give the desired family of diffeomorphisms.

We first construct the vertical component of X in the sense of the definition
following Proposition 6.3.11. This amounts to specifying a smoothly varying family
of smooth functions f; such that a;(X;) = f;. To do this, define the function

g = —du(&),

d
where & = %at. By Corollary 6.6.2, there exist a domain Vo C V; C R?
containing 0 and a family of functions f; : V5 — R such that

&t [ft] = Gt

(The existence of a single domain V5 that exists for all ¢ € [0, 1] depends on a
topological argument again involving the compactness of [0, 1].)

In fact, we may make several additional assumptions on the functions f;. First,
we may assume that f;(0) = 0 for ¢ € [0, 1]. If not, replace f; with f, = f, — f.(0),

which still has the property that & [ f;} = g

Second, we may assume that df;(0) = 0. To see this, note first that for ¢ € [0, 1],
df:(0) is semibasic relative to the Reeb field &;:
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Then by Theorem 6.6.1, there exist a domain V3 C V5 containing 0 and coordinates
(s1, 82, 83) such that & V= 8%3’ in which case df;(0) = aids; + aadss for some

constants aj, as. So if df;(0) # 0, replace f; with ft = f; — a181 — ass9; then

& | 1] = & £ £(0) = £:(0). and df(0) = 0.
We now construct the horizontal component of X;. We observe that the one-form
—ay — dfy is semibasic relative to &;:

(—du —dft) (&) = —u(&e) — dfe(&)
=—du(&) — g
=0 by the definition of g,.

Hence, applying Lemma 6.5.5, there is a family of horizontal vector fields Y;
satisfying
z(Y})dat = —élt — dft

Note that since df;(0) = 0 by assumption and since
@ (0) = B1(0) — ap(0) =0,

we have Y;(0) = 0 for all ¢.
Define
Xy = fi&e + Yo

We will show that the flow ¢; of X}, defined on a domain V' C V5, with the property
that (V) C V5 for all t € [0, 1], satisfies ¢p7ar = ap for all t. By the usual
properties of flows, ¢o = Id. In addition, ¢;(0) = 0 for all ¢, since X;(0) = 0 for
all £. By Theorem 6.6.3,

d

%(dﬁat) = ¢; (& + Lx, )

= ¢; (d +i(Xy)day + d(a (X))
= ¢1 (& +i(Yy)day + dfy)

= ¢; (& — &u — dfy + dfy)

=0.
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Hence ¢ o is constant with respect to ¢, and so
Qi = pho = g for all ¢;

in particular,

¢1041 ¢1ﬁ1 = Qp.

Finally, let t be the contact translation by (p1, p2, p3); see Example 6.4.7. As
demonstrated in that example, this is a strictly contact diffeomorphism of «, i.e.,
1?;010 = &p.

We now define

d):tpvod)lof;l

on the domain U = £,,(V), which contains p since p = #,(0) and 0 € V.
Then

¢(p) = tp(A(d1(t, ' (p))))
= 1p(A(¢1(0)))
= 1,(A(0))
= 1p(0)
=D
and
a=(tpoAogiol, ") a
= (I, ) 1A't
= ()" ¢TA"Bo
= (6, ') 1/
= (;1)*040
= qayg. O

We state the following corollary, which makes precise the statement, “All contact
structures are locally the same.”

Corollary 6.6.5. Let (R?, 1) and (R?, az) be two contact spaces. Then for each
p € R3, there exist a domain U containing p and a diffeomorphism ¢ : U — V
such that ¢*as = vy and ¢(p) = p.

Proof. By Darboux’s theorem, given p € R?, for j = 1,2, there are domains U. f
with p € Uj, along with diffeomorphisms ¢; : U; — ¢,(U;) with ¢;(p) = p, such
that ¢7a; = v, where ay is the standard contact form on R3 LetU = ¢1(Uy)NUs.
Note that ¢ = ¢p 0 b7 " : U — ¢(U) satisfies ¢(p) = p and
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¢*as = (¢po 0 7' ) 0

= (61 ") d302
= (¢1 ") a0
= 1. O

In closing, we cite an example from Bennequin’s groundbreaking 1983 paper [8]
to show that Darboux’s theorem is really a local result.

Example 6.6.6. Consider the contact form ao = xdy — ydx + dz on R?, which can
be written in cylindrical coordinates (r, 0, z) as ap = dz + r2df. Let f : R® - R
be the function given by

1
f(r,0,z) = A2t a7
and let 5 = fas. Since f is nowhere zero, [ is also a contact form.

We claim that there is no diffeomorphism ¢ : R?® — R? such that ¢* oy = 3 (and
hence, in light of Example 6.4.6, no diffeomorphism that pulls back the standard
contact form to [3). Suppose, to the contrary, that there were a diffeomorphism ¢
such that ¢*ay = (. Then, by Proposition 6.4.4, we would have ¢.&, = £, where
&y (resp. &) is the Reeb field of as (resp. 3). Now on the one hand, we ask the
reader to show in Exercise 6.6 that {5 = a%. On the other hand, the reader should
verify (Exercise 6.10) that §, = X/, the contact gradient of 1/f relative to the
contact form as. After the calculations of Exercise 6.13, the reader may show that

0 0 14+22—-72\ 0
_ _ 2 2
S =Xy =204r ”)<09+”6r+( 2 )az)'

Now consider the integral curve ¢ of &, through the point (1,0,0). Since
€(1,0,0) = 4.2, the image of c is a circle of radius 1 in the plane 2 = 0 in
R3. But according to Proposition 3.8.8, ¢ must exchange the integral curves of &,
with those of ¢,&, = &, which are all lines parallel to the z-axis in R3. A basic
fact of topology is that the image of a circle by a diffeomorphism cannot be a line,
a contradiction. Hence there can be no diffeomorphism ¢ : R? — R3 satisfying

Prap = f.

6.7 Higher Dimensions

We opened this chapter by noting the potential advantages in viewing geometry
not as the study of “points in space,” but rather as the study of structures on more
abstract sets of objects—such as, for instance, the set of contact elements CR2. As
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a set, CR? is the same as R3, and we often treat them as the same. But viewing
the “points” of R? as contact elements in CR? gives a natural setting for such
seemingly unrelated problems as Huygens’ principle in geometric optics and the
method of characteristics for solving differential equations.

A natural generalization would be to define contact structures in higher dimen-
sions. We noted at the outset that we would carry out our main presentation of
contact geometry in the context of R? exactly to exploit the naive familiarity with
R3 that the student develops, for example, in a first course in multivariable calculus.
The goal of this section is to extend the basic concepts of this chapter to higher
dimensions. In so doing, some of the fundamental features of contact geometry will
stand out more clearly than they do in the specific setting of R>. In fact, we will
see in this section certain geometric objects that might not attract as much attention
when viewed solely from the three-dimensional perspective.

Many of the propositions of this section are just higher-dimensional versions of
earlier results in this chapter. We will leave the proofs of such statements to the
reader. The emphasis in this section will be on results that are more closely tied to
the dimension, an aspect of the subject that until now has been in the background.

We will then return to the space of contact elements, now in higher dimensions,
in order to formulate the method of characteristics to solve first-order partial
differential equations, which, as mentioned in Sect. 6.2, was the initial motivation
for the method.

The first task in generalizing contact geometry to higher dimensions is to
properly understand the contact condition of the nondegeneracy of one-forms. Let
a be a nowhere-zero one-form on R™. At each point p € R™, the vector subspace
E, C T,R™ given by E,, = ker a(p) has dimension (m — 1).

Now consider the two-form da(p) restricted to E,. Recall that da(p) is said to
be nondegenerate on £, if for all v, € E, with v, # 0, there is a w, € E,
such that da(p)(vp, wp,) # 0. In the terminology of Definition 2.10.1, if da(p) is
nondegenerate, then da(p) is a linear symplectic form on E,,.

It is a consequence of Theorem 2.10.4 that the nondegeneracy condition implies
that there is a basis of E, consisting of pairs of tangent vectors {e;,f;} (i =
1....,n) such that

(da(p))*(e1,f1,...,en, ) = (da(p) A--- Ada(p))(e1,f1, ..., en, £) = 1.
In particular, dim(E,) = 2n.

Finally, for each p € R™, the fact that dim £, = m — 1 implies that there is a
tangent vector g, ¢ E, such that

{elaflv s 7en7f’nagp}

is a basis for T, R™, and so m = 2n + 1. Note then that
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(a(p) A (de(p))™)(er, 1, .. en, £, 8p)
= a(p)(gp) - (da(p))"(er, f1,.. ., en, £n))
70,

since g ¢ ker a(p) but e;, f; € ker a(p) foralli = 1,...,n.
This discussion prompts the following definition.

Definition 6.7.1. A contact form o on a domain U C R?"*! is a nowhere-zero
differential one-form that is nondegenerate in the sense that at each point p € U,
da(p) is nondegenerate on E, = ker a(p). Equivalently, « is a contact form if at
each point p we have the following inequality of (2n + 1)-forms:

a(p) A (da(p))™ # 0.

We will call the pair (U, «) a contact space and E = ker « the contact distribution
associated to cv.

Note that as a consequence of the discussion above, a contact space must be odd-
dimensional. This has been incorporated into the definition by the odd dimension
(2n+1).

As in the three-dimensional case, the central object of study is the contact
distribution F, which, by virtue of having dimension one less than that of the contact
space, is often called the contact hyperplane.

We note that the existence of a Reeb field associated with a contact form «
follows from an argument similar to one given in the proof of Theorem 6.3.10.

Theorem 6.7.2. Let (U, ) be a contact space, where U C R*"*! is a domain.
Then there exists a unique vector field & on U, called the Reeb field for a, having
the properties that «(€) = 1 and i(§)da = 0.

Example 6.7.3. In analogy with Example 6.3.2, the standard contact form on
R?2"*! with coordinates (21, Y1, ..., Zn, Yn, ) is defined to be

n

ag = dz + indyi.

i=1

The reader will note that in keeping with the discussion at the beginning of the
section, the coordinates are “paired,” with the exception of the distinguished z-
coordinate. In fact, the Reeb field &, of ay is just

0
§o = 9
For all p = (21,Y1,- .., Tn, Yn, 2) € R?"T1, the vector field & is transverse to the

contact distribution (Ey), = ker a(p) C T,R*"*1,
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(Bo)p = {(X",VL . XY™, 2) [ Z=—oV =y},

in the sense that (&), ¢ (Eo)p.

Example 6.7.4. A higher-dimensional version of Example 6.3.4 is given by the one-
form ap on R?"*! with coordinates (21, Y1, ..., Tn, Yn, z) as follows:

oo = dz + Z (z;dy; — yidx;) .

=1

Again, the reader will note the “paired” coordinates (x;, y;), which in this example
appear in a more symmetric form than in Example 6.7.3. Again there is the
distinguished z-coordinate associated to the Reeb field

0

=5

that is transverse to the contact distribution

<Ez>p={<X1,Y1,...,X“,Y" 7= Zyz oy }

A number of the other definitions and statements from the earlier sections
translate directly to the higher-dimensional setting. We list the most important of
them here for reference, with the understanding that the proofs follow by adapting
the methods directly from the three-dimensional setting.

Definition 6.7.5. Suppose (Ui, ;) and (Usz,a3) are contact spaces, where
Up,Us € R?™*! are domains. Let ¢ : U; — U, be a diffeomorphism. Then
¢ : (Ur,a1) = (Ua,an) is a contact diffeomorphism if there is a nowhere-zero
function f : U; — R such that ¢*as = fa;. In the case that p*as = g, ¢ is said
to be a strictly contact diffeomorphism.

Theorem 6.7.6. For domains Uy, Us C R?"*1, suppose ¢ : (Uy,a1) — (Us, ai2)
is a diffeomorphism between contact spaces with contact distributions Fh = ker oy
and E5 = ker as and Reeb fields & and 5. Then ¢ is a contact diffeomorphism
if and only if ¢.(E1) = Ea. Further, ¢ is a strictly contact diffeomorphism if both
¢« (E1) = B2 and $.(£1) = o

Definition 6.7.7. Let U C R?"*! be a domain. A vector field X on the contact
space (U, «) is said to be a contact vector field if there is a function g : U — R
such that £ x o = ga. Furthermore, X is a strictly contact vector field if Lxa = 0.

The flow ¢, of a contact vector field preserves the contact distribution of o (and
so is a contact diffeomorphism for each ¢), while the flow of a strictly contact vector
field preserves the contact form itself (and so is a strictly contact diffeomorphism
for each t).
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Theorem 6.7.8. For a domain U C R*"*L let X(U, ) be the vector space of
contact vector fields on a contact space (U, o), and let C*°(U) be the vector space
of smooth real-valued functions on U. Consider the map ¢ : X (U,a)) — C>=(U)
given by

&(X) = a(X).

Then @ is a vector space isomorphism whose inverse is given by

&Y (f) = fE+ H,

where & is the Reeb field of o and H is the unique horizontal vector field satisfying
i(H)do = (§[f])e — df.

As before, we call Xy = &~1(f) the contact gradient of f.
We state the contact version of Darboux’s theorem in higher dimensions.

Theorem 6.7.9. Let (U, o) be a contact space, where U C R2"*HL and let o be
the standard contact form on R*"*1. Then for each p € U, there exist a domain
V C U containing p and a diffeomorphism ¢ : V. — ¢(V) C R?*"*! such that
o(p) =pand p*a=agonV.

Having indicated the concepts that have direct generalizations to higher dimen-
sions, we now turn to those concepts that are best seen in the general setting as

opposed to that of R3.
As in the three-dimensional case, Frobenius’s theorem (Theorem 6.3.7) guar-
antees that the contact distribution £ = kera is not integrable due to the

nondegeneracy condition aA(da))™ # 0. The natural question, then, is whether there
are geometric sets of lesser dimension that are tangent to the contact distribution at
each point. The following theorem answers the question in the affirmative—up to a
point.

Theorem 6.7.10. Let S = ¢(U) C R?"*! be a parameterized set in the contact
space (R?>"*1 q), where U C R¥ is a domain and ¢ : U — R®" L is a regular
parameterization. Suppose that for all p € S, we have T,,S C E,,, where E = ker o
is the contact distribution. Then k < n.

Proof. Suppose to the contrary that for some p € S, T),S contains (n + 1) linearly

independent tangent vectors eq, ..., e, 1, where by hypothesis, e; € E, for all 1.
We can complete the basis of £, with tangent vectors fi,...,f,_; € E,; in this
way, the set

{elv~--;en+1af1a"'7fn—1a§}

is a basis for 7, R*"!, where ¢ is the Reeb field for o.. We have
(O[ A (da)”)(el, . ,en+1, f17 ceey fn—l;f) = (doz)"(el, . ,en+1, f17 e 7fn—1)7

since o(§) = 1 and a(e;) = a(f;) = 0. The exterior product on the right-hand side
is a sum of terms each of which has n factors of the form da.(e;, e;), da(e;, f;), or
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da(f;, ;). In fact, a counting argument shows that each term must have at least one
factor of the form do(e;, e;). Since S is integrable by assumption as a parameterized
set in R2"*!, Frobenius’s theorem (Theorem 6.3.7) and an argument exactly like
that in the proof of Theorem 6.3.8 together imply do(e;, e;) = 0. Hence

(a/\ (da)")(el,.. .7en+17f1,...,fn,1,§) = 0,

contradicting the nondegeneracy of «.. This shows that 7,,S cannot contain (n + 1)
linearly independent tangent vectors. O

The integrable geometric sets of a contact space (R*"*!, o) having maximum
dimension n will have a special role in contact geometry.

Definition 6.7.11. Let S = ¢(U) be a parameterized geometric set, where U C R"
is a domain and ¢ : U — R2""! is a regular parameterization. If S is such that
T,S C kera(p) forall p € S, then S is called a Legendre set. Equivalently, S is a
Legendre set if ¢*a = 0.

Example 6.7.12 (Legendre curves). The case of R3, which has been the context
for most of this chapter, is the case n = 1 for Theorem 6.7.10. The Legendre
sets in this case will be called Legendre curves. The integrable sets of maximal
dimension are curves ¢ : I — R3, where I C R is an open interval, satisfying
¢(t) € kera(ce(t)) for all t € I. We have already seen the special role these curves
play in important examples, namely as the wavefronts of Sect. 7.1 and as the curves
in CR? in Sect. 7.2 that are lifts of smooth functions.

Example 6.7.13. Consider R® with coordinates (x1,y1,%2,¥2,%) and standard
contact form oy = dz + x1dy1 + z2dys. Consider U = R? with coordinates (s,t)
and let ¢; : R? — R be given by

$1(s,t) = (s,0,t,0,0).

Then S; = ¢1(R?) is a Legendre set of dimension two, which we will call a
Legendre surface. In fact, E = Span {e1, e2}, where e; = (¢1).(£) = 52 and

oxq
e2 = (61):(F) = 5%

Example 6.7.14. Let ¢3 : U = R? — (RS, o) be the map given by

Pa(s,t) = <s, —s,t,—t, %(52 + t2)) )

Then the reader may verify that So = ¢2(R?) is again a Legendre surface in
(R®, ag). We can write E = Span{ey, 2}, where

oN_ o0 o, 2
- Or1 Oy 19z

e1 = (¢2)« <8s
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(0,0,0,0,2)

(0,0,t,ft,U)

(57_5707070)

Fig. 6.9 A paraboloid embedded as a Legendre set in R.

and

8zs Oy 20%

62:(@)*(;) o 0 )

Note that Sy can be visualized in R as the graph of the paraboloid described by
_ 1o 2
2= (u” + v)
over the uv-plane, where the u-axis is along the vector (1, —1,0,0,0) € R® and the
v-axis is along (0,0, 1, —1,0). See Fig. 6.9.

Example 6.7.15 (The Whitney sphere). Consider the standard contact space
(R®*+1 ) with coordinates (x1,%1,...,ZTn,Yn,2) and ag = dz + > z;dy;.
Let U C R™ be the domain defined by

U={(u,...,us) | uf 4+ +u) <1}
and define ¢ : U — (R?*"*1 «y) by

d(ur, ..., uy) = (ul, —2UQUTL 4« .+« y Upy, —2UQ Uy, 2Ug — (4/3)(u0)3) ,
where ug = /1 — > u?. Since ug + Zuf = 1, we have

ugdug + Z uidu; = 0,
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which, in turn, along with the usual properties of the exterior derivative, shows that
¢*ap = 0. Hence S = ¢(U) is a Legendre set in R?" !, known as the Whitney
sphere. The fact that ¢ is regular and one-to-one onto its image S means that .S can
be considered as a part of an n-dimensional sphere “embedded” in the contact space
(R2n+1’ aO)-

We now return to the method of characteristics described in Sect. 6.2. As men-
tioned there, the method of characteristics was originally developed as a technique to
solve not ordinary differential equations, but first-order partial differential equations.
We will outline the general approach here, then illustrate the method with an
example in the two-dimensional setting.

A first-order partial differential equation in n variables is an equation relating the
n independent variables x4, ..., x,, a function u : R™ — R of these n variables,
ou ou .
—,..., Uy, = —. Following our
o1 Oy,
treatment in Sect. 6.2 (when n = 1), we represent the first-order partial differential
equation as the zero set of a smooth, real-valued function F' : R2"tl 5 R,

and the n first partial derivatives of u, uy, =

Sr={(z1,.. s xn,y,m1,...,mp) | Fx1,...,Zn,y,m1,...,my) =0}.

Here we consider the set of contact elements CR"™*! to be the same as R 11,
In analogy with Sect. 6.2, we consider the special one-form

o) =dy — mydxy — - - — myudxy,

on R?™*! Since a; is nondegenerate, we can consider the contact space
(R2n+1’ 041)~

For a domain U C R™ and any smooth function v : U — R, define the one-jet
@ : U — R?"*! to be the function

a(p) = (p1,- -, Pn, u(p), Uz, (P), - - -, Us,, (D))

where p = (p1,...,pn) € R™. In this way, we can say that a functionu : U — R
is a solution to the partial differential equation described by F' = 0if F o4 = 0 on
U. Note that @*a; = 0, and so %(U) is a Legendre set in R?"*!, provided that 7 is
regular.

Suppose ¢ : R" — R+ is a smooth function satisfying c*a;; = 0. In general,
there may be no smooth function v : R™ — R such that & = ¢, for example in the
case of the map

(21, 2n) =(0,...,0,0,21,...,2,).
However, under special circumstances that generalize the condition that &(sq) # 0

in Proposition 6.2.1, we can be assured that ¢ can be viewed as the one-jet of some
smooth function (up to reparameterization).
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Proposition 6.7.16. Let ¢ : R® — Rt be a smooth function, where for t =

(tl,...,tn) € R",
c(t) = (x(t),y (), m(1)).

Here x : R — R™ y : R® — R, and m : R — R" are written with
component functions x(t) = (z1(t),...,z,(f)) € R™, y(t) € R, m(t) =
(m1(t),...,mu(t)) € R™ Suppose that

cfa; = 0.

Suppose further that for some 7 € R™, (x.)(7) is an isomorphism. Then there are
a domain U C R" containing x(7) and a smooth function u : U — R such that
Uox =c.

Proof. Since (x,)(7) is an isomorphism, the inverse function theorem (Theo-
rem 3.6.12) guarantees the existence of a domain V' C R"™ containing 7 on which
xz : V. — x(V) is a diffeomorphism. Hence on the domain U = z(V'), we have a
differentiable inverse =1 : U — V.
Define then v : U — R by

U=1yYo z L.
We claim that & = c oz~ 1. To see this, let £ € V and let p = z(¢) € U. We have
u(p) = u(z(t)) = y(t). Further, applying the chain rule, we have

I

= (g @ @) o (7). ) [axi

J

0

e

Uy, (p)

0
83%

=(yoz 1).(p) [

J

0
8:@-

0

= () () @) [
— )@ [at
_ 9%

J
= a6 (t)

=m;(f) since c*ay = 0.

Hence, for all p € U,

a(p) = (p,u(p), ua, (p)) = c((®),y(), m(t)) = (coa™)(p). O
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In order to expect results for existence and uniqueness in the setting of partial
differential equations, special care must be taken in describing the initial (or
boundary) conditions in a way that generalizes the standard initial conditions for
ordinary differential equations. We will consider here the Cauchy problem for first-
order partial differential equations: Find a function v : R™ — R that satisfies
F o4 = 0, when u additionally has specified values on some (n — 1)-dimensional
geometric set of R™. This indeed generalizes the ordinary differential equation case
of n = 1: a connected, 0-dimensional geometric set is a point in R, so specifying a
value of the function there amounts to specifying u(zo) = yo.

For this exposition, we will adopt the following conventions.

Definition 6.7.17. For a first-order partial differential equation in n variables
X1,...,%n, the Cauchy data consists of an (n — 1)-dimensional geometric set
S = ¢(U) described by a regular parameterization ¢ : U — R", where U C R"~!
is a domain, along with a smooth function g : U — R. We write the Cauchy data in
the form (U, ¢, g).

Using these conventions, we have the following formulation of the Cauchy
problem for first-order partial differential equations:

Cauchy Problem: Let F' : R2"+! — R be a smooth function on the set of contact elements
R27*+1 with contact form oy and Cauchy data (U, ¢, g). Find all smooth functions w :
R"™ — R that satisfy

e Fou=0;

o Foralls € U, u(¢(s)) = g(s).

As in the one-dimensional case, a central role in the construction of solutions will
be played by a special vector field, known again as the characteristic vector field.
Note that for every smooth function f : R2"*! — R, we can consider the contact
gradient X ; of f relative to the contact form o; (see Theorem 6.7.8). Let X + be the
horizontal part of the contact gradient, i.e., X r = Xy — f&, where £ is the Reeb
field for .

Definition 6.7.18. The characteristic vector field for the partial differential equa-
tion represented by the smooth function F' : (R*"*! ;) — R is Xp, the
horizontal part of the contact gradient of F' relative to ;. In components, writing

Xp=(X" .., X" Y. M", ... ,M"),

we have
Xt =-F,, fori=1,...,n,
Y = _Z?:l miEo,
M =F,, +m;F, fori=1,...,n.

The reader can verify that just as in the case n = 1, the integral curves of Xp
have important properties relative to the Cauchy problem.
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Proposition 6.7.19. Let F' : (R*"*! a;) — R be a smooth function with
associated characteristic vector field Xp. Letc: I — R* %! pe an integral curve
of X through a point p = ¢(0) € R***1 such that F(p) = 0. Then for all t € I,
¢(t) is tangent to both the zero set Sy and the contact distribution E = ker ;. In
other words, forallt € I,

o ay1(¢(t)) =0, and
e dP(E(1)) = 0.

We are now in a position to state an existence and uniqueness theorem for the
Cauchy problem.

Theorem 6.7.20. Let U C R" ! be a domain with coordinates (sy, ..., $,_1) and
let o : U — R™ be a smooth, regular parameterization with component functions
¢ = (¢, ..., ¢"). For the Cauchy problem associated to the smooth function F :
R — R (with zero set Sr) and the Cauchy data (U, ¢, g), suppose that:

(A) There exist an element 5 € U and an element 0 = (xg,yo,mo) € Sp C
R2* ! with g = ¢(5) € R, yo = g(3) € R, and mg = (p1, ..., p1n) € R®
satisfying

n 8¢Z ag B .
Z(Mvasj()) a—sj(s) forj=1,...,n—1.

=1

(B) The tangent vector Vy € T, R"™ given by

VO - Z Fm 83%

is not in Ty, S, where S = ¢(U) C R™.

zo

Then there are a domain W C R™ containing xy and a unique smooth function
u: W — R that is a solution to the Cauchy problem F ot = 0 and u($(s)) = g(s)
forall s € U such that ¢(s) € W

Proof. The proof will proceed in three steps. In the first, we will extend the
parameterization of the geometric set S = ¢(U) C R™ given as part of the
Cauchy data to an (n — 1)-dimensional geometric set S’ C R?"*! in such a way
that 7,5 C E, = keroy(p) for all p € S’. Then, we “thicken” S’ using the
characteristic field of F' to obtain a new n-dimensional geometric set in R+
which is in fact a Legendre set. Finally, we show that the resulting parameterization
of the Legendre set in fact satisfies the hypotheses of Proposition 6.7.16, and so
defines a function v : R™ — R with the desired properties.

Our goal in the first step is to define a function ¢ : U — R?"+!, where U is the
domain in R" ! given as part of the Cauchy data, such that ¢(5) = ¢ and c*a; = 0.
In addition, if we write
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we will require that z(s) = ¢(s) and y(s) = g(s) for all s € U. In this way, we can
say that ¢ will extend the Cauchy data to a geometric set in R?"+1.

With prescribed functions for z and y, constructing ¢ amounts to finding a
function m : U — R" that is consistent with the desired requirements for c. To
do this, we construct a smooth function

?:UxR"—=R"

with component functions @ = (®!,...,&") as follows: For j = 1,...,n — 1,

define

D (81, ey Sty My e e ey M) = (Zmi&;i(sl,...,sn_l))

and

D (S1, ey Sy, M1, -5 M)

= F(d)(sla e -7$n—1)7g(517 e '7Sn—1)7mla s 7mn)-

Note that assumption (A) in the hypotheses of the theorem implies that

Computing the matrix of partial derivatives of ¢ with respect to the variables m;
gives

s . den
ds1 Os1
o' : :
amj d¢* L. 0™
08n_1 Osp_1
oF ., OF
om omy,

Assumption (B) of the hypotheses guarantees that this matrix has rank n at the point
(8, mg). Hence by the implicit function theorem, there exist a domain U; C U C
R"~! containing 5 and a smooth function m : U; — R" such that m(5) = my
and for all s € Uy, D(s, m(s)) = 0. In particular, since ®*(s,m(s)) = 0 for all
i =1,...,n — 1, we have c*a; = 0. Also, since ¢"(s,m(s)) = 0, we have
Foc= O,Wherec : U — R™*1 s given by c(s) = (¢(s),9(s), m(s)). This
concludes the first step of the proof.

Proceeding to the second step, we suppose that we are given a smooth function
c: U — R*™*L where U is a domain in R" 1, satisfying ¢*a; = 0 and F oc = 0
on U. Our goal in this step is to construct a domain V' C R"™ along with a smooth
function é : V' — R?"*! such that é*a; = 0 and F o é = 0. The domain will have
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R
év)
V=UxI "
I+~ . & :
e (5,1) —
—e) R 50 =6, (c(3))

Fig. 6.10 The construction of ¢.

the form V = U’ x I, where U’ € U C R™ ! is a domain and I C R is an open
interval containing 0. We would like ¢ to extend ¢ on U’ with 5 € U’, in the sense
that for s € U’, &(s,0) = ¢(s).

To accomplish this, we rely heavily on the definition of the characteristic field
Xp. By Theorem 3.9.2, there exist a domain U’ C U containing 3, an interval
I C R containing 0, and a differentiable map ¢ : U’ x I — R?"*! such that

. Qizi(svo) = c(s);
A CCORIE Xr(¢(c(s),t)); and
o ¢(s,t1 +t2) = d(B(s,t1),t2).

As usual, we will write ¢; : R™ — R™ to mean ¢(s) = ¢(s, ).

We then define the domain V' = U’ x I and the map ¢ : V — R?*"*! to be
é(s,t) = ¢i(c(s)). See Fig. 6.10. We claim that V' and ¢ have the desired properties.
First,

d . -
7 (Fo¢)=dF(¢)=dF(Xp)=0 by Proposition 6.7.19,

and so
(F 08)(s,t) = (F 0 &)(s,0) = F(c(s)) = 0

by the assumptions on c.
Likewise, consider the ¢-derivative of ¢*a:

(
(EXFOQ) by Proposition 4.7.2
=" (i(XF)dal + di(XF)al) by Theorem 4.7.18

& ((i(&1)dF)ay — dF) X is horizontal and Definition 6.7.18
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= ¢*(Gay) — ¢*(dF) where G = & [F]

= (Go¢)(¢"ay1) Dby the calculation above, since ¢*dF = dé*F = 0.

Note that in the coordinates (s, t) on V, the one-form ¢*«; is independent of dt, and
S0 is a linear combination of the forms ds;. This follows from the fact that

Fan(2) = (5:2)

Hence the equality of differential forms

d .
S (Fan) = (God)ay

amounts to a system of first-order linear ordinary differential equations whose
solution yields

E*al = Z bi exp(Hi)dsi,
i=1

where b; are constants and H; : R™ — R are smooth functions obtained by
integrating [ (G o ¢)dt and using initial conditions. However, the initial condition
0

* ~k
cC (X1 =Cc t:():

implies that the constants b; are zero for all¢ = 1,...,n. Hence
6*041 = 0,

as desired.

The final step is to show that the function & : R"™ — R2"*! constructed
according to the second step satisfies the hypotheses of Proposition 6.7.16. This
is a direct consequence of assumptions (A) and (B). By assumption (A), there is
5 € U c R" ! suchthat o = ¢(5) = (2(5),y(5), m(5)) satisfies F(o) = 0 and
c¢*a1(8) = 0. Then, according to the construction of step 2, (5,0) € V is such that
¢(5,0) = o, and so F'(¢(5,0)) = 0 and ¢* a1 (5,0) = 0. Writing

é(s,t) = (z(s,t),y(s,t),m(s,t)),

we will show that (z.)(5, 0) is an isomorphism. This is a consequence of
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Oxy ., _Oxy dxy Oxy ., _Oxy _ OF

0s1 08n_1 dt ds1 OSp_1 omy
T = | oo = : o

Ozy ., Ozy  dz, 8ry, ... Oz _ OF

0s1 Osp_1 dt 0s1 O8n_1 Oman

the second equality due to Definition 6.7.18. Assumption (B), then, is precisely
that (z.)(s,0) has rank n, and so is invertible. Hence the hypotheses of Proposi-
tion 6.7.16 are satisfied.

We summarize the above steps to prove Theorem 6.7.20: For a first-order partial
differential equation represented by the equation F(x,y, m) = 0 along with the
Cauchy data (U, ¢, g), there is a smooth function ¢ : U’ — R2"*! given by

for some function m : U" — R, where U’ C U is a domain containing 5. This
function ¢ satisfies the conditions ¢*«1 = 0 and F' o ¢ = 0. Further, there exist a
domain V' C R™ and a function é : V' — R?"t! such that V = U” x I, where
U" c U’ ¢ R™!,is a domain containing 5, I C R is an interval containing 0,
é(s,0) = c(s), ¢*ay = 0, and F o ¢ = 0. Then, by Proposition 6.7.16, there exist a
domain W C V containing ¢(so) and a function v : W — R satisfying Foa =0
and for all z = ¢(s) € p(U) N W, u(x) = g(s).

The uniqueness of the solution w follows from the uniqueness of ¢ from
Theorem 3.9.2. O

In practice, the following analogue of Proposition 6.2.4 is often useful.

Proposition 6.7.21. Let F : (R?>"*! a;) — R be a smooth function with zero
set Sg. Then the integral curves of the contact gradient X of F' and those of its
horizontal part Xp = H(Xp) through a point p € S coincide.

This allows Lie’s adaptation of the method of characteristics, integrating the
contact vector field X as the crucial step in finding solutions to a first-order partial
differential equation. We illustrate this method with an example; several more can
be found in the exercises.

Example 6.7.22. Consider the first-order partial differential equation

with initial condition
w(z,y) =1 onz?+y?=1.

We can represent this as the zero set Sr, where F' : R5 — R is the function on the
set of contact elements CR? = R with coordinates (1, x2,w, m1, m2) given by

F(z1,z2,w,mq, mg) = mq + mg + w.



332 6 Contact Geometry

For the Cauchy data, we will consider the domain U = (—n /4,37 /4) along with
the parameterization ¢ : U — R? given by

@(s) = (cos(s),sin(s)).
We have chosen the domain in such a way that the vector field on R? given by

0 0 0 0
Ve=F,, —+F,,—=—+—
F 'Oz +Fm, dy Oz + Oy
is nowhere tangent to ¢(U). Finally, we define g : U — R by g(s) = 1.
Lie’s characteristic vector field X is given by

X ——i—i—kwi—km 0 +m
S T ow Lom, 20msy

Hence we will look for the integral curves ¢ : I — RP® given by c(t) =
(21 (t), z2(t), w(t), m1(t), ma(t)) satisfying

=1,
By = —1,
W= w, (6.13)
my = ma,
Mo = My,

with (21(0),22(0),w(0),m1(0), m2(0)) = (cos(s),sin(s),1,a(s),—1 — a(s)).
(Here a : U — R is the function obtained by solving the system that comes from
condition (A) of Theorem 6.7.20:

Pl = —mysins + mocoss = 0,

@2:m1+m2+1:0,

for my and ms in terms of s.)
Solving the first three equations of the system (6.13) yields

(@1(), 22(t), w(t)) = (—t + cos(s), —t + sin(s), ").
Eliminating the parameter s by writing
1=cos’s+sin®s = (x1 + 1) + (22 + 1)?

and solving the quadratic equation (in t)

2% 4+ 2(xy + )t + (23 + 25 —1)=0
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yields

—(z1 + 22) 2 — (z1 —x2)?

t =
2 2 ’

with the sign chosen to ensure that ¢ = 0 when 27 + 23 = 1. Note that on ¢(U), we
have 1 + x5 > 0.
Hence the unique solution to the partial differential equation

ou n Ou n 0

T =

dr Oy
with the given Cauchy data is

2-(z—-y)? (z+y)
u(x, y) = €Xp < ) - ) .

This function is defined on a region in the xy-plane between the lines z — y = /2
and x — y = —/2, which in particular contains the circle 2 + y? = 1. Recall that

in our choice of ¢t we also relied on the fact that x + y > 0, further restricting the
domain on which the solution u is defined.

6.8 For Further Reading

Since contact geometry made its first explicit appearance in Lie’s 1888 three-volume
series [29] and then in his 1896 Geometry of Contact Transformations [28], the
subject for decades was relegated to appendices and chapters in books whose main
theme was symplectic geometry. See, for example, the classic texts of Kobayashi
and Nomizu [24, vol. 2, Note 28] and Arnold [3, Appendix 4]. Libermann and
Marle [27] devote the last chapter of their text to contact structures. None of these
treatments are elementary. The 1985 text Applied Differential Geometry [11], by
Burke, does emphasize the importance—even primacy—of contact structures in
physics, but again the treatment is at the level of a graduate student in mathematics
or physics.

Geiges deserves special mention for not only what is sure to be the standard
reference [19] for graduate students studying contact structures for some years to
come, but also for several survey articles [17, 18], which inspired the presentation
here of Huygens’ principle.

The method of characteristics is standard in a first course in partial differential
equations, although it is not always presented in the context of the set of contact
elements; see, for example, Folland’s introductory text [16]. Our presentation here
follows closely that of Giaquinta and Hildebrandt [20].

Finally, the unpublished manuscript “Introduction to Contact Geometry” by
A. Banyaga exerted a strong influence on the author’s intuition at a time when
expositions were sparse and largely inadequate.
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6.9 Exercises

6.1. For each of the curves ¢ : R — CR? below, decide whether it is a lift of a
curve ¢ : R — R?%:

(@ &(t) = (¢, 1%, t%);
(b) ¢(t) = (et, et,t);
(©) é(t) = (t,et,el);
(d) é(t) = (e, e?, 2eh).

6.2. Find the image of the lifts of the following plane curves under the wavefront
diffeomorphism ¢, of Proposition 6.1.4. Sketch the graph of the projection of ¢,.(I)
onto the first two coordinates.

(a) A nonvertical line through (¢, yo) with unit direction vector (a, b).
(b) The upper half of a circle with center (z¢, yo) and radius R.
(c) The parabola y = x2.

6.3. Supply the details to the proof of Proposition 6.1.4.

6.4. Use the method of characteristics to solve the first-order ordinary differential
equations below:

(@) v —2u =12 u(0) = 1.
(b) 2 +tu=1,u(l) = 2.
(©) uu' — 4t =4, u(0) = 1.

6.5. Let u be the solution to the ordinary differential equation

Qu—tiu' =u—t, u(0)=1;

see Example 6.2.5. Verify that m(s) = u/(—2sin s), where m(s) =

and y are defined as in the example. Moreover, verify that
m'(s) = 2m? — 2m + 1.

6.6. Write the components of the Reeb field for the following contact forms
on R?:

(a) a1 = dy — mdx from Example 6.3.3.

b) as = dz + xdy — ydx from Example 6.3.4.

(¢) as = (cosz)dx + (sin z)dy from Example 6.3.5.

(d) a4 = (cosr)dz + (rsinr)df; see the discussion from Example 6.3.6.

6.7. Let CL(R?, ) be the set of all linear contact diffeomorphisms of the
standard contact space (R3, ayp), so that T € CL(R?, ) if and only if there is
a 3 x 3 matrix A such that [T] = A and T*ag = aag for some nonzero constant
a € R.
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(a) Show that CL(R3 ag) is a subgroup of Diff(R3, ), i.e., that Id €
CL(R3, ap), that if 71,7, € CL(R?, ), then Ty o T» € CL(R3, ap)
and that if T € CL(R3, o), then T~ € CL(R3, ap).

(b) Find conditions on the entries of a matrix A such that A = [T] with T' €
CL(Rg, Oéo).

(¢) What are the conditions for a matrix A to correspond to a linear strictly contact
diffeomorphism?

6.8. Use the partial differential equations (6.7) to show that the only affine strictly
contact diffeomorphisms of the standard contact space (R3, o) are the those ¢ :
R3 — R? having the form ¢(z,y, 2) = (z/a,ay + b,z + ¢) for some constants
a,b,c € R, where a # 0. (Recall that an affine map is one that can be written using
matrix/vector notation as ¢(x) = Ax+ b for some matrix A and constant vector b.)

6.9. Let oy = xdy + dz and a3 = (cos z)dz + (sin z)dy be the contact forms of
Examples 6.3.2 and 6.3.5. Define ¢3 : (R3, ap) — (R3, a3) by

o3(x,y,2) = (zcosy + xsiny, zsiny — x cosy, y).

Compute ¢35 ! to verify that ¢s is a diffeomorphism. Then show that P50z = Q.

6.10. Let o be a contact form on R? with corresponding Reeb field €. Let f : R? —
R be a nowhere-zero function. Show that the Reeb field of fa is given by X /¢, the
contact gradient of the function 1/ f relative to a.

6.11. Let Diff(R3, ) be the set of all strictly contact diffeomorphisms of the
contact space (R?, «). Show that:

(@) If p1,99 € lef(R3, Oé), then ¢1 o g5 € lef(].:{‘?’7 a).
(b) If ¢ € Diff(R?, a), then ¢~ € Diff(R?, a).

6.12. Let (U, ) be a contact space, where U C R? is a domain. Show that there
are vector fields { By, Bz, B3} such that for each p € U, {B1(p), B2(p), Bs(p)} is
a basis for T,,(U) and such that By = £ and By, B3 € E with da(Bsg, B3) = 1.

6.13. Write the components of the contact gradient of a function f : R?> — R
relative to the following contact forms on R?:

(a) ag = dz+ xdy — ydx from Example 6.3.4.
(b) a3 = (cos z)dzx + (sin z)dy from Example 6.3.5 .
(¢) ayq = (cost)dz + (rsinr)dd; see the discussion from Example 6.3.6.

6.14. Let X be a vector field on R? with flow ¢;. Prove the three-dimensional
transport theorem:

Let f; : R® — R be a time-dependent family of smooth functions, and let W C R3 be a
region of integration. Then
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il [ L= T ]

where Wi = ¢¢(W).

In this statement, we are using terminology from physics. The expression

Dfi _ 0f
dt ot +V/i-X

is the material derivative of f;, which involves both the “time” ¢ derivative of f; and
the standard vector calculus gradient of f; in the direction of (dot product with) the
vector field X. In this context, note that div X : R®> — R is the smooth function
defined by d (¢(X)dV') = (div X) dV'.

Hint: Use the change of variables theorem (Theorem 4.5.4) and apply Theo-
rem 6.6.3 to the n-form py = fidV.

6.15. For each of the contact spaces below, give three examples of Legendre
curves:

(a) (R3 ay), where ag = xzdy + dz;

(b) (R3,aq), where a1 = dy — mdx;

(©) (R?, ag) where ay = dz + xdy — ydz;

(d) (R?, a3), where az = (cos z)dx + (sin 2)dy.

6.16. (This exercise uses concepts from Chap. 6.) Let g be the metric tensor on R?
defined by the matrix

1 0 O
[gij]= [01+2%x
0 =z 1

We will consider the interaction of g with the standard contact form oy =
xdy + dz.

(a) Show that g considered as a metric on the contact space (R?, ) has the
property that the Reeb field &; is orthogonal to any vector X € ker ay.

(b) Letc: I — (R3, ag) be a Legendre curve. Show that the g-length of c is the
same as the standard Euclidean length of the projection of c into the zy-plane
in R2.

6.17. Consider Example 6.7.22.

(a) What is special about the points (= N f) and (— f f) corresponding to
s = —m/4 and s = 37 /4 respectively? Why does the method of characteristics
fail for intervals containing these two values of s?

(b) Redo Example 6.7.22 for the parameterization given by the interval U; =
(—m/4,3m/4) and ¢ : U; — R? given by ¢(s) = (— cos s, sin s), again with
g(s) =1forall s € U;.
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(c) Redo Example 6.7.22 with different Cauchy data: g(s) = coss on the line
parameterized by ¢(s) = (s,0).

6.18. Use the method of characteristics to solve the first-order partial differential
equations below. Be sure to state an appropriate domain on which the hypotheses of
Theorem 6.7.20 apply.

(a) wugz +uy = 1, with u = 0 on the line y = x. What happens when the initial
conditions are changed tou = 1 on y = z?
(b) uy +uy + u, = u, with u(z, y, z) = 1 on the sphere
24y 22 =1,

(©) ugy +uy +u, =u, withu(z,y,z) = lontheplane x +y + 2z = 1.



Chapter 7
Symplectic Geometry

After the previous two chapters, the reader may have begun to develop a sense in
which a structure tensor determines a geometry on R™. The structure tensor—the
metric tensor in the case of Riemannian geometry or the contact form in the case of
contact geometry—determines concepts or objects that are singled out by or defined
in terms of the tensor. The set of those diffeomorphisms that “preserve the structure”
in an appropriate sense gives a way of discussing when two objects are “the same”
from a geometric point of view, in the same sense that two shapes in the plane are
“the same,” or congruent, if one can be transformed onto the other by means of
translations, rotations, and reflections.

The present chapter on symplectic geometry provides another example of
geometry as a set equipped with a structure tensor. The word “symplectic” was
invented by the German mathematician Hermann Weyl in 1939 in the context
of studying certain sets of transformations and their invariants. It was formed by
replacing the Latin-based word “complex” (com + plex, or “woven together”) with
the corresponding Greek roots sym + plectic, in recognition of the many similarities
between symplectic structures and structures based on the complex numbers.

In this text we will not be able to explore the many connections between sym-
plectic geometry and complex geometry, although the reader will notice similarities
throughout. The main similarity to complex numbers will be that the symplectic
structure “weaves together” pairs of coordinates (x,y) in a manner analogous
to the way that a complex number z combines a pair of real numbers (z,y) as
z =+ 1y.

Symplectic geometry shares fundamental similarities with Riemannian geome-
try. First, as in Riemannian geometry, the structure tensor is a (0, 2)-tensor. The
important difference between the two structures is that the condition that the metric
tensor be symmetric is replaced with the condition that the symplectic tensor
be skew-symmetric, and in particular a differential form. In Chap. 2, we already
saw some of the far-reaching consequences of this “minor” change in the context

A. Mclnerney, First Steps in Differential Geometry: Riemannian, Contact, Symplectic, 339
Undergraduate Texts in Mathematics, DOI 10.1007/978-1-4614-7732-7_17,
© Springer Science+Business Media New York 2013
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of linear algebra. Second, as in Riemannian geometry but in contrast to contact
geometry, the fundamental object of study will be the structure tensor itself, and
not some other structure like the contact distribution defined by the structure
tensor.

Despite these similarities, one of the fundamental features of symplectic geome-
try will be its closer connection to contact geometry. A major theme of this chapter
will be to highlight the relationships between these two geometric structures.

In fact, the close relationship between symplectic and contact geometry might
be one of the reasons for what could be called a historical underappreciation of
the latter. Key ideas of symplectic geometry began to emerge distinctly as early
as 1868 in Lagrange’s studies of celestial mechanics. Hamilton’s work some 20
years later solidified this foundation, giving the analytic techniques described by
symplectic geometry a central role in mechanics. While these results were not
given a geometric formulation until near the turn of the twentieth century with
the works of Lie, Poincaré and E. Cartan, the fact that the ideas had so permeated
treatments of classical mechanics ensured that by the 1960s, symplectic geometry
had come to be seen as the mathematical framework for classical mechanics. This
interest ensured that symplectic geometry would receive more attention than contact
geometry, despite their close relationship.

We will outline in broad strokes the way that symplectic geometry arose from
problems in mechanics in the first section of this chapter. This section will also
motivate the basic definitions and concepts that follow. The basic example here will
be the “phase space,” which plays the same motivating role in symplectic geometry
that the space of contact elements plays in contact geometry.

After discussing the diffeomorphisms that preserve the symplectic structure
and the associated distinguished vector fields, we will turn to describing special
geometric sets in a symplectic space. We will pay particular attention to the so-
called Lagrange sets, which are the symplectic analogues of the Legendre sets in
contact geometry. We also consider the special case of particular geometric sets
in a symplectic space, the hypersurfaces of contact type, to illustrate the close
connection between symplectic and contact geometry.

As in contact geometry, there is a kind of local “normal form” Darboux’s
theorem for symplectic structures. This normal form involves the close pairing of
coordinates mentioned earlier in analogy with complex structures. This implies a
kind of symmetry that distinguishes symplectic geometry from both contact and
Riemannian geometry. As with contact geometry, the symplectic Darboux’s theorem
shows that there are no local ways of distinguishing one symplectic structure from
another, again in sharp contrast to Riemannian geometry.

In the last section, we indicate the sorts of invariants that allow one to distinguish
symplectic structures. This is necessarily a “global” question, and as we have
indicated in Chap. 7, that fact places severe limitations on how far one can go in this
direction at an introductory level. In fact, the search for global invariants has been
one of the main stimuli for research in symplectic geometry, and had its biggest
breakthroughs only in the 1980s.
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7.1 Motivation: Hamiltonian Mechanics and Phase Space

In this section, we will give an overview of Hamiltonian mechanics, which was
historically the main motivation for symplectic geometry. Our exposition will nec-
essarily be missing some details, because the transition from Newtonian mechanics
to Hamiltonian mechanics involves an intermediate stage of Lagrangian mechanics,
where the mathematical techniques presuppose the calculus of variations—a topic
outside the scope of this text. At that point in our exposition, we will refer the reader
to appropriate sources.

The main goal of the section will be to describe the natural symplectic structure
on what physicists call the “phase space,” known to mathematicians as the cotangent
bundle T*R", i.e., the dual of the tangent bundle TR". The phase space gives a
natural setting for Hamiltonian mechanics in the same sense as the set of contact
elements provides a setting for Huygens’ principle or the method of characteristics.
In those cases, we have seen how the contact form distinguishes certain special
curves (or, more generally, special geometric sets), namely wavefronts or solutions
to a given differential equation. In the case of the phase space, we will again see
how a special differential form distinguishes those curves that represent motions of
a given physical system.

Newton’s lasting contribution to human knowledge has a twofold character. On
the one hand, he developed a mathematical model that was able to describe a
wide variety of physical phenomena with a striking degree of accuracy. This was
the beginning of the modern era in science. In addition, however, Newton also
developed the mathematical techniques—calculus—through which the model could
be exploited. The first of these contributions belongs to physics, the second to
mathematics.

The Newtonian description of mechanics is premised on describing the position
x of a particle in three-dimensional space as a smooth function of time ¢. The
function x : I — R3 is known as the motion of the particle. In modern terminology,
Newton’s second law states that the motion of a particle in space can be described
as a smooth solution to a second-order system of ordinary differential equations,
written in vector notation as

(1) = F(x, %, 1).

In particular, the existence and uniqueness theorem of ordinary differential equa-
tions states that for given forces, the motion is completely described by specifying
the initial position and velocity. It is in this sense that Newtonian physics is said to
be “deterministic.” Note that we have suppressed the scalar quantity representing
mass that is familiar from the formulation F = ma. It is understood in this model
that describing a physical system amounts to describing the “force function” F
appropriate to the system.

For our presentation, we will make two assumptions to simplify the description.
First, we assume that the function F' describing the forces is independent of time.
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In physics, this is a kind of classical relativity: “The equations of motion are
invariant with respect to Galilean translations, including time translations.” Second,
we will assume that the forces involved are conservative, i.e., that there is a scalar
function U of position such that F = —VU (where, as in vector calculus, V
represents the gradient). This is a nontrivial assumption that does not accurately
describe all physical systems. In the case of a conservative system, the function U
is called the potential energy, and the negative sign in the definition of F implies
that particles move in a conservative system in such a way that the potential energy
decreases with time.

There is a second scalar quantity associated to a physical system known as the
kinetic energy, or energy of motion. For example, for a point whose motion is
described by the vector function x : I — RS3, the kinetic energy at a given time ¢
is given by the expression T'(¢) = (X .x). Unlike potential energy, which depends
on position, kinetic energy is independent of position but dependent on velocity.
The total energy E of a system is defined to be the sum of the potential energy and
kinetic energy,

E=U~+T.

Using this notation, we have the following formulation of the law of conservation
of energy:

Proposition 7.1.1. For a particle whose motion is described by a function x : [ —
R3 satisfying % = —VU, the total energy E is constant with respect to time.

Proof. We have

d dau dT

a P = tw

1
VU.)'(+2<25<.5&>
=—X.X+%X.X

=0.

The second equality is an application of the chain rule and the product rule. 0O

The main advantage of the Newtonian description of mechanics is that a number
of basic but important physical systems can be described completely using the tools
of vector calculus. First-year physics students are still taught the basic laws of
mechanics from the seventeenth- and eighteenth-century Newtonian vantage point.

It quickly became apparent, however, that for more complicated physical sys-
tems, the Newtonian framework had severe practical problems. One significant
problem, of course, is the difficulty in integration that arises in producing explicit
solutions to the second-order ordinary differential equations involved.

Several mathematicians, most notably Euler, Lagrange, and Hamilton, recast
Newton’s model and at the same time developed powerful new mathematical
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machinery. The essential shift, first in the Lagrangian model and then in the
Hamiltonian model, involved taking as the basic objects not the forces describing
the system, but rather the energy of the system as a whole.

According to the Lagrangian model, suppose we are given a domain V' C R"
with coordinates (g1, .. ., ¢n). These correspond to the parameters of the positions
of a finite number of particles whose motion is constrained to lie on some geometric
set. Associated to any curve x : I — V given by x(¢t) = (q1(¢),...,¢n(t))
representing the evolution of the system with time, we can associate two scalar
functions T, U : I — R, where

T(0) = 5 > @) ad U@ =U(@(t)....qu(0)

Note that the function U depends only on the position coordinates g;.

For a given physical system, consider the function L = T — U as a function
of the 2n variables ¢, . . ., g, (representing position) and vy, . .., v, (representing
velocity). The function L is called the Lagrangian function for the system. The
fundamental result of Lagrangian mechanics is the following:

Theorem 7.1.2. A smooth function x : I — V described as x(t) =
(q1(t), ..., qn(t)) is a solution to the equations of motion described by the system

x = —VU with potential energy U, kinetic energy T, and Lagrangian function
L(x,v) =T(v) — U(x), if and only if

d (oL oL _ ., ._,
dt \ 9o, 3qi_ , t1=1,...,n,

where L(t) = L(x(t), %(t)).

The n equations of Theorem 7.1.2 are known as the Euler—Lagrange equations.
The proof of this theorem is outside the scope of this text. It involves finding the

minimum (or extreme) value of the so-called “action functional,” defined as / Ldt,

over the set of all possible paths x : I — V' with fixed endpoints. This is a pr(I)blem
in the calculus of variations. The reader may consult, for example, [3], [15], or [26].

From the point of view of differential geometry, the proper way to think of the
Lagrangian function L is as a function whose domain is the tangent bundle 7R",
where the coordinates

(qlv"'aqwnvh"'avn)

represent a tangent vector (vy,...,v,), € TgR™ at the point ¢ = (q1,...,qn).
Note that the fundamental Newtonian objects of interest, the total force F and the
total momentum p of the system, are recovered as

oL
31)1- ’

F; and p; =

- 0q;
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where F; and p; are the components of F' and p respectively. In this setting,
physicists sometimes call the tangent bundle TR" the state space of the system.

Example 7.1.3. In order to compare the Newtonian and Lagrangian approaches to
finding the motions of a physical system, we consider one of the simplest examples,
uniform circular motion in a plane. The reader can imagine, for example, the case
of a weight being swung in a circle with constant radius r and constant speed v.

In the Newtonian case, we consider rectangular coordinates (z,y) centered at
the origin representing the center of the motion. The fact that the object’s velocity
changes direction but not magnitude implies the existence of a constraint centripetal
force F = (F', F?) = (—b%z, —b?y) directed toward the center; here b = v/r
is a constant representing the angular speed. The Newtonian equations of motion

then are
¥ = —b?z,
jj = _bzy,
with initial position (7 cosfy, 7 sinfp) and initial velocity (—br sin 6y, br cos 6y).

This is a decoupled system, which yields, by the standard techniques of solving
ordinary differential equations,

(z(t),y(t)) = (rcos(bt + 0y),rsin(bt + 6p)) .

By contrast, the motion of the system can be described in terms of a single
parameter ¢ = 6(t) via the map x(q) = (rcosgq,rsingq). Since the system has
no external forces acting on it, there is no potential energy, i.e., U = 0. It does have
kinetic energy, however:

T = (33'2 +y2) _ %T2q2.

[N

Hence, the Lagrangian function for this system is given by

1
L(g,v) = =r?v?.
2
Since %—L = 0 and % = 712y, the BEuler-Lagrange equation according to
Theorem 7.1.2 then is
d, o
—(r*v) =0,

dt
so r2v = r%(v/r) (using the fact that the angular speed at 0 is given to be v/r).
Hence v(t) = b for all t € R. Now since v = ¢, we have

d

i(Q) =b,

and so ¢(t) = bt + 6, the same result we obtained through the Newtonian approach.
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This example gives a sense of the way in which the Lagrange method simplifies
the differential equations describing a motion. In the end, the technique involves
solving two consecutive first-order ordinary differential equations instead of second-
order ones—similar, in fact, to the standard techniques of solving second-order
ordinary differential equations by introducing an extra variable to represent the
first derivative. The key to the technique’s power, though, involves the way that
the Lagrangian function is adapted to the given system.

We present only the Lagrangian setting, however, as a segue to the setting of most
interest to us. Following Hamilton, we adapt the Lagrange method by means of a
change of coordinates. Recalling that the momentum coordinates can be written as
p; = g—fi(q, v), we attempt to solve those n equations for v; in terms of p; and g;.
This is essentially a problem of the type addressed by the implicit function theorem,
and can be done as long as the matrix

0%L
|:8’Ui(9’l)j :|
is invertible. (This condition is satisfied for most physical systems. In fact, for many
physical systems, the functions 1% are linear in the v-coordinates.)
Assume, then, that we can define the n functions v; = v;(q,p) (i = 1,...,n)
such that
oL

Di = %(qla"'7QHav17---;vn)-

Using these functions, we can define a new function  : R™ x R — R as follows:

H(q,p) = (Zn:pm) - L(q,v(q,p))-

The new function H is called the Hamiltonian function for the system.

Theorem 7.1.4. Letx : I — V C R"™ be a smooth curve and let L be a given
Lagrangian function with associated Hamiltonian function H. Then (q = x,q =

X) is a solution to the Euler-Lagrange equations of Theorem 7.1.2 if and only if

(a=x%x,p= 2—5 (x,%)) is a solution to the system given by the 2n equations

O0H O0H
li = , Di=— i =1,...,n).
4 Opi P 9q; (v ™

In particular, if either of the equivalent conditions is satisfied, then x is a solution
to the Newtonian equations of motion X = —VU.

The equations of Theorem 7.1.4 are called Hamilton’s equations for the system.
Proof. On the one hand, we have

"~ (OH OH
dH = Z (%dfb + apidpi) .
=1
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On the other hand, by the definition of the Hamiltonian function H, we have

dH =d (Zpivi — L)
= Z(pidvi) + Z(Uidpi) - Z(%dqi) - Z(g—idvi)

oL . oL
= Z(vidpi) — Z(a—qtdqz) since p; = F.-.

Comparing the components of dH in the two expressions, we have

OH
Op; B

OH oL
dq;  Oq;

v; and

Since p; = %, the second equation implies the equivalence of the Euler-Lagrange

equations to the equations p; = —g—f, and the first equation amounts to ¢; = g—f_,

since we are considering motions for which v;(£) = ¢; (t). O

Example 7.1.5. Returning to Example 7.1.3, we had L(q,v) = 3r°v? The
momentum coordinate is given by p = ‘3—5 = 72y, and so we can solve for v to
obtain v(p, q) = p/r?. Hence

H(q,p) =pv—L=p(p/r*) - %7‘2(17/7“2)2 = %.

Hamilton’s equations for this system, then, are

This is a partially decoupled system. The second equation implies that p(t) =
r?(v/r) = rv is constant with respect to ¢. The first equation then implies that
q = (v/r)t + 60y = bt + 6, as was previously established.

We now step back from the physics and its concern for the equations of motion
in order to discuss the proper mathematical setting for the Hamiltonian formalism.
The transition from the Lagrangian function L to the Hamiltonian function H
is a particular case of a general mathematical construction known as a Legendre
transformation. We will explore the Legendre transformation more in the exercises.
From a more advanced perspective, the Legendre transformation gives a natural
way of associating to each real-valued function on the tangent bundle 7R™, a new
real-valued function on the cotangent bundle 7*R™. For this and other reasons,
momentum is properly viewed as a covector, i.e., an element of T; R", and the
Hamiltonian function then is amap H : T*R"™ — R. In the context of Hamiltonian
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mechanics, the cotangent bundle 7*R" is called the phase space of the system, as
opposed to the state space TR".

There is a natural one-form on the phase space 7T*R", which we describe as
follows. Consider the coordinates (g1, - .., Gn,P1, - - ., Pn) on T*R"™ corresponding
to the cotangent vector

p=pidry + -+ ppdr, € T;R",
where ¢ = (q1, - - -, ¢n ). There is the standard projection map
m: T"R" - R"
given by m(p) = ¢, where p € TyR". In coordinates,

ﬂ-(qlw" 7q’n7p17"'7pn) = ((Z17~-,CIn)~

Abusing notation somewhat, we have

0 0
W*% = axl and Tr*aipi = O7

where 7, : T(T*R™) — TR™ is the tangent map of . Now a one-form on T*R"
is a smoothly varying field of maps 7\, ,(T*R™) — R. So for a tangent vector

0 0 0 0
A — — n— b P bn—ET T*Rn7
(2.7) “ oq N T Oqn o Op1 * * Opn, (a:2)

define the one-form ap on T*R™ as

(aO(Q>p))(A(q,p)) = (po 7T*)(A(q,p))
= p(W* (A(q,p)D

O .0

= a/ —_— DR a R

p 18;1:1 "9z,
=p1a1 + -+ Pnln,

where p = prdxy + - - + ppdx, € T; R™. In coordinates, ajy can be expressed as

n
ao(q,p) = Z Ppidg;.
i=1

This special one-form on T*R™ is called the Liouville form.
Now define a two-form wg on T*R"™ by wy = day. In coordinates,
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wo = dei A dg;.

=1

Note that on each tangent space T{, ) (T*R™), the two-form wy(q, p) is nondegen-
erate, so in the language of Sect. 2.10, wy(q, p) is a linear symplectic form.
Now for any smooth function H : T*R"™ — R, define the vector field

" /OH 0 OH 0
XH_Z<6piaQi_6Qiapi).

i=1

The reader may verify that
i(Xp)wo = —dH;

in fact, it is a consequence of Theorem 2.10.5 that X is uniquely defined by this
property.

We may now restate Theorem 7.1.4 in the language of the vector field Xy,
defined in turn in terms of the two-form wyg.

Theorem 7.1.6. Let H be a smooth Hamiltonian function for a physical system
defined on the phase space T*R". Then the motions of the system are precisely the
integral curves of the vector field X ;.

Proof. In coordinates, the differential equations defining the integral curves of Xy
are exactly Hamilton’s equations. a

We summarize this discussion by saying that symplectic geometry provides
a particularly elegant formulation for Hamiltonian mechanics. In fact, we will
continue to see its relevance for rephrasing physical phenomena in a geometric way.
We will now turn to the extent to which some of these concepts occur in a more
general setting.

7.2 Basic Concepts

If the central object of Riemannian geometry is the metric (0, 2)-tensor and the
central object of contact geometry is the contact one-form (more precisely, its
kernel), then the central object of symplectic geometry is the symplectic two-form.

Definition 7.2.1. A symplectic form on a domain U C R™ is a smooth differential
two-form w satisfying the following properties:

* w is nondegenerate: For all p € U, if v, € T,,U is such that w(p)(v,, w,) =0
for all w, € T,,U, then v, = 0,,.
* wisclosed: dw = 0.

We call the pair (U, w) a symplectic space.
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The nondegeneracy condition says that for all p € U, w(p) is a linear symplectic
form on T,,U.

We will review some of the consequences of the nondegeneracy condition, which
because of its algebraic character will replicate many of the results of Sect. 2.10. The
first immediate consequence is a restriction on the dimension of a symplectic space.
The following is an adaptation of Theorem 2.10.4 into the smooth setting, and the
proof is identical.

Proposition 7.2.2. Let (U, w) be a symplectic space, where U C R™ is a domain.
Then m = 2n for some positive integer n. In other words, the dimension of a
symplectic space is even.

For this reason, we will normally write the domain U C R?".

Proposition 7.2.3. Let w be a differential two-form on U C R?". Then w is
nondegenerate if and only if

Wr=wA---ANw#0 onU,

in other words, if w™ is nowhere equal to the zero 2n-form on U.

Proof. Apply the argument preceding Definition 6.3.1 to show that w nondegenerate
implies w™ # 0. We leave the converse as an exercise in linear algebra. a

For a symplectic space (U,w) with U C R?", the top-dimensional (2n)-form
w™ on U is called the volume form associated to w. In the case n = 1, a symplectic
form, as a two-form on R?, is already a top-dimensional form. Hence the symplectic
structure can be thought of as a sort of generalized oriented area form.

A key consequence of the nondegeneracy condition is the following smooth
analogue of Theorem 2.10.5, which was mentioned at the end of the last section.

Proposition 7.2.4. Let X(U) be the vector space of smooth vector fields on a
symplectic space (U,w), where U C R*" is a domain, and let Ay(U) be the
vector space of one-forms on U. Then the map ¢ : X(U) — A1(U) given by
&(X) = i(X)w is a vector space isomorphism.

Before turning to examples, we note that in comparison to the consequences of
the nondegeneracy condition, the condition that the symplectic form must be closed
is of a more geometric nature. We mention here two immediate consequences; more
will be seen in subsequent sections.

The following is a direct application of the Gauss—Stokes theorem (Theo-
rem 4.5.9).

Proposition 7.2.5. Suppose S is an oriented three-dimensional region of integra-
tion in a symplectic space (U,w), where U C R?", and let R be the boundary of S.

Then
/ w=0.
R
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In particular, if S is the image of the unit ball in R3, and so R is the image of the
unit sphere, under a regular parameterization, then || rw = 0. This can be seen as a
kind of symmetry condition, where oriented areas “cancel out.”

Proposition 7.2.6. Let w be a symplectic form defined on a domain U C R?".
Then for each point p € U, there exist a domain V containing p and a one-form «
defined on'V such that w = dacon V.

Proof. Apply Poincaré’s lemma (Theorem 4.4.11). a
We now turn to examples.

Example 7.2.7. Starting with the case of n = 1, a symplectic form on R? with
coordinates (z, y) is just a nowhere-zero multiple of the top-dimensional area form:
w = fdx A dy for some nowhere-zero function f : R?> — R. The closed condition
is automatically fulfilled for dimensional reasons, dw being a three-form on R2.

Example 7.2.8. Considering T*R"™ to be the same as R?" with coordinates
(q1y---+9n,P1,---,Dn), then the two-form described in the previous section,

n

wo = Z(dpi A dg;),

i=1

is a symplectic form. It is closed, since it is exact: wg = dag, where ¢ is the
Liouville form of the prior section. It is nondegenerate, since

wy = (nl)dpy A~ Ndpp Adgy A -+ A dgp.

In fact, we will adjust this example slightly to define the standard symplectic
structure on R*". Let (x1,y1,...,Zn,Yn) be coordinates on R?". Then the
standard symplectic form on R2"™ will be

n

i=1

It is closed, since wy = day, where ag = > x;dy;, and it is nondegenerate by the
same calculation as the symplectic form on T*R™ above. The pair (R*",wq) will
be called the standard symplectic space.

As we have noted from the outset, even in the linear setting of Chap.2, a
symplectic structure implies a clear pairing of coordinates, which is explicit in
the standard symplectic structure with pairs of coordinates (z;,y;). The notation
accentuates the pairing. In the case of the standard symplectic form wy, the integral
S g wo is literally a “sum of oriented areas” of a region projected into the n coordinate
planes defined by the coordinates (z;,y;). See Fig.7.1.



7.2 Basic Concepts 351

(®2,Y5)

Ag

T,
m (®1,91)

Fig. 7.1 In (R*,wo), [ wo = Area(A1) + Area(Az).

For the standard symplectic space (R2",wy), consider a vector field X written
in coordinates as

_ 1 1 n n —n ia za
X=(x"Y' .. X"Y >_;(X 6xi+yayi).

In these coordinates, the isomorphism ¢ described in Proposition 7.2.4 is given by

B(X) = (X'dy; — Y'dz;)

K3

and
@71(2 a;dx; + btdyl) = <b1, —Q1,...,bp, —an> .

We will return often to the standard symplectic space (R>",wg). When we do so,
we will describe R2" by the coordinate pairs (x;,y;) rather than the explicit listing

(mlayh cee »mnayn)'

Example 7.2.9. More generally, consider R?" with coordinate pairs (z;,;), and
consider the two-form

We = Zaid:ﬂi A dy;,
i

where the a; : R?” — R are smooth functions.
Note that

wl=(nay - an -dey Adyr A+ ANdzp A dyy;

a

hence for w, to be nondegenerate, we must have that the functions a; are all nowhere
Zero.
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Further, we have

8ai 8ai
dw, = ; (%dxj ANdx; N\ dy; + 8—yjdyj ANdx; N\ dyi) .
So in order for w, to be closed, we must have
8ai 8ai . .
= =0 fi .
oz, ay; ori % j

In other words, the functions a; may depend only on the corresponding paired

coordinates: a; = a;(x;,y;). In this case, the closed condition complements the

pairing of coordinates that arises essentially from the nondegeneracy condition.
Symplectic forms on R2" of the form w, are called warped symplectic forms.

Example 7.2.10. Let (U, wq) and (Us,ws) be two symplectic spaces, where Uy C
R?™ and U; C R?2" are domains. In this example, we show how to define a
symplectic form {2 on the product U; x Uy C R?™ x R?" in a natural way.

We first define the two projection maps p; : Uy x Uy — Uy and py : Uy x Uy —
Us by p1(a,b) = a and pa(a,b) = b. Define

2 = plwi + prwa.
On the one hand, we show that 2 is closed. We have
df2 = d(pijw: + pswe)
= pidwy + p3dws
=0 since wy and wy are closed.

To show that {2 is nondegenerate, consider the (m + n)-fold exterior product

(Piwi + piws) ",

It is a sum of terms having the form

(Piw1)® A (piw2),

where k + [ = m + n. Note that (pjw;)* = 0 when k > m and (p5w2)! = 0 when
[ > n for dimensional reasons. These two statements together imply that

* * m-+n m+n * m * n
(Piw1 +p2w2)( = < n >(P1W1) A (paw2)™.
For (v,w) € Uy x Uy, let {ey,...,eam,f1,...,f2,} be the standard basis for

T(v,w) (U1 x Uz). Note that for all j, i(e;)psw2 = 0 and i(f;)pjw; = 0, so that
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(piwr + phwa) ™M (eq, ... eam, f1, .., o) =

m+n * m * n
= ( n > [(plwl) A (p2w2) ](ela"'7e2m7f17"'7f2n)

m-+n « m .
:< n >(p1w1) (e, .., e2m) - (pawa)(f1, ..., fa,)

# 0 since w; and wy are both nondegenerate.

Hence, by Proposition 7.2.3, {2 is nondegenerate and (2 is a symplectic form on
U 1 X UQ.

‘We will sometimes use the notation
2= (w1) ® (w2)

for the symplectic form pjw; + p5ws on the product space U; x Us. Note
that Example 7.2.9 is a special case of Example 7.2.10 applied to n copies of
(RQ, aidxi A dyl)

The following example hints at the close relationship between symplectic and
contact forms.

Example 7.2.11. Let (U, o) be a contact space, where U C R*"1 is a domain. We
will construct a symplectic form w on U x R as follows: Let (x, t) be coordinates
on U x R C R?""2, and define the projection

pr:UXxR—>U

by pl(xvt) =
Define @ = p}a and w = d(ef@). Then w is closed, since it is exact. To verify
that w is nondegenerate, note that

w=e'(dt Na+da),

and so
W = (n+ 1)Vt A a A (da)”,

since da(®™1) = 0 and & A @ = 0, since & is a one-form. Because « is a contact
form, this shows that w™t! £ 0.

The symplectic space (U x R,w) constructed in this way from a contact space
(U, ) is called the symplectization of (U, «). The symplectic form w in this case is
another example of an exact symplectic form, in that there is a one-form « such that
w = da. The standard symplectic form is another example of an exact symplectic
form.
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7.3 Symplectic Diffeomorphisms

Having defined a geometric structure on the tangent space by means of a closed,
nondegenerate two-form, we will now turn our attention to those diffeomorphisms
that preserve this structure.

Definition 7.3.1. Let (U, w:) and (Us,w2) be two symplectic spaces, for domains
Up,Us C R™, andlet ¢ : U; — Uy bea diffeomorphism. Then ¢ is called a
symplectic diffeomorphism if

O ws = wy.

We write ¢ : (Ul,wl) — (UQ,WQ).

The symplectic diffeomorphisms are sometimes referred to as symplectomor-
phisms. We reserve this term only for the linear symplectic maps described in
Chap. 2.

The reader will notice the parallels between symplectic diffeomorphisms on the
one hand and isometries (in the setting of Riemannian geometry) and strictly contact
diffeomorphisms (in the contact setting) on the other. In these cases, structure-
preserving diffeomorphisms are those that preserve the structure tensor.

Before proceeding to examples, we prove an immediate geometric consequence
of Definition 7.3.1. Recall from Proposition 7.2.3 that to every symplectic space
(R?",w) there is an associated volume form 2 = w™.

Proposition 7.3.2. For domains Uy, Uy C R?", let (Uy,w;) and (Us,ws) be
symplectic spaces with associated volume forms 21 and (2. Let ¢ : (Up,w1) —
(Ua,ws) be a symplectic diffeomorphism. Then ¢* 2y = (24, i.e., ¢ preserves the
volume form associated to w.

Proof. Applying Proposition 4.4.16, we obtain
978 = ¢"(wy) = (P"ws2)" = wi' = {21 0

As we have seen, in dimension two, a symplectic form is a top-dimensional form
and hence is an oriented area (“two-dimensional volume”) form. In this case, a sym-
plectic diffeomorphism is nothing more than an area-preserving diffeomorphism.
One of the interesting questions in symplectic geometry is understanding the extent
to which the set of symplectic diffeomorphisms is different from the set of volume-
preserving diffeomorphisms in higher dimensions. We will return to this question in
Sect.7.7.

Example 7.3.3. Consider the standard symplectic space (R?",wq) with coordinate
pairs (z;,y;), so that wy = > dx; A dy;. For any constant

a= (a1, b1,...,an,bn),

the translation T}, : (R?",wg) — (R?",wp) given by
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Ta(x17y17'~~vxn7yn) = (.T] +a17@/1 +b17~~~7xn +anvyn+bn)

is a symplectic diffeomorphism.

It is useful to contrast this first simple example of a symplectic diffeomor-
phism with the comparable contact translation of the standard contact structure
in Example 6.4.7. In that case, there is a distinguished direction (the z-direction)
corresponding to the direction of the Reeb field and transverse to the contact distri-
bution. In addition, there is an asymmetry to the paired (z;, y;)-coordinates, where
translations in the y-directions preserves the contact structure, while translations in
the z-directions do not, at least without modification. In the case of the standard
symplectic structure, the paired coordinates (x;,y;) are indistinguishable.

Example 7.3.4. The linear symplectomorphisms of Sect.2.10 are symplectic dif-
feomorphisms of the standard symplectic space (R?",wp). Recall from Theo-
rem 2.10.20 that if T4 : R?” — R2?" is a linear symplectic diffeomorphism with
matrix representation A, then the condition 7wy = wy is equivalent to the matrix
condition A € Sp(2n), i.e

ATJA = J.

Here J is the special matrix written in block matrix notation as

Jo 0 -0
0 Jo--- 0 _
J = ) and Jy = [0 1]
0070 10
0 0---Jo
For example, given nonzero constants cy, .. ., ¢,, the map

1 1
¢($1,y17--~7$myn) =\1¢7, Y1y CnTn, Yn
C1 C

mn

is a (linear) symplectic diffeomorphism.

At this point we can also give a simple proof of Theorem 2.10.22 regarding the
determinant of a linear symplectomorphism.

Corollary 7.3.5. Let A € Sp(2n) be a symplectic matrix. Then det A = 1.

Proof. Since A is a symplectic matrix, the corresponding linear transformation 7'y :
R?™ — R given by T4 (x) = Ax satisfies Two = wo. By Proposition 7.3.2,
17582y = {2y, where

0 =wy =dri A--- Ndaxpy Adyr A -+ Ndyn

is the standard volume form on R?". But by Proposition 4.4.20,
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TZQO = (det(TA)*)QO

and (T4). = A, since T4 is linear. Hence det A = 1. O

In fact, the linear condition AT JA = .J gives the system of nonlinear partial
differential equations that the component functions of a symplectic diffeomorphism
¢ : (R*™,wp) — (R®™, wy) must satisfy. We illustrate this in the following
example.

Example 7.3.6. For the case n = 1, a symplectic diffeomorphism
¢ : (R wp) — (R?,wo)

with component functions ¢ = (¢*, ¢¥) corresponding to coordinates (x,y) must
satisfy

wo = ¢*wo
— d” A dg¥
_ (99", 0" 9¢¥ ... 9¢¥
=( B dr + 9y dy) A ( o dr + 9y dy)
_ (09" 0¢¥ _ 0¢° O¢¥
_<81: oy oy 8$)dx/\dy,

so the symplectic condition in this case is the area-preserving condition

_ ¢ 0¢Y 04" 0¢¥ _
det(9+) = Oz Oy oy Or !

In this case, the matrix form
6] Jo (6] = Jo

appears as

0¢® Bg* T 9T 9P®
) ()% %L
P oy U 01|55 By 10

which on its face yields four equations. The reader may check, though, that three of
the four equations are redundant.

In contrast to the previous case n = 1, the case n = 2 shows that the partial
differential equations represented by the symplectic condition ¢*wy = wy are in
fact quite distinct from the volume-preserving condition det(¢.) = 1. In this case,
the condition ¢*wg = wq (or equivalently, [¢>*]T J [¢«] = J), yields six independent
partial differential equations.
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As with contact spaces, symplectic spaces are all locally “the same.” This is
the content of Darboux’s theorem for symplectic spaces. We shall see that this
result is a consequence of the contact Darboux’s theorem (Theorem 6.7.9) and a
“contactification” lemma.

The following lemma can be thought of as parallel to the symplectization
procedure of Example 7.2.11.

Lemma 7.3.7. Let (R?",w) be an exact symplectic space, so that there is a one-
form B such that w = dB. Then o = B + dt is a contact form on R**+1 with
Reeb field ¢ = %. Here we consider R?"t! = R?" x R with coordinates
(xl, ce ,xzn,t).

Proof. We have da = d(f + dt) = df, and so (da))™ = (df)™ = w™. Hence
aA(da)” = (B +dt) Aw"
=[BAW" +dt AW

But 5 A w™is a (2n + 1)-form involving only the 2n coordinates x1, . . ., Z2,, and
so B A w™ = 0. Moreover, since w™ is nowhere zero on R?", the (2n + 1)-form
dt A w™ is nowhere zero on R2"*! and so « is nondegenerate.

To show that £ = %, note that i(%)da = i(%)dﬂ = 0 and B(%) = 0, again
since /3 involves only the coordinates 1, . . . , To,. Also, i(%)a = 5(%)+dt(%) =
1. Hence, by Theorem 6.3.10, % is the Reeb field for «. O

Theorem 7.3.8 (Darboux’s theorem for symplectic geometry). Let (R?*",w) be
a symplectic space. For each point p € R*", there exist a domain U containing
p and a diffeomorphism & : U — ®(U) C R>" such that ¢(p) = p and on U,
D*w = wy, where wy = > (dx; A dy;) is the standard symplectic form on R*" with
coordinate pairs (x;, y;).

Proof. Since w is closed, Poincaré’s lemma (Theorem 4.4.11) guarantees that for
every point p € R?", there exist a domain V; C R?" containing p and a one-form
B defined on V; such that w = df3 for all points in V3.

Now consider the one-form aw = 3 + dt described in Lemma 7.3.7, so that (V7 X
R, «) is a contact space. By the contact Darboux’s theorem (Theorem 6.6.4), there
are a domain V, x I containing (p,0) and a diffeomorphism ¢ : (Vo x I, ap) —
(W, «) such that ¢(p,0) = (p,0) and ¢*a = v, where ag = dz + > z;dy; is
the standard contact form on R?"*1. Here W = ¢(V2 x I) C R?>"*! is a domain
containing (p, 0), which we can write W = W’ x I, with W’ C R?" a domain
containing p and I’ an interval containing 0. We may assume that V5 C V.

By Proposition 6.4.4, ¢ must exchange the Reeb fields: ¢.&y = £. Using column
vector notation with coordinates (z1,y1, ..., Zn, Yn, 2) and component functions

¢=(¢',..., 0",

this condition says, in light of Lemma 7.3.7, that
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o' . ost  9¢t 7 [0 0

Oxq ayn 0z .

8¢2.’L+1 8¢27’L+1 8¢2‘7‘L+1 0 O

dz; " Oyn 0z 1 1
This shows that fori = 1,...,2n, ¢* = ¢*(x1,y1,- . -, Tn, Yn) are independent of z
and that "1 (21,91, ..., Ty Yn, 2) = 2+0(T1, Y1, - - -, Tn, Yn) for some smooth

function ¢ : R2® — R.
Define the function @ : Vo — W' by means of the component functions ¢':

D= (¢, ..., 0°").

The preceding paragraph shows that writing

_[ow 9w . 9w ov
DQ/’*[T@WJI"'GM ay]

we have

P, 0
¢*:|:D'¢1:|7

and so
0 # det(¢.) = det(P.).

By the inverse function theorem (Theorem 3.6.12), there exist a domain U C V5,
containing p and a domain U’ C W, also containing p, on which @ : U — U’ is a
diffeomorphism.

Define the map i : R*® — R?"*! by i(z) = (z,0) and the map = : R*"*! =
R?™ x R — R?" by 7(x,t) = x. Note that ® = 7 o ¢ o i and that (p) =
m(¢(p,0)) = w(p,0) = p. Further,

@*/8 — Z'*¢*7T*/B
=i"¢"(a—dz) sincea=p+dz
— i*(¢"a — ¢"dz)
= i*(ao — d(Z + ¢))
=i* () widy; + dz — dz — dv)
= Z-T’Ldyl - d’(/}7

and so

S w = P*(df)
— d5* 3
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=d()_ widy; — dip)
= Z(dl‘l A d/yl)

= wo-

Hence the domain U and the diffeomorphism ¢ are the ones desired in the
statement of the theorem. O

As in the contact case, Darboux’s theorem shows that differences between
symplectic structures occur at the global (topological) level, and hence outside the
scope of this text. In fact, it was only in 1985 that Gromov’s landmark paper [22]
demonstrated the existence of a symplectic structure on R* that is not equivalent to
the standard one. In 1990, Bates and Peschke [7] published an explicit example of
an “exotic” (i.e., not equivalent to the standard) symplectic structure on R*.

Like the sets of Riemannian and contact structure-preserving diffeomorphisms,
the set of all symplectic diffeomorphisms has an algebraic structure. The following
is the symplectic analogue to Theorems 5.6.10 and 6.4.9.

Theorem 7.3.9. Let (R*",w) be a symplectic space and let Diff (R*",w) denote
the set of all symplectic diffeomorphisms ¢ : R*" — R?". Then Diff(R*",w) is a
group under the operation of function composition. In other words,

o If¢1, 02 € Diff (R*™,w), then ¢ o ¢o € Diff (R*",w);
 Id € Diff (R?>",w), where Id(z) = x for all z € R*"; and
« If6 € Diff (R?",w), then ¢\ € Diff (R*", ).

Proof. Exercise. a

We close this section by noting that the algebraic structure described by
Theorem 7.3.9, as well as the corresponding theorem in the contact setting, has
an impact on the geometry of the space. In 1872, Felix Klein set out the task of
classifying the new geometric structures that were appearing in the wake of the
non-Euclidean revolution. In his Erlangen program, Klein identified geometry as the
study of objects preserved by a given group of transformations. Hence the following
question arises: If two geometric spaces have the same transformation group
(up to group isomorphism), are the geometric spaces the same (up to geometric
isomorphism)? More precisely, given two geometric spaces, suppose there is an
isomorphism between their groups of structure-preserving, one-to-one and onto
maps. Does this imply the existence of a structure-preserving map between the two
geometric spaces? An affirmative answer would imply that the algebraic structure
of the transformation group would “determine the geometric structure.”

The case of Riemannian geometry shows that this program is not true in general.
Consider the case of two spheres with different radii endowed with the metric
tensors obtained from the standard Euclidean metric tensor; see Definition 5.2.6.
These two geometric sets have the same isometry groups. However, since they have
different scalar curvatures, they can not be isometric.
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In 1988, Banyaga was able to show that under certain fairly general assumptions,
the group of symplectic diffeomorphisms does in fact determine the geometry of a
symplectic space in the sense of Klein’s Erlangen program. In 1995, this result was
extended to the contact setting independently in [6,35].

We have already seen ways in which Riemannian geometry is fundamentally
different from contact or symplectic geometry. For example, there is (and can be)
no version of Darboux’s theorem for Riemannian geometry, since there are objects
that are local in character, such as the curvature tensor, that can distinguish one
Riemannian metric from another.

The fact that the group of isometries does not determine a given Riemannian
structure is yet another way in which Riemannian geometry differs from contact
or symplectic geometry. Without elaborating, we may say that there are “not
enough” isometries in general compared to the “many” contact and symplectic
diffeomorphisms that exist for a given space.

7.4 Symplectic and Hamiltonian Vector Fields

Considering vector fields as “infinitesimal automorphisms,” we have the following
analogue to Killing vector fields and (strictly) contact vector fields.

Definition 7.4.1. Let X be a vector field on a symplectic space (U, w), where U C
R?2". Then X is a symplectic vector field if
L XWwW = 0.

In light of Theorem 4.7.23, the symplectic vector fields are those whose
one-parameter group of diffeomorphisms consists entirely of symplectic diffeomor-
phisms.

The requirement that a symplectic form be closed has an important consequence
for symplectic vector fields.

Proposition 7.4.2. Let X be a vector field on the symplectic space (R*",w). Then
X is a symplectic vector field if and only if for each point p € R*", there exist a
domain U C R?" containing p and a smooth function f : U — R such that

1(X)w=—df onU.

Proof. We rely on the Cartan formula (Theorem 4.7.18):

Lxw=di(X)w~+ i(X)dw

= di(X)w since w is closed.

So Lxw = 0 implies that i(X)w is closed. In that case, by Poincaré lemma
(Theorem 4.4.11), i(X )w is locally exact: At each point p € R?", there are a domain
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U and a function f such that i(X)w = —df on U (the sign chosen arbitrarily for
reasons discussed below).

Conversely, given the existence of a domain U containing p and a smooth
function f : U — R satisfying (X )w = —df, then

Lxw = d(i(X)w) = d(—df) = 0. O

Comparing the condition ¢(X)w = —df to the discussion preceding Theo-
rem 7.1.6, we can summarize Proposition 7.4.2 by saying that the symplectic vector
fields are locally Hamiltonian vector fields.

If X is a symplectic vector field defined on a domain U C R?2", it may not be
the case that there is a single function f : U — R for which (X )w = —df. This is
a global question, and so lies outside the scope of this text. However, the following
shows that every function does give rise to a distinguished vector field.

Theorem 7.4.3. Let f : U — R be a smooth function on the symplectic space
(U,w), where U C R*". There is a unique symplectic vector field X ¢ on U such
that i(X¢)w = —df. The field Xy is called the Hamiltonian vector field with
Hamiltonian function f.

Proof. For the smooth function f, let X; be the vector field defined uniquely,
according to Proposition 7.2.4, by

Xf = Qil(_df%

where @ is the vector space isomorphism between vector fields and one-forms
induced by the nondegenerate form w. It is a symplectic vector field almost by
construction:

Lx,w=d(i(X)w) = d(—df) = 0. 0

The reader should compare this theorem with Theorem 6.5.4, guaranteeing the
existence of a contact gradient vector field for a smooth function f : U — R defined
on a contact space (U, ) with U C R?"*!. For that reason, the contact gradient is
also sometimes called the contact Hamiltonian vector field. In both cases, as well as
in the case of the gradient in Riemannian geometry, the key condition guaranteeing
the existence of such a vector field associated to a function is the nondegeneracy
of the structure tensor. In contrast to the contact case, however, in which there is
an isomorphism between smooth functions and contact vector fields, there may be
symplectic vector fields that do not arise as the (global) Hamiltonian vector field of
a function. Furthermore, different functions may give rise to the same Hamiltonian
vector field: Xy = X, when f — g = ¢ for some constant c.

Example 7.4.4. Consider the standard symplectic space (R?",wg) with coordinate
pairs (z;,;), so thatw = ) dx; A dy;. Then the condition that i(X s )w = —df can
be expressed using coordinates Xy = (X', Y?!,..., X", Y") as
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4 , 0 g
Z (deyi — Yldxi) = Z ( 85 ajdyi),

and so

of o 8f 0
Xf B Z ayz axz 8$i ayz ’

Note that the differential equations defining the integral curves of X ; are

dz; _ _ Of
dt 6yi )
dyi _ Of

dt — Ox;’

which are exactly Hamilton’s equations for the system defined by the Hamiltonian
function f from Sect.7.1 (although the momentum p variables here correspond to
the x-coordinates while the position g variables correspond to the y-coordinates).

The following algebraic proposition follows from the fact that the map & of
Proposition 7.2.4 is a vector space isomorphism.

Proposition 7.4.5. Let f,g : U — R be smooth functions on the symplectic space
(U,w) and let ¢ be any constant. Then Xy, = Xf + Xy and X.p = cXy.

Proof. Exercise. a

Built into the definition of the Hamiltonian vector field is a mathematical
expression for conservation of energy, when the function f : R?® — R is
interpreted as the energy of a physical system. Compare this to Proposition 7.1.1.

Proposition 7.4.6. Let f : U — R be a smooth function on a symplectic space
(U,w). Then the integral curves of Xy lie on level sets of f.

Proof. Letc: I — U be an integral curve of X ;. Then

— (f(c(t))) = df(Xy) Dby the chainrule

= (—i(Xy)w) (Xf) Dby the definition of X
= —w(Xy, Xy)

=0 by the skew-symmetry of w.

Hence, for all t € I, f(c(t)) = k for some constant k, and so c¢(t) lies on the level
set f = k. See Fig.7.2. O

Proposition 7.4.6 also gives an example of geometric methods in solving
differential equations, of which the method of characteristics in Chap. 7 is another.
With the inherent difficulties in explicitly solving a system of differential equations
of the form d;; = X', where X* are some functions of the variables (z1, ..., x,), it

is often more practlcal to find level sets on which the solutions (considered as curves
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Fig. 7.2 The integral curves of the Hamiltonian vector field of f lie on level sets of f.

in R™) must lie. This potentially allows for a qualitative analysis of the system of
ordinary differential equations, even when an explicit solution cannot be produced.

Example 7.4.7. Consider the system

do
{df —2y—2,
dy
Y =-2r-4
Solving this system explicitly is possible using standard techniques of solving
ordinary differential equations, for example by making an appropriate change of
variables to convert this system to a linear one. However, observing that the system
describes the integral curves of the Hamiltonian vector field X s, where f(z,y) =
(x +2)%+ (y — 1)? in the standard symplectic space (R?, dx A dy), it is immediate
that solution curves lie on circles about the center (—2, 1), the radius depending on
the initial conditions.

This line of reasoning prompts the following definition, which does not depend
on the symplectic structure.

Definition 7.4.8. Let X be a smooth vector field on a domain U C R™. A first
integral of X is a smooth function f : U — R such that X [f] = df (X) = 0.

In the setting of a symplectic space (U,w), Proposition 7.4.6 says simply that f
is a first integral of X .

We will now develop a new operation that will give a way of discussing the
problem of finding first integrals of a Hamiltonian vector field. This operation on
the set of smooth functions has independent interest as well.

Definition 7.4.9. Let f,g : U — R be smooth, real-valued functions on the
symplectic space (U,w). The Poisson bracket {f,g} : U — R is defined to be
the smooth function

ot =2 (9000,

t=0
where ¢, is the flow generated by the Hamiltonian vector field X ;.

An immediate consequence of the definition is the following alternative char-
acterization of the Poisson bracket, which in fact could have been used as the
definition.
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Proposition 7.4.10. Let f, g : U — R be smooth functions on the symplectic space
(U, w) with Hamiltonian vector fields X y and X ;. Then

{fi9} = W(Xf’Xg)-

Proof. Let ¢ : R*™ — R?" be the flow generated by the vector field X ;. Then

o=l (900

t=0
= dg(Xy) by the chain rule
= (—i(X4)w) (Xy) by the definition of X,
= —w(Xy, Xy)
= (J.)(,Xf7 Xg). O
The advantage of Proposition 7.4.10 is that it highlights the symmetry (more
accurately, the skew-symmetry) in the roles played by the functions f and g. In

Definition 7.4.9, it appears that the functions are playing different roles, one being
differentiated while the other integrated.

Corollary 7.4.11. Let f,g : U — R be smooth, real-valued functions defined on
the symplectic space (U,w). Then:

o Themap (f,q) — {f, g} is bilinear:

{eifi +eafo, g} = ci{fi, g} + c2{fo, g}

and
{fic191 + c292} = ci{f, 91} + c2{f, 92}

for all smooth functions f, f1, f2,9, 91,92 : U — R and all constants ¢y, cs.
o Themap (f,g) — {f, g} is skew-symmetric:

{97 f} = _{fvg}
o Themap (f,q) — {f,g} obeys a product rule in each component:

{fif2, 9} = filfe, g} + f2{f1, 9}

and
{f, 9192} = 91 {f, 92} + 92{[f, 91}
for all smooth functions f, f1, f2,9,91,92 : U — R.

Proof. The first two statements follow from the bilinearity and skew-symmetry of
w as well as the linearity of the map & used to define X.



7.4 Symplectic and Hamiltonian Vector Fields 365

We illustrate the proof of the product rule in the second component, the other
verification being identical.
{f,9192} = d(g192)(Xy) as in the proof of Proposition 7.4.10
= (91dg2 + g2dg1)(X )
= g1dga(Xy) + g2dg1 (Xy)
=g1{f, 92} + g2{f, n}. O
Corollary 7.4.12. A function g is a first integral for a Hamiltonian vector field X 5
ifand only if {f,g} = 0.
Proof. The proof of Proposition 7.4.10 shows that

Xylgl =dg(Xy) ={f 9}

Hence Xy [g] = 0 exactly when { f, g} = 0. U

The next example provides a coordinate expression for the Poisson bracket in the
standard symplectic space (R?",wp).

Example 7.4.13. We showed in Example 7.4.4 that for the standard symplectic form
wo = >_dx; A dy; on R*" with coordinate pairs (x;,;), the Hamiltonian vector
field for the smooth Hamiltonian function f is given by

~~( 0f 0 _0f 0

i=1

Hence by Proposition 7.4.10, we have

,g ((f) () - (@) ()
> ((62) () - () (65)

K2

Il

3

Consider, for instance, the function H : R* - R given by

1
H(xy,y1,72,92) = B (30% +yi + a3 +y§) .

The Hamiltonian vector field corresponding to H is given by

0 0

X = g1 4 01— — o
" y151’1+x15y1 y28$2+x23y2’
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so a first integral f : R* — R of Xy must satisfy

0 0 0 0
OZ{H’f}ZXH[f]Z—wa—xflJr 8—f1— 26£+ ayJ;

For example,
f(x1,y1,22,y2) = T122 + Y192

is a first integral of X 7.

The bracket notation invites comparison to the Lie bracket of vector fields. In
fact, the similarities are by no means coincidental, as the following propositions
demonstrate.

Proposition 7.4.14. Suppose that f,g : U — R are smooth, real-valued functions
on the symplectic space (U,w). Then the Hamiltonian vector field of the Poisson
bracket { f, g} is the Lie bracket of the vector fields X ¢, X ,:

X{f,g} = [vaXg]-

Proof. We apply Proposition 4.7.22, which, in the case k = 2, states that
dw(Zv X17X2) =Z [w(XlaXQ)] -Xu [W(Zv XQ)] + Xo [w(Z7 Xl)]
- CU([Z, Xl] aXQ) + w([Zv XZ} 7X1) - w([leXQ] 7Z)

Let Z be any vector field on U, and let X7, X, be the Hamiltonian vector fields
for f and g. By the previous equality and using the fact that w is closed, we have

(i([X s, Xg))w) (Z) = w ([Xy, X], Z)
=Zw(Xy, Xg)] = Xy [w(Z, Xg)] + Xg [w(Z, Xy)]
—w([Z,Xf], Xy) +w([Z,X,], Xs) — dw(Z, X, X,)
=Z[{f,9}] — X;ldg(2)] + X,[df (Z)]
—dy([Z, Xy]) + df ([Z, Xg]
ZI{f, g}l = X1 Z[g]] + X,41Z[ ]
—([Z, XDlgl + (12, X)) ]
= Z[{f,9}] — X¢[Zlgll + X4[Z]f]]
—(ZXy = Xy 2) 9]+ (ZXy — Xy Z)]f]
=Z[{f,9}] — Z[X;[g]] + Z[X,[f]]
=Z[{f,9}] = Z[{f,9}] — Z[{f,9}] by Corollary 7.4.11
=—Z[{f.9}]
= —d{f,9}(2),

) since w is closed
[
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all of which shows that
i([Xy, X))o = —d{f, g}-
Hence by the uniqueness of the Hamiltonian vector field,
X{f’g}Z[Xf,Xg]. O

Proposition 7.4.15. The Poisson bracket satisfies the Jacobi identity: For all
smooth functions f,g,h : U — R on the symplectic space (U, w),

Hfgbhy +{{g,n}, £} +{{h, f},9} = 0.

Proof. We rely repeatedly on the fact, first noted in the proof of Proposition 7.4.10
and used again several times in the preceding proof, that { f, g} = Xy [g].
In particular,
S, g} hy = Xyp.0y [h] = ([Xf, Xg])[R], by Proposition 7.4.14;
g, 0}, 1} = —{f{g, h}} = = X;l{g, h}] = =X [X[h]];  and
Adding the three equations and relying on the fact that [X,Y] = XY — Y X proves
the Jacobi identity for the Poisson bracket. O

Corollary 7.4.16. Suppose that the smooth functions f,g : U — R are first
integrals of a Hamiltonian vector field X r with Hamiltonian function H : U — R.
Then {f, g} is also a first integral of X .

Proof. Suppose that {H, f} = {H, g} = 0. Relying on the Jacobi identity, we have

Xul{f g}l ={H.{f g}}
= {{97H}7f}+{{Haf}ag}
={0,/}+{0,g} =0. O

This shows that given two first integrals of a Hamiltonian vector field, we can
generate “new” first integrals.

Example 7.4.17. On the standard symplectic space (R*

H :R* — R given by

,wp), consider the function

1
H(zy,y1,29,92) = 5(96% +yi + x5+ y3)

In Example 7.4.13, we saw that the function f : R* — R given by

f(x1,y1,72,92) = 1122 + Y192

is a first integral for the Hamiltonian vector field X ;.
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The reader may verify that

gl(xl,yl,aim y2) = T1Y2 — Y122

is also a first integral for X . Hence, by Corollary 7.4.16,

g={fip}=a+yi — a3 —y3

is another first integral of X .

It is worth noting that first integrals generated as the Poisson bracket of other first
integrals may not be independent of the original ones. We will return to the topic of
first integrals in the next section.

While there are “more” symplectic vector fields than Hamiltonian vector fields,
it is always easy to construct Hamiltonian vector fields from symplectic ones.

Proposition 7.4.18. Let X and Y be symplectic vector fields on a symplectic space
(U,w). Then the Lie bracket [X,Y] is a Hamiltonian vector field (and hence also
symplectic) with Hamiltonian function f = w(X,Y).

Proof. Assume that X and Y are symplectic vector fields, so that

We will again rely on Proposition 4.7.22. On the one hand, as in Proposi-
tion 7.4.14, we have, for any vector field Z on U,

(([X, Y]w) (2) = w([X, Y], 2)
X[w,2)] =Y [w(X, 2)] + Z [w(X,Y)]

+w([X,Z],Y) —-w(lY, Z], X).

On the other hand, applying Proposition 4.7.22 to the one-forms ¢(X )w and
i(Y)w yields

w([X,2],Y) = - (i(Y)w) ([X, Z])
]

—~

Z[(i(Y)w)(X)] = (di(Y)w) (X, Z))
=-X[wY,2)]+ Z[w(Y,X)] sincedi(Y)w = 0 by assumption,

and likewise

w(lY,Z],X) = — (i(X)w) ([Y, Z])
=Y [w(X,2)] + Z [w(X,Y)].

Substituting the last two expressions into the first yields
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w([X,Y],2) = X [w(Y,2)] =Y [w(X, Z)] + Z [w(X,Y)]
— X w(Y,2)] + Z [w(Y, X)]
+Y [w(X,2)] - Z[w(X,Y)]
= —Zw(X,Y)]
= —df(Z), where f =w(X,Y).

Hence [X, Y] = X is a Hamiltonian vector field. O

We conclude this section by examining the effect of symplectic diffeomorphisms
on Hamiltonian vector fields and Poisson brackets.

Proposition 7.4.19. Let ¢ : (U,w) — (U,w) be a symplectic diffeomorphism and
let f : U — R be a smooth function. Then

¢*Xf = Xf0¢7

where the pullback of a vector field is defined, as usual, by ¢*X = (¢71). X.

Proof. We will show that i(¢* X¢)w = —d(f o ¢). To do this, suppose Y is any
vector field on U. We have

(i(p" Xp)w) (V) =

(0" X5)(¢*w)) (Y) since ¢ is symplectic
¢ w) (¢ Xy, Y)

= w(d.d" Xy, ¢.Y)

=w(Xy,0.Y)

= —df(¢.Y)

—(¢*df)(Y)

—(de™ f)(Y)

—d(fog)(Y),

and 50 i(¢* X f)w = —d(f o ¢), as desired. O

(
(

We have introduced the Poisson bracket as a secondary object defined in terms
of Hamiltonian vector fields. We now show that it is in fact an object that belongs to
the realm of symplectic geometry, in the sense that it is preserved by symplectic
diffeomorphisms. What is more, symplectic diffeomorphisms can actually be
characterized as those diffeomorphisms that preserve the Poisson bracket.

Proposition 7.4.20. Let (U,w) be a symplectic space and let ¢ : U — U be a
diffeomorphism. Then ¢ is a symplectic diffeomorphism if and only if for all smooth
Sfunctions f,g: U — R,
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{fod,god}={fg}o0¢.

Proof. Assume first that ¢ is symplectic, i.e., ¢*w = w. Then

{fod,goo}=

= w

Xfop, Xgoo)

¢*X;,¢*X,) by Proposition 7.4.19

= (¢p*w)(¢* X, 9" X,) since ¢ is symplectic
= (W(Px0" Xy, 00" X)) 0 &

—~

= (w(Xy, Xy)) 0 ¢
={f,g} oo

Suppose now that for all real-valued functions f, g : U — R we have

{fog,god}={fg}00¢.

The key observation will be that the Poisson bracket uniquely determines the
associated symplectic form, in the sense that if w; and wy are two symplectic
forms on R2" such that the associated Poisson brackets agree for all f, g, i.e.,
{f,9}1 = {f, g}2, then wy = wy. We leave this as an exercise for the reader.

Now given a symplectic form w; = w, the pullback ws = ¢*w is also a
symplectic form. The goal is to show that w; = ws. Denote the Hamiltonian vector
field of a function f relative to the symplectic form w; by Xy, and the Poisson
bracket relative to wy by {, }1; the corresponding objects relative to the symplectic
form ws will be written X ; and { , }o.

Note that )~(f = Xjo4-1. After all, we have

—df = i(Xy)ws
=i(Xf)(¢"w)
=" (i(6. X)),
and so
(G Xp)w = —(¢7 ") df = —d(foo™").
Hence, forall z € U,
{f.g}2(x) = (0"w)(@) (X (2), X,(2))

w(0(2))(¢: X1 (9(x)), 6+ Xg(¢()))
= w(B(2)) (X pop-1(0(2)), Xgog-1(¢(2)))
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=({fo¢ g0 i o9)(x)
={(fop N od,(god™") 0 p}i(x)

We have used the assumption that ¢ preserves the Poisson bracket in the second-to-
last equality.
It follows that wy = w1, and so ¢ is a symplectic diffeomorphism. a

7.5 Geometric Sets in Symplectic Spaces

In this section, we consider special geometric sets in a symplectic space (R?",w).
Geometric sets, introduced in general in Chap. 3, will be in this section either
parameterized sets S = ¢(U), where U € RF, 1 < k < 2n, is a domain and
¢ : U — R>" is a regular parameterization, or level sets

S=Sp={zeR”|F(z) =a},

where F: R?" — R!, 1 <[ < 2n, is a smooth map and a € R/ is a regular value
of F'. The motivating concept in this section will be the notion of w-orthogonality
introduced in Sect. 2.10, now in the setting of the tangent space.

Recall that for every point p € R?", tangent vectors v, w,, € T, R*" are said
to be w-orthogonal if w(v,,w,) = 0. For every subset W, C T,R?", the w-
orthogonal complement of W, is the vector subspace

Wy = {vp e TpRQ” | w(vp, wp) =0 forall w, € Wp}.

The following definitions are the nonlinear analogues of those in Defini-
tion 2.10.13.

Definition 7.5.1. Let S be a geometric set in a symplectic space (R?",w). Then S
is called:

e isotropicifforallp € S,T,S C (T,5)%;
* coisotropicifforallp € S, (T,,S)* C T,,S;
* Lagrangianifforallp € S, (T,,S)* = T,S;
» symplectic if forallp € S, (T,5)° NT,S = {0,}.
We leave the proof of the following alternative characterizations of w-

orthogonality relations to the reader as a review of the symplectic linear algebra of
Sect. 2.10.

Proposition 7.5.2. Let S be a geometric set in a symplectic space (R*",w).
Then:



372 7 Symplectic Geometry

o S is isotropic if and only if for all vy, wy, € T,S, w(vy, wp) = 0.

o IfS is a parameterized set, i.e., S = ¢(U) for some domain U C R* and regular
parameterization ¢ : U — R*™, then S is isotropic if and only if ¢*w = 0.

e S is coisotropic if and only if for all v, € T,R*" with v, ¢ T,S, there is a
tangent vector Wy, € T,S such that w(v,, wp) # 0.

e Sis Lagrangian if and only if S is isotropic (or coisotropic) and

dim(7,S) = n.

e Sis symplectic if and only if w’ s nondegenerate.

In all of these special symplectic geometric sets, any parameterization of the set
must be well adapted to the “pairing” of the symplectic coordinates established by
the symplectic form. We illustrate this with the following linear examples in the
standard symplectic space (R?", wy).

Example 7.5.3. Let (R*",wy) be the standard symplectic space with coordinate
pairs (z;,y;). Let S; = ¢1 (U ), where U; = R* for 1 < k < n and

¢1(U1,...,uk) = (ul,O,...,uk,0,0,...,O).
In other words,
S1={(x1,y1,...,n,yn) |y =0foralliand z; =0 forall j > k}.

Then S is isotropic.

Example 7.5.4. Let (R*",wy) be the standard symplectic space with coordinate
pairs (x;,v;). Let So = ¢o(Us), where Uy = R* fork = n+j with 1 < j < nand

G2 (U1, Upy U1y e oy Untj) = (UL, Ung1s -« o Uj, Ungj, Uit 1, 0, . oy Uy, 0).
In other words,
So ={(z1,Y1,--+Tn,Yn) | yi = 0 when i > j}
and
1,85 = {(al,bl,...,an,bn>p | b; =0 fori > j}.
Then S5 is coisotropic. Indeed, for w,, € (1},52)“, the condition that
wo(wWp,vp) =0forall v, € T,,S5

means that for

Wy = <a1,b1,...,an,bn>p and Vp = <51,t1,...,Sj7tj7$j+1,0,...,Sn,o>p,
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we have

0= (G,iti — bisi) + Z (_bisi)

1 i=j+1

J n
1=

This in turn shows, by choosing v,, to be the n + j standard basis vectors for 75,5,
thatb; =0forallt =1,...,nand a; =0for: =1,..., 7. In particular, b; = O for
i=j+1,...,n,and so w, € T,Ss. Hence (7,52)“ C T,S55.

Example 7.5.5. For the standard symplectic space with coordinate pairs (x;, y;), let
S3 = ¢3(Us), where Us = R™ and

d3(ur, ..., up) = (u1,0,...,u,,0).
In other words,

S :{(xlayl,“-axnayn)‘yi :0fori:1,...,n}.

Then S5 is Lagrangian. This follows from Example 7.5.3 and Proposition 7.5.2,
since dim 7,53 = n.

Example 7.5.6. Still considering the standard symplectic space (R*",wg), now
define S; = ¢4(Uy), where Uy = R*,1 < k < n,and ¢4 : Uy — R is
given by

¢4(U,1, e ,ng) = (11,17 e ,UQk,O, cee ,0)
Then Sy is symplectic.

We have listed the above linear examples in detail to give a sense of the
most basic special (in terms of w-orthogonality) geometric sets. More interesting
nonlinear examples, however, are also easy to construct.

Example 7.5.7. Every one-dimensional parametric set (i.e., a parameterized curve)
is an isotropic set. Indeed, let I C R be an interval and ¢ : I — (R?",w) a smooth
regular map. Then c*w is a two-form on the one-dimensional set I, and so c*w = 0
for purely dimensional reasons.

Example 7.5.8. Let S C (R?",w) be a hypersurface defined as the zero set of a
smooth function F': R?" — R, i.e.,

Sp={z e R*|F(z) =0},

where 0 is a regular value of F. We have T,Sp = kerdF(p). Then Sp is
coisotropic. Supposing that w, € (T,57)“, we have w(w,,v,) = 0 for all
v, € T,SF. Let u, € T,R?" be the tangent vector such that i(u,)w = dF(p),
which exists by virtue of Proposition 7.2.4. In fact, u,, € T},SF, since
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dF(p)(up) = (i(up)w) (up) = w(uy, up) = 0.

Then since w(wp, u,) = 0, we have w), € T},SF:
dF (p)(wp) = (i(up)w)(wp) = w(uy, wy) = 0.

This shows that (7,Sr)“ C T,,SF.

Example 7.5.9. Consider the cotangent bundle 7*R", introduced in Sect.7.1,
which we consider to be R?" with coordinates (q1, ..., Gn, 1, - . -, Pn) describing
the one-form

prdzy 4 - - + ppdx, € T(*;l,__.’qn)R".

Recall that there is a distinguished one-form, called the Liouville form,

ag =Y pidg;

along with a corresponding symplectic two-form wy = day.
Every one-form 8 = f1dx1 + - - - + B,dz, on R™ defines a map

B:R" = T*R"

by R
B(x1,. .y xn) = (X1, ., &n, P1(x),. .., Bn(x)).

Note that 3*ag = .

Now suppose that g is a closed one-form. Then S = B(R") is a Lagrangian
subset of T*R"™ with symplectic form wy. The geometric set S has dimension 7,
since B* has rank n everywhere. Further,

Bwo = B* (day)

=d(f"ao)
=dB

=0 since [ is closed.

In the special case that 3 is exact, there is a smooth function f : R™ — R such
that 3 = df. In this case, f is called the generating function of the Lagrangian set
S =df(R").

One way to generate examples of special geometric sets in a symplectic space is
to look at subsets of the product of two symplectic spaces (U, ws) and (Us,ws),
where Uy, Us; C R?" are domains. Consider the symplectic space formed as the
product Uy x Us with symplectic form 2 = (—w;) @ (w2), using the notation
following Example 7.2.10. Note that the verifications in that example still hold,
although we have changed the sign of the first component.
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Example 7.5.10. Let ¢ : (Uj,w1) — (U2, w2) be a symplectic diffeomorphism,
ie., ¢*wy = wy. Let 2 = (—w1) & (w2) be the symplectic form on the product
space U; x Us of Example 7.2.10. Define the geometric set S = &(U;), where
@ : Uy — Uy x Us is defined by

P(z) = (z,¢(x)).

Then S is a Lagrangian set in (U; X Us, §2). The map ¢ has maximal rank 2n, so
dim T, S = 2n for all p € S. Further,

D" ((—w1) ® (w2)) = P"we — w1 =wi —wy =0.

We mention here one fact, which is a kind of converse to the result of the previous
example. It is in fact the tip of the iceberg of deeper theorems relating the study of
symplectic diffeomorphisms to the study of Lagrangian sets.

Proposition 7.5.11. Let (U1, w1) and (Usa,ws) be symplectic spaces, and let ¢ :
Uy — Us be a diffeomorphism. Then ¢ is a symplectic diffeomorphism if and only
if the set

I'y ={(z,¢(x)) |z € Ur} C (U1 x Uz, 2)

is a Lagrangian set, where 2 = (—w1) @ (w2).

Proof. We have shown in Example 7.5.10 that if ¢ is a symplectic diffeomorphism,
then Iy is a Lagrangian set.

Suppose now that ¢ is a diffeomorphism such that I'y is a Lagrangian set. Using
the notation of the previous example along with Proposition 7.5.2, this means that
P*((—w1) @ (w2)) = 0. We have, for any tangent vector v, € T,,Uq, that P, v, =
(Vp, $«Vp), and so for any two tangent vectors v, w, € T,,U7,

0= (é*n)(vp’wp)

= 2(P.vy, Diw,)

= ‘Q((Vpa ¢*Vp)a (Wpa ¢*Wp))

= w2(¢*vpa ¢*Wp) — w1 (Vpa Wp)

= (gb*wg)(vp,wp) - Wl(vpva)-
Hence

QS*WQ = Wi,

and so ¢ is a symplectic diffeomorphism. O

We next see that the condition for a geometric set to be coisotropic has a natural
formulation in terms of the Poisson bracket. First, though, we note that it is possible
to determine whether a Hamiltonian vector field with Hamiltonian function f is
w-orthogonal to a geometric set by considering the action of tangent vectors on f.
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Proposition 7.5.12. Let S be a geometric set in a symplectic space (R*",w). Let
[ : R?" — R be a smooth function with Hamiltonian vector field X ¢. Then X €
(T'S)* ifand only if V[f] = 0 forall V € TS.

Proof. Since for any V' € TS, df(V) = (—i(Xp)w)(V) = —w(Xy,V), the
condition that df (V) = 0 for all V' € T'S is equivalent to X € (T'S)“. O

The preceding proposition allows the following alternative characterization of
coisotropic geometric sets.

Proposition 7.5.13. Let S be a geometric set in a symplectic space (R*",w). Then
S is coisotropic if and only if for every point p € S, there is a domain U C R*"
containing p such that if f and g are any two smooth functions on U that are
constant on SN U, then {f,g} =0on U.

Proof. We may suppose without loss of generality that .S is a parameterized set.
By Corollary 3.6.14, there exist a domain W containing p and k£ smooth functions
hi, ..., hy defined on W such that

They are functionally independent as a consequence of being the component
functions of a diffeomorphism.

Suppose first that .S is coisotropic, so that (7'S)¥ C T'S, and let f and g be
smooth functions defined on U such that for all z € SNU, f(z) = ¢; and g(z) = co
for some constants c¢; and cs. Note that the proof of Theorem 3.4.13 shows that
df (vp) = dg(vp) = 0 for all v, € T,,S. In particular, since (7,,5)¥ C TS, if
v, € (T,S)“, then df (v,,) = dg(v,) = 0. By Proposition 7.5.12, the Hamiltonian
vector field X, satisfies X (p) € (T7,5)%, and so

{f.9} = w(Xy, Xy) = —df(X,) = 0.

Conversely, suppose that for all smooth functions f,g such that f and g
are constant on S, {f,g} = 0. In particular, for the k functions hq, ..., hg,
{hi,h;} = 0.

Note that a tangent vector v,, is in 7}, if and only if dh;(v,) = 0 for all i =
1,..., k. This implies that for every v,, € T},5,

W(Xhi (p)a VP) = 7dhi(vp) =0,

and so X, (p) € (T,S)* for all <. In fact, since the h; are functionally independent,
the tangent vectors Xp, (p),...,Xp, (p) are linearly independent and so form
a basis for (7,5)%, since dim(7,S)¥ = k by Theorem 2.10.12. But since
dhi(Xp,) = —{hi, hj} = 0foralli=1,..., k, this shows that X}, (p) € T},S for
allj =1,..., k. Hence (T,S)* C T,,S, and so S is coisotropic. ' O
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Example 7.5.14. Consider the standard symplectic space (R*, wq) with coordinates
(w1,91,22,Y2), so that wg = dx1 A dy; + dwa A dys. Let S C R* be the geometric
set described as the level set

S ={(z1,y1,22,92) | 2} +yi + 23+ 5 =1, m122 + y1y2 = 1} ;

The set S can be visualized as the surface of intersection of the three-dimensional
slanted cylinder u% + u% = 3, where vy = z1 + 22 and us = y; + ys, with the
three-dimensional unit sphere in R?.

The set S satisfies the hypotheses of Proposition 7.5.13, where

fi(@y, g wa, o) = af +yf + a3 +ys — 1 fa(@r,y1, 02, 40) = 2122 + 192 — L.

Indeed, using the coordinate expression for the Poisson bracket of Example 7.4.13,

{f1, fo} = (221)(y2) — (2y1)(z2) + (222)(y1) — (2y2)(z1) = 0.

Hence S is coisotropic and, since dim 7}, S = 2, Lagrangian.
We invite the reader to verify directly that S is coisotropic without relying on
Proposition 7.5.13.

7.6 Hypersurfaces of Contact Type

In this section, we explore some of the more direct relationships between symplectic
and contact geometry. We begin by returning to the symplectization of a contact
space first introduced in Example 7.2.11. Recall that the symplectization of a contact
space (R?"~1 q) is the symplectic space (R*",w), where

w=d(e'a) = e'(dt A a+ da).

Here the ¢ variable is the coordinate of the second component of the product
R?"~! x R = R?". (Note that we have changed our convention on the dimension
of the contact space to be 2n — 1 as opposed to 2n 4 1 in Chap. 7. This has the
explicit advantage that the dimension of the symplectization is 2n; implicitly, the
main object of interest in this section is the symplectic space.)

Proposition 7.6.1. Let S = ¢(U) C R?*" ! be a parameterized set in the contact
space (R?"1 «), where U C R" ! is a domain and ¢ : U — R* ™1 is a regular
parameterization. Then S is a Legendre set in (R*" ™1, ) if and only if S x R is a
Lagrangian set in the symplectization (R?™,w), where S x R is parameterized as

SxR=0¢U xR)forp:U xR — R xR given by ¢(z,t) = (¢(x), ).
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Proof. Suppose that S is a Legendre set in (R?"~!, a), so that ¢*« = 0. We have

¢"w = ¢"(d(c'a))
(9" (e'a))

)

A
o)
“
~—
o
*
o)
=

o . o .

Hence, since dim7,(S x R) = nforallp € S x R, we have that S x R is a
Lagrangian set in (R?", w), as desired.

Now suppose S x R is a Lagrangian set in (R?",w), and so ¢*w = 0. In
particular,
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«a since ¢*da does not involve dt,

and so ¢*a = 0. a

Proposition 7.6.2. Let (R?>"~! «) be a contact space with symplectization
(R*,w). For any diffeomorphism ¢ : R?**~' — R?7L ¢ is a contact
diffeomorphism of (R*"~1, o) with *« = fa for a positive function f : R*"~1 —
R if and only if the diffeomorphism é : R?" — R2" defined by

¢(z,t) = (¢(z),t —In f(x))

is a symplectic diffeomorphism of (R*",w).

Proof. We leave it as an exercise for the reader to show that the map (;NS defined in
the proposition is in fact a diffeomorphism.
If ¢*a = fa for some positive function f, then we have

¢*w = ¢* (el (dt A o + dov))
=™ (d(t —Inf) A d*a+d(p*a))
=e'-em M (dt A (fa) = d(In f) A (fa) +d(fa))

= e%l/f)(fdt/\a— (1/1)df A (fa) +df/\a+fda>
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:e%l/f)(fdt/\a—df/\a+df/\a+fda>

=e' (dt Ao+ da)

= W.

Here we have used the fact that d(In f) = (1/f)df.
On the other hand, assuming that ¢*w = w, we have

This implies that ¢p*a = fa. O

The following proposition illustrates the relationship between the contact gradi-
ent and the Hamiltonian vector field of a function f.

Proposition 7.6.3. Let (R?>"~! a) be a contact space with symplectization
(R®,w). For any smooth function f : R?"~! — R, define the function
F : R™! xR — R by F(z,t) = e'f(x). Then the Hamiltonian vector
field X of F in (R?",w) is given by

- 0
XFZXf-i-ga,

where Xy is the contact gradient of f in (R?"~1, ) (with no % component) and
g = —df (§), where & is the Reeb field corresponding to c.

Proof. Let Xp be the Hamiltonian vector field for the function F. We write
X =X+ g%, where X is a vector field on R2" ! (although from the outset, the
component functions might involve all (2n) variables, including ¢) and g is some
function of all variables (z, t).

Note first that

dF = é'(fdt + df),

so the condition i(X p)w = —dF can be expressed as
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—et(fdt +df) =i (X —l—gg)f) w

=1 (X +g§t> (e'(dt A a + dav))
:<¥(ga——a(X)dt+i(X)da>7

ie, —e'f =el(—a(X))and —e'df = e'(ga+1i(X)da). This shows that i(X )a =
f and that i(X)da = —ga — df. Contracting the second equation with the Reeb
field on both sides shows that

0=—g—df(é),

and so g = —df (£), as desired.
In that case, then,
i(X)do = df (§) v — df,

which together with i(X )« = f shows that X is the contact gradient of f. a

Having described some of the ways that objects in contact geometry correspond
to objects in the symplectic setting, our goal now is to show that the particular
way that we have “symplectized” a contact space (R?"~!, ) inside a symplectic
space (R?" w) of higher dimension has a natural generalization. This, in turn,
gives a glimpse into the broader setting where contact geometry takes place: contact
manifolds.

Recall that a hypersurface in a symplectic space (R?",w) is a geometric set of
the form S = f~!(a), where f : R*" — R is a smooth function with regular value
a € R, so thatif f(x) = a, then df (x) # 0.

Definition 7.6.4. A hypersurface S in a symplectic space (R*",w) is said to be of
contact type if there is a smooth one-form « defined on a domain U C R?", where
S C U, such that

* «is nondegenerate on S; and
* da ‘s = w|5'

This definition has some important differences from the way the term is generally
defined in the more general setting of a symplectic manifold. First, there is generally
the topological assumption of the compactness of S, which implies, for example,
that S has finite (2n — 1)-volume and also ensures that vector fields on S are
complete. Second, in the setting of a manifold, the one-form « is defined initially
only on S and not necessarily on a domain U C R?",

Our model for a hypersurface of contact type will be the hyperplane ¢ = 0 in the
symplectization of a contact space.

Example 7.6.5. Let (R?"~1 ) be a contact space and let (R*",w) be the cor-
responding symplectization, with (x,t)-coordinates on R?" and symplectic form
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w = d(e*a). Then the set S = R?"~! x {0} is a hypersurface of contact type, with
the contact form « playing the role of the distinguished one-form in the definition.
In this case, the function f is given by f(x,t) = ¢, and so S = f~1(0).

The most important nontrivial example of a hypersurface of contact type is the
sphere in (R?", wy).

Example 7.6.6. Let (R*",w) be the standard symplectic space with coordinate
pairs (z;,;), so that wg = >_ dx; A dy;. Let f : R*™ — R be defined as

f(xlvylv"'7xn;yn :71+Z +yz

and define S = f~1(0), the unit sphere in R*".
Note that by Theorem 3.4.13, X € T'S if and only if df (X) = 0. Writing X
using coordinate pairs (X, Y"), this means that X € T'S if and only if

Let

1
a=g > (widy; — yiday),

so that dow = wy. For all p € S, a(p) is nondegenerate on T,S. To see this, it is
enough to show that o A (da)" 1 is nonzero on some (and hence every) basis of
T,S. We have

(do)™ 1 :(n—l)!del /\dy1/\--~/\c/ig\ci/\@i/\-~-dxn/\dyn,

i=1

and so

-

1 —
a A (doz)"_1 = i(n -1 (widxl ANdyr A ANdz; ANdy; A ---dxy, A dy,

i=1

—yidgcl/\dy1/\---/\da:i/\cfy\i/\~-~dxn/\dyn),

where the “hat” notation d/:z?i indicates that the factor dx; is omitted.

To complete the verification that «(p) is nondegenerate on 7},S, we will specify
a basis of T,,S. Since p = (p1,q1,---,Pn,qn) € S, at least one of the p; or ¢;
must be nonzero. Assume for the sake of discussion that ¢,, # 0. Then for every
X(p) € T,,S we have

n p q Pn wn
Y™ (p) = —q—lxl<p> - ijp) - LX),
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and so we can use as a basis for 7,,S the (2n — 1) tangent vectors

e1:<1,0,0,...,0,—p1> ,f1:<0,1,0,...,0,—‘h>
W/, W/,
en=<0,...,o,1,—p”> .
W/,

2
—— (a A (da)”_l) (p)(er,f1,...,en—1,fn_1,€p)

p
(D) ()
qn dn

n
7—p?—q%—~‘—pi—q27—1#o’
dn dn

and so a(p) is nondegenerate on T,S.
These calculations show that S is a hypersurface of contact type in (R?", wy).

We performed our calculations in the previous example under the assumption
that y,, # 0, an assumption that really saved us performing the same calculation 2n
times (once for x; # 0, once for y; # 0, etc.). This is in fact an admission that it
is not possible to describe the sphere completely using a single coordinate system,
and so the sphere is topologically different from a domain in R2".

In order to give an alternative description of a hypersurface of contact type, we
return to the example of the symplectization of a contact space (R?*"~!, «). The

vector field X; = pn in the symplectization (R?",w), with coordinates (x,t) for

R?" = R2?"! x R, has several notable properties. First, at each point on the
hypersurface S = R?"~! x {0}, X, is transverse to S. Second, we have seen that
i(X¢)w = ela. This in turn implies both that (X} )w |s = « and that

Lx,w = di(X;)w = d(e'a) = w.

This prompts the following definition.

Definition 7.6.7. Let (U, w) be a symplectic space. A vector field X on U is called
a Liouville vector field if
Lxw=uw.
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The relevance of Liouville vector fields to the present discussion is given in the
following result.

Proposition 7.6.8. Let (R?",w) be a symplectic space and let S be a hypersurface
described as the level set of a smooth function f : R?" — R with regular value
acR ie, S={zecR™| f(zx)=a},and df(x) # Oforallx € S. Then S is a
hypersurface of contact type if and only if there is a Liouville vector field defined on
a domain U C R2™ containing S that is transverse to S at all points p € S.

Proof. Suppose first that there is a one-form « defined on a domain U C R?"
containing S such that da|s = w|s and such that a|g is nondegenerate. Since w is
nondegenerate, Proposition 7.2.4 guarantees that there is a unique vector field X on
U such that i(X )w = «. This vector field by definition has the property that

Lxw=di(X)w=da=w onS,

so X is a Liouville vector field defined on U.

To show that X is transverse to .S, suppose to the contrary that there is p € .S such
that X (p) € T,S. Since a|g is nondegenerate, there is a tangent vector Y € 1,5
such that a(Y") = 1 and (Y ")da = 0; this follows by mimicking the proof of the
existence of the Reeb field; see Theorem 6.3.10. Let E,(S) = ker a|s. We have
X(p) € Ep(S), since

a(p)(X(p)) = w(p)(X(p), X (p)) = 0.
Complete a basis {e1 = X (p), es,...,ea,_2} of E,(S) in such a way that
{Y,e1,...,ean_2}
is a basis for 7, S. Since a(p) is nondegenerate on S by supposition,

0 7& (Oé A (da)nil) (p)(Y(p)aela ce. 7e2n—2)
= (O‘ A Wnil) (»)(Y(p),e1,...,em—2).

But every term of the latter exterior product has a factor either of the form

since e; € E,(.5), or of the form
a(e)w(Y,e;) =0, sincei(Y)da =0.

This contradiction shows that X (p) ¢ T,,S for all p € S, and X (p) is transverse to
S as desired.
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Now suppose that there is a Liouville vector field X defined on a domain U C
R?" containing S that is transverse to S for all points p € S. Let v = i(X )w. The
condition £ xw = w implies that

da=di(X)w) = Lxw =w.

To show that « is nondegenerate on S, let Y be the vector field such that i(Y)w =
df , again relying on Proposition 7.2.4. Since df (Y) = w(Y,Y) = 0, we have
Y (p) € T,,S for all p € S. Note that on .S,

a(Y) = w(X,Y) = —w(¥, X) = —df(X) £0,

since X is transverse to S. Now, in the manner of Theorem 2.10.4, construct a basis
for TPRQ",
{el = Y(p)7f1 = X(p)a R ) fn} 5

with the properties that w(e;, f;) # 0 but
w(e;, ej) = w(f, ;) =w(e;, f;) =0 wheni # j.
In particular, for j = 2,...,n, we have
0=w(er,e;) =w(Y,e;) =df(e;),
and so e; € T,,5; likewise, f; € T,S. This means that since dim 7,5 = 2n — 1,
{e1,e9,f5,...,¢e,,f,}
is a basis for 7,S. Calculating on S, we obtain
(a A (da)”_l) (e1,e9,fs,...,e,,f,) = (a A w"’_l) (e1,e2,f5,...,e,, 1)

= a(e)w(es, fz) - -wley, f,)
# 0.

Hence « is nondegenerate on S. a

We again remind the reader that Definition 7.6.4 is a simplification of the
standard definition used in the context of symplectic manifolds, where « is defined
only on S. In that case, the statement corresponding to Proposition 7.6.8 requires
a slightly more complicated proof. Methods similar to those presented here give
a Liouville vector field on S, but that vector field must be extended to a vector
field defined in a domain containing S. We refer the more advanced reader to [31,
pp. 113-114].
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Y

Y

Fig. 7.3 A Liouville vector field on the sphere.

Example 7.6.9. We showed in Example 7.6.6 that the unit sphere in (R?",wy) is a
hypersurface of contact type. A Liouville vector field is given by

Indeed, note that
. 1
W X)wo = 5 Z(xidyi — yidx;),

and so
ﬁxwo = di(X)wo = Zd.ﬁl A dyi = Wwy-

Further, for the function f : R®*® — R given by
f(l'l,’lJl,...,I’n,yn :71+Z +yz

we have

df(X) =3 (af+y})=1

on S = f~1(0), so X is transverse to S. In fact, this is an alternative way of proving
that S is a hypersurface of contact type (Fig. 7.3).

Example 7.6.10. In the standard symplectic space (R*,wg) with coordinates
(z1,y1,72,y2), let f : R* — R be defined by
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f<$17y17x27y2) = T2Y1 — ]-7

and let S be the geometric set described by the level set

F7H0) = {(21,y1, 32, y2) | w2pp = 1}

It is a three-dimensional version of a hyperbolic cylinder. Consider the vector

field
T S R
o 28171 y18y1 2(9.%2 yl@yg'
We have

W(X)wo = zodyr — y1dxy + z2dyz + yrdas,

and so
Lxwy = di(X)wo =dxo Ndy; — dy; A dzy + dzo A dys + dy1 A dxe = wy;

X is a Liouville vector field of wy.
Also,

df (X) = (z2dy1 + y1dz2) (X)

= (z2)(y1) + (y1)(22)
=2%#0 onS.

So X is transverse to S, which shows that S is a hypersurface of contact type.

7.7 Symplectic Invariants

A theme in this text has been the presentation of geometry as the study of a
set with a given structure defined by a tensor. This tensor in turn singles out
diffeomorphisms that preserve the structure. The proper objects of study for a given
geometric structure are those sets, quantities, objects, or relations that are preserved
by structure-preserving diffeomorphisms.

Most of the objects that we have seen in this chapter that are preserved by
symplectic diffeomorphisms have been “dynamical” in nature, i.e., related to
vector fields and their integral curves. For example, Hamiltonian vector fields are
preserved by symplectic diffeomorphisms in the sense of Proposition 7.4.19. The
Poisson bracket, intimately associated with Hamiltonian vector fields, is preserved
by symplectic diffeomorphisms according to Proposition 7.4.20. Hence both are
properly considered objects of study in symplectic geometry.

In terms of the effect of symplectic diffeomorphisms on subsets of S C R?", the
only invariant we have encountered so far is the volume.
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Proposition 7.7.1. In a symplectic space (R*",w), let S C R be a 2n-
dimensional region of integration. Let {2 = w" be the volume form associated to
w, and define

vol(S,w) = / 0.
5
Let ¢ : (R*™,w) — (R?,w) be a symplectic diffeomorphism. Then

vol(S,w) = vol(¢(S),w).

Proof. This is a consequence of applying Proposition 7.3.2 to Theorem 4.5.4. O

However, when n > 1, there are many diffeomorphisms that preserve volume
but are not symplectic diffeomorphisms. For example, the reader can verify that the
(linear) diffeomorphism ¢ : (R*,wg) — (R*,wp) given by

(1,91, 72, 92) = (25617 1, %, yz)

satisfies ¢* {2 = {2, but not ¢*wy = wy. For this reason, volume might be considered
a “crude” invariant of symplectic geometry in the sense that it is a quantity that is ac-
tually preserved by a larger class of diffeomorphisms, the volume-preserving ones.

One of the main challenges in the pioneering days of symplectic geometry was
the search for “finer” invariants that are preserved by symplectic diffeomorphisms
but not by nonsymplectic volume-preserving diffeomorphisms. The aim of this
section is to introduce this line of thinking in a way that indicates some of the major
concepts in symplectic geometry and topology.

We start by illustrating the basic ideas in the linear setting. Let wq be the standard
linear symplectic form on R2". Recall that wy (v, w) = w’ .Jv, where, using block
matrix notation,

Jo O -+ O
OJy O _
J= o , JO:[O 1}
OO0 .0 10

0.0 Jy

A linear symplectomorphism @ : (R?",wy) — (R?",wy) is characterized by the
property that wo (v, Pw) = w(v, w), or, in matrix notation, 7 .Jd = J.

One natural way of describing the geometry of a map @ : R?* — R?" is by
describing how it transforms some fixed set, such as a cube or a sphere. With this in
mind, consider the unit ball B = B(1) C R?", where we use the notation

B(r) = {(e1, 1w | 32 +97) <2}

For a linear symplectomorphism @, the set #(B) is some distortion of B, which still
must contain the origin 0 by virtue of being a linear map. In light of the discussion
above, the volumes of B and ¢(B) must be the same.
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Example 7.7.2. Let @ : (R*,wg) — (R*,wp) be given by

¢(x17y1ax27y2) = (2$1, %’3x2, %) .

We leave as a short exercise to confirm that ¢ so described is a linear symplecto-
morphism.
Let

2, .2 2, .2
7+ Y1 +x2+y2 Sl}-

Ey3 = {($17yl7$2,y2) ’ 1 9

Geometrically, E'; 3 can be thought of as a four-dimensional ellipsoid. Note that
$(B) C Es 3. This is a consequence of the inequalities

(221)*  (11/2) | (Bz2)®  (22/3)° _4a?  4dyf 923  9y3
< 21y ZJ1 T2 TI2
4 + 4 + 9 * 9 -4 + 4 + 9 + 9

<1 for(z1,y1,22,y2) € B.

However, &(B) # Es 3, since, for example, (0,2,0,0) € Es 3 but (0,2,0,0) ¢
$(B).

Another way of geometrically understanding the map @ is to consider the effect
of @ on the coordinate pairs (z1,y1) and (z2, y2). For example, consider the sets

Zl(/r) = {($1»y17x27y2) | .’E% +y% S TQ}

and
ZQ(T) = {(I13y17x27y2) | .’,E% +y§ S T2}7

where r > 0. These sets can be visualized as cylinders in R* whose “axes” are the
(22,y2) and (z1, y1) coordinate planes, respectively. Note that B C Z3(1) N Z3(1).
A slight modification of the inequalities above will confirm that $(B) C Z;(2) and
®(B) C Zy(3) (Fig.7.4).

These sorts of geometric tools to understand a linear symplectomorphism & give
rise to the following question: What is the smallest r such that $(B) C Z;(r)? In
the preceding example, the smallest such radius must be 2, since (1,0,0,0) € B but

$(1,0,0,0) = (2,0,0,0) ¢ Z1(r) whenr < 2.
The following theorem addresses this question. It states that a linear symplectomor-

phism cannot “squeeze” the symplectic pair of coordinates (z1, y1) too narrowly.

Theorem 7.7.3 (Linear nonsqueezing theorem). Let ¢ : (R?*",w,) —
(R?",wy) be a linear symplectomorphism. Suppose that ®(B(r)) C Zi(R).
Thenr < R.
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(%2,Y5) (®9,Y5)

Fig. 7.4 A loose schematic describing the effect of the linear symplectomorphism & from
Example 7.7.2 on the unit ball B.

Proof. Writing the standard Euclidean inner product as G, the reader may verify
that Go (v, w) = wo(v, Jw). A topological argument shows that &(B(r)) C Z1(R)
if and only if #x € Z;(R) for all x such that Go(x,x) = r?, i.e., for x on the
boundary of B(r). Writing pairs (e;, f;) for the standard symplectic basis of R?",
define the vectors u; = & 'e; and v; = &~ f;. By Theorem 2.10.18, the set

{ulyvlv"'7unavn}

is also a symplectic basis, and so in particular Ju; = v; and Jv; = —u;. The
condition that #(B(r)) C Z1(R) is exactly the condition that

[Go(Dx, e1)]” + [Go(Px, £))]* < R
for all x such that Go(x,x) = 2. But

Go(Px,e1) = wo(Px, Jey)
= wo(Px, f1)
= wo(Px, Pv1)
= wp(x,v1) since @ is a linear symplectomorphism
wo(x, Juy)
= Go(x,u1),

and similarly Go(®x,f;) = Go(x,v1). Hence the assumption that $(B(r)) C
Z1(R) implies that

[Go(x,w))* + [Go(x,v1))* < R?

for all x such that G (x,x) = r2.In particular, for x = ruy,
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[Go(rul,ul)]Q + [Go(Tul,Vl)]2 =r*+0< R?,

which implies that » < R. ad

Theorem 7.7.3 can actually be stated and proved in a more general setting. An
affine symplectomorphism of the standard symplectic vector space (R?",wy) is a
map T : R?" — R2" of the form

T(x) = Ax + xq,

where A is a symplectic matrix and xg € R?" is a constant vector. Define
ASp(R2") to be the set of all affine symplectomorphisms of R?". We shall refer to
the result in this case as the affine nonsqueezing theorem; see Exercise 7.23.

In fact, the conclusion of Theorem 7.7.3 characterizes linear symplectomor-
phisms up to a sign. In order to state and prove this statement more precisely, we
introduce the notion of symplectic balls and cylinders.

Definition 7.7.4. A symplectic ball of radius r is the image B, = @(B(r)) of the
standard ball

B(T):{(xlayl7" xmyn | Z +yz 2}

under a linear symplectomorphism & € Sp(2n). Similarly, a symplectic cylinder is
the image Zr = ¥(Z1(R)) of the cylinder

Zl(R) = {(xlaylv-“vxn»yn) |I% +y% < R2}7

under a linear symplectomorphism ¥ € Sp(2n).

Definition 7.7.5. A linear isomorphism 7" : R?" — R?" of the standard
symplectic space (R*",wg) with coordinate pairs (z;,v;) has the nonsqueezing
property if for every symplectic ball B, and for every symplectic cylinder Zp, the
condition T'(B,) C Zp implies that r < R.

Theorem 7.7.6. Let T : R*™ — R2" be a linear isomorphism. Then both T and
T~ have the nonsqueezing property if and only if T*wo = Fwo, where wy is the
standard symplectic form on R?™.

Proof. Suppose that T is a linear symplectomorphism, i.e., 7*wy = wqg. Suppose
further that for all &, % € Sp(2n), we have T(B,.) C Zg, where B, = $(B(r))
and Zr = ¥(Z1(R)). Then (¢~'T®)(B(r)) C Zi(R), and so Theorem 7.7.3
guarantees that 7 < R, since W ~1T'® € Sp(2n) by Proposition 2.10.17. Likewise,
also by Proposition 2.10.17, T~ is a linear symplectomorphism and so has the
nonsqueezing property.

If now T*wy = —wp, define the map 7' : R?" — R2" as T = T o p, where
p: R?" — R2" is defined by
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p(xlaylv"wxnayn) = (l'lv_yla'°'7xn7_yn)~

Since p*wy = —wyp, we have T*wo = wyp, and so as before, both T and T~! have
the nonsqueezing property. But since p(B(r)) = B(r) and p(Z(R)) = Z(R), then
T (and T—1) also has the nonsqueezing property.

We prove the converse by contradiction. Assuming that T and 7! have the
nonsqueezing property, suppose that there are nonzero vectors v,w € R?" such
that

jwo (v, w)| # [wo(Tv, Tw)|.

We can show that in this case we may in fact assume that such nonzero vectors v, w
additionally satisfy:

* wo(v,w)=1,and
o |wo(Tv,Tw)| < 1.

To see this, note first that we may assume |wo(Tv,Tw)| < |wo(v,w)|. If
not, replace T, v, and w with T, T'v, and Tw respectively throughout. (It
is at this point that we rely on the assumption that both T and 7! have the
nonsqueezing property.) Note that this assumption implies that |wo(v, w)| > 0.
We can in fact guarantee that wg(v,w) = 1 by replacing w with w = (1/¢)w,
where ¢ = wo(v, w).

Further, we can take |wo(Tv,Tw)| > 0. If not, i.e., if wo(Tv,Tw) = 0, let y be
a vector such that wy(y, Tw) # 0; such a vector exists, since wy is nondegenerate
and Tw # 0 (since T is one-to-one). Let x € R?" be such that Tx = y (which
exists because 7' is onto), and consider the vector

V =V + €X,

where € # 0. We have on the one hand that

wo(V, W) = wo(v,w) + ewp(x, w)
and on the other hand

wo(Tv,Tw) = wo(Tv,Tw) + ewo(Tx, Tw)
= ewp(y,Tw) assuming that wo(Tv,Tw) =0

£0.

So by choosing ¢ close enough to 0, we can guarantee that both wo(v,w) # 0
and that |wo(TV,Tw)| < |wo(V,w)|. This completes the justification of the two
additional assumptions on v, w.

Now for nonzero v, w satisfying the assumptions above, let

2N = |wo(Tv, Tw)| < 1.
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We construct two symplectic bases B; and B for (R2”, wp) as follows. First, let
Bl - {a17b13 <oy Qp, bn}

be a symplectic basis constructed in the manner of Theorem 2.10.4, where a; = v
and b; = w. Also, let
82 == {c17d13 <oy Cp, dn}

be a symplectic basis also constructed according to Theorem 2.10.4, where ¢; =
(1/A)(Tv)and dy = (1/N)(Tw).

Define two linear isomorphisms &1, D5 : R?" — R2"” in terms of their actions
on the standard symplectic basis By = {e1, f1,...,e,, . }:

951(92') = a,, ¢1(fz‘) = by,

and
@2(91‘) = C;, @2(&) = dl

By Theorem 2.10.18, both ¢; and &, are linear symplectomorphisms by construc-
tion.

Define the linear isomorphism A = @2_1 oT o @y. Since A(e;) = Aey and
A(f;) = My, we have A(B(1)) C Z1(\?), and so T(P1(B(1))) C @2(Z1(N\?)).
The nonsqueezing property of 7" then implies 1 < A2, contradicting the assumption
that A% < 1.

Hence |wo(Tv,Tw)| = |wo(v, w)| forall v,w € R?>",ie., T*wy = *wy. O

The linear nonsqueezing theorem can be thought of as giving the cylinder Z; (R)
of smallest radius into which a ball B(r) of fixed radius can be mapped by means
of a linear symplectomorphism. There is an alternative viewpoint from which to
understand the nonsqueezing theorem, however—one that leads to the notion of a
symplectic invariant discussed earlier in this section. Namely, we ask the following
question: For an arbitrary set S, what is the ball of largest radius that can be
mapped into .S by means of a linear symplectomorphism? More generally, one
could consider the same question but include affine symplectomorphisms to allow
translations.

In order to formulate an appropriate definition, we will need terminology from
the structure of the set of real numbers. For a set A of real numbers, a real number
s € R is said to be the supremum of A, s = sup A, if a < s forall @ € A and if for
every real number b such that a < b for all @ € A, we have s < b. If for a set A, no
such real number exists, we say that sup A = +00. The supremum is also known as
the least upper bound.

Definition 7.7.7. Let S C R2" be a nonempty set in the standard symplectic space
(R?",wp). Let

Rs = {r > 0| There is ® € ASp(R?") such that #(B(r)) C S}.



7.7 Symplectic Invariants 393

The linear symplectic width w(S) of S is the (possibly infinite) supremum of Rg:
w(S) = sup Rg.

For every nonempty set S, we have 0 € Rg: B(0) consists of simply the origin,
which can be mapped by translation (an affine symplectomorphism) into S. Hence
Rg is nonempty.

Note that historically, many authors, including McDuff and Salamon in their
authoritative Introduction to Symplectic Topology [31], define

w(S) =sup {mr?|r € Rs}.

This has the advantage of agreeing with area in the case n = 1 and S = B(r) and
suggests, in that way, the view of symplectic width as a kind of higher-dimensional
analogue to area. Despite the suggestiveness of that notation, we present the quantity
as a radius rather than as an area. This change from what has been standard will
imply several other minor dimensional variations from the customary terminology
in the discussion below.

Proposition 7.7.8. The linear symplectic width has the following properties:

* Suppose that S and T are subsets of R*" with the property that there is an affine
symplectomorphism ¥ : R?™ — R2" such that W(S) C T. Then w(S) < w(T).

e Let S C R®" and let \ € R. Define the set \S = {\z | z € S}. Then w(\S) =
[AJw(S).

© w(B(r)) =w(Zu(r)) = .

Proof. The first two properties follow from the following property of the supremum:
If I; and I5 are sets of real numbers with the property that I; C I, then sup [; <
sup Io.

Addressing the first property, assume that ¥(S) C T and suppose that r € Rg.
Then there is an affine symplectomorphism ¢ such that ¢(B(r)) C S. But then
U(P(B(r))) C T,and sor € Ry, since ¥ o & is an affine symplectomorphism.
Hence Rg C Ry, and so w(S) < w(T).

Addressing the second property, suppose that 7 € Ry g, so that there is an affine
symplectomorphism @ such that #(B(r)) C AS. We write $(x) = Ax + xo, where
A is a linear symplectomorphism and xg = ¢(0), and define

B(x) =+ (Ax+ 22},
with the sign chosen to be the same as the sign of A. The reader may verify that
&(B(r/|\])) € S, and so r/|\| € Rg and r € |\|Rs. Hence Rys C |\|Rs.
All these implications may be reversed to show that in fact Rys = |A|Rg, and so
w(AS) = |Aw(S).
The third property follows from the first along with the affine nonsqueezing
theorem. Since the identity map is a linear symplectomorphism, r € Rp(,) and r €
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Rz, (). Hence w(B(r)) > 7 and w(Z1(r)) > r. Further, the linear nonsqueezing
theorem implies that w(Z1(r)) < r, and so in fact w(Z1(r)) = r. Then by the first
property proved here and the fact that B(r) C Z1(r), w(B(r)) < w(Zi(r)) = r,
and so also w(B(r)) =r. O

Corollary 7.7.9. Let & : (R*,wy) — (R?",wy) be a linear symplectomorphism.
Then for every set S C R",

w(®(S)) = w(S).

In other words, the linear symplectic width is a symplectic invariant.

Proof. Writing A = S and B = &(5), we have trivially B C ¢(A), so w(B) <
w(A),and A C &71(B), sow(A4) < w(B). O

In fact, the property of preserving linear symplectic width characterizes linear
symplectomorphisms, up to a sign.

Theorem 7.7.10. Suppose that T : R*" — R2" is a linear isomorphism. Then T
preserves the linear symplectic width of ellipsoids if and only if T*wg = Fwy.

Proof. Assume first that T is a linear symplectomorphism. If E' is an ellipsoid,
Corollary 7.7.9 guarantees that w(E) = w(T(E)). In the case that T*wy = —wo,
apply Corollary 7.7.9 to the map T o p, where

p(xluylw"?xnayn) = (xla_ylu"'7xn7_yn)~

Now suppose that T preserves the linear symplectic width of ellipsoids. We
will show that 7" has the linear nonsqueezing property. To that end, suppose
T(B(r1)) C Z1(r2) for some positive constants 71, 72. Then Rp(p(r,)) C Rz, (ry)s
and so w(T(B(r1))) < w(Z1(r2)). But since T(B(r1)) and B(ry) are ellipsoids,
w(T(B(r1))) = w(B(r1)) = r1, since T preserves the linear symplectic width of
ellipsoids. But w(Z (r ) = ry, and so r; < ro. Hence T has the nonsqueezing
property.

An analogous argument shows that 7! has the nonsqueezing property. Hence,
by Theorem 7.7.6,

T*wo = ﬂ:wo. O
The following theorem relates the linear symplectic width to the notion of the

symplectic spectrum of an ellipsoid introduced in Sect. 2.10.

Theorem 7.7.11. Let E C R?" be an ellipsoid in the standard symplectic space
(R?", wp) whose symplectic spectrum is o(E) = (r1,...,ry), withry < -+ <7y,
Then w(E) = ry.

Proof Let E be an ellipsoid in R?”. By Theorem 2.10.25, there is a linear
symplectomorphism @ : R*" — R?" suchthat E = &(E(ry,...,7,)).Sow(E) =
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r1. But since E(rq1,...,7,) C Zi(r1), if there exist » > 0 and a linear
symplectomorphism ¥ such that ¥(B(r)) C E(r1,...,r,), then r < r; by the
linear nonsqueezing theorem. Hence w(E) = ry. O

w(E(r1,...,m)). We have B(ry) C E(r1,...,7n), 0 w(E(r1,...,mm)) >
)s
)

There are a number of other properties of linear symplectic width that can be
found, for example, in the exposition in [31]. The purpose of the discussion, though,
has been to motivate the following definition in the nonlinear setting.

Definition 7.7.12. Let (R?",w) be a symplectic space. A capacity (or symplectic
capacity) c on (R?", w) is an assignment of a value ¢(S), where ¢(S) > 0 or ¢(S) =
+00, to each set S C R2™ such that the following properties are satisfied:

¢ Monotonicity: For subsets S and T of R2", if there exist a domain U C R2"
containing S and a symplectic diffeomorphism ¢ : U — ¢(U) such that ¢(S) C
T, then ¢(S) < ¢(T).

* Conformality: If S C R?" and \ € R, then ¢(\S) = |A|¢(S).

* Nontriviality: ¢(B(1)) = ¢(Z1(1)) = 1.

The following proposition is proved exactly in the manner of Corollary 7.7.9.

Proposition 7.7.13. Suppose that c is a capacity on the symplectic space (R*",w).
If o : (R™ w) — (R?",w) is a symplectic diffeomorphism, then for every set
S C RQn’

c(¢(5)) = c(9).

The nontriviality axiom of a capacity is meant to preclude the “trivial” assign-
ments ¢(S) = 0 for all S or ¢(S) = oo for all S. The axiom precludes volume as a
capacity. It also happens to be the most difficult (“least trivial”’) axiom to establish
in the construction of a symplectic capacity.

There is more than one way to construct capacities, and there are different
capacities that are not equivalent. All of the constructions require advanced tech-
niques, well outside the scope of this text. McDuff and Salamon note that every
significant advance in symplectic geometry in the 1980s and 1990s yielded a new
way of constructing a capacity. However, we will state the following result, which
is fundamental given the centrality of the concept for many of the questions in
symplectic geometry.

Theorem 7.7.14. Let (R?",w) be a symplectic space. Then there exists a symplec-
tic capacity c on (R**, w).

We illustrate some of the consequences of the existence of a symplectic capacity.
The first is a nonlinear analogue of the linear nonsqueezing theorem.

Theorem 7.7.15. Let (R?",wy) be the standard symplectic space with coordinate
pairs (x;,y;). Forr, R > 0, define

B(r) = {(ml,yl,...,xn,yn) S (@2 +y?) < r2}
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($2,y2)

.

\\

i

Fig. 7.5 The nonsqueezing theorem prohibits the above map ¥ from being a symplectic diffeo-
morphism, even if vol(B) = vol(¥(B)).

and
ZI(R) = {(xlvyla"'vxnvyn) | 1’? +y% é R2} .

Suppose there is a symplectic diffeomorphism ¢ : U — ¢(U) with U a domain
containing B(r) and such that ¢(B(r)) C Z1(R). Then r < R (Fig. 7.5).

Proof. Let ¢ be a capacity on (R?*",wy), whose existence is guaranteed by
Theorem 7.7.14. Then

c(B(r)) = ¢(rB(1))
=rc(B(1)) by conformality
=r(1l) by nontriviality

:7‘7

and likewise ¢(Z(R)) = R. But since ¢(B(r)) C Z;(R) by assumption,
monotonicity gives ¢(B(r)) < ¢(Z1(R)), and sor < R. O

In fact, the conclusion of the nonsqueezing theorem is equivalent to the existence
of a capacity; see Exercise 7.24.

Another consequence of the existence of a symplectic capacity is that the limit of
a sequence of symplectic diffeomorphisms must be a symplectic diffeomorphism.
This shows that the set of all symplectic diffeomorphisms is topologically closed
in the set of all diffeomorphisms, and gives further justification to the notion of
“symplectic topology.”

We state the following topological lemma without proof. See [31, p. 378].



7.7 Symplectic Invariants 397

Lemma 7.7.16. Let (R?",wq) be the standard symplectic space with capacity c.
Let {¢,, : R*™ — R} be a sequence of diffeomorphisms that converges' to a
diffeomorphism ¢ : R?>® — R?™. Assume that each ¢,, preserves the capacity of
ellipsoids, i.e., for all n, c(¢,(E)) = c(F) if E is an ellipsoid. Then ¢ preserves
the capacity of ellipsoids also.

The following is the nonlinear analogue to Theorem 7.7.10.
Theorem 7.7.17. For the standard symplectic space (R*",wq) with capacity c, let
¢ : R?™ — R2?" be a diffeomorphism that preserves the capacity of ellipsoids. Then

¢*w0 = :I:wo.

Proof. Let ¢ be a diffeomorphism that preserves the capacity of ellipsoids. For a
fixed zo € R?", define a family of diffeomorphisms ¢; : R** — R?" by

6u(x) = 7 [0z +t2) — 9(ax0)].

In Exercise 7.25, we ask the reader to verify that ¢, preserves the symplectic
capacity of ellipsoids for all ¢. Define & = lim;_,o ¢¢; in fact, @ = (¢.)(zo),
and in particular, ¢ is a linear map. By Lemma 7.7.16, ¢ preserves the capacity
of ellipsoids as well (for example by considering the sequence ¢;,,,), and so by
Theorem 7.7.10, ®*wy = Fwy. But this is the same as ¢*wy = Fwyp. By continuity
of ¢, the sign must be the same for all values of xz. O

We are now in a position to state precisely the meaning of saying that the set of
symplectic diffeomorphisms is “topologically closed.”

Theorem 7.7.18. Let {¢,,} be a sequence of symplectic diffeomorphisms of the
standard symplectic space (R*",wq) such that {¢,, } converges to a diffeomorphism
¢. Then ¢ is also a symplectic diffeomorphism.

Proof. Let c be a capacity on (R?",wy). By Proposition 7.7.13, each of the maps
¢, preserves the capacity c. Hence by Theorem 7.7.17, ¢*wg = Fwp. We therefore
need to show that ¢ is not antisymplectic. Suppose to the contrary that ¢*wy = —wy,
and consider the symplectic space
(RQn % R2",OJO e W0)§
see Example 7.2.10. For each n, define the diffeomorphism
¢n : R x R* = R™ x R™"

given by

Convergence here and in the following is uniform convergence on compact sets.
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én(x> z) = (dn(x), 2).

Note that

¢r(wo & wo) = (dr,wo) B wo = wo & wo,
and so the limit ¢ = lim ¢,, given by

Pz, 2) = (d(x), 2)

satisfies

(;3* (wo ® wo) = £(wo B wp)
by Theorem 7.7.17. But this contradicts the assumption that ¢* (wo ®wp) = (—wo ®
wp). Hence ¢*wy = wy. a

We close this section by noting that we have not stated the preceding sequence
of results in their full generality. In fact, in the key Lemma 7.7.16, the conclusion is
true even for a sequence of continuous maps (not even assuming an inverse!), as long
as the limit map is continuous with a continuous inverse. This gives a sense of the
strength of the capacity-preserving property. Readers interested in the statement and
proof of the more general results are encouraged to consult the standard text [31] or
the second chapter of Hofer and Zehnder’s [23]. The latter text is an advanced book-
length treatment of the existence of a symplectic capacity and its consequences.

7.8 For Further Reading

In contrast to the situation in contact geometry, there is a wealth of texts in sym-
plectic geometry for a variety of audiences. For many years, the basic introductory
text was Arnold’s Mathematical Methods of Classical Physics [3], first published
in 1978. Arnold notes in the preface to the 1989 edition, however, that, “The main
part of this book was written 30 years ago.” Indeed, the 1960s and 1970s might
be called the classical period of symplectic geometry. Other representative texts
of that period were R. Abraham and J. Marsden’s Foundations of Mechanics, first
published in 1978, and Guillemin and Sternberg’s Symplectic Techniques in Physics,
first published in 1984. Although it was published in 1987, one of the clearest
presentations from a mathematician’s perspective was Libermann and Marle’s
Symplectic Geometry and Analytic Mechanics [27].

It is not coincidental, as can be seen from the titles, that the basic texts of the
classical period of symplectic geometry were heavily influenced by physics, and
Hamiltonian systems in particular. Several authors have recounted the story of how
this historical relationship spurred tremendous interest in symplectic geometry, but
then experienced a lull due to the relative scarcity of physical Hamiltonian systems;
see, for example, the short discussion in [27, p. 197] on completely integrable
systems, or the paper “The Symplectization of Science” [21], which is easily
accessible on the Internet.
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The modern era of symplectic geometry opened in 1985 with Gromov’s landmark
paper, “Pseudoholomorphic Curves in Symplectic Manifolds” [22]. It is a testament
to the power of that paper that new results were still being mined from it nearly two
decades later. It is fair to say that the presence or absence of that paper in a text’s
bibliography determines whether the text is “classical” or “modern.” In particular,
that paper introduced the symplectic invariants of the type discussed in the previous
section, and contained the first proof of the nonsqueezing theorem.

The impact of Gromov’s paper is impossible to minimize. For at least two
decades, a community of mathematicians led by Gromov, Eliashberg, Hofer,
McDuff, and others, along with their respective schools, expanded the contours of
symplectic topology. The best representative text of that period was McDuff and
Salamon’s Introduction to Symplectic Topology [31], first published in 1994 but
significantly expanded in the second edition of 1998. It is now a standard reference
aimed at an audience at the graduate level. The exposition on symplectic invariants
in Sect. 7.7 is heavily indebted to their presentation.

7.9 Exercises

7.1. A mass attached to a spring has kinetic energy 7' = %m:'cz and potential energy

U= %kxz, where m and k are physical constants.

(a) Write and solve the Euler-Lagrange equations of motion, as in Example 7.1.3.

(b) Write and solve the corresponding Hamilton’s equations of motion as in
Example 7.1.5.

7.2. The motion of a particle with mass m moving in the plane can be described
using polar coordinates by means of a smooth curve ¢ : I — R? with components
c(t) = (r(t),0(t)), where I is an interval. In this case, the kinetic energy T'
associated to the system is given by

Lo 1 o5
T(t) = 5T + 5 0.

(a) Assuming that the particle moves without external forces, the potential energy
U of the system is given by U(¢) = 0 for all ¢ € I. Write, but do not solve, the
Euler-Lagrange equations of motion.

(b) Write Hamilton’s equations of motion for the system in part (a). Solve the
system in the case that m = 2 and initial conditions are given by ¢(0) = (1,0),
¢(0) = (1,1). Hint: Express the derivatives of r and p in terms of . The
substitution s = 1/r will come in handy.

(c) Write Hamilton’s equations of motion for the system in the presence of a central

—mM
gravitational force with potential energy given by U (t) = L, where M is

a physical constant representing the mass of a second point object. Show that
the motion of this system in the case m = 2 with the initial conditions in part
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(b) must satisfy the following equation of an ellipse:
1/M
1+ (u/M)cos(d + 05)’

7.3. Suppose that f : I — R is a convex function defined on an interval /, meaning
that f”/(z) > 0 for all x in I. Define further

r(0) =

I, = f/(I) = {t € R | There exists s € I such that f’(s) = t}.

Note that f’ : I — I; is a one-to-one and onto function with a differentiable inverse
(f/)il L — 1.

(a) Show that for a fixed p € I3, the value of « for which the function D(z,p) =
px — f(x) has a relative maximum satisfies f/(z) = p. (The function D(z, p)
represents the “vertical distance” between the curve y = f(z) and the line
y = px for a given value of z.)

(b) Define the functiong : I; — R as

g is called the Legendre transformation of the function f. Compute the
Legendre transformation of the following functions, identifying the domains
of g:

@ f(z ):x
(i) f(=x )— 22 where a > 1.
(iii) f(x) = e**, where a > 0.

(c) Let g be the Legendre transform of a convex function f. Show that g is convex.
(d) Show that if g is the Legendre transform of the convex function f, then the
Legendre transform of ¢ is f.

7.4. Suppose that f; and fo are convex functions with corresponding Legendre
transforms g; and gs as in Exercise 7.3. Prove the following statements:

(a) If fo(z) = afi(x) for a > 0, then g2(p) = agy (%)

(b) If fo(x) = fi(az) for a > 0, then g2(p) = g1 (2).

(©) If fo(z) = f1(x) + cfor ¢ € R, then g2(p) = g1(p) — c.
(@) If fo(x) = f1(z + ¢) for ¢ € R, then g2(p) = g1(p) — cp.
(e) If f2( ) ffl(x), then gg(p) = —pg1 (%)

7.5. Provide the details of the proof of Proposition 7.2.3.

7.6. Suppose w is a symplectic form on R?" and ¢ : R?>* — R2?" is a
diffeomorphism. Show that ¢*w is also a symplectic form.



7.9 Exercises 401

7.7. For each of the contact forms on R? below (see Exercise 6.6), perform the
symplectization procedure of Example 7.2.11 by writing the resulting symplectic
form in coordinates.

(a) a1 =dy — mdx.
(b) ag =dz+ zdy — ydzx.
(¢) ag = (cosz)dx + (sin z)dy.

7.8. For each of the symplectic forms constructed in Exercise 7.7, write the
corresponding isomorphism @ of Proposition 7.2.4. Use this calculation to write
the Hamiltonian vector field X ¢ in coordinates for a smooth function f.

7.9. Let (R?",wy) be the standard symplectic space with coordinate pairs (x;, ;).
Let ¢ : R?™ — R be a diffeomorphism with component functions ¢ =
(@7, 0Y,...,0%, ¢¥%). Show that if ¢ is a symplectic diffeomorphism, then the
component functions must satisfy the following partial differential equations (in
block matrix form):

Z@fJOqS;?:O when i # j
k=1
> oFJ @k =Jy wheni=j,
k=1

using the notation

997 991 0-1 00
i | Oz; Oy; o - o

Oz; Oy;

Write each entry of the matrix equations for the case n = 2.
7.10. Prove Theorem 7.3.9.

7.11. Let w; = d(elay) be the symplectic form obtained by symplectizing the
contact form a; = dy — mdz on R? (see Exercise 7.7).

(a) Write the conditions on the components of a vector field X to guarantee that X
is a symplectic vector field relative to wy.

(b) Write the component expression for the Poisson bracket { f, g} of two smooth
functions f and g relative to wj.

7.12. Prove Proposition 7.4.5.

7.13. The Hamiltonian function corresponding to the “Kepler problem” describing
the motion of a particle moving under the influence of gravity due to a point mass,
in rectangular coordinates, is given by the function H : (RS, w) — R,
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1 G
H(x17p17$27p2,$3ap3):%(p%‘i‘pg“f‘p%)"‘ ((x2+:r2+x2)1/2>’
1 2 3

where m and G are physical constants and (RS, w) is the symplectic space with
coordinate pairs (x;,p;) and w = > (dp; A dx;) .

(a) Compute the Hamiltonian vector field X g of H relative to w.

(b) Show that the functions My = xop3 — paxs and My = x3p; — psxy are first
integrals of the Hamiltonian vector field X .

(¢) Compute M5 = {M7, M>}.

(d) Let

G.’L‘l

1
po Mz — ps M) + .
(p2Ms = ps2) (22 4 23 + 22)1/2

m

Wi

Show that W7 is a first integral of the Hamiltonian vector field Xz .
(e) Compute Wy = {W1, M3} and W3 = {Wy, M }.

(f) Show that {Wl, WQ} = ﬁMg
m

(g) Write a “multiplication table” for all possible Poisson brackets of the M;
and Wj;.

7.14. Show that if w; and wy are two symplectic forms on R2" such that for
all smooth functions f,g : R?® — R, their associated Poisson brackets satisfy
{f,9}1 = {f, g}2, then in fact w; = ws. Hint: In any coordinate system, show
that the components of Xy are uniquely determined by the components of w. So if
Xylg] = Xf [g] for all g, then wy = wo.

7.15. Prove Proposition 7.5.2.
7.16. Let (Uy,w;) and (Usz,ws) be two symplectic spaces where U; C R2" and
Us C R?™ are domains, and let

(Ul X U27w = W1 @u)g)
be the product symplectic space as defined in Example 7.2.10. Show that for every
p € Uy, the subset U; x {p} C R?" x R?™ is a symplectic set in Uy x Us.
7.17. Given a symplectic space (U, w) with U C R?", consider the product U x U
with symplectic form (—w) @ (w). Show that the set

A={(z,r) |z €U} Cc R x R*™"

is a Lagrangian set in the product U x U.

7.18. For each of the following functions f : R? — R, find the Lagrangian sets
corresponding to df (R?) C T*R? as described in Example 7.5.9.
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(@) f(z,y) =2 +y°
(b)) f(z,y) = xy.
© flz,y) =e"sin(zy) on U = {(x,y) | 22 +y* > 0}.

7.19. Verify directly that the geometric set S described in Example 7.5.14 is
coisotropic, without relying on Proposition 7.5.13.

7.20. Let (R?"~! a) be a contact space, and let f,g be smooth functions on
R?2"~!. Define the contact Poisson bracket on R>"~! relative to o by

{f:9}a = a([Xf, X)),

where X; and X, are the contact gradients of f and g relative to a. (See
Theorem 6.5.4.)

(a) Show that X{f,g}a = [Xf, Xg].
(b) Show that

{f g hYata +{9:{h: flata +{P, {f  9}a}a = 0.

(c) For a smooth function f : R?”~! — R, define the smooth function F : R2" =
0
R*! x R — Rby F(z,t) = e f(x). Show that Yr = X; — f[f]a, where
Yr is the Hamiltonian vector field of F' relative to the symplectic form w =
d(e'a), X is the contact gradient of f, and £ is the Reeb vector field for «.
(d) For smooth functions f,g on R?"~! and corresponding functions F = e f
and G = e'g on the symplectized space (R?",w) as in part (c), show that the
associated (symplectic) Poisson bracket { F, G} satisfies

{F.G} = e'{f. g}

7.21. Let (R*,wy) be the standard symplectic space with coordinates
(x1,y1,%2,Y2), and let X = <X1, Yl X2, Y2> be a vector field on R*. Write the
partial differential equations that the component functions of X must satisfy for X
to be a Liouville vector field.

7.22. Show that the set of affine symplectomorphisms ASp(R?") forms a group
with the usual operation of composition of functions: (1) Id € ASp(R?"), (2) if
¢, ¥ € ASp(R?"), then #¥ € ASp(R*"), and (3) if # € ASp(R?"), then ! €
ASp(R?").

7.23. State the affine nonsqueezing theorem, i.e., the affine analogue of Theo-
rem 7.7.3. Adjust the proof of Theorem 7.7.3 to prove the affine nonsqueezing
theorem.

7.24. Prove Theorem 7.7.14, assuming that Theorem 7.7.15 is true. Hint: Follow
the construction of the linear symplectic width.
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7.25. Show that if ¢ : R?® — R2" preserves the symplectic capacity of ellipsoids,
then so does
1
dr(x) = n [p(z0 + tx) — d(20)],
where z, € R?" is fixed.
Hint: Write ¢y = j11/4 0 T_ y(zy) © ¢ © Tyy © piz, Where pi4(x) = ax for a € R and
T,(z) =z +y fory € R*".

7.26. Let ¢ be a symplectic capacity on R?”. Show that if S contains a domain
U C R*, then ¢(S) > 0.
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contact gradient, see gradient, contact
contact hyperplane, 319
contact space, 287, 319
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covariant derivative, see derivative, covariant
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orientation-preserving, 159
strictly contact, 297, 320
symplectic, 354
differential form, 147, 167
closed, 153
exact, 153
semibasic, 302
distribution, 290
contact, 287, 319
integrable, 290
domain, 79, 196
dual vector, see one-form
dual vector space, 30
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Eliashberg, Ya., 399
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contact, 303, 321
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integral curve, 116, 120, 122
interior product, 144

of a (0, k)-tensor field, 169
inverse function theorem, 108
involutive plane field, 291
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isomorphism, 105
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Jacobi identity, 178, 367
Jacobian matrix, 73, 100
jet, 280, 324

Killing vector field, 250
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Koszul’s formula, 212
Kronecker delta, 215

Lagrangian function, 343

Lagrangian subspace, see subspace,
Lagrangian

Legendre set, see geometric set, Legendre

Legendre transformation, 346, 400

Leibniz’s rule, 73

length of a curve, 196

level set of a smooth function, 87

Lie bracket, 178

Lie derivative, see derivative, Lie

Lie, S., 271, 279

lift of a curve, 276

linear transformation, 21

linearization, 69

Liouville form, 347

Mobius transformation, 260
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manifold, 105
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Hamiltonian, 345
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Newtonian, 341
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metric, see Riemannian metric tensor
multilinear k-form, 35, 136
multilinear form, 35

Newton’s second law, 341

nondegenerate, 202, 319, 348

nonsqueezing property, 390

nonsqueezing theorem, 395
linear, 388

one-form
differential, 147
linear, 30, 136
one-jet, see jet
one-parameter group of diffeomorphisms, 123
orientation, 158
orthogonal, 201
orthogonal complement, 41
orthonormal frame, 189

parallel transport, 228
parallel vector field, 225
parameterized set, 79
permutation, 140
phase space, 347
plane field, 242, 286
Poincaré lemma, 153
Poincaré metric, 199
Poincaré upper half-plane, 199
Poisson bracket, 363
pullback
of a bilinear form, 37
of a linear transformation, 32
of a differential k-form, 153
of a linear k-form, 142
of a metric tensor, 205
of a tensor field, 167
pushforward, 115

rangent space
to a level set, 88
rank, 29
Reeb vector field, see vector field, Reeb
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region of integration, 158

regular value, 87

Riemannian metric tensor, 196
on a parameterized set, 206
standard Euclidean, 197

Riemannian space, 196

Salamon, D., 395, 399
Schwarzschild metric, 267
shape map, 270
smooth, 68
span, 14
spectrum, symplectic, 60
standard basis
for T,; (R™), 146
standard symplectic structure on R2", 350
state space, 344
stereographic projection, 130, 262
strictly contact diffeomorphism, see
diffeomorphism, strictly contact
strictly contact vector field, see vector field,
strictly contact
subspace, 12
coisotropic, 50
isotropic, 50
Lagrangian, 50
symplectic, 50
symplectic form, 348
exact, 353
linear, 44
standard, 45
warped, 352
symplectic matrix, 53
symplectic space, 348
exact, 357
symplectic subspace, see subspace, symplectic
symplectic width, linear, 392
symplectization, 353, 377
symplectomorphism
affine, 390, 403
linear, 51, 354

tangent bundle, 111
tangent map, 99, 102
tangent space, 77, 93, 99
to a geometric set, 80, 96
to a graph, 85
tangent vector, 76, 92

tensor
field, 166
linear, 164

tensor product, 166
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theorem egregium, 259

time-one flow of a vector field, 123
torsion tensor, 219

transport theorem, 335

vector field, 111
along a curve, 224
characteristic, 283, 326
contact, 300, 320
Hamiltonian, 361
horizontal, 294
Lie characteristic, 284
Liouville, 382

Index

locally Hamiltonian, 360
Reeb, 292, 319
strictly contact, 300, 320
symplectic, 360
vertical, 294

vector space, 10
inner product space, 38
symplectic, 44

wedge product, see exterior product
Weyl, H., 339
Whitney sphere, 323
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