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PREFACE

In American universities two distinct types of courses are often called “Advanced Calculus”: one,
largely for engineers, emphasizes advanced computational techniques in calculus; the other, a more
“theoretical” course, usually taken by majors in mathematics and physical sciences (and often called
elementary analysis or intermediate analysis), concentrates on conceptual development and proofs.
This ProblemText is a book of the latter type. It is not a place to look for post-calculus material
on Fourier series, Laplace transforms, and the like. It is intended for students of mathematics and
others who have completed (or nearly completed) a standard introductory calculus sequence and
who wish to understand where all those rules and formulas come from.

Many advanced calculus texts contain more topics than this ProblemText. When students are
encouraged to develop much of the subject matter for themselves, it is not possible to “cover”
material at the same breathtaking pace that can be achieved by a truly determined lecturer. But,
while no attempt has been made to make the book encyclopedic, I do think it nevertheless provides
an integrated overview of Calculus and, for those who continue, a solid foundation for a first year
graduate course in Real Analysis.

As the title of the present document, ProblemText in Advanced Calculus, is intended to suggest,
it is as much an extended problem set as a textbook. The proofs of most of the major results are
either exercises or problems. The distinction here is that solutions to exercises are written out in
a separate chapter in the ProblemText while solutions to problems are not given. I hope that this
arrangement will provide flexibility for instructors who wish to use it as a text. For those who prefer
a (modified) Moore-style development, where students work out and present most of the material,
there is a quite large collection of problems for them to hone their skills on. For instructors who
prefer a lecture format, it should be easy to base a coherent series of lectures on the presentation
of solutions to thoughtfully chosen problems.

I have tried to make the ProblemText (in a rather highly qualified sense discussed below)
“self-contained”. In it we investigate how the edifice of calculus can be grounded in a carefully
developed substrata of sets, logic, and numbers. Will it be a “complete” or “totally rigorous”
development of the subject? Absolutely not. I am not aware of any serious enthusiasm among
mathematicians I know for requiring rigorous courses in Mathematical Logic and Aziomatic Set
Theory as prerequisites for a first introduction to analysis. In the use of the tools from set theory
and formal logic there are many topics that because of their complexity and depth are cheated,
or not even mentioned. (For example, though used often, the aziom of choice is mentioned only
once.) Even everyday topics such as “arithmetic,” see appendix G, are not developed in any great
detail.

Before embarking on the main ideas of Calculus proper one ideally should have a good back-
ground in all sorts of things: quantifiers, logical connectives, set operations, writing proofs, the
arithmetic and order properties of the real numbers, mathematical induction, least upper bounds,
functions, composition of functions, images and inverse images of sets under functions, finite and
infinite sets, countable and uncountable sets. On the one hand all these are technically prerequisite
to a careful discussion of the foundations of calculus. On the other hand any attempt to do all this
business systematically at the beginning of a course will defer the discussion of anything concerning
calculus proper to the middle of the academic year and may very well both bore and discourage
students. Furthermore, in many schools there may be students who have already studied much of
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xii PREFACE

this material (in a “proofs” course, for example). In a spirit of compromise and flexibility I have
relegated this material to appendices. Treat it any way you like. I teach in a large university where
students show up for Advanced Calculus with a wide variety of backgrounds, so it is my practice
to go over the appendices first, covering many of them in a quite rapid and casual way, my goal
being to provide just enough detail so that everyone will know where to find the relevant material
when they need it later in the course. After a rapid traversal of the appendices I start Chapter 1.

For this text to be useful a student should have previously studied introductory calculus, more
for mathematical maturity than anything else. Familiarity with properties of elementary functions
and techniques of differentiation and integration may be assumed and made use of in ezamples—but
is never relied upon in the logical development of the material.

One motive for my writing this text is to make available in fairly simple form material that I
think of as “calculus done right.” For example, differential calculus as it appears in many texts is
a morass of tedious epsilon-delta arguments and partial derivatives, the net effect of which is to
almost totally obscure the beauty and elegance which results from a careful and patient elaboration
of the concept of tangency. On the other hand texts in which things are done right (for example
Loomis and Sternberg [8]) tend to be rather forbidding. I have tried to write a text which will be
helpful to a determined student with an average background. (I seriously doubt that it will be of
much use to the chronically lazy or totally unengaged.)

In my mind one aspect of doing calculus “correctly” is arrange things so that there is nothing
to unlearn later. For example, in this text topological properties of the real line are discussed early
on. Later, topological things (continuity, compactness, connectedness, and so on) are discussed in
the context of metric spaces (because they unify the material conceptually and greatly simplify
subsequent arguments). But the important thing is the definitions in the single variable case and
the metric space case are the same. Students do not have to “unlearn” material as they go to more
general settings. Similarly, the differential calculus is eventually developed in its natural habitat
of normed linear spaces. But here again, the student who has mastered the one-dimensional case,
which occurs earlier in the text, will encounter definitions and theorems and proofs that are virtually
identical to the ones with which (s)he is already familiar. There is nothing to unlearn.

In the process of writing this ProblemText 1 have rethought the proofs of many standard the-
orems. Although some, perhaps most, results in advanced calculus have reached a final, optimal
form, there are many others that, despite dozens of different approaches over the years, have proofs
that are genuinely confusing to most students. To mention just one example there is the theorem
concerning change of order of differentiation whose conclusion is

0’ f B 0% f

oxdy Oyox’
This well-known result to this day still receives clumsy, impenetrable, and even incorrect proofs. I
make an attempt, here and elsewhere in the text, to lead students to proofs that are conceptually
clear, even when they may not be the shortest or most elegant. And throughout I try very hard to
show that mathematics is about ideas and not about manipulation of symbols.

There are of course a number of advantages and disadvantages in consigning a document to
electronic life. One slight advantage is the rapidity with which links implement cross-references.
Hunting about in a book for lemma 3.14.23 can be time-consuming (especially when an author
engages in the entirely logical but utterly infuriating practice of numbering lemmas, propositions,
theorems, corollaries, etc. separately). A perhaps more substantial advantage is the ability to
correct errors, add missing bits, clarify opaque arguments, and remedy infelicities of style in a
timely fashion. The correlative disadvantage is that a reader returning to the web page after
a short time may find everything (pages, definitions, theorems, sections) numbered differently.
(IATEXis an amazing tool.) I will change the date on the title page to inform the reader of the date
of the last nontrivial update (that is, one that affects numbers or cross-references).

The most serious disadvantage of electronic life is impermanence. In most cases when a web
page vanishes so, for all practical purposes, does the information it contains. For this reason (and
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the fact that I want this material to be freely available to anyone who wants it) I am making use
of a “Share Alike” license from Creative Commons. It is my hope that anyone who finds this text
useful will correct what is wrong, add what is missing, and improve what is clumsy. To make
this possible I am also including the I¥TEXsource code on my web page. For more information on
creative commons licenses see

http://creativecommons.org/

I extend my gratitude to the many students over the years who have endured various versions
of this ProblemText and to my colleagues who have generously nudged me when they found me
napping. I want especially to thank Dan Streeter who provided me with so much help in the
technical aspects of getting this document produced. The text was prepared using ApS-BETEX. For
the diagrams I used the macro package Xy-pic by Kristoffer H. Rose and Ross Moore supplemented
by additional macros in the diagxy package by Michael Barr.

Finally it remains only to say that I will be delighted to receive, and will consider, any comments,
suggestions, or error reports. My e-mail address is

erdman@pdx.edu






FOR STUDENTS: HOW TO USE THIS PROBLEMTEXT

Some years ago at a national meeting of mathematicians many of the conventioneers went
about wearing pins which proclaimed, “Mathematics is Not a Spectator Sport”. It is hard to
overemphasize the importance of this observation. The idea behind it has been said in many ways
by many people; perhaps it was said best by Paul Halmos [5]: The only way to learn mathematics
s to do mathematics.

In most respects learning mathematics is more like learning to play tennis than learning history.
It is principally an activity, and only secondarily a body of knowledge. Although no one would try
to learn tennis just by watching others play the game and perhaps reading a book or two about it,
thousands of mathematics students in American universities every year attempt to master mathe-
matical subjects by reading textbooks and passively watching their instructors do mathematics on
a blackboard. There are, of course, reasons why this is so, but it is unfortunate nevertheless. This
book is designed to encourage you to do mathematics.

When you sit down to work it is important to have a sizeable block of time at your disposal
during which you will not be interrupted. As you read pay especially close attention to definitions.
(After all, before you can think about a mathematical concept you must know what it means.) Read
until you arrive at a result (results are labeled “theorem”, “proposition”, “example”, “problem”,
“lemma”, etc.). Every result requires justification. The proof of a result may appear in the body
of the text, or it may be left to you as an exercise or a problem.

When you reach a result stop and try to prove it. Make a serious attempt. If a hint appears
after the statement of the result, at first do not read it. Do not try to find the result elsewhere;
and do not ask for help. Halmos [5] points out: “To the passive reader a routine computation
and a miracle of ingenuity come with equal ease, and later, when he must depend on himself, he
will find that they went as easily as they came.” Of course, it is true that sometimes, even after
considerable effort, you will not have discovered a proof. What then?

If a hint is given, and if you have tried seriously but unsuccessfully to derive the result, then
(and only then) should you read the hint. Now try again. Seriously.

What if the hint fails to help, or if there is no hint? If you are stuck on a result whose proof is
labeled “exercise”, then follow the link to the solution. Turning to the solution should be regarded
as a last resort. Even then do not read the whole proof; read just the first line or two, enough to
get you started. Now try to complete the proof on your own. If you can do a few more steps, fine.
If you get stuck again in midstream, read some more of the proof. Use as little of the printed proof
as possible.

If you are stuck on a result whose proof is a “problem”, you will not find a solution in the text.
After a really serious attempt to solve the problem, go on. You can’t bring your mathematical
education to a halt because of one refractory problem. Work on the next result. After a day or two
go back and try again. Problems often “solve themselves”; frequently an intractably murky result,
after having been allowed to “rest” for a few days, will suddenly, and inexplicably become entirely
clear. In the worst case, if repeated attempts fail to produce a solution, you may have to discuss
the problem with someone else—instructor, friend, mother, . ...

A question that students frequently ask is, “When I'm stuck and I have no idea at all what to
do next, how can I continue to work on a problem?” I know of only one really good answer. It is

XV



xvi FOR STUDENTS: HOW TO USE THIS PROBLEMTEXT

advice due to Polya. If you can’t solve a problem, then there is an easier problem you can’t solve:
find it.

Consider examples. After all, mathematical theorems are usually generalizations of things that
happen in interesting special cases. Try to prove the result in some concrete cases. If you succeed,
try to generalize your argument. Are you stuck on a theorem about general metric spaces? Try to
prove it for Euclidean n-space. No luck? How about the plane? Can you get the result for the real
line? The unit interval?

Add hypotheses. If you can’t prove the result as stated, can you prove it under more restrictive
assumptions? If you are having no success with a theorem concerning general matrices, can you
prove it for symmetric ones? How about diagonal ones? What about the 2 x 2 case?

Finally, one way or another, you succeed in producing a proof of the stated result. Is that the
end of the story? By no means. Now you should look carefully at the hypotheses. Can any of them
be weakened? Eliminated altogether? If not, construct counterexamples to show that each of the
hypotheses is necessary. Is the conclusion true in a more general setting? If so, prove it. If not,
give a counterexample. Is the converse true? Again, prove or disprove. Can you find applications
of the result? Does it add anything to what you already know about other mathematical objects
and facts?

Once you have worked your way through several results (a section or a chapter, say) it is a good
idea to consider the organization of the material. Is the order in which the definitions, theorems, etc.
occur a good one? Or can you think of a more perspicuous ordering? Rephrase definitions (being
careful, of course, not to change meanings!), recast theorems, reorganize material, add examples.
Do anything you can to make the results into a clear and coherent body of material. In effect you
should end up writing your own advanced calculus text.

The fruit of this labor is understanding. After serious work on the foregoing items you will begin
to feel that you “understand” the body of material in question. This quest for understanding, by
the way, is pretty much what mathematicians do with their lives.

If you don’t enjoy the activities outlined above, you probably don’t very much like mathematics.

Like most things that are worth doing, learning advanced calculus involves a substantial com-
mitment of time and energy; but as one gradually becomes more and more proficient, the whole
process of learning begins to give one a great sense of accomplishment, and, best of all, turns out
to be lots of fun.



CHAPTER 1

INTERVALS

The three great realms of calculus are differential calculus, integral calculus, and the theory of
infinite series. Central to each of these is the notion of limit: derivatives, integrals, and infinite
series can be defined as limits of appropriate objects. Before entering these realms, however, one
must have some background. There are the basic facts about the algebra, the order properties, and
the topology of the real line R. One must know about functions and the various ways in which they
can be combined (addition, composition, and so on). And, finally, one needs some basic facts about
continuous functions, in particular the intermediate value theorem and the extreme value theorem.

Much of this material appears in the appendices. The remainder (the topology of R, continuity,
and the intermediate and extreme value theorems) occupies the first six chapters. After these have
been completed we proceed with limits and the differential calculus of functions of a single variable.

As you will recall from beginning calculus we are accustomed to calling certain intervals “open”
(for example, (0, 1) and (—o0, 3) are open intervals) and other intervals “closed” (for example, [0, 1]
and [1,00) are closed intervals). In this chapter and the next we investigate the meaning of the
terms “open” and “closed”. These concepts turn out to be rather more important than one might
at first expect. It will become clear after our discussion in subsequent chapters of such matters as
continuity, connectedness, and compactness just how important they really are.

1.1. DISTANCE AND NEIGHBORHOODS

1.1.1. DEFINITION. If x and a are real numbers, the DISTANCE BETWEEN z and a, which we
denote by d(z,a), is defined to be |z — a.

1.1.2. EXAMPLE. There are exactly two real numbers whose distance from the number 3 is 7.

PROOF. We are looking for all numbers x € R such that d(z,3) = 7. In other words we want
solutions to the equation |z —3| = 7. There are two such solutions. If x —3 > 0, then |z —3| = x —3;
so ¢ = 10 satisfies the equation. On the other hand, if x — 3 < 0, then |z — 3] = —(x — 3) =3 —
in which case x = —4 is a solution. U

1.1.3. EXERCISE. Find the set of all points on the real line which are within 5 units of the
number —2. (Solution Q.1.1.)

1.1.4. PROBLEM. Find the set of all real numbers whose distance from 4 is greater than 15.

1.1.5. DEFINITION. Let a be a point in R and € > 0. The open interval (a — €,a + €) centered
at a is called the e-NEIGHBORHOOD of a and is denoted by J.(a). Notice that this neighborhood
consists of all numbers = whose distance from a is less than ¢; that is, such that |z — a| < e.

1.1.6. ExAMPLE. The %—neighborhood of 3 is the open interval (%, %)

PrROOF. We have d(z,3) < % only if |z — 3| < 4. Solve this inequality to obtain J%(S) =

5 7
(3:3)- O
1.1.7. EXAMPLE. The open interval (1,4) is an e-neighborhood of an appropriate point.

PROOF. The midpoint of (1,4) is the point % The distance from this point to either end of
the interval is 2. Thus (1,4) = Js(3). O
2



2 1. INTERVALS

1.1.8. PROBLEM. Find, if possible, a number € such that the e-neighborhood of % contains both
and % but does not contain %. If such a neighborhood does not exist, explain why.

W=

1.1.9. PrROBLEM. Find, if possible, a number € such that the e-neighborhood of % contains %

but does not contain either % or %. If such a neighborhood does not exist, explain why.

1.1.10. PROBLEM. Let U = (i,%) and V = (%,g) Write U and V as e-neighborhoods of
appropriate points. (That is, find numbers a and e such that U = J.(a) and find numbers b and
d such that V' = Js(b).) Also write the sets U UV and U NV as e-neighborhoods of appropriate

points.

1.1.11. PROBLEM. Generalize your solution to the preceding problem to show that the union
and the intersection of any two e-neighborhoods which overlap is itself an e-neighborhood of some
point. Hint. Since e-neighborhoods are open intervals of finite length, we can write the given
neighborhoods as (a,b) and (¢, d). There are really just two distinct cases. One neighborhood may
contain the other; say, a < ¢ < d < b. Or each may have points that are not in the other; say
a < ¢ < b < d. Deal with the two cases separately.

1.1.12. PROPOSITION. Ifa € R and 0 < § <, then Js(a) C J(a).

PRrROOF. Exercise. (Solution Q.1.2.)

1.2. INTERIOR OF A SET

1.2.1. DEFINITION. Let A C R. A point @ is an INTERIOR POINT of A if some e-neighborhood
of a lies entirely in A. That is, a is an interior point of A if and only if there exists € > 0 such that
Je(a) C A. The set of all interior points of A is denoted by A° and is called the INTERIOR of A.

1.2.2. EXAMPLE. Every point of the interval (0,1) is an interior point of that interval. Thus
(0,1)° = (0,1).

PROOF. Let a be an arbitrary point in (0,1). Choose € to be the smaller of the two (positive)
numbers @ and 1 — a. Then Je(a) = (a —€,a +¢€) C (0,1) (because ¢ < a implies a — e > 0, and
€ <1—aimplies a+¢€<1). O

1.2.3. EXAMPLE. If a < b, then every point of the interval (a,b) is an interior point of the
interval. Thus (a,b)° = (a,b).

ProOF. Problem.
1.2.4. ExAMPLE. The point 0 is not an interior point of the interval [0, 1).

PROOF. Argue by contradiction. Suppose 0 belongs to the interior of [0,1). Then for some

e > 0 the interval (—¢, €) = J¢(0) is contained in [0, 1). But this is impossible since the number —21¢

belongs to (—e, €) but not to [0, 1). O
1.2.5. EXAMPLE. Let A = [a,b] where a < b. Then A° = (a,b).
PrOOF. Problem.
1.2.6. EXAMPLE. Let A = {z € R: 22 — 2 — 6 > 0}. Then A° # A.
PrOOF. Exercise. (Solution .1.3.)
1.2.7. PROBLEM. Let A = {zr € R: 23 — 222 — 11z + 12 < 0}. Find A°.
1.2.8. EXAMPLE. The interior of the set Q of rational numbers is empty.
PROOF. No open interval contains only rational numbers. O

1.2.9. PROPOSITION. If A and B are sets of real numbers with A C B, then A° C B°.
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PRrROOF. Let a € A°. Then there is an € > 0 such that J.(a) C A C B. This shows that
a € B°. O

1.2.10. PROPOSITION. If A is a set of real numbers, then A°° = A°.

PRrROOF. Problem.

1.2.11. PROPOSITION. If A and B are sets of real numbers, then
(AN B)° = A°nN B°.

PRrooOF. Exercise. Hint. Show separately that (ANB)° C A°NB° and that A°NB° C (ANDB)°.
(Solution Q.1.4.)

1.2.12. PROPOSITION. If A and B are sets of real numbers, then
(AUB)° D A°UB°.

PRrROOF. Exercise. (Solution Q).1.5.)

1.2.13. EXAMPLE. Equality may fail in the preceding proposition.

PROOF. Problem. Hint. See if you can find sets A and B in R both of which have empty
interior but whose union is all of R.






CHAPTER 2

TOPOLOGY OF THE REAL LINE

It is clear from the definition of “interior” that the interior of a set is always contained in the
set. Those sets for which the reverse inclusion also holds are called open sets.

2.1. OPEN SUBSETS OF R

2.1.1. DEFINITION. A subset U of R is OPEN if U° = U. That is, a set is open if and only if
every point of the set is an interior point of the set. If U is an open subset of R we write U QO R.

Notice, in particular, that the empty set is open. This is a consequence of a convention of logic
discussed in D: the condition that each point of () be an interior point is vacuously satisfied because
there are no points in (). Also notice that R itself is an open subset of R.

2.1.2. EXAMPLE. Bounded open intervals are open sets. That is, if a < b, then the open interval
(a,b) is an open set.

Proor. Example 1.2.3. O
2.1.3. EXAMPLE. The interval (0,00) is an open set.
PrOOF. Problem.

One way of seeing that a set is open is to verify that each of its points is an interior point of
the set. That is what the definition says. Often it is easier to observe that the set can be written
as a union of bounded open intervals. That this happens exactly when a set is open is the point of
the next proposition.

2.1.4. PROPOSITION. A nonempty subset of R is open if and only if it is a union of bounded
open intervals.

Proor. Let U C R. First, let us suppose U is a nonempty open subset of R. Each point of
U is then an interior point of U. So for each z € U we may choose a bounded open interval J(x)
centered at x which is entirely contained in U. Since x € J(z) for each x € U, we see that

U=J{=z}c | 7). (2.1)

zelU zelU
On the other hand, since J(z) C U for each = € U, we have (see proposition F.1.8)

U J@) cu (2.2)
zelU
Together (2.1) and (2.2) show that U is a union of bounded open intervals.

For the converse suppose U = |JJ where J is a family of open bounded intervals. Let = be
an arbitrary point of U. We need only show that z is an interior point of U. To this end choose
an interval J € J which contains z. Since J is a bounded open interval we may write J = (a,b)
where a < b. Choose € to be the smaller of the numbers x — a and b — x. Then it is easy to see
that € > 0 and that z € J.(z) = (z — €,z + €) C (a,b). Thus x is an interior point of U. O

2.1.5. EXAMPLE. Every interval of the form (—oco,a) is an open set. So is every interval of the
form (a,00). (Notice that this and example 2.1.2 give us the very comforting result that the things
we are accustomed to calling open intervals are indeed open sets.)

5
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PROOF. Problem.

The study of calculus has two main ingredients: algebra and topology. Algebra deals with
operations and their properties, and with the resulting structure of groups, fields, vector spaces,
algebras, and the like. Topology, on the other hand, is concerned with closeness, e-neighborhoods,
open sets, and with the associated structure of metric spaces and various kinds of topological spaces.
Almost everything in calculus results from the interplay between algebra and topology.

2.1.6. DEFINITION. The word “topology” has a technical meaning. A family ¥ of subsets of a
set X is a TOPOLOGY on X if

(1) ® and X belong to %;
(2) if & C T (that is, if & is a subfamily of T), then |J& € F; and
(3) if S is a finite subfamily of ¥, then (& € %.

We can paraphrase this definition by saying that a family of subsets of X, which contains both
() and X, is a topology on X if it is closed under arbitrary unions and finite intersections. If
this definition doesn’t make any sense to you at first reading, don’t fret. This kind of abstract
definition, although easy enough to remember, is irritatingly difficult to understand. Staring at
it doesn’t help. It appears that a bewildering array of entirely different things might turn out to
be topologies. And this is indeed the case. An understanding and appreciation of the definition
come only gradually. You will notice as you advance through this material that many important
concepts such as continuity, compactness, and connectedness are defined by (or characterized by)
open sets. Thus theorems which involve these ideas will rely on properties of open sets for their
proofs. This is true not only in the present realm of the real line but in the much wider world of
metric spaces, which we will shortly encounter in all their fascinating variety. You will notice that
two properties of open sets are used over and over: that unions of open sets are open and that
finite intersections of open sets are open. Nothing else about open sets turns out to be of much
importance. Gradually one comes to see that these two facts completely dominate the discussion
of continuity, compactness, and so on. Ultimately it becomes clear that nearly everything in the
proofs goes through in situations where only these properties are available—that is, in topological
spaces.

Our goal at the moment is quite modest: we show that the family of all open subsets of R is
indeed a topology on R.

2.1.7. PROPOSITION. Let & be a family of open sets in R. Then

(a) the union of & is an open subset of R; and
(b) if & is finite, the intersection of & is an open subset of R.

PRroOF. Exercise. (Solution ).2.1.)

2.1.8. EXAMPLE. The set U = {z € R: x < —2} U{z > 0: 22 — 2 — 6 < 0} is an open subset
of R.

ProoF. Problem.
2.1.9. EXAMPLE. The set R \ N is an open subset of R.
Proor. Problem.

2.1.10. EXxAMPLE. The family ¥ of open subsets of R is not closed under arbitrary intersections.s
(That is, there exists a family & of open subsets of R such that (| & is not open.)

PROOF. Problem.
2.2. CLOSED SUBSETS OF R

Next we will investigate the closed subsets of R. These will turn out to be the complements of
open sets. But initially we will approach them from a different perspective.
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2.2.1. DEFINITION. A point b in R is an ACCUMULATION POINT of a set A C R if every e-
neighborhood of b contains at least one point of A distinct from b. (We do not require that b
belong to A, although, of course, it may.) The set of all accumulation points of A is called the
DERIVED SET of A and is denoted by A’. The CLOSURE of A, denoted by A, is AU A’.

2.2.2. EXAMPLE. Let A ={1/n: n € N}. Then 0 is an accumulation point of A. Furthermore,
A={0}UA.

PROOF. Problem.
2.2.3. EXAMPLE. Let A be (0,1) U {2} CR. Then A’ =[0,1] and A = [0,1] U {2}.
PRrROOF. Problem.

2.2.4. EXAMPLE. Every real number is an accumulation point of the set Q of rational numbers
(since every open interval in R contains infinitely many rationals); so Q is all of R.

2.2.5. EXERCISE. Let A = QN (0,00). Find A°, A’, and A. (Solution Q.2.2.)
2.2.6. PROBLEM. Let A = (0,1]U ([2,3]N Q). Find:

2.2.7. EXAMPLE. Let A be a nonempty subset of R. If A is bounded above, then sup A belongs
to the closure of A. Similarly, if A is bounded below, then inf A belongs to A.

PROOF. Problem.

2.2.8. PROBLEM. Starting with a set A, what is the greatest number of different sets you can
get by applying successively the operations of closure, interior, and complement? Apply them as
many times as you wish and in any order. For example, starting with the empty set doesn’t produce
much. We get only () and R. If we start with the closed interval [0, 1], we get four sets: [0,1], (0,1),
(—00,0]U[1,00), and (—o0,0)U(1, 00). By making a more cunning choice of A, how many different
sets can you get?

2.2.9. PROPOSITION. Let A CR. Then

(a) (A°)°=A°; and

(b) (49)" = (4)".
ProOF. Exercise. Hint. Part (b) is a very easy consequence of (a). (Solution ().2.3.)
2.2.10. DEFINITION. A subset A of R is CLOSED if A = A.

2.2.11. EXAMPLE. Every closed interval (that is, intervals of the form [a, b] or (—o0, a] or [a, o0)
or (—00,00) ) are closed.

PRrRooFr. Problem.

CAUTION. It is a common mistake to treat subsets of R as if they were doors or windows,
and to conclude, for example, that a set is closed because it is not open, or that it cannot be closed
because it is open. These “conclusions” are wrong! A subset of R may be open and not closed, or
closed and not open, or both open and closed, or neither. For example, in R:
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1) (0,1) is open but not closed;
2) [0,1] is closed but not open;
3) R is both open and closed; and
4) [0,1) is neither open nor closed.

(
(
(
(

This is not to say, however, that there is no relationship between these properties. In the next
proposition we discover that the correct relation has to do with complements.

2.2.12. PROPOSITION. A subset of R is open if and only if its complement is closed.
PROOF. Problem. Hint. Use proposition 2.2.9.
2.2.13. PROPOSITION. The intersection of an arbitrary family of closed subsets of R is closed.

PROOF. Let 2 be a family of closed subsets of R. By De Morgan’s law (see proposition F.3.5)
(2l is the complement of (J{A°: A € A}. Since each set A° is open (by 2.2.12), the union of
{A°: A €A} is open (by 2.1.7(a)); and its complement [ is closed (2.2.12 again). O

2.2.14. PROPOSITION. The union of a finite family of closed subsets of R is closed.
PRrROOF. Problem.

2.2.15. PROBLEM. Give an example to show that the union of an arbitrary family of closed
subsets of R need not be closed.

2.2.16. DEFINITION. Let a be a real number. Any open subset of R which contains a is a
NEIGHBORHOOD of a. Notice that an e-neighborhood of « is a very special type of neighborhood: it
is an interval and it is symmetric about a. For most purposes the extra internal structure possessed
by e-neighborhoods is irrelevant to the matter at hand. To see that we can operate as easily with
general neighborhoods as with e-neighborhoods do the next problem.

2.2.17. PROBLEM. Let A be a subset of R. Prove the following.

(a) A point a is an interior point of A if and only if some neighborhood of «a lies entirely in A.
(b) A point b is an accumulation point of A if and only if every neighborhood of b contains at
least one point of A distinct from b.



CHAPTER 3

CONTINUOUS FUNCTIONS FROM R TO R

The continuous functions are perhaps the most important single class of functions studied in
calculus. Very roughly, a function f: R — R is continuous at a point a in R if f(z) can be
made arbitrarily close to f(a) by insisting that = be sufficiently close to a. In this chapter we
define continuity for real valued functions of a real variable and derive some useful necessary and
sufficient conditions for such a function to be continuous. Also we will show that composites of
continuous functions are themselves continuous. We will postpone until the next chapter proofs
that other combinations (sums, products, and so on) of continuous functions are continuous. The
first applications of continuity will come in chapters 5 and 6 on connectedness and compactness.

3.1. CONTINUITY—AS A LOCAL PROPERTY

The definition of continuity uses the notion of the inverse image of a set under a function. It is
a good idea to look at appendices L. and M, at least to fix notation.

3.1.1. DEFINITION. A function f: R — R is CONTINUOUS AT a point a in R if f (V') contains
a neighborhood of @ whenever V' is a neighborhood of f(a). Here is another way of saying exactly
the same thing: f is continuous at a if every neighborhood of f(a) contains the image under f
of a neighborhood of a. (If it is not entirely clear that these two assertions are equivalent, use
propositions M.1.22 (a) and M.1.23 (a) to prove that U C f (V) if and only if f—(U) CV.)

As we saw in chapter 2, it seldom matters whether we work with general neighborhoods (as in
the preceding definition) or with the more restricted e-neighborhoods (as in the next proposition).

3.1.2. PROPOSITION. A function f: R — R is continuous at a € R if and only if for every e > 0
there exists § > 0 such that

Js(a) € £ (Je(f(a))) (3.1)

Before starting on a proof it is always a good idea to be certain that the meaning of the
proposition is entirely clear. In the present case the “if and only if” tells us that we are being
given a condition characterizing continuity at the point a; that is, a condition which is both
necessary and sufficient in order for the function to be continuous at a. The condition states that
no matter what positive number ¢ we are given, we can find a corresponding positive number
such that property (3.1) holds. This property is the heart of the matter and should be thought of
conceptually rather than in terms of symbols. Learning mathematics is easiest when we regard the
content of mathematics to be ideas; it is hardest when mathematics is thought of as a game played
with symbols. Thus property (3.1) says that if  is any number in the open interval (a — §,a + ),
then the corresponding value f(x) lies in the open interval between f(a) — € and f(a)+e€. Once we
are clear about what it is that we wish to establish, it is time to turn to the proof.

PROOF. Suppose f is continuous at a. If € > 0, then J.(f(a)) is a neighborhood of f(a) and
therefore f~(Jc(f(a))) contains a neighborhood U of a. Since a is an interior point of U, there
exists 0 > 0 such that Js(a) C U. Then

Js(a) CU C f7(Je(f(a)))-

Conversely, suppose that for every e > 0 there exists 6 > 0 such that Js(a) C f~ (Je(f(a))).
Let V' be a neighborhood of f(a) Then J.(f(a)) € V for some € > 0. By hypothesis, there exists

9
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& > 0 such that Js(a) C f(Je(f(a))). Then Js(a) is a neighborhood of a and Js(a) C f~(V); so

f is continuous at a. O

We may use the remarks preceding the proof of 3.1.2 to give a second characterization of
continuity at a point. Even though the condition given is algebraic in form, it is best to think of
it geometrically. Think of it in terms of distance. In the next corollary read “|z —a| < 6" as “z
is within § units of @” (not as “the absolute value of z minus a is less than §”). If you follow this
advice, statements about continuity, when we get to metric spaces, will sound familiar. Otherwise,
everything will appear new and strange.

3.1.3. COROLLARY. A function f: R — R is continuous at a if and only if for every e > 0 there
exists 0 > 0 such that

|t —a| <d = |f(x) — f(a)| <e. (3.2)

PrOOF. This is just a restatement of proposition 3.1.2 because condition (3.1) holds if and only
if
z e Js(a) = f(x) € J(f(a)).
But x belongs to the interval Js(a) if and only if |z — a| < 0, and f(x) belongs to J.(f(a)) if and
only if |f(x) — f(a)] < e. Thus (3.1) and (3.2) say exactly the same thing. O

Technically, 3.1.1 is the definition of continuity at a point, while 3.1.2 and 3.1.3 are charac-
terizations of this property. Nevertheless, it is not altogether wrong-headed to think of them as
alternative (but equivalent) definitions of continuity. It really doesn’t matter which one we choose
to be the definition. Each of them has its uses. For example, consider the result: if f is continuous
at a and g is continuous at f(a), then go f is continuous at a (see 3.2.17). The simplest proof of this
uses 3.1.1. On the other hand, when we wish to verify that some particular function is continuous
at a point (see, for example, 3.2.2), then, usually, 3.1.3 is best. There are other characterizations
of continuity (see 3.2.12-3.2.16). Before embarking on a particular problem involving this concept,
it is wise to take a few moments to reflect on which choice among the assorted characterizations
is likely to produce the simplest and most direct proof. This is a favor both to your reader and
yourself.

3.2. CONTINUITY—AS A GLOBAL PROPERTY

3.2.1. DEFINITION. A function f: R — R is CONTINUOUS if it is continuous at every point in
its domain.

The purpose of the next few items is to give you practice in showing that particular functions
are (or are not) continuous. If you did a lot of this in beginning calculus, you may wish to skip to
the paragraph preceding proposition 3.2.12.

3.2.2. EXAMPLE. The function f: R — R: x +— —2x + 3 is continuous.
PROOF. We use corollary 3.1.3. Let a € R. Given € > 0 choose § = Ze. If [z — a| < §,then

[f(z) = fa)] = [(=22 + 3) = (=2a + 3)|
=2lr—al] <20 =e.

3.2.3. EXAMPLE. The function f: R — R defined by
0 forx <0,
fz) = {

1 forz>0

is not continuous at a = 0.
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ProoF. Use proposition 3.1.2; the denial of the condition given there is that there exists a

number e such that for all 6 > 0 property 3.1 fails. (See example D.4.5.) Let ¢ = % Then

S (J12(f(0) = f=(J12(0)) = f7(=%,%) = (—00,0]. Clearly this contains no d-neighborhood
of 0. Thus 3.1 is violated, and f is not continuous at 0. O

3.2.4. EXAMPLE. The function f: R — R: x — 5x — 8 is continuous.
PRrOOF. Exercise. (Solution ).3.1.)
3.2.5. EXAMPLE. The function f: x — 23 is continuous at the point a = —1.
PRrROOF. Exercise. (Solution ).3.2.)
3.2.6. EXAMPLE. The function f: x — 222 — 5 is continuous.
PRrROOF. Exercise. (Solution ().3.3.)
3.2.7. EXAMPLE. Let f(z) =7 — bz for all z € R. Then f is continuous at the point a = —2.
ProOOF. Problem.
3.2.8. EXAMPLE. Let f(z) = /|z + 2] for all z € R. Then f is continuous at the + point a = 0.
PrROOF. Problem.
3.2.9. EXAMPLE. If f(z) = 3z — 5 for all z € R, then f is continuous.
PrROOF. Problem.
3.2.10. ExAMPLE. The function f defined by
—a? for z <0,
fle) = {x—i—llo forx >0
is not continuous.

PRrROOF. Problem.

3.2.11. EXAMPLE. For = > 0 sketch the functions x — sin% and x — zsin % Then verify the
following.

(a) The function f defined by

f(g:):{o 1 for x <0,

sin -, forz >0

is not continuous.

(b) The function f defined by

is continuous at 0.

PROOF. Problem.

The continuity of a function f at a point is a LOCAL property; that is, it is entirely determined
by the behavior of f in arbitrarily small neighborhoods of the point. The continuity of f, on the
other hand, is a GLOBAL property; it can be determined only if we know how f behaves everywhere
on its domain. In 3.1.1-3.1.3 we gave three equivalent conditions for local continuity. In 3.2.12—
3.2.16 we give equivalent conditions for the corresponding global concept. The next proposition
gives the most useful of these conditions; it is the one that becomes the definition of continuity in
arbitrary topological spaces. It says: a necessary and sufficient condition for f to be continuous
is that the inverse image under f of open sets be open. This shows that continuity is a purely
TOPOLOGICAL PROPERTY; that is, it is entirely determined by the topologies (families of all open
sets) of the domain and the codomain of the function.
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3.2.12. PROPOSITION. A function f: R — R is continuous if and only if f (U) is open whenever
U is open in R.

PRrooOF. Exercise. (Solution ).3.4.)

3.2.13. PROPOSITION. A function f: R — R is continuous if and only if f~(C) is a closed set
whenever C' is a closed subset of R.

PRrROOF. Problem.
3.2.14. PROPOSITION. A function f: R — R is continuous if and only if
f(B°) € (f~(B))"
for all B C R.
PRrROOF. Problem.

3.2.15. PROPOSITION. A function f: R — R is continuous if and only if

fo(A)C f~(A)
for all A CR.

PROOF. Problem. Hint. This isn’t so easy. Use problem 3.2.13 and the fact (see propositions
M.1.22 and M.1.23) that for any sets A and B

f7(f7(B)CB and AC fT(f7(A)).

Show that if f is continuous, then A C f‘_( f~(4) ) Then apply f—. For the converse, apply the
hypothesis to the set f(C') where C is a closed subset of R. Then apply f. O

3.2.16. PROPOSITION. A function f: R — R is continuous if and only if

f=(B)C f~(B)
for all B CR.
PROOF. Problem.

3.2.17. PROPOSITION. Let f,g: R — R. If f is continuous at a and g is continuous at f(a),
then the composite function g o f is continuous at a.

PROOF. Let W be a neighborhood of g(f(a)). We wish to show that the inverse image of W
under g o f contains a neighborhood of a. Since g is continuous at f(a), the set g (W) contains a
neighborhood V of f(a). And since f is continuous at a, the set f (V) contains a neighborhood
U of a. Then

(go f)=(W)

[ (g~ (W)
=)
U,

v 1y

which is what we wanted. U
This important result has an equally important but entirely obvious consequence.
3.2.18. COROLLARY. The composite of two continuous functions is continuous.

3.2.19. PROBLEM. Give a direct proof of corollary 3.2.18. (That is, give a proof which does not
rely on proposition 3.2.17.)
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3.3. FUNCTIONS DEFINED ON SUBSETS OF R

The remainder of this chapter is devoted to a small but important technical problem. Thus
far the definitions and propositions concerning continuity have dealt with functions whose domain
is R. What do we do about functions whose domain is a proper subset of R? After all, many old
friends—the functions x — /x, x — %, and z — tanz, for example—have domains which are not
all of R. The difficulty is that if we were to attempt to apply proposition 3.1.2 to the square root
function f: x — +/z (which would of course be improper since the hypothesis f: R — R is not
satisfied), we would come to the unwelcome conclusion that f is not continuous at 0: if € > 0 then
the set [~ (J(f(0))) = f~(Je(0)) = f(—€,€) = [0,€?) contains no neighborhood of 0 in R.

Now this can’t be right. What we must do is to provide an appropriate definition for the
continuity of functions whose domains are proper subsets of R. And we wish to do it in such a way
that we make as few changes as possible in the resulting propositions.

The source of our difficulty is the demand (in definition 3.1.1) that f (V') contain a neighbor-
hood of the point a—and neighborhoods have been defined only in R. But why R? That is not the
domain of our function; the set A = [0, 00) is. We should be talking about neighborhoods in A. So
the question we now face is: how should we define neighborhoods in (and open subsets of) proper
subsets of R? The best answer is astonishingly simple. An open subset of A is the intersection of
an open subset of R with A.

3.3.1. DEFINITION. Let A C R. A set U contained in A is OPEN IN A if there exists an open
subset V' of R such that U = V N A. Briefly, the open subsets of A are restrictions to A of open

subsets of R. If U is an open subset of A we write U € A. A NEIGHBORHOOD OF a IN A is an open
subset of A which contains a.

3.3.2. ExaAMPLE. The set [0,1) is an open subset of [0, c0).
PROOF. Let V = (—=1,1). Then V C R and [0,1) = V N [0,00); so [0,1) € [0, c0). O

Since, as we have just seen, [0,1) is open in [0,00) but is not open in R, there is a possibility
for confusion. Openness is not an intrinsic property of a set. When we say that a set is open, the
answer to the question “open in what?” must be either clear from context or else specified. Since
the topology (that is, collection of open subsets) which a set A inherits from R is often called the
RELATIVE TOPOLOGY on A, emphasis may be achieved by saying that a subset B of A is relatively
open in A. Thus, for example, we may say that [0,1) is relatively open in [0, 00); or we may say
that [0,1) is a relative neighborhood of 0 (or any other point in the interval). The question here is
emphasis and clarity, not logic.

3.3.3. EXAMPLE. The set {1} is an open subset of N.

PRrOOF. Problem.

3.3.4. EXAMPLE. The set of all rational numbers 2 such that 22 < 2 is an open subset of Q.
PrROOF. Problem.

3.3.5. EXAMPLE. The set of all rational numbers z such that 22 < 4 is not an open subset of Q.
ProOF. Problem.

3.3.6. DEFINITION. Let A C R, a € A, and ¢ > 0. The e-NEIGHBORHOOD OF a IN A is
(a—€,a+¢€) NA.

3.3.7. EXAMPLE. In N the 3 - neighborhood of 1 is {1}.

PROOF. Since (1—3,1+3)NN=(3,2) NN = {1}, we conclude that the e-neighborhood of 1
is {1}. O
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Now is the time to show that the family of relatively open subsets of A (that is, the relative
topology on A) is in fact a topology on A. In particular, we must show that this family is closed
under unions and finite intersections.

3.3.8. PROPOSITION. Let A CR. Then
(i) 0 and A are relatively open in A;

(ii) of Y is a family of relatively open sets in A, then | JU is relatively open in A; and
(iii) of YU is a finite family of relatively open sets in A, then (U is relatively open in A.
ProOF. Problem.

3.3.9. EXAMPLE. Every subset of N is relatively open in N.
PRrROOF. Problem.

Now we are in a position to consider the continuity of functions defined on proper subsets of R.

3.3.10. DEFINITION. Let a € A C R and f: A — R. The function f is CONTINUOUS AT a if
f=(V) contains a neighborhood of a in A whenever V is a neighborhood of f(a). The function f
is CONTINUOUS if it is continuous at each point in its domain.

It is important to notice that we discuss the continuity of a function only at points where it is
defined. We will not, for example, make the claim found in so many beginning calculus texts that
the function x — 1/ is discontinuous at zero. Nor will we try to decide whether the sine function
is continuous at the Bronx zoo.

The next proposition tells us that the crucial characterization of continuity in terms of inverse
images of open sets (see 3.2.12) still holds under the definition we have just given. Furthermore
codomains don’t matter; that is, it doesn’t matter whether we start with open subsets of R or with
sets open in the range of the function.

3.3.11. PROPOSITION. Let A be a subset of R. A function f: A — R is continuous if and only
if f~(V) is open in A whenever V is open in ran f.

PROOF. Problem. Hint. Notice that if W € R and V = W Nran f, then f—(V) = f=(W).

3.3.12. PROBLEM. Discuss the changes (if any) that must be made in 3.1.2, 3.1.3, 3.2.17, and
3.2.18, in order to accommodate functions whose domain is not all of R.

3.3.13. PROBLEM. Let A C R. Explain what “(relatively) closed subset of A” should mean.
Suppose further that B C A. Decide how to define “the closure of B in A” and “the interior of B
with respect to A”. Explain what changes these definitions will require in propositions 3.2.13-3.2.16
so that the results hold for functions whose domains are proper subsets of R.

3.3.14. PROBLEM. Let A = (0,1) U (1,2). Define f: A — R by
0 forO<x<l,
flz) =
1 forl<z<?2.
Is f a continuous function?

3.3.15. EXxAMPLE. The function f defined by
flz)=— for x # 0

is continuous.
PrROOF. Problem.
3.3.16. ExAMPLE. The function f defined by
flx)=vVz+2 for z > —2

is continuous at x = —2.
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PRrOOF. Problem.
3.3.17. EXAMPLE. The square root function is continuous.
PRrROOF. Problem.

3.3.18. PROBLEM. Define f: (0,1) — R by setting f(x) = 0 if = is irrational and f(z) = 1/n if
x = m/n where m and n are natural numbers with no common factors. Where is f continuous?

3.3.19. EXAMPLE. Inclusion mappings between subsets of R are continuous. That is, if A C
B C R, then the inclusion mapping t: A — B: a — a is continuous. (See definition L.3.1.)

PRroOF. Let U € B. By the definition of the relative topology on B (see 3.3.1), there exists an
open subset V of R such that U = VN B. Then .~ (U) =" (VNB)=VNBNA=VnNA ¢ A
Since the inverse image under ¢ of each open set is open, ¢ is continuous. ]

It is amusing to note how easy it is with the preceding example in hand to show that restrictions
of continuous functions are continuous.

3.3.20. PROPOSITION. Let AC B CR. If f: B — R is continuous, then f|a, the restriction of
f to A, is continuous.

PROOF. Recall (see appendix L section L.5) that f|4 = f o« where ¢ is the inclusion mapping
of A into B. Since f is continuous (by hypothesis) and ¢ is continuous (by example 3.3.19), their
composite f|4 is also continuous (by the generalization of 3.2.18 in 3.3.12). O

We conclude this chapter with the observation that if a continuous function is positive at a
point, it is positive nearby.

3.3.21. PROPOSITION. Let A CR and f: A — R be continuous at the point a. If f(a) > 0, then
there exists a neighborhood J of a in A such that f(z) > %f(a) forall x € J.

PROOF. Problem.






CHAPTER 4

SEQUENCES OF REAL NUMBERS

Sequences are an extremely useful tool in dealing with topological properties of sets in R
and, as we will see later, in general metric spaces. A major goal of this chapter is to illustrate
this usefulness by showing how sequences may be used to characterize open sets, closed sets, and
continuous functions.

4.1. CONVERGENCE OF SEQUENCES

A SEQUENCE is a function whose domain is the set N of natural numbers. In this chapter the
sequences we consider will all be sequences of real numbers, that is, functions from N into R. If a
is a sequence, it is conventional to write its value at a natural number n as a,, rather than as a(n).
The sequence itself may be written in a number of ways:

a=(an)y>y = (an) = (a1,a2,as,...).
Care should be exercised in using the last of these notations. It would not be clear, for example,
whether (%, %, %, ...) is intended to be the sequence of reciprocals of odd primes (in which case
the next term would be ﬁ) or the sequence of reciprocals of odd integers greater than 1 (in which
case the next term would be %) The element a,, in the range of a sequence is the n'" TERM of the
sequence.

It is important to distinguish in one’s thinking between a sequence and its range. Think of a
sequence (z1,x2,T3,...) as an ordered set: there is a first element x1, and a second element x3,
and so on. The range {x1,z2,x3,...} is just a set. There is no “first” element. For example, the
sequences (1,2,3,4,5,6,...)and (2,1,4,3,6,5,...) are different whereas the sets {1,2,3,4,5,6,...}
and {2,1,4,3,6,5,...} are exactly the same (both are N).

REMARK. Occasionally in the sequel it will be convenient to alter the preceding definition a bit
to allow the domain of a sequence to be the set NU {0} of all positive integers. It is worth noticing
as we go along that this in no way affects the correctness of the results we prove in this chapter.

4.1.1. DEFINITION. A sequence (z,) of real numbers is EVENTUALLY IN a set A if there exists
a natural number ng such that z,, € A whenever n > ng.

7
4.1.2. EXAMPLE. For each n € N let z, =3+ Tn Then the sequence (x,,)22 is eventually

strictly negative; that is, the sequence is eventually in the interval (—o0,0).

7 — 7 7 — 1
PRrROOF. If n > 14, then n < ) and x,, = 3—1—?” < ) < 0. So x,, € (—00,0) whenever
n > 14. O
2n — 3

n

4.1.3. EXAMPLE. For each n € N let z,, =

the interval (%, 2).

. Then the sequence (z,,)22 is eventually in

PRrRoOOF. Problem.

4.1.4. DEFINITION. A sequence (z,)>>; of real numbers CONVERGES to a € R if it is eventually
in every e-neighborhood of a. When the sequence converges to a we write

Ty — G as N — 00. (4.1)

17
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These symbols may be read, “x,, approaches a as n gets large.” If (z,) converges to a, the number
a is the LIMIT of the sequence (z,). It would not be proper to refer to the limit of a sequence if
it were possible for a sequence to converge to two different points. We show now that this cannot
happen; limits of sequences are unique.

4.1.5. PROPOSITION. Let (z,,) be a sequence in R. If x,, — a and x, — b as n — oo, then
a="o.

PROOF. Argue by contradiction. Suppose a # b, and let € = |a — b|. Then € > 0. Since (x,)
eventually in J./5(a), there exists ng € N such that z,, € J¢/3(a) for n > ng. That is, [z, —a| <
for n > ng. Similarly, since (z,) is eventually in J./5(b), there is an mg € N such that |z, — b <
for n > mg. Now if n is any integer larger than both ng and mg, then

INEY S

e=la—bl=la—zpn+a, b <|o—an|+|r, - <5+ 5 =¢
But € < € is impossible. Therefore, our initial supposition was wrong, and a = b. ]

Since limits are unique, we may use an alternative notation to (4.1): if (x,) converges to a we
may write

lim z,, = a.
n—oo

(Notice how inappropriate this notation would be if limits were not unique.)

4.1.6. DEFINITION. If a sequence (z,,) does not converge (that is, if there exists no a € R such
that (x,) converges to a), then the sequence DIVERGES. Sometimes a divergent sequence (x,) has
the property that it is eventually in every interval of the form (n,c0) where n € N. In this case we
write

T, — 00 as n — o0 or lim x,, = oo.
n—oo

If a divergent sequence (z,,) is eventually in every interval of the form (—oo,—n) for n € N, we
write

Ty — —00 S N — OO or lim x,, = —o0.
n—oo

CAUTION. It is not true that every divergent sequence satisfies either x,, — oo or z,, — —o0.
See 4.1.9 below.

It is easy to rephrase the definition of convergence of a sequence in slightly different language.
The next problem gives two such variants. Sometimes one of these alternative “definitions” is more
convenient than 4.1.4.

4.1.7. PROBLEM. Let (z,) be a sequence of real numbers and a € R.

(a) Show that x, — a if and only if for every € > 0 there exists ng € N such that |z, —a| < €
whenever n > ny.
(b) Show that x,, — a if and only if (z,,) is eventually in every neighborhood of a.

1

4.1.8. EXAMPLE. The sequence (;.)7°; converges to 0.

PROOF. Let € > 0. Use the Archimedean property J.4.1 of the real numbers to choose N € N
large enough that N > % Then

1
< —
- N
whenever n > N. OJ

< €.

SEE

1
_0‘:

n

4.1.9. ExAMPLE. The sequence ((—1)”);0:0 diverges.
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PROOF. Argue by contradiction. If we assume that (—1)" — a for some a € R, then there
exists N € N such that n > N implies |(—1)" — a| < 1. Thus for every n > N
2=|(-1)" = (-1
=|(-1)"—a+a—(-1)""
<|(=1)" = a| +|a - (=1)"*]
<l+1=2
which is not possible. (|

oo
4.1.10. EXAMPLE. The sequence < > converges to 1.

n=1

n+1
PRrROOF. Problem.
4.1.11. PROPOSITION. Let (x,) be a sequence in R. Then x, — 0 if and only if |x,| — 0.

PrOOF. Exercise. (Solution Q.4.1.)

4.2. ALGEBRAIC COMBINATIONS OF SEQUENCES

As you will recall from beginning calculus, one standard way of computing the limit of a
complicated expression is to find the limits of the constituent parts of the expression and then
combine them algebraically. Suppose, for example, we are given sequences (z,) and (y,) and are
asked to find the limit of the sequence (x,, + y,). What do we do? First we try to find the limits
of the individual sequences (z,) and (y,). Then we add. This process is justified by a proposition
which says, roughly, that the limit of a sum is the sum of the limits. Limits with respect to other
algebraic operations behave similarly.

The aim of the following problem is to develop the theory detailing how limits of sequences
interact with algebraic operations.

4.2.1. PROBLEM. Suppose that (z,) and (y,) are sequences of real numbers, that z,, — a and
yn — b, and that ¢ € R. For the case where a and b are real numbers derive the following;:
a) Tn + Yn — a+ b,
Tp — Yo — a — D,

Then consider what happens in case a = +00 or b = +00 (or both). What can you say (if anything)
about the limits of the left hand expressions of (a)—(e)? In those cases in which nothing can be said,
give examples to demonstrate as many outcomes as possible. For example, if a = co and b = —o0,
then nothing can be concluded about the limit as n gets large of x,, + y,,. All of the following are
possible:

(i) xp + yn — —o0. [Let 2, =n and y, = —2n.]
(ii) zp + yn — @, where « is any real number. [Let x, = a +n and y, = —n.]
(iii) zp + yn — oo. [Let z, = 2n and y, = —n.]

(iv) None of the above. [Let (z,) = (1,2,5,6,9,10,13,14,...) and y,, = (0, -3, -4, -7, -8, —11, —12,

4.2.2. EXAMPLE. If , — a in R and p € N, then z,? — a”.

PRrROOF. Use induction on p. The conclusion obviously holds when p = 1. Suppose z,?~! —
aP~1. Apply part (c) of the preceding problem:

P =x,P "t x, —aP - a = dP.

~15,..

)
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2 — 5n+ ™n? — 6n°

130502 - an? foreachnEN,thenmn—»—% as 1 — 0o.

4.2.3. ExaMPLE. If z,, =

PRrooF. Problem.
4.2.4. PROBLEM. Find lim,_,o(vVn? + 5n —n).

Another very useful tool in computing limits is the “sandwich theorem”, which says that a
sequence sandwiched between two other sequences with a common limit has that same limit.

4.2.5. PROPOSITION (Sandwich theorem). Let a be a real number or one of the symbols +oo
or —oo. If x, — a and z, — a and if v, < yn < 2z, for all n, then y, — a.

PROOF. Problem.
sin (3 + 7T”2)
n3/2

ProOOF. Problem. Hint. Use 4.1.11, 4.1.8, and 4.2.5.

4.2.6. EXAMPLE. If z,, = for each n € N, then x,, — 0 as n — .

4.2.7. EXAMPLE. If (z,) is a sequence in (0,00) and z,, — a, then \/z, — v/a.

PROOF. Problem. Hint. There are two possibilities: treat the cases a = 0 and a > 0 sepa-
rately. For the first use problem 4.1.7(a). For the second use 4.2.1(b) and 4.1.11; write \/Z,, — v/a
as |z, — a|/(y/Tn + Va). Then find an inequality which allows you to use the sandwich theo-
rem(proposition 4.2.5).

4.2.8. EXAMPLE. The sequence (nl/”) converges to 1.

PROOF. Problem. Hint. For each n let a,, = n'/™ — 1. Apply the binomial theorem 1.1.17 to

2
(1+a,)™ to obtain the inequality n > n(n — 1) a,? and hence to conclude that 0 < a, < o
n—

for every n. Use the sandwich theorem 4.2.5.

4.3. SUFFICIENT CONDITION FOR CONVERGENCE

An amusing situation sometimes arises in which we know what the limit of a sequence must be
if it exists, but we have no idea whether the sequence actually converges. Here is an example of
this odd behavior. The sequence will be recursively defined. Sequences are said to be RECURSIVELY
defined if only the first term or first few terms are given explicitly and the remaining terms are
defined by means of the preceding term(s).

Consider the sequence (x,) defined so that 1 =1 and for n € N

3(1+ xy) '

Tn4+1 = 31 n (4.2)
It is obvious that IF the sequence converges to a limit, say ¢, then ¢ must satisfy
. 3(1+¢)
3+

(This is obtained by taking limits as n — oo on both sides of (4.2).) Cross-multiplying and solving
for ¢ leads us to the conclusion that ¢ = 4+/3. Since the first term z; is positive, equation (4.2)
makes it clear that all the terms will be positive; so ¢ cannot be —v/3. Thus it is entirely clear that
if the limit of the sequence exists, it must be v/3. What is not clear is whether the limit exists at
all. This indicates how useful it is to know some conditions sufficient to guarantee convergence of
a sequence. The next proposition gives one important example of such a condition: it says that
bounded monotone sequences converge.
First, the relevant definitions.
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4.3.1. DEFINITION. A sequence (x,) of real numbers is BOUNDED if its range is a bounded
subset of R. Another way of saying the same thing: a sequence (x,) in R is bounded if there exists
a number M such that |z,| < M for all n € N.

4.3.2. DEFINITION. A sequence (ay,) of real numbers is INCREASING if a,,+1 > a,, for every n € N;
it is STRICTLY INCREASING if a,,+1 > a, for every n. A sequence is DECREASING if a,11 < a,, for
every n, and is STRICTLY DECREASING if a, 41 < a, for every n. A sequence is MONOTONE if it is
either increasing or decreasing.

4.3.3. PROPOSITION. Fvery bounded monotone sequence of real numbers converges. In fact,
if a sequence is bounded and increasing, then it converges to the least upper bound of its range.
Similarly, if it is bounded and decreasing, then it converges to the greatest lower bound of its range.

PROOF. Let (z) be a bounded increasing sequence. Let R be the range of the sequence
and ¢ be the least upper bound of R; that is, £ = sup{z,: n € N}. We have seen in example
2.2.7 that the least upper bound of a nonempty subset of R belongs to the closure of that set.
In particular, £ € R. Thus given any ¢ > 0 we can find a number z,, of R which lies in the
interval J¢(¢). In fact, x,, € (¢ — ¢,¢]. Since the sequence is increasing and bounded above by ¢,
we have x,, € ({ — ¢,¢] C J.(¢) for every n > ng. What we have just proved is that the sequence
() is eventually in every e-neighborhood of ¢. That is, x, — £.

If (x,,) is bounded and decreasing, then the sequence (—z,,) is bounded and increasing. If R is
the range of (z,) and g is the greatest lower bound of R, then —R is the range of (—z,,) and —g is
the least upper bound of —R. By what we have just proved, —z, — —g. So x,, — g as desired. [

4.3.4. EXAMPLE. Let (z,) be the sequence recursively defined above: ;1 = 1 and (4.2) holds
for all n > 1. Then z,, — V3 asn — oo.

PRrROOF. We have argued previously that the limit of the sequence is v/3 if it exists. So what we
must show is that the sequence does converge. We have thus far one tool—proposition 4.3.3. Thus
we hope that we will be able to prove that the sequence is bounded and monotone. If the sequence
starts at 1, is monotone, and approaches v/3, then it must be increasing. How do we prove that the
sequence is bounded? Bounded by what? We observed earlier that z; > 0 and equation (4.2) then
guarantees that all the remaining x,,’s will be positive. So 0 is a lower bound for the sequence. If
the sequence is increasing and approaches /3, then /3 will be an upper bound for the terms of
the sequence. Thus it appears that the way to make use of proposition 4.3.3 is to prove two things:
(1) 0 < @, < +/3 for all n; and (2) (x,) is increasing. If we succeed in establishing both of these
claims, we are done.

Claim 1. 0 < z,, < /3 for all n € N.

PRrOOF. We have already observed that z,, > 0 for all n. We use mathematical induction to
show that z,, < v/3 for all n. Since 21 = 1, it is clear that 1 < v/3. For the inductive hypothesis
suppose that for some particular k we have

zp < V3. (4.3)

We wish to show that x4 < v/3. To start, multiply both sides of (4.3) by 3 — /3. (If you are
wondering, “How did you know to do that?” consult the next problem.) This gives us

Sxk - \/§xk S 3\/5— 3.
Rearrange so that all terms are positive
3+ 3z < 3V3 + V3zy, = V3(3 + ax).

But then clearly

3+ 3z
- <3,
Th+1 3+xr — f

which was to be proved.
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Claim 2. The sequence (x,) is increasing.

Proor. We will show that z,4+1 — z, > 0 for all n. For each n

3+ 3z, 3 — 2,2 -0
T — = — — X =
e T
(We know that 3 — 2,2 > 0 from claim 1.) O

4.3.5. PROBLEM. A student, Fred R. Dimm, tried on an exam to prove the claims made in
example 4.3.4. For the inductive proof of claim 1 that z, < /3 he offered the following “proof”:

$k+1§\/§
3+ 3z
3+ xp
3+333k S \/§(3+xk)

3z — V3rp <3V3 -3
(3—V3)z, < (3—V3)V3

z, < V3, which is true by hypothesis.

<V3

(a) Aside from his regrettable lack of explanation, Fred seems to be making a serious logical
error. Explain to poor Fred why his offering is not a proof. Hint. What would you say
about a proof that 1 = 2, which goes as follows?

1=2
0-1=0-2
0=0, which is true.

(b) Now explain why Fred’s computation in (a) is really quite useful scratch work, even if it is
not a proof. Hint. In the correct proof of claim 1, how might its author have been inspired
to “multiply both sides of 4.3 by 3 — /3”7

4.3.6. ExAMPLE. The condition (bounded and monotone) given in proposition 4.3.3, while
sufficient to guarantee the convergence of a sequence, is not necessary.

PROOF. Problem. (Give an explicit example.)

Expressed as a conditional, proposition 4.3.3 says that if a sequence is bounded and monotone,
then it converges. Example 4.3.6 shows that the converse of this conditional is not correct. A
partial converse does hold however: if a sequence converges, it must be bounded.

4.3.7. PROPOSITION. FEvery convergent sequence in R is bounded.
PROOF. Exercise. (Solution Q).4.2.)

We will encounter many situations when it is important to know the limit as n gets large of ™
where r is a number in the interval (—1,1) and the limit of /" where r is a number greater than
0. The next two propositions show that the respective limits are always 0 and 1.

4.3.8. PROPOSITION. If |r| < 1, then ™ — 0 as n — oo. If |r| > 1, then (r") diverges.

PROOF. Suppose that |r| < 1. If r = 0, the proof is trivial, so we consider only r # 0. Since
0 < |r| < 1 whenever —1 < r < 0, proposition 4.1.11 allows us to restrict our attention to numbers
lying in the interval (0,1). Thus we suppose that 0 < r < 1 and prove that r™ — 0. Let R be the
range of the sequence (r™). That is, let R = {r": n € N}. Let g = inf R. Notice that g > 0 since 0
is a lower bound for R. We use an argument by contradiction to prove that g = 0. Assume to the
contrary that g > 0. Since 0 < r < 1, it must follow that gr=' > g. Since g is the greatest lower
bound of R, the number gr—! is not a lower bound for R. Thus there exists a member, say ¥, of
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R such that 7% < gr—!. But then 7**! < g, which contradicts the choice of g as a lower bound of
R. We conclude that g = 0.

The sequence (r™) is bounded and decreasing. Thus by proposition 4.3.3 it converges to the
greatest lower bound of its range; that is, 7" — 0 as n — oo.

Now suppose r > 1. Again we argue by contradiction. Suppose that (") converges. Then its
range R is a bounded subset of R.

Let ¢ = sup R. Since r > 1, it is clear that ¢r—! < ¢£. Since ¢ is the least upper bound of R,
there exists a number 7* of R such that ¥ > ¢r—1. Then r*+1 > /, contrary to the choice of ¢ as
an upper bound for R.

Finally, suppose that r < —1. If (r™) converges then its range is bounded. In particular,
{r?": n € N} is bounded. As in the preceding paragraph, this is impossible. ]

4.3.9. PROPOSITION. Ifr >0, then r'/™ — 1 as n — oo.

PROOF. Problem. Hint. Show that % < r < n for some natural number n. Then use example
4.2.8 and proposition 4.2.5. (You will also make use of a standard arithmetic fact—one that arises
in problem J.4.5—that if 0 < a < b, then a'/™ < b*/™ for every natural number n.)

n
4.3.10. PrOBLEM. Find lim o o0 1

nsoo " —mn—2°
4.4. SUBSEQUENCES

As example 4.1.9 shows, boundedness of a sequence of real numbers does not suffice to guarantee
convergence. It is interesting to note, however, that although the sequence ((—1)”);0:1 does not
converge, it does have subsequences that converge. The odd numbered terms form a constant
sequence (—1,—1,—1,...), which of course converges. The even terms converge to +1. It is an
interesting, if not entirely obvious, fact that every bounded sequence has a convergent subsequence.
This is a consequence of our next proposition.

Before proving proposition 4.4.3 we discuss the notion of subsequence. The basic idea here
is simple enough. Let a = (aj,a2,as,...) be a sequence of real numbers, and suppose that we
construct a new sequence b by taking some but not necessarily all of the terms of a and listing
them in the same order in which they appear in a. Then we say that this new sequence b is a
subsequence of a. We might, for example, choose every fifth member of a thereby obtaining the
subsequence b = (b, by, b3, ...) = (as,aip,a1s, ... ). The following definition formalizes this idea.

4.4.1. DEFINITION. Let (a,) be a sequence of real numbers. If (ny),- is a strictly increasing
sequence in N, then the sequence

(ank) = (ank)zozl = (anpanQa an37 [ )
is a SUBSEQUENCE of the sequence (a,).

4.4.2. EXAMPLE. If ap = 27% and by, = 47% for all £ € N, then (b;) is a subsequence of (ay).

Intuitively, this is clear, since the second sequence (%, %, 6%1, ...) just picks out the even-numbered
terms of the first sequence (%, %, %, %, ...). This “picking out” is implemented by the strictly

increasing function n(k) = 2k (for k € N). Thus b = a o n since
an, = a(n(k)) = a(2k) =27 =47% = p,
for all k£ in N.
4.4.3. PROPOSITION. FEwvery sequence of real numbers has a monotone subsequence.

PROOF. Exercise. Hint. A definition may be helpful. Say that a term a,, of a sequence in R
is a PEAK TERM if it is greater than or equal to every succeeding term (that is, if a,, > anqy for
all k& € N). There are only two possibilities: either there is a subsequence of the sequence (a)
consisting of peak terms, or else there is a last peak term in the sequence. (Include in this second
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case the situation in which there are no peak terms.) Show in each case how to select a monotone
subsequence of (a,). (Solution Q.4.3.)

4.4.4. COROLLARY. FEvery bounded sequence of real numbers has a convergent subsequence.
Proor. This is an immediate consequence of propositions 4.3.3 and 4.4.3. U

Our immediate purpose in studying sequences is to facilitate our investigation of the topology of
the set of real numbers. We will first prove a key result 4.4.9, usually known as Bolzano’s theorem,
which tells us that bounded infinite subsets of R have accumulation points. We then proceed to
make available for future work sequential characterizations of open sets 4.4.10, closed sets 4.4.12,
and continuity of functions 4.4.13.

4.4.5. DEFINITION. A sequence (A1, Ag, As,...) of sets is NESTED if Ap4q C Ay for every k.

4.4.6. PROPOSITION. The intersection of a nested sequence of nonempty closed bounded intervals
whose lengths approach O contains exactly one point.

PROOF. Problem. Hint. Suppose that J, = [an,b,] # 0 for each n € N, that J,4+1 C J, for
each n, and that b, — a,, — 0 as n — oco. Show that N3, J,, = {c} for some c € R.

4.4.7. PROBLEM. Show by example that the intersection of a nested sequence of nonempty
closed intervals may be empty.

4.4.8. PROBLEM. Show by example that proposition 4.4.6 no longer holds if “closed” is replaced
by “open”.

4.4.9. PROPOSITION (Bolzano’s theorem). FEvery bounded infinite subset of R has at least one
accumulation point.

PROOF. Let A be a bounded infinite subset of R. Since it is bounded it is contained in some
interval Jy = [ag, bo]. Let ¢y be the midpoint of Jy. Then at least one of the intervals [ag, cg] or
[co, bp] contains infinitely many members of A (see O.1.17). Choose one that does and call it .J;.
Now divide J; in half and choose Jo to be one of the resulting closed subintervals whose intersection
with A is infinite. Proceed inductively to obtain a nested sequence of closed intervals

JOZ_DJI:_)JQZ_)Jg:_)...

each one of which contains infinitely many points of A. By proposition 4.4.6 the intersection of all
the intervals Ji consists of exactly one point c. Every open interval about ¢ contains some interval
Ji and hence infinitely many points of A. Thus ¢ is an accumulation point of A. (|

4.4.10. PROPOSITION. A subset U of R is open if and only if every sequence which converges
to an element of U is eventually in U.

PROOF. Suppose U is open in R. Let (z,) be a sequence which converges to a point a in U.
Since U is a neighborhood of a, (z,,) is eventually in U by 4.1.7(b).

Conversely, suppose that U is not open. Then there is at least one point a of U which is not
an interior point of U. Then for each n € N there is a point z,, which belongs to J /,(a) but not
to U. Then the sequence (z,,) converges to a but no term of the sequence belongs to U. (|

4.4.11. PROPOSITION. A point b belongs to the closure of a set A in R if and only if there exists
a sequence (ap) in A which converges to b.

PRrOOF. Exercise. (Solution Q).4.4.)

4.4.12. COROLLARY. A subset A of R is closed if and only if b belongs to A whenever there is
a sequence (ap) in A which converges to b.

4.4.13. PROPOSITION. Let A C R. A function f: A — R is continuous at a if and only if
f(zyn) — f(a) whenever (x,) is a sequence in A such that z, — a.



4.4. SUBSEQUENCES 25

PROOF. Problem.

4.4.14. PROBLEM. Discuss in detail the continuity of algebraic combinations of continuous real
valued functions defined on subsets of R. Show, for example, that if functions f and g are continuous
at a point ¢ in R, then such combinations as f + g and fg are also continuous at a. What can you
say about the continuity of polynomials? Hint. Use problem 4.2.1 and proposition 4.4.13.

We conclude this chapter with some problems. The last six of these concern the convergence of
recursively defined sequences. Most of these are pretty much like example 4.3.4 and require more
in the way of patience than ingenuity.

4.4.15. PROBLEM. If A is a nonempty subset of R which is bounded above, then there exists
an increasing sequence of elements of A which converges to sup A. Similarly, if A is nonempty and
bounded below, then there is a decreasing sequence in A converging to inf A.

4.4.16. PROBLEM (Geometric Series). Let |r| < 1 and a € R. For each n > 0let s, = Y ) arF.

(a) Show that the sequence (s;,)02, converges. Hint. Consider s, — rsy,.

(b) The limit found in part (a) is usually denoted by Y 52, ar®. (This is the SUM of a geometric
series.) Use (a) to find Y po 27

(c) Show how (a) may be used to write the decimal 0.15242424 ... as the quotient of two
natural numbers.

4.4.17. EXERCISE. Suppose a sequence (z,,) of real numbers satisfies

3
4rp11 = T

for all n € N. For what values of x1 does the sequence (z,) converge? For each such x; what is
lim,, o0 7 Hint. First establish that if the sequence (z,,) converges, its limit must be —2,0, or 2.
This suggests looking at several special cases: 1 < =2, 1 = -2, —2< 21 <0,21=0,0< 21 < 2,
x1 =2, and x1 > 2. In case r1 < —2, for example, show that z,, < —2 for all n. Use this to show
that the sequence (x,) is decreasing and that it has no limit. The other cases can be treated in a
similar fashion. (Solution ().4.5.)

4.4.18. PROBLEM. Suppose a sequence (x,) in R satisfies
OTn+1 = 3Ty +4

for all n € N. Show that (x,) converges. Hint. First answer an easy question: If x,, — ¢, what is
£7 Then look at three cases: x1 < £, 1 = ¢, and x1 > £. Show, for example, that if 1 < £, then
() is bounded and increasing.

4.4.19. PROBLEM. Suppose a sequence (x,) in R satisfies
Tnt1 =V2+op
for all n € N. Show that (x,) converges. To what does it converge?

4.4.20. PROBLEM. Suppose that a sequence (z,,) in R satisfies

Tn+1 =1 —+v1—2x,

for all n € N. Show that (x,) converges. To what does it converge? Does <a;n+1

) converge?
Tp
4.4.21. PROBLEM. Suppose that a sequence (x,) of real numbers satisfies

3Tpt1 = xn?’ -2

for all n € N. For what choices of x1 does the sequence converge? To what? Hint. Compute
T+l — Tp.
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4.4.22. PROBLEM. Let a > 1. Suppose that a sequence (z,,) in R satisfies
(a+ xp)Tps1 = a(l + zy)

for all n. Show that if 21 > 0, then (z,) converges. In this case find lim z,.



CHAPTER 5

CONNECTEDNESS AND THE INTERMEDIATE VALUE
THEOREM

5.1. CONNECTED SUBSETS OF R

There appears to be no way of finding an exact solution to such an equation as
sine =x — 1. (5.1)

No algebraic trick or trigonometric identity seems to help. To be entirely honest we must ask what
reason we have for thinking that (5.1) has a solution. True, even a rough sketch of the graphs
of the functions x — sinz and x — x — 1 seems to indicate that the two curves cross not far
from x = 2. But is it not possible in the vast perversity of the-way-things-are that the two curves
might somehow skip over one another without actually having a point in common? To say that
it seems unlikely is one thing, to say that we know it can not happen is another. The solution to
our dilemma lies in a result familiar from nearly every beginning calculus course: the intermediate
value theorem. Despite the complicated symbol-ridden formulations in most calculus texts what
this theorem really says is that continuous functions from R to R take intervals to intervals. In
order to prove this fact we will first need to introduce an important topological property of all
intervals, connectedness. Once we have proved the intermediate value theorem not only will we
have the intellectual satisfaction of saying that we know (5.1) has a solution, but we can utilize
this same theorem to find approximations to the solution of (5.1) whose accuracy is limited only
by the computational means at our disposal.

So, first we define “connected”. Or rather, we define “disconnected”, and then agree that sets
are connected if they are not disconnected.

5.1.1. DEFINITION. A subset A of R is DISCONNECTED if there exist disjoint nonempty sets U
and V both open in A whose union is A. In this case we say that the sets U and V' disconnect A.
A subset A of R is CONNECTED if it is not disconnected.

5.1.2. PROPOSITION. A set A C R is connected if and only if the only subsets of A which are
both open in A and closed in A are the null set and A itself.

ProoF. Exercise. (Solution Q).5.1.)
5.1.3. EXAMPLE. The set {1,4,8} is disconnected.

PrOOF. Let A = {1,4,8} C R. Notice that the sets {1} and {4,8} are open subsets of A.
Reason: (—00,2)NA = {1} and (2,00) N A = {4,8}; so {1} is the intersection of an open subset of
R with A, and so is {4,8} (see definition 3.3.1). Thus {1} and {4, 8} are disjoint nonempty open
subsets of A whose union is A. That is, the sets {1} and {4, 8} disconnect A. O

5.1.4. EXAMPLE. The set Q of rational numbers is disconnected.
PROOF. The sets {x € Q: x < 7} and {z € Q: = > 7} disconnect Q. O
5.1.5. EXAMPLE. The set {1:n € N} is disconnected.

PRrRoOOF. Problem.

27
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If A is a subset of R, it is somewhat awkward that “connected” is defined in terms of (relatively)
open subsets of A. In general, it is a nuisance to deal with relatively open subsets. It would be
much more convenient to deal only with the familiar topology of R. Happily, this can be arranged.

It is an elementary observation that A is disconnected if we can find disjoint sets U and V,
both open in R, whose intersections with A are nonempty and whose union contains A. (For then
the sets U N A and V' N A disconnect A.) Somewhat less obvious is the fact that A is disconnected
if and only if it can be written as the union of two nonempty subsets C' and D of R such that

CNnD=CnNnD=0. (5.2)
(The indicated closures are in R.)

5.1.6. DEFINITION. Two nonempty subsets C' and D of R which satisfy equation (5.2) are said
to be MUTUALLY SEPARATED in R.

5.1.7. PROPOSITION. A subset A of R is disconnected if and only if it is the union of two
nonempty sets mutually separated in R.

ProOF. If A is disconnected, it can be written as the union of two disjoint nonempty sets U
and V which are open in A. (These sets need not, of course, be open in R.) We show that U and
V are mutually separated. It suffices to prove that U NV is empty, that is, U C R\ V. To this end
suppose that w € U. Since U is open in A, there exists § > 0 such that

ANJs(u) ={z € A: |z —u| <d} CUCR\W

The interval Js(u) = (u — d,u + 9) is the union of two sets: AN Js(u) and A°N Js(u). We have
just shown that the first of these belongs to R\ V. Certainly the second piece contains no points
of A and therefore no points of V. Thus Js(u) C R\ V. This shows that u does not belong to the
closure (in R) of the set V; so u € R\ V. Since u was an arbitrary point of U, we conclude that
UCR\V

Conversely, suppose that A = U UV where U and V are nonempty sets mutually separated
in R. To show that the sets U and V disconnect A, we need only show that they are open in A,
since they are obviously disjoint.

Let us prove that U is open in A. Let u € U and notice that since U NV is empty, v cannot
belong to V.

Thus there exists § > 0 such that Js(u) is disjoint from V. Then certainly AN Js(u) is disjoint
from V. Thus AN Js(u) is contained in U. Conclusion: U is open in A. O

The importance of proposition 5.1.7 is that it allows us to avoid the definition of “connected”,
which involves relatively open subsets, and replace it with an equivalent condition which refers only
to closures in R. There is no important idea here, only a matter of convenience. We will use this
characterization in the proof of our next proposition, which identifies the connected subsets of the
real line. (To appreciate the convenience that proposition 5.1.7 brings our way, try to prove the
next result using only the definition of “connected” and not 5.1.7.) As mentioned earlier we need
to know that in the real line the intervals are the connected sets. This probably agrees with your
intuition in the matter. It is plausible, and it is true; but it is not obvious, and its proof requires a
little thought.

5.1.8. DEFINITION. A subset J of R is an INTERVAL provided that it satisfies the following
condition: if ¢, d € J and ¢ < z < d, then z € J. (Thus, in particular, the empty set and sets
containing a single point are intervals.)

5.1.9. PROPOSITION. A subset J of R is connected if and only if it is an interval.

PRrOOF. To show that intervals are connected argue by contradiction. Assume that there exists
an interval J in R which is not connected. By proposition 5.1.7 there exist nonempty sets C' and
D in R such that J = CUD and

CNnD=CnD=10
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(closures are taken in R). Choose ¢ € C' and d € D. Without loss of generality suppose ¢ < d. Let
A = (—00,d)NC and z = sup A. Certainly ¢ < z < d. Now z € C. (We know from example 2.2.7
that z belongs to A and therefore to C.) Furthermore z € D. (If z =d, then z € D C D. If z < d,
then the interval (z,d) is contained in J and, since z is an upper bound for A, this interval contains
no point of C. Thus (z,d) C D and z € D.) Finally, since z belongs to J it is a member of either
C or D. But z € C implies z € C N D = (), which is impossible; and z € D implies z € CND = 0,
which is also impossible.

The converse is easy. If J is not an interval, then there exist numbers ¢ < z < d such that ¢,
de Jand z ¢ J. It is easy to see that the sets (—oo,2) N J and (z,00) N J disconnect .J. O

5.2. CONTINUOUS IMAGES OF CONNECTED SETS

Some of the facts we prove in this chapter are quite specific to the real line R. When we move
to more complicated metric spaces no reasonable analog of these facts is true. For example, even
in the plane R? nothing remotely like proposition 5.1.9 holds. While it is not unreasonable to guess
that the connected subsets of the plane are those in which we can move continuously between any
two points of the set without leaving the set, this conjecture turns out to be wrong. The latter
property, arcwise connectedness, is sufficient for connectedness to hold—but is not necessary. In
chapter 17 we will give an example of a connected set which is not arcwise connected.

Despite the fact that some of our results are specific to R, others will turn out to be true
in very general settings. The next theorem, for example, which says that continuity preserves
connectedness, is true in R, in R”, in metric spaces, and even in general topological spaces. More
important, the same proof works in all these cases! Thus when you get to chapter 17, where
connectedness in metric spaces is discussed, you will already know the proof that the continuous
image of a connected set is itself connected.

5.2.1. THEOREM. The continuous image of a connected set is connected.

PROOF. Exercise. Hint. Prove the contrapositive. Let f: A — R be a continuous function
where A C R. Show that if ran f is disconnected, then so is A. (Solution Q.5.2.)

The important intermediate value theorem, is an obvious corollary of the preceding theorem.

5.2.2. THEOREM (Intermediate Value Theorem: Conceptual Version). The continuous image
i R of an interval is an interval.

Proor. Obvious from 5.1.9 and 5.2.1. O

A slight variant of this theorem, familiar from beginning calculus, helps explain the name of
the result. It says that if a continuous real valued function defined on an interval takes on two
values, then it takes on every intermediate value, that is, every value between them. It is useful
in establishing the existence of solutions to certain equations and also in approximating these
solutions.

5.2.3. THEOREM (Intermediate Value Theorem: Calculus Text Version). Let f: J — R be a
continuous function defined on an interval J CR. Ifa, b €ran f and a < z < b, then z € ran f.

PrOOF. Exercise. (Solution ).5.3.)
Here is a typical application of the intermediate value theorem.

5.2.4. EXAMPLE. The equation
2

V1 + 322

22 45 = a3 4 ad 4 (5.3)
has at least one real solution.

PRrROOF. Exercise. Hint. Consider the function f whose value at x is the left side minus the right
side of (5.3). What can you say without much thought about f(2) and f(—2)? (Solution Q).5.4.)
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As another application of the intermediate value theorem we prove a fixed point theorem.
(Definition: Let f: S — S be a mapping from a set S into itself. A point ¢ in S is a FIXED POINT
of the function f if f(c) = c¢.) The next result is a (very) special case of the celebrated Brouwer
fixed point theorem, which says that every continuous map from the closed unit ball of R" into
itself has a fixed point. The proof of this more general result is rather complicated and will not be
given here.

5.2.5. PROPOSITION. Let a < b in R. Every continuous map of the interval [a,b] into itself has
a fized point.

PRrooF. Exercise. (Solution Q).5.5.)

5.2.6. EXAMPLE. The equation

84

180

—_—— =119
v 1+ 22+ cos?x

has at least two solutions in R.
PROOF. Problem.

5.2.7. PROBLEM. Show that the equation
1
_— 1 =z-2
Var? +x+4

has at least one real solution. Locate such a solution between consecutive integers.

5.2.8. PROBLEM. We return to the problem we discussed at the beginning of this chapter. Use
the intermediate value theorem to find a solution to the equation

sinz=1—=x

accurate to within 107°. Hint. You may assume, for the purposes of this problem, that the function
x +— sinz is continuous. You will not want to do the computations by hand; write a program for a
computer or programmable calculator. Notice to begin with that there is a solution in the interval
[0, 1]. Divide the interval in half and decide which half, [0, 1] or [3,1], contains the solution. Then
take the appropriate half and divide 4t in half. Proceed in this way until you have achieved the
desired accuracy. Alternatively, you may find it convenient to divide each interval into tenths rather

than halves.

5.3. HOMEOMORPHISMS

5.3.1. DEFINITION. Two subsets A and B of R are HOMEOMORPHIC if there exists a continuous
bijection f from A onto B such that f~! is also continuous. In this case the function f is a
HOMEOMORPHISM.

Notice that if two subsets A and B are homeomorphic, then there is a one-to-one correspondence
between the open subsets of A and those of B. In terms of topology, the two sets are identical. Thus
if we know that the open intervals (0, 1) and (3,7) are homeomorphic (see the next problem), then
we treat these two intervals for all topological purposes as indistinguishable. (Of course, a concept
such as distance is another matter; it is not a topological property. When we consider the distance
between points of our two intervals, we can certainly distinguish between them: one is four times
the length of the other.) A homeomorphism is sometimes called a TOPOLOGICAL ISOMORPHISM.

5.3.2. PROBLEM. Discuss the homeomorphism classes of intervals in R. That is, tell, as generally
as you can, which intervals in R are homeomorphic to which others—and, of course, explain why.
It might be easiest to start with some examples. Show that

(a) the open intervals (0, 1) and (3,7) are homeomorphic; and
(b) the three intervals (0, 1), (0,00), and R are homeomorphic.
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Then do some counterexamples. Show that
(¢) no two of the intervals (0,1), (0, 1], and [0, 1] are homeomorphic.

Hint. For (a) consider the function = +— 4z + 3. For part of (c¢) suppose that f: (0,1] — (0,1) is a
homeomorphism. What can you say about the restriction of f to (0,1)7

When you feel comfortable with the examples, then try to prove more general statements. For
example, show that any two bounded open intervals are homeomorphic.

Finally, try to find the most general possible homeomorphism classes. (A HOMEOMORPHISM
CLASS is a family of intervals any two of which are homeomorphic.)

5.3.3. PROBLEM. Describe the class of all continuous mappings from R into Q.






CHAPTER 6

COMPACTNESS AND THE EXTREME VALUE THEOREM

One of the most important results in beginning calculus is the extreme value theorem: a con-
tinuous function on a closed and bounded subset of the real line achieves both a maximum and a
minimum value. In the present chapter we prove this result. Central to understanding the extreme
value theorem is a curious observation: while neither boundedness nor the property of being closed
is preserved by continuity (see problems 6.1.1 and 6.1.2), the property of being closed and bounded
is preserved. Once we have proved this result it is easy to see that a continuous function defined
on a closed and bounded set attains a maximum and minimum on the set.

Nevertheless, there are some complications along the way. To begin with, the proof that conti-
nuity preserves the property of being closed and bounded turns out to be awkward and unnatural.
Furthermore, although this result can be generalized to R™, it does not hold in more general metric
spaces. This suggests—even if it is not conclusive evidence—that we are looking at the wrong
concept. One of the mathematical triumphs of the early twentieth century was the recognition that
indeed the very concept of closed-and-bounded is a manifestation of the veil of maya, a seductively
simple vision which obscures the “real” topological workings behind the scenes. Enlightenment,
at this level, consists in piercing this veil of illusion and seeing behind it the “correct” concept—
compactness. There is now overwhelming evidence that compactness is the appropriate concept.
First and most rewarding is the observation that the proofs of the preservation of compactness by
continuity and of the extreme value theorem now become extremely natural. Also, the same proofs
work not only for R™ but for general metric spaces and even arbitrary topological spaces. Further-
more, the property of compactness is an intrinsic one—if A C B C C, then A is compact in B if and
only if it is compact in C. (The property of being closed is not intrinsic: the interval (0, 1] is closed
n (0,00) but not in R.) Finally, there is the triumph of products. In the early 1900’s there were
other contenders for the honored place ultimately held by compactness—sequential compactness
and countable compactness. Around 1930 the great Russian mathematician Tychonov was able to
show that arbitrary products of compact spaces are compact, a powerful and useful property not
shared by the competitors.

There is, however, a price to be paid for the wonders of compactness—a frustratingly unintuitive
definition. It is doubtless this lack of intuitive appeal which explains why it took workers in the
field so long to come up with the optimal notion. Do not be discouraged if you feel you don’t
understand the definition. I’'m not sure anyone really “understands” it. What is important is to
be able to use it. And that is quite possible—with a little practice. In this chapter we first define
compactness (6.1.3) and give two important examples of compact sets: finite sets (see 6.2.1) and
the interval [0, 1] (see 6.2.4). Then we give a number of ways of creating new compact sets from
old ones (see 6.2.2, 6.2.8, 6.2.9(b), and 6.3.2). In 6.3.2 we show that the continuous image of a
compact set is compact and in 6.3.3 we prove the extreme value theorem. Finally (in 6.3.6) we
prove the Heine-Borel theorem for R: the compact subsets of R are those which are both closed
and bounded.

6.1. COMPACTNESS

6.1.1. PROBLEM. Give an example to show that if f is a continuous real valued function of a
real variable and A is a closed subset of R which is contained in the domain of f, then it is not
necessarily the case that f—(A) is a closed subset of R.

33
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6.1.2. PROBLEM. Give an example to show that if f is a continuous real valued function of a
real variable and A is a bounded subset of the domain of f, then it is not necessarily the case that
f7(A) is bounded.

6.1.3. DEFINITION. A family 4 of sets is said to COVER a set A if (J U O A. The phrases
“Y covers A7, “U is a cover for A”, “U is a covering of A”, and “A is covered by U’ are used
interchangeably. If A is a subset of R and i is a cover for A which consists entirely of open subsets
of R, then il is an OPEN COVER for A. If il is a family of sets which covers A and U is a subfamily
of 4 which also covers A, then U is a SUBCOVER of 4 for A. A subset A of R is COMPACT if every
open cover of A has a finite subcover.

6.1.4. EXAMPLE. Let A = [0,1], Uy = (=3,32), Uz = (-1,3), U3 = (0,3), Us = (3,2), Us =
(%, 1), Us = (1%,2)7 and U; = (%, %) Then the family 4 = {Uy: 1 < k < 7} is an open cover for A
(because each Uy, is open and UZ:1 U = (—3,2) D A). The subfamily U = {U;,Us,Us} of U is a
subcover for A (because Uy UUs UUs = (—3,2) 2 A). The subfamily 20 = {U;, Us, Us, U7} of i is
not a subcover for A (because Uy UU; UU3 UUr = (—3,%) U (2, 3) does not contain A).

6.1.5. PROBLEM. Let J be the open unit interval (0,1). For each a let U, = (a,a+ 1), and let
U={U,: 0<a< %} Then certainly 4 covers J.

(a) Find a finite subfamily of Y which covers J.
(b) Explain why a solution to (a) does not suffice to show that .J is compact.
(¢) Show that J is not compact.

6.2. EXAMPLES OF COMPACT SUBSETS OF R

It is easy to give examples of sets that are not compact. For example, R itself is not compact.
To see this consider the family i of all open intervals of the form (—n,n) where n is a natural
number. Then  covers R (what property of R guarantees this?); but certainly no finite subfamily
of 4 does.

What is usually a lot trickier, because the definition is hard to apply directly, is proving that
some particular compact set really is compact. The simplest examples of compact spaces are the
finite ones. (See example 6.2.1.) Finding nontrivial examples is another matter.

In this section we guarantee ourselves a generous supply of compact subsets of R by specifying
some rather powerful methods for creating new compact sets from old ones. In particular, we will
show that a set is compact if it is

(1) a closed subset of a compact set (6.2.2),
(2) a finite union of compact sets (6.2.9(b)), or
(3) the continuous image of a compact set (6.3.2).

Nevertheless it is clear that we need something to start with. In example 6.2.4 we prove directly
from the definition that the closed unit interval [0,1] is compact. It is fascinating to see how this
single example together with conditions (1)—(3) above can be used to generate a great variety of
compact sets in general metric spaces. This will be done in chapter 15.

6.2.1. EXAMPLE. Every finite subset of R is compact.

PRrROOF. Let A = {x1,x9,...,2,} be a finite subset of R. Let { be a family of open sets which

covers A. For each k = 1,...,n there is at least one set Uy in 4 which contains . Then the family
{U1,...,Uy,} is a finite subcover of 4l for A. O

6.2.2. PROPOSITION. Fuvery closed subset of a compact set is compact.

PROOF. Problem. Hint. Let A be a closed subset of a compact set K and U be a cover of A
by open sets. Consider {lU {A°}.

6.2.3. PROPOSITION. FEvery compact subset of R is closed and bounded.
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ProovF. Exercise. Hint. To show that a compact set A is closed, show that its complement is
open. To this end let y be an arbitrary point in A¢. For each z in A take disjoint open intervals
about z and y. (Solution Q).6.1.)

As we will see later, the preceding result holds in arbitrary metric spaces. In fact, it is true
in very general topological spaces. Its converse, the celebrated Heine-Borel theorem (see 6.3.6),
although also true in R”, (see 16.4.1) does not hold in all metric spaces (see problems 6.3.9, 16.4.7
and 16.4.8). Thus it is important at a conceptual level not to regard the property closed-and-
bounded as being identical with compactness.

Now, finally, we give a nontrivial example of a compact space. The proof requires verifying
some details, which at first glance may make it seem complicated. The basic idea behind the proof,
however, is quite straightforward. It repays close study since it involves an important technique of
proof that we will encounter again. The first time you read the proof, try to see its structure, to
understand its basic logic. Postpone for a second reading the details which show that the conditions
labelled (1) and (2) hold. Try to understand instead why verification of these two conditions is
really all we need in order to prove that [0, 1] is compact.

6.2.4. ExAMPLE. The closed unit interval [0, 1] is compact.

PROOF. Let 4 be a family of open subsets of R which covers [0, 1] and let A be the set of all
x in [0, 1] such that the closed interval [0, z] can be covered by finitely many members of 4. Tt is
clear that A is nonempty (since it contains 0), and that if a number y belongs to A then so does
any number in [0, 1] less than y. We prove two more facts about A:

(1) If z € A and x < 1, then there exists a number y > x such that y € A.
(2) If y is a number in [0, 1] such that x € A for all z < y, then y € A.

To prove (1) suppose that x € A and = < 1. Since x € A there exists sets Uy, ..., U, in 4 which
cover the interval [0, z]. The number x belongs to at least one of these sets, say U;. Since U; is an
open subset of R, there is an interval (a,b) such that x € (a,b) C U;. Since z < 1 and = < b, there
exists a number y € (0,1) such that z < y < b. From [0,2] C U,_, Uy and [z,y] C (a,b) C U; it
follows that Uy, ..., U, cover the interval [0,y|. Thus y > = and y belongs to A.

The proof of (2) is similar. Suppose that y € [0,1] and that [0,y) C A. The case y = 0 is
trivial so we suppose that y > 0. Then y belongs to at least one member of 4, say V. Choose an
open interval (a,b) in [0, 1] such that y € (a,b) C V. Since a € A there is a finite collection of sets
Ui,...,Uy in Y which covers [0,a]. Then clearly {Uy,...,U,,V} is a cover for [0,y]. This shows
that y belongs to A.

Finally, let © = sup A. We are done if we can show that u = 1. Suppose to the contrary that
u < 1. Then [0,u) € A. We conclude from (2) that v € A and then from (1) that there is a point
greater than u which belongs to A. This contradicts the choice of u as the supremum of A. O

6.2.5. PROBLEM. Let A = {0} U{1/n: n € N} and U be the family {U,: n > 0} where

5 7
Up=(—1,0.1) and U, = (Gn’ 6n> for n > 1.
(a) Find a finite subfamily of 4l which covers A.
(b) Explain why a solution to (a) does not suffice to show that A is compact.
(c) Use the definition of compactness to show that A is compact.
(d) Use proposition 6.2.2 to show that A is compact.

6.2.6. EXAMPLE. Show that the set A = {1/n: n € N} is not a compact subset of R.
PROOF. Problem.

6.2.7. PROBLEM. Give two proofs that the interval [0,1) is not compact—one making use of
proposition 6.2.3 and one not.

6.2.8. PROPOSITION. The intersection of a nonempty collection of compact subsets of R is itself
compact.
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PROOF. Problem.

6.2.9. PROBLEM. Let R be the family of compact subsets of R.

(a) Show that |J 8 need not be compact.
(b) Show that if 8 contains only finitely many sets, then [ J R is compact.

6.3. THE EXTREME VALUE THEOREM

6.3.1. DEFINITION. A real-valued function f on a set A is said to have a MAXIMUM at a point
ain Aif f(a) > f(z) for every x in A; the number f(a) is the MAXIMUM VALUE of f. The function
has a MINIMUM at a if f(a) < f(z) for every z in A; and in this case f(a) is the MINIMUM VALUE of
f. A number is an EXTREME VALUE of f if it is either a maximum or a minimum value. It is clear
that a function may fail to have maximum or minimum values. For example, on the open interval
(0,1) the function f : z — z assumes neither a maximum nor a minimum.

The concepts we have just defined are frequently called GLOBAL (or ABSOLUTE) MAXIMUM and
GLOBAL (or ABSOLUTE) MINIMUM. This is to distinguish them from two different ideas local (or
relative) mazimum and local (or relative) minimum, which we will encounter later. In this text,
“maximum” and “minimum” without qualifiers will be the global concepts defined above.

Our goal now is to show that every continuous function on a compact set attains both a
maximum and a minimum. This turns out to be an easy consequence of the fact, which we prove
next, that the continuous image of a compact set is compact.

6.3.2. THEOREM. Let A be a subset of R. If A is compact and f: A — R is continuous, then
f7(A) is compact.

PrOOF. Exercise. (Solution Q.6.2.)

6.3.3. THEOREM (Extreme Value Theorem). If A is a compact subset of R and f: A — R is
continuous, then f assumes both a maximum and a minimum value on A.

PROOF. Exercise. (Solution Q).6.3.)
6.3.4. ExaMPLE. The closed interval [—3,7] is a compact subset of R.

PRrROOF. Let A = [0,1] and f(z) = 10z — 3. Since A is compact and f is continuous, theorem
6.3.2 tells us that the set [-3,7] = f~(A) is compact. O

6.3.5. EXAMPLE. If a < b, then the closed interval [a, b] is a compact subset of R.
PRrROOF. Problem.

6.3.6. EXAMPLE (Heine-Borel Theorem for R). Every closed and bounded subset of R is com-
pact.

ProoOF. Problem. Hint. Use 6.3.5 and 6.2.2.
6.3.7. EXAMPLE. Define f: [-1,1] — R by

1
xzsin | — ), ifx#0
jor= {7 2)
0, if x =0.

The set of all x such that f(z) = 0 is a compact subset of [—1,1].
ProoF. Problem.

6.3.8. PROBLEM. Let f: A — B be a continuous bijection between subsets of R.

(a) Show by example that f need not be a homeomorphism.
(b) Show that if A is compact, then f must be a homeomorphism.
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6.3.9. PROBLEM. Find in Q a set which is both relatively closed and bounded but which is not
compact.

6.3.10. PROBLEM. Show that the interval [0, 00) is not compact using each of the following:

(a) the definition of compactness;
(b) proposition 6.2.3;
(c) the extreme value theorem.

6.3.11. PROBLEM. Let f and g be two continuous functions mapping the interval [0, 1] into
itself. Show that if fog = go f, then f and g agree at some point of [0,1]. Hint. Argue by
contradiction. Show that we may suppose, without loss of generality, that f(z) — g(z) > 0 for all
x in [0,1]. Now try to show that there is a number a > 0 such that f"(x) > ¢"(x) 4+ na for every
natural number n and every z in [0,1]. (Here f* = fo fo---o f (n copies of f); and ¢g" is defined
similarly.)






CHAPTER 7

LIMITS OF REAL VALUED FUNCTIONS

In chapter 4 we studied limits of sequences of real numbers. In this very short chapter we
investigate limits of real valued functions of a real variable. Our principal result (7.2.3) is a char-
acterization of the continuity of a function f at a point in terms of the limit of f at that point.

Despite the importance of this characterization, there is one crucial difference between a function
being continuous at a point and having a limit there. If f is continuous at a, then a must belong
to the domain of f. In order for f to have a limit at a, it is not required that a be in the domain

of f.
7.1. DEFINITION

To facilitate the definition of “limit” we introduce the notion of a deleted neighborhood of a
point.

7.1.1. DEFINITION. If J = (b,c) is a neighborhood of a point a (that is, if b < a < ¢), then
J*, the DELETED NEIGHBORHOOD associated with J, is just J with the point a deleted. That
is, J* = (b,a) U (a,c). In particular, if Js(a) is the d-neighborhood of a, then Jj(a) denotes
(a —d,a) U (a,a+9).

7.1.2. DEFINITION. Let A be a subset of R, let f: A — R, let a be an accumulation point of A,
and let [ be a real number. We say that [ is the LIMIT OF f AS £ APPROACHES a (or the LIMIT OF
f AT a) if: for every € > 0 there exists 6 > 0 such that f(z) € J.(I) whenever x € AN Jj(a).

Using slightly different notation we may write this condition as

Ve>0)(F0>0)(Vxe A)0< |z —a| <d = [f(x) -] <e.
If this condition is satisfied we write
f(z) = lasxz—a

or

lim f(z) =1.

r—a
(Notice that this last notation is a bit optimistic. It would not make sense if f could have two
distinct limits as = approaches a. We will show in proposition 7.1.3 that this cannot happen.)

The first thing we notice about the preceding definition is that the point a at which we take
the limit need not belong to the domain A of the function f. Very often in practice it does not.
Recall the definition in beginning calculus of the derivative of a function f: R — R at a point a. It

flat hf)L — f(a). This quotient is not defined at the

point h = 0. Nevertheless we may still take the limit as h approaches 0.

Here is another example of the same phenomenon. The function on (0,00) defined by x —
(1 + z)Y/* is not defined at = = 0. But its limit at 0 exists: recall from beginning calculus that
lim, _o(1 + 2)Y/* =e.

One last comment about the definition: even if a function f is defined at a point a, the value
of f at a is irrelevant to the question of the existence of a limit there. According to the definition
we consider only points z satisfying 0 < |z — a| < §. The condition 0 < |z — a| says just one thing:

x # a.

is the limit as h — 0 of the Newton quotient

39
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7.1.3. PROPOSITION. Let f: A — R where A C R, and let a be an accumulation point of A. If
fx) = basx —a, and if f(z) — c as x — a, then b = c.

PRrROOF. Exercise. (Solution Q).7.1.)

7.2. CONTINUITY AND LIMITS

There is a close connection between the existence of a limit of a function at a point a and the
continuity of the function at a. In proposition 7.2.3 we state the precise relationship. But first we
give two examples to show that in the absence of additional hypotheses neither of these implies the
other.

7.2.1. ExAMPLE. The inclusion function f: N — R: n +— n is continuous (because every subset
of N is open in N, and thus every function defined on N is continuous). But the limit of f exists at
no point (because N has no accumulation points).

7.2.2. EXAMPLE. Let
0, forx#0
fla) =<7
1, forx=0.
Then lim,_,¢ f(z) exists (and equals 0), but f is not continuous at x = 0.
We have shown in the two preceding examples that a function f may be continuous at a point
a without having a limit there and that it may have a limit at ¢ without being continuous there.
If we require the point a to belong to the domain of f and to be an accumulation point of the

domain of f (these conditions are independent!), then a necessary and sufficient condition for f to
be continuous at a is that the limit of f as x approaches a (exist and) be equal to f(a).

7.2.3. PROPOSITION. Let f: A — R where ACR, and let a € ANA". Then f is continuous at
a if and only if
lim £(z) = f(a).

r—a

PRrROOF. Exercise. (Solution Q).7.2.)
7.2.4. PROPOSITION. If f: A — R where ACR, and a € A, then
lim f(a+h) = lim f(z)
in the sense that if either limit exists, then so does the other and the two limits are equal.
PrOOF. Exercise. (Solution .7.3.)

7.2.5. PROBLEM. Let f(z) =4 — 2 if z < 0 and f(z) = (2 + z)? if z > 0. Using the definition
of “limit” show that lim,_,o f(z) exists.

7.2.6. PROPOSITION. Let f: A — R where A CR and let a € A'. Then
lim f(x) =0 if and only if lim|f(x)|=0.

r—a

PRrOOF. Problem.
7.2.7. PROPOSITION. Let f, g, h: A — R where ACR, and letac A’. If f <g<h and
lim f(z) = lim h(z) =1,

r—a r—a

then limy,_,q g(x) = L.

PROOF. Problem. Hint. A slight modification of your proof of proposition 4.2.5 should do the
trick.

7.2.8. PROBLEM (Limits of algebraic combinations of functions). Carefully formulate and prove
the standard results from beginning calculus on the limits of sums, constant multiples, products,
and quotients of functions.
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7.2.9. PROBLEM. Let A, BCR,ac€ A, f: A— B,and g: B — R.
(a) If [ =limy_,, f(x) exists and g is continuous at I, then

lim (g0 f)(x) = 9(0).

(b) Show by example that the following assertion need not be true: If [ = lim,_,, f(x) exists
and lim,_,; g(y) exists, then lim,_.,(g o f)(x) exists.






CHAPTER 8

DIFFERENTIATION OF REAL VALUED FUNCTIONS

Differential calculus is a highly geometric subject—a fact which is not always made entirely
clear in elementary texts, where the study of derivatives as numbers often usurps the place of
the fundamental notion of linear approximation. The contemporary French mathematician Jean
Dieudonné comments on the problem in chapter 8 of his magisterial multivolume treatise on the
Foundations of Modern Analysis|3]

. the fundamental idea of calculus [is] the “local” approximation of functions
by linear functions. In the classical teaching of Calculus, this idea is immediately
obscured by the accidental fact that, on a one-dimensional vector space, there is a
one-to-one correspondence between linear forms and numbers, and therefore the
derivative at a point is defined as a number instead of a linear form. This slavish
subservience to the shibboleth of numerical interpretation at any cost becomes
much worse when dealing with functions of several variables ...
The goal of this chapter is to display as vividly as possible the geometric underpinnings of the
differential calculus. The emphasis is on “tangency” and “linear approximation”, not on number.

8.1. THE FAMILIES © AND o

8.1.1. NOTATION. Let a € R. We denote by F, the family of all real valued functions defined on
a neighborhood of a. That is, f belongs to JF, if there exists an open set U such that a € U C dom f.

Notice that for each a € R, the set F, is closed under addition and multiplication. (We define
the sum of two functions f and ¢ in F, to be the function f + g whose value at x is f(z) + g(x)
whenever z belongs to dom f N domg. A similar convention holds for multiplication.)

Among the functions defined on a neighborhood of zero are two subfamilies of crucial impor-
tance; they are O (the family of “big-oh” functions) and o (the family of “little-oh” functions).

8.1.2. DEFINITION. A function f in Fy belongs to £ if there exist numbers ¢ > 0 and § > 0
such that

|f (@) < claf
whenever |z| < 4.
A function f in Fq belongs to o if for every ¢ > 0 there exists § > 0 such that

[f (@) < clz|
whenever || < 6. Notice that f belongs to o if and only if f(0) =0 and
h
tim L _

h—0 |h|

8.1.3. EXAMPLE. Let f(x) = \/|z|. Then f belongs to neither O nor o. (A function belongs to
9 only if in some neighborhood of the origin its graph lies between two lines of the form y = cx
and y = —cz.)

8.1.4. EXAMPLE. Let g(z) = |z|. Then g belongs to O but not to o.
8.1.5. EXAMPLE. Let h(x) = 22. Then h is a member of both O and o.

43
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Much of the elementary theory of differential calculus rests on a few simple properties of the
families O and 0. These are given in propositions 8.1.8-8.1.14.

8.1.6. DEFINITION. A function L: R — R is LINEAR if

L(z +y) = L(z) + L(y)
and
L(cx) = cL(x)

for all z, y, ¢ € R. The family of all linear functions from R into R will be denoted by £.

The collection of linear functions from R into R is not very impressive, as the next problem
shows. When we get to spaces of higher dimension the situation will become more interesting.

8.1.7. EXAMPLE. A function f: R — R is linear if and only if its graph is a (nonvertical) line
through the origin.

PRrROOF. Problem.

CAUTION. Since linear functions must pass through the origin, straight lines are not in
general graphs of linear functions.

8.1.8. PROPOSITION. FEvery member of o belongs to O; so does every member of £. FEvery
member of O is continuous at 0.

Proor. Obvious from the definitions. g
8.1.9. PROPOSITION. Other than the constant function zero, no linear function belongs to o.
PRrOOF. Exercise. (Solution Q).8.1.)

8.1.10. PROPOSITION. The family O is closed under addition and multiplication by constants.
PrOOF. Exercise. (Solution ).8.2.)

8.1.11. PROPOSITION. The family o is closed under addition and multiplication by constants.
PRroOF. Problem.

The next two propositions say that the composite of a function in O with one in o (in either
order) ends up in o.

8.1.12. PROPOSITION. If g € O and f € o, then fog € 0.
PROOF. Problem.

8.1.13. PROPOSITION. Ifg €0 and f € O, then fog € o.
PRrOOF. Exercise. (Solution ).8.3.)

8.1.14. PROPOSITION. If ¢, f € O, then ¢f € o.

PRrROOF. Exercise. (Solution ).8.4.)

REMARK. The preceding facts can be summarized rather concisely. (Notation: Cp is the set of
all functions in Fy which are continuous at 0.)

(1) LU CHOHC(C.

(2) £No=0.

(3) O+90CO; a9 CO.
(4) o+0Co; aoCo.
(5) oo Co.

(6) DooCo.

(7) O-OCo.



8.2. TANGENCY 45

8.1.15. PROBLEM. Show that O o C ©. That is, if g € O and f € O, then fog € O. (As
usual, the domain of f o g is taken to be {x: g(x) € dom f}.)

8.2. TANGENCY

The fundamental idea of differential calculus is the local approximation of a “smooth” function
by a translate of a linear one. Certainly the expression “local approximation” could be taken to
mean many different things. One sense of this expression which has stood the test of usefulness
over time is “tangency”. Two functions are said to be tangent at zero if their difference lies in the
family 0. We can of course define tangency of functions at an arbitrary point (see project 8.2.12
below); but for our purposes, “tangency at 0” will suffice. All the facts we need to know concerning
this relation turn out to be trivial consequences of the results we have just proved.

8.2.1. DEFINITION. Two functions f and g in Fy are TANGENT AT ZERO, in which case we write
f~g if f—geo.
8.2.2. EXAMPLE. Let f(x) = x and g(x) = sinxz. Then f ~ g since f(0) = ¢(0) = 0 and

T —sinx . sin x
_ <1 — =0.

T
8.2.3. EXAMPLE. If f(z) = 2% — 4z — 1 and g(z) = (3z% 4 4z — 1)_1, then f ~ g.
PRrROOF. Exercise. (Solution .8.5.)

8.2.4. PROPOSITION. The relation “tangency at zero” is an equivalence relation on Fy.
PRroOF. Exercise. (Solution ).8.6.)

The next result shows that at most one linear function can be tangent at zero to a given
function.

8.2.5. PROPOSITION. Let S, T € L and fe Fo. If S~ f and T ~ f, then S=T.
Proor. Exercise. (Solution ).8.7.)

8.2.6. PROPOSITION. If f ~ g and j >~ k, then f+j ~ g+ k, and furthermore, af ~ ag for all
acR.

PROOF. Problem.

Suppose that f and g are tangent at zero. Under what circumstances are ho f and hog tangent
at zero? And when are f o j and g o j tangent at zero? We prove next that sufficient conditions
are: h is linear and j belongs to ©.

8.2.7. PROPOSITION. Let f,ge FogandT € £. If f ~g, thenT o f~Tog.

PRrROOF. Problem.

8.2.8. PROPOSITION. Let h € O and f,g € Fo. If f ~ g, then foh ~goh.

PrOOF. Problem.

8.2.9. EXAMPLE. Let f(x) = 322 — 22+ 3 and g(x) = /=202 + 25 — 2 for x < 1. Then f ~ g.
PrROOF. Problem.

8.2.10. PROBLEM. Let f(x) = 2% — 62?4+ 7z. Find a linear function 7': R — R which is tangent
to f at 0.

8.2.11. PROBLEM. Let f(x) = |z|. Show that there is no linear function 7: R — R which is
tangent to f at 0.
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8.2.12. PROBLEM. Let T} : « — x+a. The mapping 7T}, is called TRANSLATION BY a. Note that
it is not linear (unless, of course, a = 0). We say that functions f and g in F, are TANGENT AT a
if the functions f o T, and g o T}, are tangent at zero.
(a) Let f(z) = 322 + 10z + 13 and g(z) = v/—20x — 15. Show that f and g are tangent at —2.
(b) Develop a theory for the relationship “tangency at a” which generalizes our work on
“tangency at 0.

8.2.13. PROBLEM. Each of the following is an abbreviated version of a proposition. Formulate
precisely and prove.

(a) Co+ O C Cp.
(b) Co+ 0 C Co.
(c) O4+0CO.
8.2.14. PROBLEM. Suppose that f ~ ¢g. Then the following hold.

(a) If g is continuous at 0, so is f.
(b) If g belongs to O, so does f.
(c) If g belongs to o, so does f.

8.3. LINEAR APPROXIMATION

One often hears that differentiation of a smooth function f at a point @ in its domain is the
process of finding the best “linear approximation” to f at a. This informal assertion is not quite
correct. For example, as we know from beginning calculus, the tangent line at = 1 to the curve
y = 4 + 2% is the line y = 2z + 3, which is not a linear function since it does not pass through
the origin. To rectify this rather minor shortcoming we first translate the graph of the function
f so that the point (a, f(a)) goes to the origin, and then find the best linear approximation at
the origin. The operation of translation is carried out by a somewhat notorious acquaintance from
beginning calculus Ay. The source of its notoriety is two-fold: first, in many texts it is inadequately
defined; and second, the notation Ay fails to alert the reader to the fact that under consideration
is a function of two variables. We will be careful on both counts.

8.3.1. DEFINITION. Let f € F,. Define the function Af, by

Afa(h) := fla+h) = f(a)
for all h such that a + h is in the domain of f. Notice that since f is defined in a neighborhood of
a, the function Af, is defined in a neighborhood of 0; that is, A f, belongs to Fy. Notice also that
Afa(0) =0.
8.3.2. PROBLEM. Let f(z) = cosx for 0 < x < 2.
(a) Sketch the graph of the function f.
(b) Sketch the graph of the function A f;.
8.3.3. PropoOSITION. If f € F, and a € R, then
Alaf)g=aAf,.

PRrROOF. To show that two functions are equal show that they agree at each point in their
domain. Here

Aaf)a(h) = (af)(a+h) = (af)(a)
=af(a+h)—af(a)
=a(f(a+h) = f(a))
=aAfa(h)
for every h in the domain of Af,. O
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8.3.4. PROPOSITION. If f,g € F,, then
A(f+9)a=Afu+ Aga.
PRrROOF. Exercise. (Solution ).8.8.)

The last two propositions prefigure the fact that differentiation is a linear operator; the next
result will lead to Leibniz’s rule for differentiating products.

8.3.5. PROPOSITION. If ¢, f € F,, then
A(@f)a = ¢(a) - Afa + A¢q - fa) + Aga - Af,.
PrROOF. Problem.
Finally, we present a result which prepares the way for the chain rule.
8.3.6. PROPOSITION. If f € Fu, g € Fy(q), and go [ € F,, then
A(go fla = Agf(a) o Af,.
PRrOOF. Exercise. (Solution ().8.9.)

8.3.7. PROPOSITION. Let A CR. A function f: A — R is continuous at the point a in A if and
only if Af, is continuous at 0.

PRrRoOOF. Problem.

8.3.8. PROPOSITION. If f: U — Uj is a bijection between subsets of R, then for each a in U the
function Afy: U —a — Uy — f(a) is invertible and

-1 1
(Afa) =AY ja -
PRrRoOOF. Problem.

8.4. DIFFERENTIABILITY

We now have developed enough machinery to talk sensibly about differentiating real valued
functions.

8.4.1. DEFINITION. Let f € F,. We say that f is DIFFERENTIABLE AT a if there exists a linear
function which is tangent at 0 to Af,. If such a function exists, it is called the DIFFERENTIAL of
f at a and is denoted by df,. (Don’t be put off by the slightly complicated notation; df, is just a
member of £ satisfying df, ~ Af,.) We denote by D, the family of all functions in F, which are
differentiable at a.

The next proposition justifies the use of the definite article which modifies “differential” in the
preceding paragraph.

8.4.2. PROPOSITION. Let f € F,. If f is differentiable at a, then its differential is unique.
(That is, there is at most one linear map tangent at 0 to Af,.)

PRrROOF. Proposition 8.2.5. ]

8.4.3. EXAMPLE. It is instructive to examine the relationship between the differential of f at a,
which we defined in 8.4.1, and the derivative of f at a as defined in beginning calculus. For f € F,
to be differentiable at a it is necessary that there be a linear function 7: R — R which is tangent
at 0 to Af,. According to 8.1.7 there must exist a constant ¢ such that Tx = cx for all z in R. For
T to be tangent to Af,, it must be the case that

Af,—T € o;
that is,
lim Afy,(h) —ch _

h—0 h 0.
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Equivalently,

S h) @) ARG

h—0 h h—0 h

In other words, the function T', which is tangent to Af, at 0, must be a line through the origin

whose slope is

L fath) -~ fla)

h—0 h
This is, of course, the familiar “derivative of f at a” from beginning calculus. Thus for any real
valued function f which is differentiable at a in R

dfa(h) = f/(a) -h

for all h € R.

8.4.4. PROBLEM. Explain carefully the quotation from Dieudonné given at the beginning of the
chapter.

8.4.5. EXAMPLE. Let f(z) = 32% — 7w+ 5 and a = 2. Then f is differentiable at a. (Sketch the
graph of the differential df,.)

PROOF. Problem.

8.4.6. EXAMPLE. Let f(z) = sinz and a = 7/3. Then f is differentiable at a. (Sketch the
graph of the differential df,.)

PRrROOF. Problem.
8.4.7. PROPOSITION. LetT € £ and a € R. Then d1, =1T.
PRrROOF. Problem.
8.4.8. PROPOSITION. If f € D, then Af, € O.
PRrOOF. Exercise. (Solution ().8.10.)
8.4.9. COROLLARY. FEwvery function which is differentiable at a point is continuous there.
PrOOF. Exercise. (Solution ).8.11.)
8.4.10. PROPOSITION. If f is differentiable at a and o € R, then af is differentiable at a and
dlaf), = adf,.
PRrOOF. Exercise. (Solution ().8.12.)
8.4.11. PROPOSITION. If f and g are differentiable at a, then f + g is differentiable at a and
d(f + g)a = dfa + dga.-
ProOOF. Problem.
8.4.12. PROPOSITION (Leibniz’s Rule.). If ¢, f € Dy, then ¢f € D, and
d(@f)a = doa - f(a) + ¢(a)dfa.
ProOF. Exercise. (Solution (3.8.13.)

8.4.13. THEOREM (The Chain Rule). If f € D, and g € Dy(,, then go f € D, and
d(go f)a = dgf(a) odf,.

PRrOOF. Exercise. (Solution ().8.14.)
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8.4.14. PROBLEM (A Problem Set on Functions from R into R). We are now in a position
to derive the standard results, usually contained in the first term of a beginning calculus course,
concerning the differentiation of real valued functions of a single real variable. Having at our
disposal the machinery developed earlier in this chapter, we may derive these results quite easily;
and so the proof of each is a problem.

8.4.15. DEFINITION. If f € D,, the DERIVATIVE OF f AT a, denoted by f'(a) or Df(a), is
flath) - f(a)' By 7.2.4 this is the same as lim M.

h z—a T —a

defined to be lim
h—0

8.4.16. PROPOSITION. If f € D, then D f(a) = dfq(1).
PRrROOF. Problem.
8.4.17. PROPOSITION. If f, g € D,, then
D(fg)(a) = Df(a)-g(a) + f(a) - Dg(a).
PROOF. Problem. Hint. Use Leibniz’s rule (8.4.12) and proposition 8.4.16.

1 1
8.4.18. EXAMPLE. Let r(t) = n for all ¢ # 0. Then r is differentiable and Dr(t) = 2 for all
t#0.

PRrROOF. Problem.

8.4.19. PROPOSITION. If f € D, and g € Dy(y), then go f € D, and
D(go f)(a) = (Dg)(f(a))- Df(a).

ProoOF. Problem.

8.4.20. PROPOSITION. If f, g € D, and g(a) # 0, then

1\, _ 9la) Df(a) ~ f(a) Dyla)
D<g>( ) (g(a)? |

PROOF. Problem. Hint. Write S as f-(rog) and use 8.4.16, 8.4.19, and 8.4.18.
g

8.4.21. PROPOSITION. If f € D, and D f(a) > 0, then there exists r > 0 such that

(i) f(z) > f(a) whenever a < x < a+r, and
(ii) f(z) < f(a) whenever a —r < z < a.

PROOF. Problem. Hint. Define g(h) = h=1 Af,(h) if h # 0 and g(0) = Df(a). Use proposi-
tion 7.2.3 to show that ¢ is continuous at 0. Then apply proposition 3.3.21.

8.4.22. PROPOSITION. If f € D, and Df(a) <0, then there exists r > 0 such that

(i) f(z) < f(a) whenever a < x < a+r, and
(ii) f(xz) > f(a) whenever a —r <z < a.

PrOOF. Problem. Hint. Of course it is possible to obtain this result by doing 8.4.21 again with
some inequalities reversed. That is the hard way.

8.4.23. DEFINITION. Let f: A — R where A C R. The function f has a LOCAL (or RELATIVE)
MAXIMUM at a point a € A if there exists » > 0 such that f(a) > f(z) whenever |x —a| < r and
x € dom f. It has a LOCAL (or RELATIVE) MINIMUM at a point a € A if there exists » > 0 such
that f(a) < f(z) whenever |z — a| < r and x € dom f.

Recall from chapter 6 that f: A — R is said to attain a MAXIMUM at a if f(a) > f(x) for all
x € dom f. This is often called a GLOBAL (or ABSOLUTE) MAXIMUM to help distinguish it from the
local version just defined. It is clear that every global maximum is also a local maximum but not
vice versa. (Of course a similar remark holds for minima.)
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8.4.24. PROPOSITION. If f € D, and f has either a local mazimum or a local minimum at a,
then D f(a) = 0.

PROOF. Problem. Hint. Use propositions 8.4.21 and 8.4.22.)

8.4.25. PROPOSITION (Rolle’s Theorem). Let a < b. If f: [a,b] — R is continuous, if it is
differentiable on (a,b), and if f(a) = f(b), then there exists a point ¢ in (a,b) such that D f(c) = 0.

PRrROOF. Problem. Hint. Argue by contradiction. Use the extreme value theorem 6.3.3 and
proposition 8.4.24.

8.4.26. THEOREM (Mean Value Theorem). Let a < b. If f: [a,b] — R is continuous and if it is
differentiable on (a,b), then there exists a point ¢ in (a,b) such that
f(b) — f(a)
Df(c) = 1 =4
floy= 101
PROOF. Problem. Hint. Let y = g(z) be the equation of the line which passes through the

points (a, f(a)) and (b, f(b)). Show that the function f — g satisfies the hypotheses of Rolle’s
theorem (8.4.25)

8.4.27. PROPOSITION. Let J be an open interval in R. If f: J — R is differentiable and
Df(x) =0 for every x € J, then f is constant on J.

PROOF. Problem. Hint. Use the mean value theorem (8.4.26).



CHAPTER 9

METRIC SPACES

Underlying the definition of the principal objects of study in calculus—derivatives, integrals,
and infinite series—is the notion of “limit”. What we mean when we write

lim f(z) =L

r—a

is that f(z) can be made arbitrarily close to L by choosing x sufficiently close to a. To say what
we mean by “closeness” we need the notion of the distance between two points. In this chapter we
study “distance functions”, also known as “metrics”.

In the preceding chapters we have looked at such topics as limits, continuity, connectedness, and
compactness from the point of view of a single example, the real line R, where the distance between
two points is the absolute value of their difference. There are other familiar distance functions (the
Euclidean metric in the plane R? or in three-space R3, for example, where the distance between
points is usually taken to be the square root of the sum of the squares of the differences of their
coordinates), and there are many less familiar ones which are also useful in analysis. Each of these
has its own distinctive properties which merit investigation. But that would be a poor place to
start. It is easier to study first those properties they have in common. We list four conditions we
may reasonably expect any distance function to satisfy. If x and y are points, then the distance
between x and y should be:

(i) greater than or equal to zero;
(ii) greater than zero if x and y are distinct;
(iii) the same as the distance between y and x; and
(iv) no larger than the sum of the distances produced by taking a detour through a point z.

We formalize these conditions to define a “metric” on a set.

9.1. DEFINITIONS

9.1.1. DEFINITION. Let M be a nonempty set. A function d: M x M — R is a METRIC (or
DISTANCE FUNCTION) on M if for all z, y, z € M

(1) d(z,y) = d(y, )
(2) d(z,y) <d(z,2) +d(z,y)
(3) d(x,y) =0 if and only if z = y.
If d is a metric on a set M, then we say that the pair (M, d) is a METRIC SPACE.

It is standard practice—although certainly an abuse of language—to refer to “the metric space
M?” when in fact we mean “the metric space (M, d)”. We will adopt this convention when it appears
that no confusion will result. We must keep in mind, however, that there are situations where it is
clearly inappropriate; if, for example, we are considering two different metrics on the same set M,
a reference to “the metric space M” would be ambiguous.

In our formal definition of “metric”, what happened to condition (i) above, which requires
a metric to be nonnegative? It is an easy exercise to show that it is implied by the remaining
conditions.

9.1.2. PROPOSITION. Ifd is a metric on a set M, then d(z,y) >0 for all x, y € M.
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PRrOOF. Exercise. (Solution Q).9.1.)

9.1.3. DEFINITION. For each point a in a metric space (M, d) and each number r > 0 we define
B,(a), the OPEN BALL about a of radius r, to be the set of all those points whose distance from a

is less than r. That is,
By(a) ={x € M: d(z,a) <r}.

9.2. EXAMPLES

9.2.1. EXAMPLE. The absolute value of the difference of two numbers is a metric on R. We will
call this the usual metric on R. Notice that in this metric the open ball about a of radius r is just
the open interval (a —r,a+r). (Proof: z € B,(a) if and only if d(z,a) < r if and only if |x —a| < r
ifandonlyifa —r <z <a-+r.)

9.2.2. PROBLEM. Define d(z,y) = |arctan x — arctany| for all z, y € R.
(a) Show that d is a metric on R.
(b) Find d(—1,/3).
(c) Solve the equation d(x,0) = d(z,v/3).

for all x > 0. Define a metric d on [0,00) by d(z,y) =

1
9.2.3. PROBLEM. Let f(z) = T
x

|f(x) — f(y)|]. Find a point z # 1 in this space whose distance from 2 is equal to the distance
between 1 and 2.

9.2.4. EXAMPLE. Define d(z,y) = |22 — y?| for all 2, y € R. Then d is not a metric on R.

ProoOF. Problem.

9.2.5. EXAMPLE. Let f(z) = # for x > 0. Define a function d on [0,00) x [0,00) by
d(z,y) = |f(z) — f(y)|- Then d is not a metric on [0, c0).

Proor. Problem.

For our next example we make use of a (special case of ) an important fact known as Minkowski’s
inequality. This we derive from another standard result, Schwarz’s inequality.

9.2.6. PROPOSITION (Schwarz’s Inequality). Let ui, ..., up,v1,...,v, € R. Then
n 2 n n
() = () (57).
k=1 k=1 k=1
n n
PROOF. To simplify notation make some abbreviations: let a = > uz?, b = > v2, and
k=1

k=1

n
c= upvr. Then
k=1

0< 1<\/Euk—\;gvk>2

k=
=ab—2% + ¢
=ab—c?.
]
9.2.7. PROPOSITION (Minkowski’s Inequality). Let ui,...,upn,v1,...,v, € R. Then

n

Sar) s(Ew) s (E0)'

k=1
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PROOF. Let a, b, and ¢ be as in 9.2.6. Then

n

Z(uk+vk)2:a+2c+b
k=1
<a+2lc+b

<a+2Vab+b  (by 9.2.6)
= (Va+Vvb)*.

9.2.8. EXAMPLE. For points z = (x1,...,2,) and y = (y1,...,¥y,) in R™ let

n

o) = (S - w)?)

k=1
Then d is the USUAL (or EUCLIDEAN) METRIC on R™. The only nontrivial part of the proof that d
is a metric is the verification of the triangle inequality (that is, condition (2) of the definition):

d(z,y) < d(z,z)+d(z,y) .

To accomplish this let x = (z1,...,2,), ¥y = (Y1,.-.,Yn), and z = (21,...,2,) be points in R™.
Apply Minkowski’s inequality (9.2.7) with ux = xp — 2 and v = 2z — yi for 1 < k < n to obtain

d(z,y) = (Zu - ym)%

k=1

> ((we = 21) + (2 — y/c))2>

n

# (St - wr?)

k=1

1
2

N|=

1 1
2 2

9.2.9. PROBLEM. Let d be the usual metric on R2.
(a) Find d(x,y) when x = (3,—-2) and y = (-3, 1).
(b) Let x = (5,—1) and y = (—3,—5). Find a point z in R? such that d(z,y) = d(y, 2) =
d(z, z).
(c) Sketch B,(a) when a = (0,0) and r = 1.

The Euclidean metric is by no means the only metric on R™ which is useful. Two more examples
follow (9.2.10 and 9.2.12).

9.2.10. EXAMPLE. For points x = (x1,...,zy,) and y = (y1,...,¥yn) in R™ let

di(a,y) == 3 Jox — wl.
k=1

It is easy to see that d; is a metric on R”. When n = 2 this is frequently called the TAXICAB
METRIC. (Why?)

9.2.11. PROBLEM. Let d; be the taxicab metric on R? (see 9.2.10).
(a) Find d;(z,y) where z = (3,—-2) and y = (-3, 1).
(b) Let = (5,—1) and y = (=3, —5). Find a point z in R? such that di(z,y) = di(y,2) =
dy(z, z).
(c) Sketch B, (a) for the metric d; when a = (0,0) and r = 1.
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9.2.12. EXAMPLE. For z = (z1,...,2,) and y = (y1,...,yn) in R™ let
dy(z,y) == max{|zr —yx|: 1 <k <n}.
Then d, is a metric on R™. The triangle inequality is verified as follows:
lor — yi| < ok — 21| + |2k — Uil
<max{|z; — 2| :1<i<n}+max{|z; —y|:1<i<n}
=dy(z,2) + du(z,y)
whenever 1 < k < n. Thus
dy(z,y) = max{|zr —yk|: 1 <k <n}
<dy(z,z) +du(z,y) .
The metric d, is called the UNIFORM METRIC. The reason for this name will become clear later.

Notice that on the real line the three immediately preceding metrics agree; the distance between
points is just the absolute value of their difference. That is, when n = 1 the metrics given in 9.2.8,
9.2.10, and 9.2.12 reduce to the one given in 9.2.1.

9.2.13. PROBLEM. This problem concerns the metric d,, (defined in example 9.2.12) on R2.
(a) Find dy(x,y) when x = (3,—-2) and y = (-3, 1).
(b) Let z = (5,—1) and y = (-3, —5). Find a point z in R? such that dy(z,y) = du(y,2) =
dy(z, 2).
(c) Sketch B,(a) for the metric d,, when a = (0,0) and r = 1.

9.2.14. EXAMPLE. Let M be any nonempty set. For x, y € M define
1 ifx#y
d(z,y) = .
0 ifx=y.

It is easy to see that d is a metric; this is the DISCRETE METRIC on M. Although the discrete
metric is rather trivial it proves quite useful in constructing counterexamples.

9.2.15. EXAMPLE. Let d be the usual metric on R? and 0 be the origin. Define a function p on
R? as follows:

(2.1) d(z,y), if x and y are collinear with 0, and
T,Yy) = )
PRty d(z,0) +d(0,y), otherwise.

The function p is a metric on R?. This metric is sometimes called the GREEK AIRLINE METRIC.

PROOF. Problem.

9.2.16. PROBLEM. Let p be the Greek airline metric on R2.
(a) Let z = (—1,2), y = (—3,6), and z = (—3,4). Find p(z,y) and p(z, z). Which point, y or
z, is closer to x with respect to p?
(b) Let r = 1. Sketch B, (a) for the metric p when a = (0,0), a = (1,0), a = (3,0), a = (3,0),
a = (1,0), and a = (3,0).
9.2.17. PROPOSITION. Let (M,d) be a metric space and z, y, z € M. Then
|d(z, 2) — d(y, z)| < d(z,y).
PRrROOF. Problem.

9.2.18. PROPOSITION. Ifa and b are distinct points in a metric space, then there exists a number
r > 0 such that B,(a) and B,(b) are disjoint.

PRrRoOOF. Problem.
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9.2.19. PROPOSITION. Let a and b be points in a metric space and v, s > 0. If ¢ belongs to
By (a) N Bs(b), then there exists a number t > 0 such that By(c) C By(a) N Bs(b).

PROOF. Problem.

9.2.20. PROBLEM. Let f(x) =
by

1
T3 22 for all z > 0, and define a metric d on the interval [0, co)
x

d(z,y) = [f(z) = f(y)].
(a) With respect to this metric find the point halfway between 1 and 2.
(b) Find the open ball B%(l)'

9.3. STRONGLY EQUIVALENT METRICS

Ahead of us lie many situations in which it will be possible to replace a computationally
complicated metric on some space by a simpler one without affecting the fundamental properties
of the space. As it turns out, a sufficient condition for this process to be legitimate is that the two
metrics be “strongly equivalent”. For the moment we content ourselves with the definition of this
term and an example; applications will be discussed later when we introduce the weaker notion of
“equivalent metrics” (see 11.2.2).

9.3.1. DEFINITION. Two metrics d; and ds on a set M are STRONGLY EQUIVALENT if there exist
numbers «, G > 0 such that
di(z,y) < ads(z,y) and
da(z,y) < Bdi(w,y)
for all x and y in M.

9.3.2. PROPOSITION. On R? the three metrics d, di, and d,,, defined in examples 9.2.8, 9.2.10,
and 9.2.12, are strongly equivalent.

PRrROOF. Exercise. Hint. First prove that if a, b > 0, then

max{a,b} <a+b<V2va2+ b2 < 2max{a,b}.

(Solution Q.9.2.)

9.3.3. PROBLEM. Let d and p be strongly equivalent metrics on a set M. Then every open ball
in the space (M, d) contains an open ball of the space (M, p) (and vice versa).

9.3.4. PROBLEM. Let a, b, ¢, d € R. Establish each of the following:

( ) (3a+ 2b)2 < 1a2+ 2b2

(b) (2a—i— b+ 3c)? < ;a2+ 024+ 32
(c) (Sa+ 3 1b—l— le+ Hd)? < Sa?+ 3P+ L+ SdP
Hint. If (a), (b), and (c) are all special cases of some general result, it may be easier to give one
proof (of the general theorem) rather than three proofs (of the special cases). In each case what can

you say about the numbers multiplying a, b, ¢, and d? Notice that if 2 > 0, then xy = \/z (\/z y).
Use Schwarz’s inequality 9.2.6.

9.3.5. PROPOSITION. Let (M,d) be a metric space. The function p defined on M x M by

d(z,y)

p(x,y) = T dwy)

is a metric on M.

v
_7Whenever0<u<v
1+v

PRroOOF. Problem. Hint. Show first that 1
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9.3.6. PROBLEM. In problem 9.3.5 take M to be the real line R and d to be the usual metric
on R (see 9.2.1).

(a) Find the open ball B3(1) in the metric space (R, p).
5
(b) Show that the metrics d and p are not strongly equivalent on R.



CHAPTER 10

INTERIORS, CLOSURES, AND BOUNDARIES

10.1. DEFINITIONS AND EXAMPLES

10.1.1. DEFINITION. Let (M,d) be a metric space and My be a nonempty subset of M. If dj is
the restriction of d to My x My, then, clearly, (M, dp) is a metric space. It is a METRIC SUBSPACE
of (M,d). In practice the restricted function (often called the INDUCED METRIC) is seldom given a
name of its own; one usually writes, “(My,d) is a (metric) subspace of (M,d)”. When the metric
on M is understood, this is further shortened to, “Mj is a subspace of M”.

10.1.2. EXAMPLE. Let M be R? equipped with the usual Euclidean metric d and My = Q2.
The induced metric dy agrees with d where they are both defined:

d(z,y) = do(z,y) = /(w1 — 1) + (22 — y2)?
where x = (z1,z2) and y = (y1,y2). The only difference is that dy(x,y) is defined only when both
x and y have rational coordinates.

10.1.3. EXERCISE. Regard My = {—1} U [0,4) as a subspace of R under its usual metric. In
this subspace find the open balls By(—1), B1(0), and B2(0). (Solution Q.10.1.)

10.1.4. DEFINITION. Let A be a subset of a metric space M. A point @ is an INTERIOR POINT
of A if some open ball about a lies entirely in A. The INTERIOR of A, denoted by A°, is the set of
all interior points of A. That is,

A% :={x € M : By(x) C A for some r > 0}.

10.1.5. EXAMPLE. Let M be R with its usual metric and A be the closed interval [0, 1]. Then
A° = (0,1).

10.1.6. EXAMPLE. Let M be R? with its usual metric and A be the unit disk {(z,y): 2?+y? < 1}.
Then the interior of A is the open disk {(x,): 22 + y?> < 1}.

10.1.7. EXAMPLE. Let M = R? with its usual metric and A = Q?. Then A° = 0.

PROOF. No open ball in R? contains only points both of whose coordinates are rational. O

10.1.8. EXAMPLE. Consider the metrics d, di, and d,, on R?. Let A = {x € R?: d(x,0) < 1},

Ay = {z € R?: dy(z,0) < 1}, and A, = {z € R?: d,,(z,0) < 1}. The point (2,2) belongs to A°
and Aj;, but not to AJ.

PROOF. Problem.

10.1.9. DEFINITION. A point x in a metric space M is an ACCUMULATION POINT of a set A C M
if every open ball about x contains a point of A distinct from z. (We do not require that = belong
to A.) We denote the set of all accumulation points of A by A’. This is sometimes called the
DERIVED SET of A. The CLOSURE of the set A, denoted by A, is AU A’.

10.1.10. EXAMPLE. Let R? have its usual metric and A be [(0,1) x (0,1)] U{(2,3)} € R%. Then
A'=10,1] x [0,1] and A = ([0,1] x [0,1]) U{(2,3)}.

10.1.11. EXAMPLE. The set Q? is a subset of the metric space R%. Every ordered pair of real
numbers is an accumulation point of Q? since every open ball in R? contains (infinitely many)
points with both coordinates rational. So the closure of Q? is all of R2.
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10.1.12. DEFINITION. The BOUNDARY of a set A in a metric space is the intersection of the
closures of A and its complement. We denote it by dA. In symbols,

OA = AN Ac.
10.1.13. EXAMPLE. Take M to be R with its usual metric. If A = (0,1), then A = A’ = [0,1]
and A¢ = A° = (—o00,0] U[1,00); so A = {0,1}.
10.1.14. EXERCISE. In each of the following find A°, A’, A, and OA.

(a) Let A={L:n €N} Regard A as a subset of the metric space R.

(b) Let A=QnN (0,00). Regard A as a subset of the metric space R.

(c) Let A=QnN(0,00). Regard A as a subset of the metric space Q (where Q is a subspace
of R).

(Solution ).10.2.)

10.2. INTERIOR POINTS

10.2.1. LEMMA. Let M be a metric space, a € M, and r > 0. If ¢ € B.(a), then there is a
number t > 0 such that
Byi(c) C By(a).

ProOF. Exercise. (Solution (3.10.3.)

10.2.2. PROPOSITION. Let A and B be subsets of a metric space.
(a) If A C B, then A° C B°.
(b) A% = A°. (A°° means (A°)°.)

PRrOOF. Exercise. (Solution ).10.4.)

10.2.3. PROPOSITION. If A and B are subsets of a metric space, then
(ANB)>=A°NB°.

PrROOF. Problem.

10.2.4. PROPOSITION. Let 2 be a family of subsets of a metric space. Then

(a) U{4°: Ae} C (UA)°.
(b) Equality need not hold in (a).

PRrOOF. Exercise. (Solution (3.10.5.)

10.2.5. PROPOSITION. Let U be a family of subsets of a metric space. Then

(1) (N2)° S N{A°: A€ ).
(b) Equality need not hold in (a).

PROOF. Problem.

10.3. ACCUMULATION POINTS AND CLOSURES

In 10.2.1-10.2.5 some of the fundamental properties of the interior operator A — A° were
developed. In the next proposition we study accumulation points. Once their properties are
understood it is quite easy to derive the basic facts about the closure operator A — A.

10.3.1. PROPOSITION. Let A and B be subsets of a metric space.
(a) If AC B, then A’ C B'.
(b) A” C A'.
(¢) Equality need not hold in (b).
(d) (AuB) =A"UB.
(e) (AnB)Y C A nB.
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(f) Equality need not hold in (e).

PROOF. (a) Let z € A’. Then each open ball about x contains a point of A, hence of B, distinct
from . Thus z € B'.

(b) Let a € A”. If r > 0 then B,(a) contains a point, say b, of A’ distinct from a. By lemma
10.2.1 there exists s > 0 such that Bs(b) C By(a). Let t = min{s,d(a,b)}. Note that ¢ > 0. Since
b e A’, there is a point ¢ € B(b) C By(a) such that ¢ € A. Since t < d(a,b), it is clear that ¢ # a.
Thus every open ball B, (a) contains a point ¢ of A distinct from a. This establishes that a € A’.

(c) Problem.

(d) Problem.

(e) Since AN B C A, part (a) implies that (AN B)' C A’. Similarly, (AN B)’ C B’. Conclusion:
(ANB)Y C A'nB.

(f) In the metric space R let A = Q and B = Q°. Then (AN B) = ' = ) while AN B =
RNR=R. O

10.3.2. PROPOSITION. Let A and B be subsets of a metric space with A C B. Then

(a) ACB.
(b) A=A.
PRrROOF. Problem.
10.3.3. PROPOSITION. If A and B are subsets of a metric space, then
AUB=AUB.
PRrOOF. Problem.

10.3.4. PROPOSITION. Let 2 be a family of subsets of a metric space. Then
(a) U{A: Aca} C U
(b) Equality need not hold in (a).

PROOF. Problem.

10.3.5. PROPOSITION. Let 2 be a family of subsets of a metric space. Then
() NACN{A: AcA.
(b) Equality need not hold in (a).

PRrRooOF. Problem.

10.3.6. PROPOSITION. Let A be a subset of a metric space. Then
(a) (A°)° = A°.

(b) (4)° = (A)"
PrOOF. Problem.

10.3.7. PROBLEM. Use proposition 10.3.6 and proposition 10.2.2 (but not proposition 10.3.1)
to give another proof of proposition 10.3.2.

10.3.8. PROBLEM. Use proposition 10.3.6 and proposition 10.2.3 (but not proposition 10.3.1)
to give another proof of proposition 10.3.3.






CHAPTER 11

THE TOPOLOGY OF METRIC SPACES

11.1. OPEN AND CLOSED SETS

11.1.1. DEFINITION. A subset A of a metric space M is OPEN in M if A° = A. That is, a set
is open if it contains an open ball about each of its points. To indicate that A is open in M we

write A QO M.

11.1.2. ExAMPLE. Care must be taken to claim that a particular set is open (or not open) only
when the metric space in which the set “lives” is clearly understood. For example, the assertion
“the set [0, 1) is open” is false if the metric space in question is R. It is true, however, if the metric
space being considered is [0, 00) (regarded as a subspace of R). The reason: In the space [0,00) the
point 0 is an interior point of [0,1); in R it is not.

11.1.3. EXAMPLE. In a metric space every open ball is an open set. Notice that this is exactly
what lemma 10.2.1 says: each point of an open ball is an interior point of that ball.

The fundamental properties of open sets may be deduced easily from information we already
possess concerning interiors of sets. Three facts about open sets are given in 11.1.4-11.1.6. The
first of these is very simple.

11.1.4. PROPOSITION. FEvery nonempty open set is a union of open balls.

PROOF. Let U be an open set. For each a in U there is an open ball B(a) about a contained
in U. Then clearly
U=U{Bs:acU}.

11.1.5. PROPOSITION. Let M be a metric space.

(a) The union of any family of open subsets of M is open.
(b) The intersection of any finite family of open subsets of M is open.

PROOF. (a) Let 4 be a family of open subsets of M. Since the interior of a set is always
contained in the set, we need only show that [Ju C (J)°. By 10.2.4

Uu=U{U: U e U}
={U°: U e U}
< (Uw".
b) It is enough to show that the intersection of two open sets is open. Let U,V QO M. Then
( g p p
by 10.2.3
unv)y=vu°nve=U0nV.
O

11.1.6. PROPOSITION. The interior of a set A is the largest open set contained in A. ( Precisely:
A° is the union of all the open sets contained in A.)

PRroOF. Exercise. (Solution ().11.1.)
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11.1.7. DEFINITION. A subset A of a metric space is CLOSED if A = A. That is, a set is closed
if it contains all its accumulation points.

11.1.8. EXAMPLE. As is the case with open sets, care must be taken when affirming or denying
that a particular set is closed. It must be clearly understood in which metric space the set “lives”.
For example the interval (0, 1] is not closed in the metric space R, but it is a closed subset of the
metric space (0,00) (regarded as a subspace of R).

REMINDER. Recall the remarks made after example 2.2.11: sets are not like doors or win-
dows; they are not necessarily either open or closed. One can not show that a set is closed, for
example, by showing that it fails to be open.

11.1.9. PROPOSITION. A subset of a metric space is open if and only if its complement is closed.
Proor. Exercise. Hint. Use problem 10.3.6. (Solution Q).11.2.)

Facts already proved concerning closures of sets give us one way of dealing with closed sets; the
preceding proposition gives us another. To illustrate this, we give two proofs of the next proposition.

11.1.10. PROPOSITION. The intersection of an arbitrary family of closed subsets of a metric
space is closed.

FIRST PROOF. Let 2 be a family of closed subsets of a metric space. Then (|2 is the comple-
ment of (J{A°: A € A}. Since each set A€ is open (by 11.1.9), the union of {A°: A € A} is open
(by 11.1.5(a)); and its complement (|2 is closed (11.1.9 again). O

SECOND PROOF. Let 2 be a family of closed subsets of a metric space. Since a set is always
contained in its closure, we need only show that (2 C (2. Use problem 10.3.5(a):

NACN{A: A}
=({A: A}
— N2 O

11.1.11. PROBLEM. The union of a finite family of closed subsets of a metric space is closed.

(a) Prove this assertion using propositions 11.1.5(b) and 11.1.9.
(b) Prove this assertion using problem 10.3.3.

11.1.12. PROBLEM. Give an example to show that the intersection of an arbitrary family of
open subsets of a metric space need not be open.

11.1.13. PrOBLEM. Give an example to show that the union of an arbitrary family of closed
subsets of a metric space need not be closed.

11.1.14. DEFINITION. Let M be a metric space, a € M, and » > 0. The CLOSED BALL
Cy(a) about a of radius r is {x € M: d(a,z) < r}. The SPHERE S,(a) about a of radius r is
{r e M:d(a,z)=r}.

11.1.15. PROBLEM. Let M be a metric space, a € M, and r > 0.
(a) Give an example to show that the closed ball about a of radius r need not be the same as

the closure of the open ball about a of radius r. That is, the sets Cy(a) and B,(a) may
differ.
(b) Show that every closed ball in M is a closed subset of M.

(c) Show that every sphere in M is a closed subset of M.

11.1.16. PROPOSITION. In a melric space the closure of a set A is the smallest closed set
containing A. (Precisely: A is the intersection of the family of all closed sets which contain A.)

PRrRoOOF. Problem.
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11.1.17. PROPOSITION. If A is a subset of a metric space, then its boundary OA is equal to A\ A°.
Thus OA is closed.

PROOF. Problem.

11.1.18. PROPOSITION. Let A be a subset of a metric space M. If A is closed in M or if it is
open in M, then (0A)° = 0.

PROOF. Problem.

11.1.19. PROBLEM. Give an example of a subset A of the metric space R the interior of whose
boundary is all of R.

11.1.20. DEFINITION. Let A C B C M where M is a metric space. We say that A is DENSE in
B if A D B. Thus, in particular, A is dense in the space M if A = M.

11.1.21. EXAMPLE. The rational numbers are dense in the reals; so are the irrationals.
ProOF. That Q = R was proved in 2.2.4. The proof that Q¢ = R is similar. ]

The following proposition gives a useful and easily applied criterion for determining when a set
is dense in a metric space.

11.1.22. PROPOSITION. A subset D of a metric space M is dense in M if and only if every open
ball contains a point of D.

PrOOF. Exercise. (Solution Q.11.3.)

11.1.23. PROBLEM. Let M be a metric space. Prove the following.

(a) fAC M and U C M, then UNACUNA.
(b) If D is dense in M and U € M, then U C U N D.

11.1.24. PROPOSITION. Let A C B C C C M where M is a metric space. If A is dense in B
and B is dense in C, then A is dense in C.

PROOF. Problem.

11.2. THE RELATIVE TOPOLOGY

In example 11.1.2 we considered the set A = [0, 1) which is contained in both the metric spaces
M =[0,00) and N = R. We observed that the question “Is A open?” is ambiguous; it depends on
whether we mean “open in M” or “open in N”. Similarly, the notation B, (a) is equivocal. In M the
open ball B% (0) is the interval [0, %) while in N it is the interval (—%, %) When working with sets
which are contained in two different spaces, considerable confusion can be created by ambiguous
choices of notation or terminology. In the next proposition, where we examine the relationship
between open subsets of a metric space N and open subsets of a subspace M, it is necessary, in
the proof, to consider open balls in both M and N. To avoid confusion we use the usual notation
B, (a) for open balls in M and a different one D, (a) for those in N.

The point of the following proposition is that even if we are dealing with a complicated or
badly scattered subspace of a metric space, its open sets are easily identified. When an open set
in the larger space is intersected with the subspace M what results is an open set in M; and, less
obviously, every open set in M can be produced in this fashion.

11.2.1. PROPOSITION. Let M be a subspace of a metric space N. A set U C M is open in M
if and only if there exists a set V open in N such that U =V N M.

PROOF. Let us establish some notation. If a € M and r > 0 we write B, (a) for the open ball
about a of radius 7 in the space M. If a € N and r > 0 we write D, (a) for the corresponding open
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ball in the space N. Notice that B,.(a) = D,(a) N M. Define a mapping f from the set of all open
balls in M into the set of open balls in N by

f(Br(a)) = D(a) .
Thus f is just the function which associates with each open ball in the space M the corresponding
open ball (same center, same radius) in N; so f(B) N M = B for each open ball B in M.
Now suppose U is open in M. By proposition 11.1.4 there exists a family 2 of open balls in M
such that U = JB. Let ® = {f(B): B € B} and V = JD. Then V, being a union of open balls
in N, is an open subset of N and

VoM =(UD)nM

= (U{f(B): BeB})NnM
=U{f(B)NM : B B}

=Us
=U.

(For the third equality in the preceding string, see proposition F.2.10.)

The converse is even easier. Let V' be an open subset of N and a € V N M. In order to show
that V' N M is open in M, it suffices to show that, in the space M, the point a is an interior point
of the set VN M. Since V is open in N, there exists r > 0 such that D,(a) C V. But then

By(a) CD,(a)NnM CVNM. O

The family of all open subsets of a metric space is called the TOPOLOGY on the space. As
was the case for the real numbers, the concepts of continuity, compactness, and connectedness can
be characterized entirely in terms of the open subsets of the metric spaces involved and without
any reference to the specific metrics which lead to these open sets. Thus we say that continuity,
compactness, and connectedness are topological concepts. The next proposition 11.2.3 tells us that
strongly equivalent metrics on a set produce identical topologies. Clearly, no topological property
of a metric space is affected when we replace the given metric with another metric which generates
the same topology.

11.2.2. DEFINITION. Two metrics di; and do on a set M are EQUIVALENT if they induce the
same topology on M.

We now prove that strongly equivalent metrics are equivalent.

11.2.3. PROPOSITION. Let d and ds be metrics on a set M and T1 and %o be the topologies on
(M,dy) and (M,ds), respectively. If di and dy are strongly equivalent, then T, = Ts.

PRrOOF. Exercise. (Solution ().11.4.)

11.2.4. PROBLEM. Give an example to show that equivalent metrics need not be strongly equiv-
alent.

11.2.5. DEFINITION. If M is a subspace of the metric space (N, d), the family of open subsets
of M induced by the metric d is called the RELATIVE TOPOLOGY on M. According to proposi-

tion 11.2.1, the relative topology on M is {VNM:V ¢ N}.



CHAPTER 12

SEQUENCES IN METRIC SPACES

In chapter 4 we were able to characterize several topological properties of the real line R by
means of sequences. The same sort of thing works in general metric spaces. Early in this chapter
we give sequential characterizations of open sets, closed sets, dense sets, closure, and interior. Later
we discuss products of metric spaces.

12.1. CONVERGENCE OF SEQUENCES

Recall that a SEQUENCE is any function whose domain is the set N of natural numbers. If S
is a set and x: N — S, then we say that x is a sequence of members of S. A map z: N — R, for
example, is a sequence of real numbers. In dealing with sequences one usually (but not always)
writes x,, for x(n). The element z,, in the range of a sequence is the n'® TERM of the sequence.
Frequently we use the notations (z,)52 or just (x,) to denote the sequence z.

12.1.1. DEFINITION. A NEIGHBORHOOD of a point in a metric space is any open set containing
the point. Let x be a sequence in a set S and B be a subset of S. The sequence x is EVENTUALLY
in the set B if there is a natural number ng such that x, € B whenever n > ng. A sequence x
in a metric space M CONVERGES to a point a in M if x is eventually in every neighborhood of
a (equivalently, if it is eventually in every open ball about a). The point a is the LIMIT of the
sequence x. (In proposition 12.2.4 we find that limits of sequences are unique, so references to
“the” limit of a sequence are justified.)

If a sequence x converges to a point a in a metric space we write

T, —a as n— oo

or

lim x, = a.
n—oo

It should be clear that the preceding definition may be rephrased as follows: The sequence x
converges to the point a if for every € > 0 there exists ng € N such that d(x,,a) < € whenever
n > ng. It follows immediately that z, — a if and only if d(x,,a) — 0 as n — oo. Notice that in
the metric space R the current definition agrees with the one given in chapter 4.

12.2. SEQUENTIAL CHARACTERIZATIONS OF TOPOLOGICAL PROPERTIES

Now we proceed to characterize some metric space concepts in terms of sequences. The point
of this is that sequences are often easier to work with than arbitrary open sets.

12.2.1. PROPOSITION. A subset U of a metric space M is open if and only if every sequence in
M which converges to an element of U is eventually in U.

PROOF. Suppose that U is an open subset of M. Let (x,) be a sequence in M which converges
to a point @ in U. Then U is a neighborhood of a. Since x,, — a, the sequence (z,,) is eventually
inU.

To obtain the converse suppose that U is not open. Some point, say a, of U is not an interior
point of U. Then for every n in N we may choose an element x,, in By /,(a) such that z,, ¢ U. Then
the sequence (x,) converges to a € U, but it is certainly not true that (z,) is eventually in U. O
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12.2.2. PROPOSITION. A subset A of a metric space is closed if and only if b belongs to A
whenever (ay) is a sequence in A which converges to b.

ProoF. Exercise. (Solution ().12.1.)

12.2.3. PROPOSITION. A subset D of a metric space M is dense in M if and only if every point
of M is the limit of a sequence of elements of D.

PROOF. Problem.

12.2.4. PROPOSITION. In metric spaces limits of sequences are unique. (That is, if a, — b and
a, — ¢ in some metric space, then b= c.)

PRrRooOF. Problem.

12.2.5. PROBLEM. Show that a point p is in the closure of a subset A of a metric space if and
only if there is a sequence of points in A which converges to p. Also, give a characterization of the
interior of a set by means of sequences.

12.2.6. PROBLEM. Since the rationals are dense in R, it must be possible, according to proposi-
tion 12.2.3, to find a sequence of rational numbers which converges to the number 7. Identify one
such sequence.

12.2.7. PROPOSITION. Let di and dg be strongly equivalent metrics on a set M. If a sequence

of points in M converges to a point b in the metric space (M,dy), then it also converges to b in the
space (M,ds).

PRrROOF. Problem.

12.2.8. PROBLEM. Use proposition 12.2.7 to show that the metric p defined in example 9.2.15
is not strongly equivalent on R? to the usual Euclidean (example 9.2.8). You gave a (presumably
different) proof of this in problem 9.3.6.

12.2.9. PROBLEM. Let M be a metric space with the discrete metric. Give a simple character-
ization of the convergent sequences in M.

12.2.10. DEFINITION. Let A and B be nonempty subsets of a metric space M. The DISTANCE
between A and B, which we denote by d(A, B), is defined to be inf{d(a,b): a € A and b € B}. If
a € M we write d(a, B) for d({a}, B).

12.2.11. PROBLEM. Let B be a nonempty subset of a metric space M.

(a) Show that if x € B, then d(z, B) = 0.
(b) Give an example to show that the converse of (a) may fail.
(c) Show that if B is closed, the converse of (a) holds.

12.3. PRODUCTS OF METRIC SPACES

12.3.1. DEFINITION. Let (M, p1) and (May, p2) be metric spaces. We define three metrics, d,
dy, and d,,, on the product My x My. For x = (z1,22) and y = (y1,y2) in My x My let

d(z,y) = (01 (x1,91))2 + (pa(a2,12))2)
di(z,y) = p1(x1,y1) + p2(x2,y2), and

du(z,y) = max{p1(x1,y1), p2(w2,y2) } -

It is not difficult to show that these really are metrics. They are just generalizations, to arbitrary
products, of the metrics on R x R defined in 9.2.8, 9.2.10, and 9.2.12.

12.3.2. PROPOSITION. The three metrics on My X Moy defined in 12.3.1 are strongly equivalent.
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ProOF. Exercise. Hint. Review proposition 9.3.2. (Solution ().12.2.)

In light of the preceding result and proposition 11.2.3 the three metrics defined on M; x My (in
12.3.1) all give rise to exactly the same topology on M; x M. Since we will be concerned primarily
with topological properties of product spaces, it makes little difference which of these metrics we
officially adopt as “the” product metric. We choose d; because it is arithmetically simple (no square
roots of sums of squares).

12.3.3. DEFINITION. If M; and Mj are metric spaces, then we say that the metric space (M7 x
My, dy), where d; is defined in 12.3.1, is the PRODUCT (METRIC) SPACE of M; and Ms; and the
metric dy is the PRODUCT METRIC. When we encounter a reference to “the metric space My x Msy”
we assume, unless the contrary is explicitly stated, that this space is equipped with the product
metric d;.

A minor technical point, which is perhaps worth mentioning, is that the usual (Euclidean)
metric on R? is not (according to the definition just given) the product metric. Since these two
metrics are equivalent and since most of the properties we consider are topological ones, this will
cause little difficulty.

It is easy to work with sequences in product spaces. This is a consequence of the fact, which we
prove next, that a necessary and sufficient condition for the convergence of a sequence in a product
space is the convergence of its coordinates.

12.3.4. PROPOSITION. Let My and My be metric spaces. A sequence ((xn,yn))zo:l i the
product space converges to a point (a,b) in My x My if and only if x,, — a and y, — b.

Proor. For k = 1,2 let pi be the metric on the space M. The product metric d; on M; x Ms
is defined in 12.3.1.
Suppose (Zn, yn) — (a,b). Then

p1(@n,a) < p1(zn,a) + p2(yn,b)
= dl((xTuyn) ) (a7 b)) - 07
S0 T, — a. Similarly, y, — b.

Conversely, suppose x, — a in My and y, — b in M. Given € > 0 we may choose ni,ne € N
such that pi(z,,a) < %e when n > ny and pa2(yn, b) < %e when n > ng. Thus if n > max{ni,ns},

dl((l'n; Yn)» (a, b)) = p1(Tn; @) + p2(Yn, b) < %5 + %6 =€,
80 (Tpn,Yn) — (a,b) in My X M. O

REMARK. By virtue of proposition 12.2.7, the truth of the preceding proposition would not
have been affected had either d or d,, (as defined in 12.3.1) been chosen as the product metric for
M1 X MQ.

12.3.5. PROBLEM. Generalize definitions 12.3.1 and 12.3.3 to R™ where n € N. That is, write
appropriate formulas for d(z,y), di(z,y), and d,(z,y) for x,y € R™, and explain what we mean by
the product metric on an arbitrary finite product My x Ms x --- x M, of metric spaces.

Also state and prove generalizations of propositions 12.3.2 and 12.3.4 to arbitrary finite prod-
ucts.






CHAPTER 13

UNIFORM CONVERGENCE

13.1. THE UNIFORM METRIC ON THE SPACE OF BOUNDED FUNCTIONS

13.1.1. DEFINITION. Let S be a nonempty set. A function f: S — R is BOUNDED if there exists
a number M > 0 such that

If(x)] <M  forallzes.
We denote by B(S,R) (or just by B(S)) the set of all bounded real valued functions on S.

13.1.2. PROPOSITION. If f and g are bounded real valued functions on a nonempty set S and «
is a real number, then the functions f + g, af, and fg are all bounded.

PROOF. There exist numbers M, N > 0 such that |f(z)] < M and |g(z)] < N for all z € S.
Then, for all x € S

[(f +9) (@) < |f(x)] + |g(z)| < M + N,
[(af)(@)] = lal|f(z)| < || M, and
[(f9)(@)| = [f(2)]|g(z)| < MN. O
13.1.3. DEFINITION. Let S be a nonempty set. We define a metric d,, on the set B(S,R) by

du(f,9) = sup{|f(z) — g(z)[: z € S}
whenever f, g € B(S,R). The metric d, is the UNIFORM METRIC on B(S,R).

13.1.4. EXAMPLE. Let S = [—1,1] and for all z € S let f(z) = |z| and g(z) = $(z — 1). Then

PROOF. It is clear from the graphs of f and g that the functions are farthest apart at x = —1.
Thus

du(f,9) = sup{|f(z) —g(z)|: -1 <z <1}
=[f(=1) —g(=1)=2. m
13.1.5. EXAMPLE. Let f(z) = 22 and g(z) = 23 for 0 < x < 1. Then d,(f, g) = 4/27.

PRrROOF. Let h(z) = |f(z) — g(z)| = f(zx) — g(x) for 0 < z < 1. To maximize h on [0, 1] use
elementary calculus to find critical points. Since h/(z) = 20 — 322 =0 only if z =0 or = = %, it is
clear that the maximum value of h occurs at z = % Thus

3) 21

13.1.6. EXERCISE. Suppose f is the constant function defined on [0, 1] whose value is 1. Asked

to describe those functions in B([0,1]) which lie in the open ball about f of radius 1, a student

replies (somewhat incautiously) that By (f) is the set of all real-valued functions g on [0, 1] satisfying
0 < g(z) <2 for all z € [0,1]. Why is this response wrong? (Solution Q.13.1.)

du(f,g) =sup{h(z): 0 <z < 1}—h<2> i O

13.1.7. PROBLEM. Let f(z) =sinz and g(z) = cosz for 0 < x < m. Find d,(f,¢g) in the set of
functions B([0, 7]).
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13.1.8. PROBLEM. Let f(7) = 3z — 323 and g(v) = 3z — 322 for 0 < z < 2. Find d,(f, g) in the
set of functions B([0, 2]).

13.1.9. PROBLEM. Explain why it is reasonable to use the same notation d, (and the same
name) for both the metric in example 9.2.12 and the one defined in 13.1.3.

The terminology in 13.1.3 is somewhat optimistic. We have not yet verified that the “uniform
metric” is indeed a metric on B(S,R). We now remedy this.

13.1.10. PROPOSITION. Let S be a nonempty set. The function d, defined in 13.1.3 is a metric
on the set of functions B(S,R).

PRrOOF. Exercise. (Solution ().13.2.)

13.1.11. PROBLEM. Let f(z) = = and g(z) = 0 for all z € [0, 1]. Find a function A in B([0,1])
such that

du(fa h) = du(fa g) = du(ga h) :

13.1.12. DEFINITION. Let (f,) be a sequence of real valued functions on a nonempty set S. If
there is a function g in F(S,R) such that

sup{|fn(z) —g(z)|: x € S} — 0 as n — 0o
we say that the sequence (f,,) CONVERGES UNIFORMLY to g and we write
frn — ¢ (unif) .
The function g is the UNIFORM LIMIT of the sequence (fy,). Notice that if g and all the f,’s belong

to B(S,R), then uniform convergence of (f,,) to g is the same thing as convergence of f, to g in
the uniform metric.

13.1.13. EXAMPLE. For each n € N and =z € R let
fu(z) = % sin(nx) .
Then f,, — 0 (unif). (Here 0 is the constant function zero.)
PROOF.

du(fn,0) = sup{L[sinnz|: z € R}
1

=——=0 asn — 00. O
n

13.1.14. EXAMPLE. Let g(z) = z and f,(2z) = 2+ forallz € Rand n € N. Then f, — g (unif)
since

sup{]fn(x)—g(x)]:xeR}:%HO as n — 0o.

It is not correct (although perhaps tempting) to write dy,(f,g) — 0. This expression is meaningless
since the functions f, and g do not belong to the metric space B(R) on which d,, is defined.

13.2. POINTWISE CONVERGENCE

Sequences of functions may converge in many different and interesting ways. Another mode of
convergence that is frequently encountered is “pointwise convergence”.

13.2.1. DEFINITION. Let (f,) be a sequence of real valued functions on a nonempty set S. If
there is a function ¢ such that

fu(x) — g(2) forall z € S
then (f,) CONVERGES POINTWISE to g. In this case we write

fn — g (ptws) .
The function g is the POINTWISE LIMIT of the sequence f,.
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In the following proposition we make the important, if elementary, observation that uniform
convergence is stronger than pointwise convergence.

13.2.2. PROPOSITION. Uniform convergence implies pointwise convergence, but not conversely.
PRrOOF. Exercise. (Solution ().13.3.)

13.2.3. PROBLEM. Find an example of a sequence (f,) of functions in B([0, 1]) which converges
pointwise to the zero function 0 but satisfies

dy(fn,0) — 0 asn — 0o.
Next we show that the uniform limit of a sequence of bounded functions is itself bounded.

13.2.4. PROPOSITION. Let (fy) be a sequence in B(S) and g be a real valued function on S.
(a) If fn — g (unif), then g € B(S).
(b) The assertion in (a) does not hold if uniform convergence is replaced by pointwise conver-
gence.

PRroOF. Exercise. (Solution ().13.4.)

13.2.5. EXERCISE. Let f,(z) = 2" — 22" for 0 < x < 1 and n € N. Does the sequence (f,)
converge pointwise on [0,1]? Is the convergence uniform? (Solution Q).13.5.)

13.2.6. PROBLEM. Given in each of the following is the n'® term of a sequence of real valued
functions defined on [0, 1]. Which of these converge pointwise on [0, 1]? For which is the convergence
uniform?

(a) x — a".
(b) z — nax.

(¢) > ze ™",

13.2.7. PROBLEM. Given in each of the following is the n'® term of a sequence of real valued
functions defined on [0, 1]. Which of these converge pointwise on [0, 1]7 For which is the convergence
uniform?

1
(a) z+— o
x
b .
(b) @+ nr+1
2 oz
(¢) z— 3
(n— 1)z + 22
13.2.8. PROBLEM. Let fp(z) = B for all z > 1 and n € N. Does the sequence (f)
n+x

have a pointwise limit on [1,00)? A uniform limit?






CHAPTER 14

MORE ON CONTINUITY AND LIMITS

14.1. CONTINUOUS FUNCTIONS

As is the case with real valued functions of a real variable, a function f: My — My between
two metric spaces is continuous at a point a in M if f(x) can be made arbitrarily close to f(a) by
insisting that = be sufficiently close to a.

14.1.1. DEFINITION. Let (My,d;) and (Ma,ds) be metric spaces. A function f: M; — My is
CONTINUOUS AT a point a in M; if every neighborhood of f(a) contains the image under f of a
neighborhood of a. Since every neighborhood of a point contains an open ball about the point and
since every open ball about a point is a neighborhood of that point, we may restate the definition
as follows. The function f is CONTINUOUS AT a if every open ball about f(a) contains the image
under f of an open ball about a; that is, if the following condition is satisfied: for every € > 0 there
exists 0 > 0 such that

f7(Bs(a)) € Be(f(a)). (14.1)
There are many equivalent ways of expressing (14.1). Here are three:
Bs(a) C f7(Be(f(a)))
x € Bs(a) implies f(z) € B.(f(a))
di(z,a) < ¢ implies da(f(z), f(a)) < €

Notice that if f is a real valued function of a real variable, then the definition above agrees with
the one given at the beginning of chapter 3.

14.1.2. DEFINITION. A function f: M; — M> between two metric spaces is CONTINUOUS if it
is continuous at each point of Mj.

In proving propositions concerning continuity, one should not slavishly insist on specifying the
radii of open balls when these particular numbers are of no interest. As an illustration, the next
proposition, concerning the composite of continuous functions, is given two proofs—one with the
radii of open balls specified, and a smoother one in which they are suppressed.

14.1.3. PROPOSITION. Let f: M1 — Ms and g: My — Ms be functions between metric spaces.
If f is continuous at a in My and g is continuous at f(a) in Ma, then the composite function go f
18 continuous at a.

PRrROOF 1. Let n > 0. We wish to show that there exists § > 0 such that
Bs(a) € (9o f)™ (Bylg(f(a)))).
Since g is continuous at f(a) there exists € > 0 such that
Be(f(a)) € g~ (By(g(f(a))))-
Since f is continuous at a there exists § > 0 such that

Bs(a) € [~ (Be(f(a))).

73
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Thus we have

(90 f)~(By(9(f(a)))) (97 (By(g(f(a)))))
(Be(f(a)))

Bs(a)

f(*
f(*

U 1y

O

PROOF 2. Let B3 be an arbitrary open ball about g(f(a)). We wish to show that the inverse
image of B3 under go f contains an open ball about a. Since g is continuous at f(a), the set g (Bs)
contains an open ball By about f(a). And since f is continuous at a, the set f“(Bs) contains an
open ball By about a. Thus we have

(9o f)~(Bs)

[ (97 (Bs))
f7(B2)
Bj.

v 1y

0

The two preceding proofs are essentially the same. The only difference is that the first proof
suffers from a severe case of clutter. It certainly is not more rigorous; it is just harder to read. It
is good practice to relieve proofs (and their readers) of extraneous detail. The following corollary
is an obvious consequence of the proposition we have just proved.

14.1.4. COROLLARY. The composite of two continuous functions is continuous.

Next we prove a result emphasizing that continuity is a topological notion; that is, it can be
expressed in terms of open sets. A necessary and sufficient condition for a function to be continuous
is that the inverse image of every open set be open.

14.1.5. PROPOSITION. A function f: M1 — My between metric spaces is continuous if and only
if f~(U) is an open subset of My whenever U is open in M.

PRrOOF. Exercise. (Solution ().14.1.)

14.1.6. EXAMPLE. As an application of the preceding proposition we show that the function
f:R? = R: (z,y) — 2z — 5y
is continuous. Ome approach to this problem is to find, given a point (a,b) in R? and € > 0, a
number & > 0 sufficiently small that \/(x — a)2 + (y — b)2 < § implies |(22 — 5y) — (2a — 5b)| < e.
This is not excessively difficult, but it is made somewhat awkward by the appearance of squares
and a square root in the definition of the usual metric on R?. A simpler approach is possible. We
wish to prove continuity of f with respect to the usual metric d on R? (defined in 9.2.8).

We know that the metric d; (defined in 9.2.10) on R? is (strongly) equivalent to d (9.3.2)
and that equivalent metrics produce identical topologies. Thus (R2, d;) and (R?,d) have the same
topologies. Since the continuity of a function is a topological concept (this was the point of 14.1.5),
we know that f will be continuous with respect to d if and only if it is continuous with respect

to dy. Since the metric d; is algebraically simpler, we prove continuity with respect to di. To this
end, let (a,b) € R? and € > 0. Choose § = ¢/5. If d1((z,v), (a,b)) = |x —a| + |y — b|] < &, then

|f(z,y) = f(a,b)| = |2(z — a) — 5(y — b)|
<5(lz—al+[y—10])
< 50

— €.

14.1.7. EXAMPLE. The function
f:R* = R: (x,y) — 5z — Ty
is continuous.

PRrRoOOF. Problem.
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The principle used in example 14.1.6 works generally: replacing a metric on the domain of a
function by an equivalent metric does not affect the continuity of the function. The same assertion
is true for the codomain of a function as well. We state this formally.

14.1.8. PROPOSITION. Let f: M1 — My be a continuous function between two metric spaces
(My,dy) and (Ma,dg). If p1 is a metric on My equivalent to dy and py is equivalent to da, then f
considered as a function from the space (M, p1) to the space (Ma, p2) is still continuous.

PrROOF. This is an immediate consequence of propositions 11.2.3 and 14.1.5. ]
14.1.9. ExaMPLE. Multiplication is a continuous function on R. That is, if we define
M:R? S R: (z,y) — zy,
then the function M is continuous.
PRrOOF. Exercise. Hint. Use 14.1.8. (Solution ().14.2.)
14.1.10. EXAMPLE. Addition is a continuous function on R. That is, if we define
AR S R: (z,9) — x4y,
then the function A is continuous.
PrROOF. Problem.

14.1.11. PROBLEM. Let d be the usual metric on R?, let p be the metric on R? defined in
example 9.2.15, and let f: (R d) — (R? p) be the identity function on R%. Show that f is not
continuous.

14.1.12. PROBLEM. Let R, be the set of real numbers with the discrete metric, and let M be
an arbitrary metric space. Describe the family of all continuous functions f: Ry — M.

14.1.13. PROPOSITION. Let f: My — Ms where My and Ms are metric spaces. Then f 1is
continuous if and only if f~(C) is a closed subset of My whenever C' is a closed subset of Ms.

PROOF. Problem.

14.1.14. PROPOSITION. Let f: My — My be a function between metric spaces. Then f 1is
continuous if and only if

F(B°) € (f(B)°
for all B C M.

PROOF. Problem.

14.1.15. PROPOSITION. Let f: My — My be a function between metric spaces. Then f is
continuous if and only if

f(A) S f=(4)
for every A C M;.

PRrRoOOF. Problem.

14.1.16. PROPOSITION. Let f: My — My be a function between metric spaces. Then f is
continuous if and only if

f=(B) S f7(B)
for every B C M.
PRrROOF. Problem.

14.1.17. PROPOSITION. Let f be a real valued function on a metric space M and a € M. If f
is continuous at a and f(a) > 0, then there exists a neighborhood B of a such that f(z) > f(a)
for all x € B.
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PROOF. Problem.

14.1.18. PROPOSITION. Let N be a metric space and M be a subspace of N.

(a) The inclusion map v: M — N: x +— x is continuous.
(b) Restrictions of continuous functions are continuous. That is, if f: My — Ma is a contin-
uous mapping between metric spaces and A C My, then f|a is continuous.

PROOF. Problem.

14.1.19. PROBLEM. Show that alteration of the codomain of a continuous function does not
affect its continuity. Precisely: If f: My — M and g: My — N are functions between metric spaces
such that f(z) = g(x) for all z € My and if their common image is a metric subspace of both M
and N, then f is continuous if and only if g is.

In the next proposition we show that if two continuous functions agree on a dense subset of a
metric space, they agree everywhere on that space.

14.1.20. PROPOSITION. If f, g: M — N are continuous functions between metric spaces, if D
is a dense subset of M, and if f|lp = g|p, then f =g.

PROOF. Problem. Hint. Suppose that there is a point a where f and ¢ differ. Consider
the inverse images under f and g, respectively, of disjoint neighborhoods of f(a) and g(a). Use
proposition 11.1.22.

14.1.21. PROBLEM. Suppose that M is a metric space and that f: M — M is continuous but
is not the identity map. Show that there exists a proper closed set C' C M such that

CUf=(C)= M.

Hint. Choose z so that x # f(x). Look at the complement of U N f< (V) where U and V are
disjoint neighborhoods of = and f(x), respectively.

There are two ways in which metric spaces may be regarded as “essentially the same”: They
may be isometric (having essentially the same distance function); or they may be topologically
equivalent (having essentially the same open sets).

14.1.22. DEFINITION. Let(M,d) and (N, p) be metric spaces. A bijection f: M — N is an
ISOMETRY if

p(f(x), f(y)) = d(z,y)

for all z, y € M. If an isometry exists between two metric spaces, the spaces are said to be
ISOMETRIC.

14.1.23. DEFINITION. A bijection g: M — N between metric spaces is a HOMEOMORPHISM if
both g and g~ are continuous. Notice that if ¢ is a homeomorphism, then g~ establishes a one-to-
one correspondence between the family of open subsets of M and the family of open subsets of V.
For this reason two metric spaces are said to be (TOPOLOGICALLY) EQUIVALENT or HOMEOMORPHIC
if there exists a homeomorphism between them. Since the open sets of a space are determined by its
metric, it is clear that every isometry is automatically a homeomorphism. The converse, however,
is not correct (see example 14.1.25 below).

14.1.24. PROBLEM. Give an example of a bijection between metric spaces which is continuous
but is not a homeomorphism.

14.1.25. EXAMPLE. The open interval (0,1) and the real line R (with their usual metrics) are
homeomorphic but not isometric.

PRrROOF. Problem.
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We have seen (in chapter 12) that certain properties of sets in metric spaces can be characterized
by means of sequences. Continuity of functions between metric spaces also has a simple and useful
sequential characterization.

14.1.26. PROPOSITION. Let f: M1 — My be a function between metric spaces and a be a point
in My. The function f is continuous at a if and only if f(x,) — f(a) whenever x,, — a.

PRrROOF. Exercise. (Solution ().14.3.)

14.1.27. PROBLEM. Give a second solution to proposition 14.1.20, this time making use of
propositions 12.2.3 and 14.1.26.

14.1.28. PROBLEM. Use examples 14.1.10 and 14.1.9 to show that if ,, — a and y, — b in R,
then x, + y, — a + b and z,y, — ab. (Do not give an “e-d proof”.)

14.1.29. PROBLEM. Let ¢ be a point in a metric space M. Show that the function
fiM—->R:z—d(z,c)
is continuous. Hint. Use problem 9.2.17.
14.1.30. PROBLEM. Let C be a nonempty subset of a metric space. Then the function
g: M —R: z+— d(z,C)
is continuous. (See 12.2.10 for the definition of d(z,C).)

14.1.31. PROPOSITION (Urysohn’s lemma). Let A and B be nonempty disjoint closed subsets
of a metric space M. Then there exists a continuous function f: M — R such that ran f C [0, 1],

f7(A) ={0}, and f~(B) = {1}.

d(xz, A
PROOF. Problem. Hint. Consider d(x,A)(ﬁ dza:,B)
14.1.32. PROBLEM. (Definition. Disjoint sets A and B in a metric space M are said to be

SEPARATED BY OPEN SETS if there exist U, V ¢ M such that UNV = ), ACU,and B C V.)
Show that in a metric space every pair of disjoint closed sets can be separated by open sets.

. Use problems 12.2.11(c) and 14.1.30.

14.1.33. PROBLEM. If f and g are continuous real valued functions on a metric space M, then
{r € M: f(z) # g(x)} is an open subset of M.

14.1.34. PROBLEM. Show that if f is a continuous real valued function on a metric space, then
| f| is continuous. (We denote by |f| the function z — |f(z)].)

14.1.35. PROBLEM. Show that metrics are continuous functions. That is, show that if M is a
set and d: M x M — R is a metric, then d is continuous. Conclude from this that if x,, — a and
Yn — b in a metric space, then d(x,,y,) — d(a,b).

14.1.36. PROBLEM. Show that if f and g are continuous real valued functions on a metric
space M and f(a) = g(a) at some point a € M, then for every € > 0 there exists a neighborhood
U of a such that f(z) < g(x) + € for all z € U.

14.2. MAPS INTO AND FROM PRODUCTS

Let (Mj, p1) and (Ma, p2) be metric spaces. Define the COORDINATE PROJECTIONS 71 and o
on the product My x Ms by

g My X My — My (x1,x2) — xg for k=1,2.

If M x My has the product metric d; (see 12.3.1 and 12.3.3), then the coordinate projections turn
out to be continuous functions.

14.2.1. EXERCISE. Prove the assertion made in the preceding sentence. (Solution ).14.4.)
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14.2.2. NOTATION. Let Sy, S5, and T be sets. If f: T — S7 x Sy, then we define functions
fl:=m o fand f?:=m o f. These are the COMPONENTS of f.
If, on the other hand, functions g: T — S7 and h: T — Sy are given, we define the function

(g, 1) by
(g,h): T — Sy x So: z— (g(x),h(x)).

Thus it is clear that whenever f: T — S; x S5, we have
f=hr7.
14.2.3. PROPOSITION. Let My, My, and N be metric spaces and f: N — M x Msy. The function
f is continuous if and only if its components f' and f? are.

PRrOOF. Exercise. (Solution ().14.5.)

14.2.4. PROPOSITION. Let f and g be continuous real valued functions on a metric space.
(a) The product fg is a continuous function.
(b) For every real number « the function ag: x +— ag(x) is continuous.

PRrROOF. Exercise. (Solution ).14.6.)

14.2.5. PROBLEM. Let f and g be continuous real valued functions on a metric space and
suppose that g is never zero. Show that the function f/g is continuous.

14.2.6. PROPOSITION. If f and g are continuous real valued functions on a metric space, then
f+ g is continuous.

PROOF. Problem.

14.2.7. PROBLEM. Show that every polynomial function on R is continuous. Hint. An induction
on the degree of the polynomial works nicely.

14.2.8. DEFINITION. Let S be a set and f, g: S — R. Then fVg, the SUPREMUM (or MAXIMUM)
of f and g, is defined by
(f vV g)(@) := max{f(z),g(z)}
for every x € S. Similarly, f A g, the INFIMUM (or MINIMUM) of f and g, is defined by
(f A g)() == min{f(z), g()}
for every x € S.

14.2.9. PROBLEM. Let f(z) =sinx and g(x) = cosx for 0 < z < 27. Make a careful sketch of
fVgand fAg.

14.2.10. PROBLEM. Show that if f and g are continuous real valued functions on a metric space,
then fV g and f A g are continuous. Hint. Consider things like f + g+ |f — ¢|-

In proposition 14.2.3 we have dealt with the continuity of functions which map into products of
metric spaces. We now turn to functions which map from products; that is, to functions of several
variables.

14.2.11. NOTATION. Let S1, S2, and T be sets and f: S7 x So — T. For each a € S; we define
the function

fla,-): Sa = T:yw fla,y)
and for each b € Sy we define the function
fC,0): 81 —=T: 2z f(x,b).

Loosely speaking, f(a, - ) is the result of regarding f as a function of only its second variable; f(-,b)
results from thinking of f as depending on only its first variable.
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14.2.12. PROPOSITION. Let M1, My, and N be metric spaces and f: My x My — N. If f is
continuous, then so are f(a, -) and f(-,b) for alla € My and b € M.

PRrROOF. Exercise. (Solution ().14.7.)

This proposition is sometimes paraphrased as follows: Joint continuity implies separate conti-
nuity. The converse is not true. (See problem 14.2.13.)

REMARK. It should be clear how to extend the results of propositions 14.2.3 and 14.2.12 to
products of any finite number of metric spaces.

14.2.13. PROBLEM. Let f: R? — R be defined by

_ Jay(@® +y*) 7t for (2,y) # (0,0)
Ja.y) = {0, forx =y =0.

(a) Show that f is continuous at each point of R? except at (0,0), where it is not continuous.
(b) Show that the converse of proposition 14.2.12 is not true.

14.2.14. NOTATION. Let M and N be metric spaces. We denote by C(M, N) the family of all
continuous functions f taking M into V.

In proposition 13.2.4 we showed that the uniform limit of a sequence of bounded real valued
functions is bounded. We now prove an analogous result for continuous real valued functions: The
uniform limit of a sequence of continuous real valued functions is continuous.

14.2.15. PROPOSITION. If (fy) is a sequence of continuous real valued functions on a metric
space M which converges uniformly to a real valued function g on M, then g is continuous.

PRrOOF. Exercise. (Solution ().14.8.)

14.2.16. PROBLEM. If the word “pointwise” is substituted for “uniformly” in proposition 14.2.15,
the conclusion no longer follows. In particular, find an example of a sequence (f,) of continuous
functions on [0, 1] which converges pointwise to a function g on [0, 1] which is not continuous.

14.3. LIMITS

We now generalize to metric spaces the results of chapter 7 on limits of real valued functions.
Most of this generalization is accomplished quite simply: just replace open intervals on the real
line with open balls in metric spaces.

14.3.1. DEFINITION. If B, (a) is the open ball of radius r about a point a in a metric space M,
then B;(a), the DELETED OPEN BALL of radius r about a, is just B,(a) with the point a deleted.
That is, B (a) ={z € M: 0 <d(z,a) <r}.

14.3.2. DEFINITION. Let (M,d) and (N, p) be metric spaces, A C M, f: A — N, a be an
accumulation point of A, and I € N. We say that [ is the LIMIT OF f AS x APPROACHES a
(of the LIMIT OF f AT a) if: for every e > 0 there exists § > 0 such that f(z) € Bc(l) whenever
xz € AN Bj(a). In slightly different notation:

(Ve >0)(30 >0)(Vz € A) 0 < d(z,a) <d = p(f(x),]) <e.
When this condition is satisfied we write
flx) =1 asz—a
or
lim f(z) = 1.
As in chapter 7 this notation is optimistic. We will show in the next proposition that limits, if they
exist, are unique.
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14.3.3. PROPOSITION. Let f: A — N where M and N are metric spaces and A C M, and let
acA. If f(x) = basxz — a and f(x) — c as © — a, then b= c.

PRrROOF. Exercise. (Solution ().14.9.)

For a function between metric spaces the relationship between its continuity at a point and its
limit there is exactly the same as in the case of real valued functions. (See proposition 7.2.3 and
the two examples which precede it.)

14.3.4. PROPOSITION. Let M and N be metric spaces, let f: A — N where A C M, and let
a€ ANA'. Then f is continuous at a if and only if

lim f(2) = f(a).
r—a
ProOF. Problem. Hint. Modify the proof of 7.2.3.
14.3.5. PROPOSITION. If M is a metric space, f: A — M where A CR, and a € A’, then
lim f(a+ h) = lim f(z)
h—0 r—a
in the sense that if either limit exists, then so does the other and the two limits are equal.
PRrROOF. Problem. Hint. Modify the proof of 7.2.4.

We conclude this chapter by examining the relationship between “double” and “iterated” limits

of real valued functions of two real variables. A limit of the form
lim x,
(z,y)—(a,b) fey)
is a DOUBLE LIMIT; limits of the form
:15131(@1}32 f(z,y)) and ilg;)(;lgé f(z,y))

are ITERATED LIMITS. The meaning of the expression lim,_,, (limyﬂb f(z, y)) should be clear: it is
lim,_.q h(x) where h is the function defined by h(x) = lim,_; f(x,y).

14.3.6. EXAMPLE. Let f(z,y) = xsin(1 + 22y?) for all 2,y € R. Then lim, ) —(0,0) f(7,y) = 0.

PRrROOF. The function f maps R? into R. We take the usual Euclidean metric on both of these
spaces. Given € > 0, choose § = €. If (z,y) € B;(0,0), then

[f(2,y) = 0] = |zlsin(1 + 2°y*)| < |2] < Va2 +y? = d((2,), (0,0)) <d=e. D
14.3.7. EXAMPLE. Let f(z,y) = xsin(1+22%y?) for all z, y € R. Then lim, g (limyHO f(x,y)) = 0.

PRrROOF. Compute the inner limit first: lim,_o (limy—q (z sin(1+2%y?)) = limy_—o(zsinl) = 0.
U

Because of the intimate relationship between continuity and limits (proposition 14.3.4) and
because of the fact that joint continuity implies separate continuity (proposition 14.2.12), many
persons wrongly conclude that the existence of a double limit implies the existence of the corre-
sponding iterated limits. One of the last problems in this chapter will provide you with an example
of a function having a double limit at the origin but failing to have one of the corresponding iterated
limits. In the next proposition we prove that if in addition to the existence of the double limit we
assume that lim, ., f(z,y) and lim,_;, f(x,y) always exist, then both iterated limits exist and are
equal.

14.3.8. PROPOSITION. Let f be a real valued function of two real variables. If the limit

[= lim x,
(z,y)—(a,b) fz-9)
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exists and if limy,_.q f(x,y) and limy_, f(x,y) exist for all y and x, respectively, then the iterated
limits
lim (lim f(z,y)) and lim(lim f(z,y))

r—a y—>b y—»b rT—a

both exist and are equal to l.

ProOOF. Exercise. Hint. Let g(x) = limy_; f(z,y) for all x € R. We wish to show that
lim, ., g(x) = I. The quantity |g(x) — [| is small whenever both |g(x) — f(z,y)| and |f(z,y) — ]
are. Since lim(, ) () f(,y) = [ it is easy to make | f(z,y) — | small: insist that (z,y) lie in some
sufficiently small open ball about (a,b) of radius, say, §. This can be accomplished by requiring,
for example, that

|z —al <d/2 (14.2)
and that

ly —b] < d/2. (14.3)
Since g(z) = limy_, f(z,y) for every x, we can make |g(z)— f(x,y)| small (for fixed x) by supposing
that

ly—bl<n (14.4)

for some sufficiently small 1. So the proof is straightforward: require x to satisfy (14.2) and for
such x require y to satisfy (14.3) and (14.4). (Solution Q).14.10.)

It is sometimes necessary to show that certain limits do mot exist. There is a rather simple
technique which is frequently useful for showing that the limit of a given real valued function does
not exist at a point a. Suppose we can find two numbers « # (3 such that in every neighborhood
of a the function f assumes (at points other than a) both the values o and . (That is, for every
d > 0 there exist points u and v in Bs(a) distinct from a such that f(u) = a and f(v) = .) Then
it is easy to see that f cannot have a limit as x approaches a. Argue by contradiction: suppose
lim, .o f(z) = 1. Let € = | — ]. Then € > 0; so there exists 6 > 0 such that |f(z) — 1] < €/2
whenever 0 < d(x,a) < 6. Let v and v be points in Bj(a) satisfying f(u) = o and f(v) = . Since
|f(u) =] <€¢/2and |f(v) — 1] < €/2, it follows that

e=la—p
= |f(u) — f(v)]
< [f(u) =1+ [l = f(v)]
<€
which is an obvious contradiction.
222
22y 4+ (x +y)

14.3.9. EXAMPLE. Let f(z,y) = 1 if (z,y) # (0,0). Then limg, y_(0,0) f(2,9)

does not exist.

PrOOF. Exercise. (Solution Q).14.11.)

3,3

T
y 1 does not exist.

14.3.10. E . The limit f ———
3.10. EXAMPLE e limit as (z,y) — (0,0) o Ty

PROOF. Problem.

14.3.11. PROBLEM. Let f: A — R where A C M and M is a metric space, and let a € A’.
Show that
lim f(z) =0 if and only if lim|f(z)| =0.
r—a r—a
14.3.12. PROBLEM. Let f, g, h: A — R where A C M and M is a metric space, and let a € A’.
Show that if f < g < h and
lim f(z) = lim h(z) =1,

Tr—a r—a

then lim,_,, g(z) = [.
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14.3.13. PROBLEM. Let M, N, and P be metric spaces,a € AC M, f: A— N,and g: N — P.

(a) Show that if [ = lim,_,, f(x) exists and ¢ is continuous at [, then lim, (g o f)(x) exists
and is equal to g(1).

(b) Show by example that the following assertion need not be true: If [ = lim,_,, f(x) exists
and lim,_,; g(y) exists, then lim,_.,(g o f)(x) exists.

14.3.14. PROBLEM. Let a be a point in a metric space. Show that
lim d(z,a) =0.

r—a

14.3.15. PROBLEM. In this problem R" has its usual metric; in particular,

d(x,0) = (i: xi) v

k=1
for all x = (z1,...,2,) € R™.
(a) Show that

TiTE
im =
z—0 d(:L’, 0)
whenever 1 < j<nand 1<k <n.

(b) For 1 < k < n show that lim,_,o % does not exist.

172 2

14.3.16. PROBLEM. Let f(z,y) = for (x,y) # (0,0). Find the following limits, if they

x2 + 92
exist.

(a) lim(y4)—0,0) f (7, ¥)

(b) lim,_o(limy—o f(2,))

(¢) limy—o(limz—o f(z,y))

14.3.17. PROBLEM. Same as problem 14.3.16, but f(z,y) = %
T4+ y
222

14.3.18. PROBLEM. Same as problem 14.3.16, but f(z,y) = PN
re Ty

14.3.19. PROBLEM. Same as problem 14.3.16, but f(x,y) = ysin(1/z) if z # 0 and f(x,y) =0
itz =0.



CHAPTER 15

COMPACT METRIC SPACES

15.1. DEFINITION AND ELEMENTARY PROPERTIES

15.1.1. DEFINITION. Recall that a family { of sets is said to COVER a set S if [JU DO S. The
phrases “U covers S”, “U is a cover for S”, and “U is a covering of S” are used interchangeably. If
a cover i for a metric space M consists entirely of open subsets of M, then il is an OPEN COVER
for M. If 4 is a family of sets which covers a set S and U is a subfamily of 4 which also covers S,
then ¥ is a SUBCOVER of 4 for S. A metric space M is COMPACT if every open cover of M has a
finite subcover.

We have just defined what we mean by a compact space. It will be convenient also to speak of
a compact subset of a metric space M. If A C M, we say that A is a COMPACT SUBSET of M if,
regarded as a subspace of M, it is a compact metric space.

Notice that the definition of compactness is identical to the one given for subsets of the real
line in definition 6.1.3. Recall also that we have proved that every closed bounded subset of R is
compact (see example 6.3.6).

REMARK (A Matter of Technical Convenience). Suppose we wish to show that some particular
subset A of a metric space M is compact. Is it really necessary that we work with coverings made
up of open subsets of A (as the definition demands) or can we just as well use coverings whose
members are open subsets of M7 Fortunately, either will do. This is an almost obvious consequence
of proposition 11.2.1. Nevertheless, providing a careful verification takes a few lines, and it is good
practice to attempt it.

15.1.2. PROPOSITION. A subset A of a metric space M is compact if and only if every cover of
A by open subsets of M has a finite subcover.

PRrOOF. Exercise. (Solution ().15.1.)

An obvious corollary of the preceding proposition: If M7 is a subspace of a metric space Mo
and K C M, then K is a compact subset of M; if and only if it is a compact subset of Ms.

15.1.3. PROBLEM. Generalize the result of proposition 6.2.2 to metric spaces. That is, show
that every closed subset of a compact metric space is compact.

15.1.4. DEFINITION. A subset of a metric space is BOUNDED if it is contained in some open ball.

15.1.5. PROBLEM. Generalize the result of proposition 6.2.3 to metric spaces. That is, show
that every compact subset of a metric space is closed and bounded.

As we will see, the converse of the preceding theorem holds for subsets of R™ under its usual
metric; this is the Heine-Borel theorem. It is most important to know, however, that this converse
is not true in arbitrary metric spaces, where sets which are closed and bounded may fail to be
compact.

15.1.6. EXaAMPLE. Consider an infinite set M under the discrete metric. Regarded as a subset
of itself M is clearly closed and bounded. But since the family 4 = {{x} zxeM } is a cover for
M which has no proper subcover, the space M is certainly not compact.

15.1.7. EXAMPLE. With its usual metric R? is not compact.
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PROOF. Problem.

15.1.8. EXAMPLE. The open unit ball {(z,y, z): 2 + 32 + 22 < 1} in R? is not compact.
ProoF. Problem.

15.1.9. ExAMPLE. The strip {(z,5): 2 <y < 5} in R? is not compact.

PRrOOF. Problem.

15.1.10. ExAMPLE. The closed first quadrant {(z,y): > 0 and y > 0} in R? is not compact.
PRrROOF. Problem.

15.1.11. PROBLEM. Show that the intersection of an arbitrary nonempty collection of compact
subsets of a metric space is itself compact.

15.1.12. PROBLEM. Show that the union of a finite collection of compact subsets of a metric
space is itself compact. Hint. What about two compact sets? Give an example to show that the
union of an arbitrary collection of compact subsets of a metric space need not be compact.

15.2. THE EXTREME VALUE THEOREM

15.2.1. DEFINITION. A real valued function f on a metric space M is said to have a (GLOBAL)
MAXIMUM at a point a in M if f(a) > f(x) for every x in M; the number f(a) is the MAXIMUM
VALUE of f. The function has a (GLOBAL) MINIMUM at a if f(a) < f(x) for every z in M; and in
this case f(a) is the MINIMUM VALUE of f. A number is an EXTREME VALUE of f if it is either a
maximum or a minimum value. It is clear that a function may fail to have maximum or minimum
values. For example, on the open interval (0, 1) the function f: z — z assumes neither a maximum
nor a minimum.

Our next goal is to show that every continuous function on a compact metric space attains
both a maximum and a minimum. This turns out to be an easy consequence of the fact that the
continuous image of a compact set is compact. All this works exactly as it did for R.

15.2.2. PROBLEM. Generalize the result of theorem 6.3.2 to metric spaces. That is, show that
if M and N are metric spaces, if M is compact, and if f: M — N is continuous, then f— (M) is
compact.

15.2.3. PROBLEM (The Extreme Value Theorem.). Generalize the result of theorem 6.3.3 to
metric spaces. That is, show that if M is a compact metric space and f: M — R is continuous,
then f assumes both a maximum and a minimum value on M.

In chapter 13 we defined the uniform metric on the family B(S,R) of all bounded real valued
functions on S and agreed to call convergence of sequences in this space “uniform convergence”.
Since S was an arbitrary set (not a metric space), the question of continuity of members of B(S,R)
is meaningless. For the moment we restrict our attention to functions defined on a compact metric
space, where the issue of continuity is both meaningful and interesting.

A trivial, but crucial, observation is that if M is a compact metric space, then the family
C(M) = C(M,R) of continuous real valued functions on M is a subspace of the metric space
B(M) = B(M,R). This is an obvious consequence of the extreme value theorem (15.2.3) which
says, in particular, that every continuous real valued function on M is bounded. Furthermore,
since the uniform limit of continuous functions is continuous (see proposition 14.2.15), it is clear
that C(M,R) is a closed subset of B(M,R) (see proposition 12.2.2 for the sequential characterization
of closed sets). For future reference we record this formally.

15.2.4. PROPOSITION. If M is a compact metric space, then C(M) is a closed subset of B(M).

15.2.5. EXAMPLE. The circle 22 + 32 = 1 is a compact subset of R2.
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PRrROOF. Problem. Hint. Parametrize.
2 2

15.2.6. EXAMPLE. The ellipse % + % =1 is a compact subset of R2.

PROOF. Problem.

15.2.7. EXAMPLE. Regard R? as a metric space under the uniform metric (see example 9.2.12).
Then the boundary of the unit ball in this space is compact.

PRrROOF. Problem.

15.2.8. PROBLEM. Let f: M — N be a continuous bijection between metric spaces.

(a) Show by example that f need not be a homeomorphism.
(b) Show that if M is compact, then f must be a homeomorphism.

15.3. DINI’'S THEOREM

15.3.1. DEFINITION. A family § of sets is said to have the FINITE INTERSECTION PROPERTY if
every finite subfamily of § has nonempty intersection.

15.3.2. PROBLEM. Show that a metric space M is compact if and only if every family of closed
subsets of M having the finite intersection property has nonempty intersection.

15.3.3. PROPOSITION (Dini’s Theorem). Let M be a compact metric space and (f,,) be a sequence
of continuous real valued functions on M such that fn(x) > fay1(x) for all x in M and all n in
N. If the sequence (f,) converges pointwise on M to a continuous function g, then it converges
uniformly to g.

PROOF. Problem. Hint. First establish the correctness of the assertion for the special case
where g = 0. For € > 0 consider the sets A,, = f,” ([¢,00)). Argue by contradiction to show that
No° A, is empty. Then use problem 15.3.2.

15.3.4. EXAMPLE. Dini’s theorem (problem 15.3.3) is no longer true if we remove the hypothesis
that
(a) the sequence (f,,) is decreasing;
(b) the function g is continuous; or
(c) the space M is compact.

PRrRoOOF. Problem.

15.3.5. EXAMPLE. On the interval [0, 1] the square root function z +— /x is the uniform limit
of a sequence of polynomials.

PROOF. Problem. Hint. Let py be the zero function on [0, 1], and for n > 0 define p, 41 on
[0,1] by
Prt1(t) = pau(t) + 5 (t = (pa(1)?) ,
and verify that
2

Vit
Oﬁﬁ—pn(t)ﬁm

2
Si
n

for 0 <t <1andneN.






CHAPTER 16

SEQUENTIAL CHARACTERIZATION OF COMPACTNESS

We have previously characterized open sets, closed sets, closure, and continuity by means of
sequences. Our next goal is to produce a characterization of compactness in terms of sequences.
This is achieved in theorem 16.2.1 where it is shown that compactness in metric spaces is equivalent
to something called sequential compactness. For this concept we need to speak of subsequences
of sequences of points in a metric space. In 4.4.1 we defined “subsequence” for sequences of real
numbers. There is certainly no reason why we cannot speak of subsequences of arbitrary sequences.

16.1. SEQUENTIAL COMPACTNESS

16.1.1. DEFINITION. If a is a sequence of elements of a set S and n: N — N is strictly increasing,
then the composite function a o n is a SUBSEQUENCE of the sequence a. (Notice that a on is itself
a sequence of elements of S since it maps N into S.) The k' term of a o n is frequently written as
an,,; other acceptable notations are a, ) and a(n(k)).

Notice that it is possible for a sequence which fails to converge to have subsequences which do
converge. For example, if a, = (—1)" + (1/n) for each n, then the subsequence (as,) converges
while the sequence (a,) itself does not.

16.1.2. DEFINITION. A metric space M is SEQUENTIALLY COMPACT if every sequence in M has
a convergent subsequence.

16.1.3. EXAMPLE. It is important to understand that for a space to be sequentially compact the
preceding definition requires that every sequence in the space have a subsequence which converges
to a point in that space. It is not enough to find a subsequence which converges in some larger space.
For example, we know that the metric space (0, 1] regarded as a subspace of R is not sequentially
compact because the sequence (%) has no subsequence which converges to something in (0, 1]. That
(%) happens to converge to 0 in R is completely irrelevant.

A major goal of this chapter is to demonstrate that in metric spaces compactness and sequential
compactness are the same thing. This is done in theorem 16.2.1. Be aware however that in general
topological spaces this is not true. An essential ingredient of the proof is the following chain of
implications

sequentially compact = totally bounded = separable.
So the next order of business is to define the last two concepts and prove that the preceding
implications do hold.

16.1.4. DEFINITION. A metric space M is TOTALLY BOUNDED if for every € > 0 there exists a
finite subset F' of M such that for every a € M there is a point z € F' such that d(z,a) < e. This
definition has a more or less standard paraphrase: A space is totally bounded if it can be kept
under surveillance by a finite number of arbitrarily near-sighted policemen.

16.1.5. PROPOSITION. Every totally bounded metric space is bounded.
PROOF. Problem.

16.1.6. EXAMPLE. The converse of the preceding proposition is false. Any infinite set with the
discrete metric is an example of a bounded metric space which is not totally bounded. (Why?)
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16.1.7. PROPOSITION. Fvery sequentially compact metric space is totally bounded.

PROOF. Exercise. Hint. Assume that a metric space M is not totally bounded. Inductively
construct a sequence in M no two terms of which are closer together than some fixed distance
€ > 0. (Solution ().16.1.)

16.1.8. DEFINITION. A metric space is SEPARABLE if it possesses a countable dense subset.

16.1.9. ExAMPLE. The space R" is separable. The set of points (qi,...,¢,) such that each
coordinate ¢, is rational is a countable dense subset of R".

16.1.10. ExaMPLE. It follows easily from proposition 11.1.22 that the real line (or indeed any
uncountable set) with the discrete metric is not separable. (Consider the open balls of radius 1
about each point.)

16.1.11. PROPOSITION. Fwvery totally bounded metric space is separable.

PrOOF. Problem. Hint. Let M be a totally bounded metric space. For each n in N choose a
finite set F,, such that for each a € M the set F,, N Bi(a) is nonempty.

16.1.12. PROBLEM. The metric space R; comprising the real numbers under the discrete metric
is not separable.

16.1.13. COROLLARY. FEwery sequentially compact metric space is separable.

ProOF. Propositions 16.1.7 and 16.1.11. ]

16.2. CONDITIONS EQUIVALENT TO COMPACTNESS

We are now ready for a major result of this chapter—a sequential characterization of compact-
ness. We show that a space M is compact if and only if every sequence in M has a convergent
subsequence. In other words, a space is compact if and only if it is sequentially compact. We will
see later in the section how useful this result is when we use it to prove that a finite product of
compact spaces is compact.

The following theorem also provides a second characterization of compactness: a space M is
compact if and only if every infinite subset of M has a point of accumulation in M. The proof
of the theorem is fairly straightforward except for one complicated bit. It is not easy to prove
that every sequentially compact space is compact. This part of the proof comes equipped with an
lengthy hint.

16.2.1. THEOREM. If M is a metric space then the following are equivalent:
(1) M is compact;
(2) every infinite subset of M has an accumulation point in M ;
(3) M is sequentially compact.

PRrOOF. Exercise. Hint. Showing that (3) implies (1) is not so easy. To show that a sequentially
compact metric space M is compact start with an arbitrary open cover i for M and show first that

(A) 4 has a countable subfamily % which covers M.

Then show that
(B) there is a finite subfamily of 20 which covers M.

The hard part is (A). According to corollary 16.1.13 we may choose a countable dense subset A of
M. Let 8 be the family of all open balls B,(a) such that

(i) a€ A4
(ii) 7€ Q and;
(iii) By(a) CU for some U € L.
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For each B in B choose a set Up in U such that B C Upg and let
0 = {UB: B e %}

Then verify that U is a countable subfamily of 4l which covers M.

To show that U covers M, start with an arbitrary point x € M and a set U € 4 containing
x. All that is needed is to find an open ball Bs(a) in B such that € Bs(a) C U. In order to do
this the point a € A must be taken sufficiently close to x so that it is possible to choose a rational
number s which is both

(i) small enough for Bs(a) to be a subset of U, and
(ii) large enough for Bs(a) to contain z.

To establish (B) let (V1, V2, V3,...) be an enumeration of ¥ and W,, = U}_,V}, for each n € N. If
no one set W, covers M, then for every k € N there is a point z; € W;°. (Solution ().16.2.)

16.2.2. PROBLEM. Use theorem 16.2.1 to give three different proofs that the metric space [0, 1)
(with the usual metric inherited from R) is not compact.

CAUTION. It is a common (and usually helpful) mnemonic device to reduce statements of
complicated theorems in analysis to brief paraphrases. In doing this considerable care should be
exercised so that crucial information is not lost. Here is an example of the kind of thing that can
go wrong.

Consider the two statements:

(1) In the metric space R every infinite subset of the open unit interval has a point of accu-
mulation; and
(2) A metric space is compact if every infinite subset has a point of accumulation.

Assertion (1) is a special case of proposition 4.4.9; and (2) is just part of theorem 16.2.1. The
unwary tourist might be tempted to conclude from (1) and (2) that the open unit interval (0,1) is
compact, which, of course, it is not. The problem here is that (1) is a correct assertion about (0, 1)
regarded as a subset of the space R; every infinite subset of (0, 1) does have a point of accumulation
lying in R.

If, however, the metric space under consideration is (0, 1) itself, then (1) is no longer true. For
example, the set of all numbers of the form 1/n for n > 2 has no accumulation point in (0, 1).
When we use (2) to establish the compactness of a metric space M, what we must verify is that
every infinite subset of M has a point of accumulation which lies in M. Showing that these points
of accumulation exist in some space which contains M just does not do the job. The complete
statements of 4.4.9 and 16.2.1 make this distinction clear; the paraphrases (1) and (2) above do
not.

16.3. PRODUCTS OF COMPACT SPACES

It is possible using just the definition of compactness to prove that the product of two compact
metric spaces is compact. It is a pleasant reward for the effort put into proving theorem 16.2.1 that
it can be used to give a genuinely simple proof of this important result.

16.3.1. THEOREM. If My and My are compact metric spaces, then so is My x Ma.
PRrROOF. Problem.

16.3.2. COROLLARY. If My,..., M, are compact metric spaces, then the product space My X
- X M, is compact.

PRroor. Induction. O

16.3.3. PROBLEM. Let A and B be subsets of a metric space. Recall from definition 12.2.10
that the distance between A and B is defined by

d(A, B) :=inf{d(a,b): a € A and b € B}.
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Prove or disprove:
(a) If AN B =), then d(A, B) > 0.
(b) If A and B are closed and AN B = ), then d(A, B) > 0.
(c) If Ais closed, B is compact, and AN B = (), then d(A, B) > 0. Hint. If d(A, B) = 0 then
there exist sequences a in A and b in B such that d(ay,b,) — 0.
(d) If A and B are compact and AN B = (), then d(A, B) > 0.

16.3.4. PROBLEM. Let a, b > 0. The elliptic disk
22 2
D = {(aj,y): ﬁ—i—bj < 1}

is a compact subset of R?. Hint. Write the disk as a continuous image of the unit square [0, 1] x [0, 1].

16.3.5. PROBLEM. The unit sphere
2= {(0,y,2): 2+ y? + 22 = 1)
is a compact subset of R3. Hint. Spherical coordinates.

16.3.6. PROBLEM. Show that the interval [0, c0) is not a compact subset of R using each of the

following:
(a) The definition of compactness.

(b) Proposition 15.1.2.
(c) Proposition 15.1.5.
(d) The extreme value theorem (15.2.3).
(e) Theorem 16.2.1, condition (2).
(f) Theorem 16.2.1, condition (3).
(g) The finite intersection property. (See problem 15.3.2.)
(h) Dini’s theorem. (See problem 15.3.3.)

16.4. THE HEINE-BOREL THEOREM

We have seen in proposition 15.1.5 that in an arbitrary metric space compact sets are always
closed and bounded. Recall also that the converse of this is not true in general (see problem 6.3.9).
In R™, however, the converse does indeed hold. This assertion is the Heine-Borel theorem. Notice
that in example 6.3.6 we have already established its correctness for the case n = 1. The proof of
the general case is now just as easy—we have done all the hard work in proving that the product
of finitely many compact spaces is compact (corollary 16.3.2).

16.4.1. THEOREM (Heine-Borel Theorem). A subset of R™ is compact if and only if it is closed
and bounded.

PRrROOF. Exercise. (Solution ).16.3.)

16.4.2. EXAMPLE. The triangular region T" whose vertices are (0,0), (1,0), and (0,1) is a
compact subset of R2.

PROOF. Define functions f,g,h : R> — R by f(z,y) = z, g(z,y) = y, and h(z,y) = = + y.
Each of these functions is continuous. Thus the sets

A:= f7)0,00) = {(z,y) : = > 0},
B :=g¢"[0,00) ={(z,y) :y >0}, and
C:=h"(—o0,1] ={(z,y) :z+y <1}

are all closed sets. Thus T'= AN B NC is closed. It is bounded since it is contained in the open
ball about the origin with radius 2. Thus by the Heine-Borel theorem (16.4.1), T is compact. [

16.4.3. PROBLEM. Do problem 16.3.4 again, this time using the Heine-Borel theorem.
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16.4.4. PROBLEM (Bolzano-Weierstrass Theorem). Every bounded infinite subset of R™ has at
least one point of accumulation in R"™ (compare proposition 4.4.9).

16.4.5. PROBLEM (Cantor Intersection Theorem). If (A,) is a nested sequence of nonempty
closed bounded subsets of R", then N2>, A, is nonempty. Furthermore, if diam A,, — 0, then
N1 Ay is a single point.

16.4.6. PROBLEM. Use the Cantor intersection theorem (problem 16.4.5) to show that the
medians of a triangle are concurrent.

16.4.7. PROBLEM. Let m be the set of all bounded sequences of real numbers under the uniform
metric:
dy(a,b) = sup{|a, — by|: n € N}
whenever a, b € m.
(a) Show by example that the Heine-Borel theorem (16.4.1) does not hold for subsets of m.
(b) Show by example that the Bolzano-Weierstrass theorem does not hold for subsets of m.
(See problem 16.4.4.)
(c) Show by example that the Cantor intersection theorem does not hold for subsets of m.
(See problem 16.4.5.)

16.4.8. PROBLEM. Find a metric space M with the property that every infinite subset of M is
closed and bounded but not compact.

16.4.9. PROBLEM. Prove or disprove: If both the interior and the boundary of a set A C R are
compact, then so is A.






CHAPTER 17

CONNECTEDNESS

In chapter 5 we discussed connected subsets of the real line. Although they are easily character-
ized (they are just the intervals), they possess important properties, most notably the intermediate
value property. Connected subsets of arbitrary metric spaces can be somewhat more complicated,
but they are no less important.

17.1. CONNECTED SPACES

17.1.1. DEFINITION. A metric space M is DISCONNECTED if there exist disjoint nonempty open
sets U and V whose union is M. In this case we say that the sets U and V DISCONNECT M. A
metric space is CONNECTED if it is not disconnected. A subset of a metric space M is CONNECTED
(respectively, DISCONNECTED) if it is connected (respectively, disconnected) as a subspace of M.
Thus a subset N of M is disconnected if there exist nonempty disjoint sets U and V open in the
relative topology on N whose union is V.

17.1.2. EXAMPLE. Every discrete metric space with more than one point is disconnected.

17.1.3. EXAMPLE. The set Q? of points in R? both of whose coordinates are rational is a
disconnected subset of R?.

PROOF. The subspace Q? is disconnected by the sets {(z,y) € Q?: 2 < n} and {(z,y) €
Q?: x > n}. (Why are these sets open in the relative topology on Q??) O

17.1.4. EXAMPLE. The following subset of R? is not connected.
{(z,a™h): 2> 0 U{(0,y): y € R}
PROOF. Problem.

17.1.5. PROPOSITION. A metric space M is disconnected if and only if there exists a continuous
surjection from M onto a two element discrete space, say {0,1}. A metric space M is connected if
and only if every continuous function f from M into a two element discrete space is constant.

PrOOF. Problem.
Proposition 5.1.2 remains true for arbitrary metric spaces; and the same proof works.

17.1.6. PROPOSITION. A metric space M is connected if and only if the only subsets of M which
are both open and closed are the null set and M itself.

PrOOF. Exercise. (Solution Q.17.1.)

Just as in chapter 5, dealing with the relative topology on a subset of a metric space can
sometimes be a nuisance. The remedy used there is available here: work with mutually separated
sets.

17.1.7. DEFINITION. Two nonempty subsets C' and D of a metric space M are said to be
MUTUALLY SEPARATED if L
CNnD=CnND=0.

17.1.8. PROPOSITION. A subset N of a metric space M is disconnected if and only if it is the
union of two nonempty sets mutually separated in M.
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ProOOF. Exercise. Hint. Make a few changes in the proof of proposition 5.1.7. (Solution ().17.2.)

17.1.9. PROPOSITION. If A is a connected subset of a metric space, then any set B satisfying
A C B C A is also connected.

PRroOOF. Problem. Hint. Use proposition 17.1.8

If a metric space is disconnected, it is often a rather simple job to demonstrate this fact. All
one has to do is track down two subsets which disconnect the space. If the space is connected,
however, one is confronted with the unenviable task of showing that every pair of subsets fails for
some reason to disconnect the space. How, for example, does one go about showing that the unit
square [0, 1] x [0,1] is connected? Or the unit circle? Or the curve y = sinz? In 17.1.10, 17.1.13,
and 17.2.2 we give sufficient conditions for a metric space to be connected. The first of these is
that the space be the continuous image of a connected space .

17.1.10. THEOREM. A metric space N is connected if there exist a connected metric space M
and a continuous surjection from M onto N.

ProoF. Change “R” to “M” in the proof of theorem 5.2.1. O
17.1.11. ExaAMPLE. The graph of the curve y = sinx is a connected subset of R?.
PRrOOF. Exercise. (Solution ().17.3.)

17.1.12. EXAMPLE. The unit circle {(x,y) € R?: 22 + y? = 1} is a connected subset of the
plane.

PROOF. Problem.

17.1.13. PROPOSITION. A metric space is connected if it is the union of a family of connected
subsets with nonempty intersection.

PRrROOF. Exercise. (Argue by contradiction. Use definition 17.1.1.) (Solution ().17.4.)
17.1.14. PROBLEM. Use proposition 17.1.5 to give a second proof of proposition 17.1.13.
17.1.15. EXAMPLE. The closed unit square [0,1] x [0, 1] in R? is connected.

ProOF. Exercise. (Solution ).17.5.)

17.2. ARCWISE CONNECTED SPACES
A concept closely related to (but stronger than) connectedness is arcwise connectedness.

17.2.1. DEFINITION. A metric space iS ARCWISE CONNECTED (or PATH CONNECTED) if for
every x, y € M there exists a continuous map f: [0,1] — M such that f(0) = z and f(1) =
y. Such a function f is an ARC (or PATH , or CURVE) connecting = to y. It is very easy to
prove that arcwise connected spaces are connected (proposition 17.2.2). The converse is false
(example 17.2.7). If, however, we restrict our attention to open subsets of R™, then the converse
does hold (proposition 17.2.8).

17.2.2. PROPOSITION. If a metric space is arcwise connected, then it is connected.
PRrROOF. Problem.
17.2.3. EXAMPLE. The following subset of R? is not connected.
{(z,y): (@ =1+ (y—1)* <4} U{(z,y): = < 0}
U{(z,y): (x —10)* + (y — 1)* < 49}

PRrRoOOF. Problem.
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17.2.4. EXAMPLE. The following subset of R? is connected.
{(z,y): (2 =1+ (y - 1)? <4} U{(z,9): y < 0}

U{(z,y): (x —10)* 4 (y — 1)* < 49}
Proor. Problem.
17.2.5. EXAMPLE. The following subset of R? is connected.

{(z,23+2z): 2 e RY U {(z,2% + 56): = € R}

Proor. Problem.
17.2.6. EXAMPLE. Every open ball in R™ is connected. So is every closed ball.
ProOF. Problem.

17.2.7. EXAMPLE. Let B = {(z,sinz™1): 0 < 2 < 1}. Then B is a connected subset of R? but
is not arcwise connected.

PRrROOF. Exercise. Hint. Let M = B. To show that M is not arcwise connected argue by
contradiction. Assume there exists a continuous function f: [0,1] — M such that f(1) € B and
f(0) ¢ B. Prove that f? = m o f is discontinuous at the point to = sup f~(M \ B). To this
end show that to € f~ (M \ B). Then, given 6 > 0, choose ¢; in [0,1] so that o < t1 < to + 9.
Without loss of generality one may suppose that f2(tg) < 0. Show that (1) [to,#1] is an interval
containing 0 and f!(¢;) (where f' = 71 o f). Find a point ¢ in [to,#1] such that 0 < f1(¢) < f1(t1)
and f2(t) = 1. (Solution Q.17.6.)

17.2.8. PROPOSITION. Fwvery connected open subset of R" is arcwise connected.

PROOF. Exercise. Hint. Let A be a connected open subset of R"™ and a € A. Let U be the set
of all points in A which can be joined to a by an arc in A. Show that A\ U is empty by showing
that U and A\ U disconnect A. (Solution ().17.7.)

17.2.9. PROBLEM. Does there exist a continuous bijection from a closed disk in R? to its cir-
cumference? Does there exist a continuous bijection from the interval [0, 1] to the circumference of
a disk in R??

17.2.10. PROBLEM. Let x be a point in a metric space M. Define the COMPONENT of M
containing x to be the largest connected subset of M which contains x. Discover as much about
components of metric spaces as you can. First, of course, you must make sure that the definition just
given makes sense. (How do we know that there really is a “largest” connected set containing x?)

Here are some more things to think about.

(1) The components of a metric space are a disjoint family whose union is the whole space.

(2) It is fairly clear that the components of a discrete metric space are the points of the space.
If the components are points must the space be discrete?

(3) Components of a metric space are closed sets; must they be open?

(4) Distinct components of a metric space are mutually separated.

(5) If a metric space M is the union of two mutually separated sets C and D and if points =
and y belong to the same component of M, then both points are in C or both are in D.
What about the converse? Suppose x and y are points in M such that whenever M is
written as the union of two mutually separated sets C' and D, both points lie in C' or both
lie in D. Must z and y lie in the same component?

17.2.11. PROBLEM. A function f in C(M,R), where M is a metric space, is IDEMPOTENT if
(f(x))? = f(z) for all z € M. The constant functions 0 and 1 are the TRIVIAL idempotents of
C(M,R). Show that C(M,R) possesses a nontrivial idempotent if and only if the underlying metric
space is disconnected. (This is one of a large number of results which link algebraic properties of
C(M,R) to topological properties of the underlying space M.)






CHAPTER 18

COMPLETE SPACES

18.1. CAUCHY SEQUENCES

18.1.1. DEFINITION. A sequence (x,) in a metric space is a CAUCHY SEQUENCE if for every
e > 0 there exists ng € N such that d(z,,z,) < € whenever m, n > ng. This condition is often
abbreviated as follows: d(zp,, ) — 0 as m, n — oo (or limy, o0 d(Zy,, x,) = 0).

18.1.2. EXAMPLE. In the metric space R the sequence (1/n) is Cauchy.

PRrROOF. Given € > 0 choose ng > 2/e. If m, n > ng, then d(1/m,1/n) = |(1/m) — (1/n)| <
(1/m) + (1/n) <2/ng < e. Notice that in R this sequence is also convergent. O

18.1.3. EXAMPLE. In the metric space R\ {0} the sequence (1/n) is Cauchy. (The proof is
exactly the same as in the preceding example.) Notice, however, that this sequence does not
converge in R\ {0}.

18.1.4. PROPOSITION. In a metric space every convergent sequence is Cauchy.
PRrOOF. Exercise. (Solution ().18.1.)

18.1.5. PROPOSITION. FEwvery Cauchy sequence which has a convergent subsequence is itself con-
vergent (and to the same limit as the subsequence).

PRrROOF. Exercise. (Solution ).18.2.)
18.1.6. PROPOSITION. FEvery Cauchy sequence is bounded.
PRrOOF. Exercise. (Solution ().18.3.)

Although every convergent sequence is Cauchy (proposition 18.1.4), the converse need not be
true (example 18.1.3). Those spaces for which the converse is true are said to be complete.

18.2. COMPLETENESS

18.2.1. DEFINITION. A metric space M is COMPLETE if every Cauchy sequence in M converges
to a point of M.

18.2.2. EXAMPLE. The metric space R is complete.

PROOF. Let (z,) be a Cauchy sequence in R. By proposition 18.1.6 the sequence (x,) is
bounded; by corollary 4.4.4 it has a convergent subsequence; and so by proposition 18.1.5 it con-
verges. ]

18.2.3. EXAMPLE. If (z,,) and (y,) are Cauchy sequences in a metric space, then (d(zy, yn))zozl
is a Cauchy sequence in R.

PRrROOF. Problem. Hint. Proposition 9.2.17.

18.2.4. EXAMPLE. The set Q of rational numbers (regarded as a subspace of R) is not complete.
PrROOF. Problem.

18.2.5. PROPOSITION. FEvery compact metric space is complete.
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PRrROOF. Problem. Hint. Theorem 16.2.1 and proposition 18.1.5.

18.2.6. PROBLEM. Let M be a metric space with the discrete metric.

(a) Which sequences in M are Cauchy?
(b) Show that M is complete.

18.2.7. PROBLEM. Show that completeness is not a topological property.

18.2.8. PROPOSITION. Let M be a complete metric space and My be a subspace of M. Then
My is complete if and only if it is a closed subset of M.

PrROOF. Problem.
18.2.9. PROPOSITION. The product of two complete metric spaces is complete.
PRrROOF. Exercise. (Solution ().18.4.)

18.2.10. PROPOSITION. If d and p are strongly equivalent metrics on a set M, then the space
(M, d) is complete if and only if (M, p) is.

PRrOOF. Exercise. (Solution ().18.5.)
18.2.11. ExaMPLE. With its usual metric the space R™ is complete.

PROOF. Since R is complete (18.2.2), proposition 18.2.9 and induction show that R™ is complete
under the metric d; (defined in 9.2.10). Since the usual metric is strongly equivalent to d;, we may
conclude from proposition 18.2.10 that R™ is complete under its usual metric. O

Here is one more example of a complete metric space.

18.2.12. EXAMPLE. If S is a set, then the metric space B(S,R) is complete.

PRrROOF. Exercise. (Solution ).18.6.) O
18.2.13. EXAMPLE. If M is a compact metric space, then C(M,R) is a complete metric space.
PrROOF. Problem.

18.2.14. PROBLEM. Give examples of metric spaces M and N, a homeomorphism f: M — N,
and a Cauchy sequence (x,) in M such that the sequence ( f (:cn)) is not Cauchy in N.

18.2.15. PROBLEM. Show that if D is a dense subset of a metric space M and every Cauchy
sequence in D converges to a point of M, then M is complete.

18.3. COMPLETENESS VS. COMPACTNESS

In proposition 18.2.5 we saw that every compact metric space is complete. The converse of
this is not true without additional assumptions. (Think of the reals.) In the remainder of this
chapter we show that adding total boundedness to completeness will suffice. For the next problem
we require the notion of the “diameter” of a set in a metric space.

18.3.1. DEFINITION. The DIAMETER of a subset A of a metric space is defined by
diam A := sup{d(z,y): z,y € A}
if this supremum exists. Otherwise diam A := oo.
18.3.2. PROBLEM. Show that diam A = diam A for every subset A of a metric space.

18.3.3. PROPOSITION. In a metric space M the following are equivalent:

(1) M is complete.
(2) Every nested sequence of nonempty closed sets in M whose diameters approach 0 has
nonempty intersection.
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PROOF. Problem. Hint. For the definition of “nested” see 4.4.5. To show that (1) implies (2),
let (F)) be a nested sequence of nonempty closed subsets of M. For each k choose zj € Fj,. Show
that the sequence () is Cauchy. To show that (2) implies (1), let (z3) be a Cauchy sequence
in M. Define A, = {x): k > n} and F,, = A,,. Show that (F},) is a nested sequence of closed
sets whose diameters approach 0 (see the preceding problem). Choose a point a in NF,. Find a
subsequence (z,, ) of (x,) such that d (a,z,,) < 27

18.3.4. PROBLEM. Since R is complete, the preceding problem tells us that every nested sequence
of nonempty closed subsets of R whose diameters approach 0 has nonempty intersection.

(a) Show that this statement is no longer correct if the words “whose diameters approach 0”
are deleted.
(b) Show that the statement is no longer correct if the word “closed” is deleted.

18.3.5. PROPOSITION. In a totally bounded metric space every sequence has a Cauchy subse-
quence.

PROOF. Problem. Hint. Let (x,) be a sequence in a totally bounded metric space M. For
every n € N the space M can be covered by a finite collection of open balls of radius 1/n. Thus,
in particular, there is an open ball of radius 1 which contains infinitely many of the terms of the
sequence (zy). Show that it is possible inductively to choose subsets Ny, Na,... of N such that for
every m,n € N

(i) n > m implies N,, C Ny,
(ii) N, is infinite, and

(iii) {xg : k € Np} is contained in some open ball of radius 1/n.

Then show that we may choose (again, inductively) ni,ng,... in N such that for every j, k € N

(iv) k> j implies ny > n;, and

(V) ng € Np.
Finally, show that the sequence (x,) is Cauchy.

18.3.6. PROPOSITION. A metric space is compact if and only if it is complete and totally bounded.
PrOOF. Problem.

18.3.7. PROBLEM. Let (z,) be a sequence of real numbers with the property that each term of
the sequence (from the third term on) is the average of the two preceding terms. Show that the
sequence converges and find its limit. Hint. Proceed as follows.

(a) Compute the distance between x,41 and x,, in terms of the distance between z,, and x,_;.

(b) Show (inductively) that

|Tps1 — xn| = 21_”\332 —x1].
(c) Prove that (z,) has a limit by showing that for m < n
Ty — Tn| < 2272y — 1]
(d) Show (again inductively) that 2z,41 + x, = 222 + 1.
18.3.8. PROBLEM. Show that if (z,) is a sequence lying in the interval [—1, 1] which satisfies
|Zps1 — Tn| < Y2 — 224 forn>2,

then (z,,) converges.






CHAPTER 19

APPLICATIONS OF A FIXED POINT THEOREM

We now have enough information about metric spaces to consider some interesting applications.
We will first prove a result known as the contractive mapping theorem and then use it to find
solutions to systems of simultaneous linear equations and to certain integral equations. Since
this chapter contains mostly examples, we will make liberal use of computations from beginning
calculus. Although it would perhaps be more logical to defer these matters until we have developed
the necessary facts concerning integrals, derivatives, and power series, there is nevertheless much
to be said for presenting some nontrivial applications relatively early.

19.1. THE CONTRACTIVE MAPPING THEOREM

19.1.1. DEFINITION. A mapping f: M — N between metric spaces is CONTRACTIVE if there
exists a constant ¢ such that 0 < ¢ < 1 and

d(f(x), f(y)) < cd(z,y)

for all z, y € M. Such a number ¢ is a CONTRACTION CONSTANT for f. A contractive map is also
called a CONTRACTION.

19.1.2. EXERCISE. Show that every contractive map is continuous. (Solution ().19.1.)
19.1.3. EXAMPLE. The map f: R? — R3 defined by
flz,y) = (1 — %a:,l + %y,2+ %:1; — %y)
is a contraction.
PRrROOF. Exercise. (Solution ).19.2.)
19.1.4. ExAMPLE. The map
FiR SR (a,y) o (3(149), 53 - )
is a contraction on R?, where R? has its usual (Euclidean) metric.
PRrROOF. Problem.

The next theorem is the basis for a number of interesting applications. Also it will turn out
to be a crucial ingredient of the extremely important inverse function theorem (in chapter 29).
Although the statement of theorem 19.1.5 is important in applications, its proof is even more so.
The theorem guarantees the existence (and uniqueness) of solutions to certain kinds of equations; its
proof allows us to approximate these solutions as closely as our computational machinery permits.
Recall from chapter 5 that a FIXED POINT of a mapping f from a set S into itself is a point p € S
such that f(p) = p.

19.1.5. THEOREM (Contractive Mapping Theorem). Every contraction from a complete metric
space into itself has a unique fized point.

PROOF. Exercise. Hint. Let M be a complete metric space and f: M — M be contractive.
Start with an arbitrary point xzo in M. Obtain a sequence (x,)52, of points in M by letting
x1 = f(xg), x2 = f(x1), and so on. Show that this sequence is Cauchy. (Solution Q).19.3.) O
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19.1.6. ExaMPLE. We use the contractive mapping theorem to solve the following system of
equations

9r — 2y =7
{3x+8y:11. (19-1)
Define
S:R? — R?: (z,9) — (92 — 2y, 3z + 8y).
The system (19.1) may be written as a single equation
S(z,y) = (7,11),
or equivalently as
(z,y) = S(z,y) +(7,11) = (z,y). (19.2)

[Definition. Addition and subtraction on R? are defined coordinatewise. That is, if (z,y) and (u,v)
are points in R?, then (z,y) + (u,v) := (z +u,y +v) and (z,y) — (u,v) := (z — u,y — v). Similar
definitions hold for R™ with n > 2.] Let T'(z,y) be the left hand side of (19.2); that is, define

T:R?* - R?: (x,y) — (z,y) — S(z,y) + (7,11).
With this notation (19.2) becomes

T(x,y) = (2,y).

Thus, and this is the crucial point, to solve (19.1) we need only find a fixed point of the mapping 7.
If T is contractive, then the preceding theorem guarantees that 7' has a unique fixed point and
therefore that the system of equations (19.1) has a unique solution.

Unfortunately, as things stand, T is not contractive with respect to the product metric on R2. (It
is for convenience that we use the product metric d; on R? rather than the usual Euclidean metric.
Square roots are a nuisance.) To see that 7" is not contractive notice that d;((1,0),(0,0)) = 1
whereas di (T(1,0),7(0,0)) = di((—1,8),(7,11)) = 11. All is not lost however. One simple-
minded remedy is to divide everything in (19.1) by a large constant c¢. A little experimentation
shows that ¢ = 10 works. Instead of working with the system (19.1) of equations, consider the
system

0.9z — 0.2y = 0.7
{ (19.3)

0.3z + 0.8y = 1.1
which obviously has the same solutions as (19.1). Redefine S and 7" in the obvious fashion. Let
S:R? — R%: (z,9) — (0.92 — 0.2y,0.3z + 0.8y)
and
T:R?* = R?: (x,y) — (z,y) — S(z,y) + (0.7,1.1)..
Thus redefined, T is contractive with respect to the product metric. Proof: Since
T(z,y) = (0.1 4+ 0.2y + 0.7, 0.3z + 0.2y + 1.1) (19.4)
for all (z,y) € R?, we see that
di (T(x,y), T(u,v)) = 1071 (|(2 + 2y) — (u + 20)| + [ (=32 + 2y) — (=3u + 2v)|)
<107 (Jz — u| +2ly — v| + 3|z — u| + 2|y — v|)
=04 (Jx —u[+ [y —vl)
=0.4d:((z,y), (u,v)) (19.5)
for all points (z,y) and (u,v) in R2.
Now since T is contractive and R? is complete (with respect to the product metric—see 18.2.9),
the contractive mapping theorem (19.1.5) tells us that 7" has a unique fixed point. But a fixed point
of T' is a solution for the system (19.3) and consequently for (19.1).

The construction used in the proof of 19.1.5 allows us to approximate the fixed point of T" to
any desired degree of accuracy. As in that proof choose x(y to be any point whatever in R?. Then
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the points zg, x1,x2,... (where z, = T(a:n,l) for each n) converge to the fixed point of 7. This is
a technique of SUCCESSIVE APPROXIMATION.

For the present example let g = (0,0). (The origin is chosen just for convenience.) Now use
(19.4) and compute.

o = (0,0)

z1 = T(0,0) = (0.7,1.1)

29 = T(z1) = (1.021,1.025)
z3 = T(x2) = (1.0071,0.9987)

It is reasonable to conjecture that the system (19.1) has a solution consisting of rational numbers
and then to guess that the points zg, z1, 22, ... as computed above are converging to the point (1,1)
in R2. Putting x = 1 and y = 1 in (19.4), we see that the point (1,1) is indeed the fixed point of
T and therefore the solution to (19.1).

In the preceding example we discovered an exact solution to a system of equations. In general,
of course, we cannot hope that a successive approximation technique will yield exact answers.
In those cases in which it does not, it is most important to have some idea how accurate our
approximations are. After n iterations, how close to the true solution are we? How many iterations
must be computed in order to achieve a desired degree of accuracy? The answer to these questions
in an easy consequence of the proof of theorem 19.1.5.

19.1.7. COROLLARY. Let the space M, the mapping f, the sequence (x,,), the constant ¢, and
the point p be as in theorem 19.1.5 and its proof. Then for every m >0

m

C
d(l‘m,p) S d(l‘[:h xl)i

(1-c)
PROOF. Inequality (Q.11) in the proof of 19.1.5 says that for m < n
(@, ) < d(zg, x1)™(1 — )7L,
Take limits as n — oo. O

19.1.8. DEFINITION. Notation as in the preceding corollary. If we think of the point x,, as being
the n'™® approximation to p, then the distance d(x,,p) between z,, and p is the ERROR associated
with the n'" approximation.

Notice that because the product metric d; was chosen for R? in example 19.1.6, the word
“error” there means the sum of the errors in z and y. Had we wished for “error” to mean the
mazximum of the errors in = and y, we would have used the uniform metric d,, on R?. Similarly,
if root-mean-square “error” were desired (that is, the square root of the sum of the squares of the
errors in z and 7), then we would have used the usual Euclidean metric on R2.

19.1.9. EXERCISE. Let (z,,) be the sequence of points in R? considered in example 19.1.6. We
showed that (z,) converges to the point p = (1,1).

(a) Use corollary 19.1.7 to find an upper bound for the error associated with the approxima-
tion x4.

(b) What is the actual error associated with x4?

(¢) According to 19.1.7 how many terms of the sequence (x,) should we compute to be sure
of obtaining an approximation which is correct to within 10747

(Solution Q.19.4.)

19.1.10. PROBLEM. Show by example that the conclusion of the contractive mapping theorem
fails if:
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(a) the contraction constant is allowed to have the value 1; or
(b) the space is not complete.
19.1.11. PROBLEM. Show that the map
1
z+1

g: [0,00) — [0,00): z —

is not a contraction even though

d(g(x),9(y)) < d(=,y)
for all z, y > 0 with x # y.

19.1.12. PROBLEM. Let f(x) = (z/2) 4+ (1/z) for = > 1.
(a) Show that f maps the interval [1, c0) into itself.
(b) Show that f is contractive.

(c) Let zp =1 and for n > 0 let

T 1
n

Show that the sequence (z,,) converges.
(d) Find limy,—e0 .
(e) Show that the distance between z,, and the limit found in (d) is no greater than 27".

19.1.13. PROBLEM. Solve the system of equations
9r —y +22=37
z+10y —3z = —69
—2z +3y+11z =58

following the procedure of example 19.1.6. Hint. As in 19.1.6 divide by 10 to obtain a contractive
mapping. Before guessing at a rational solution, compute 10 or 11 successive approximations.
Since this involves a lot of arithmetic, it will be helpful to have some computational assistance—a
programmable calculator, for example.

19.1.14. PrROBLEM. Consider the following system of equations.

75x+16y—20z = 40
33x+80y+30z = —48
—272432y+80z = 36

(a) Solve the system following the method of example 19.1.6. Hint. Because the contraction
constant is close to 1, the approximations converge slowly. It may take 20 or 30 iterations
before it is clear what the exact (rational) solutions should be. So as in the preceding
example, it will be desirable to use computational assistance.

(b) Let (z,,) be the sequence of approximations in R? converging to the solution of the system
in (a). Use corollary 19.1.7 to find an upper bound for the error associated with the
approximation xas.

(c) To 4 decimal places, what is the actual error associated with zo57?

(d) According to 19.1.7, how many terms must be computed to be sure that the error in our
approximation is no greater than 10737

19.1.15. PROBLEM. Let f : R? — R? be the rotation of the plane about the point (0,1) through
an angle of 7 radians. Let g: R? — R? be the map which takes the point (z,y) to the midpoint of
the line segment connecting (x,y) and (1,0).

(a) Prove that g o f is a contraction on R? (with its usual metric).
(b) Find the unique fixed point of g o f.
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(c) Let (zo,y0) = (0,1) and define (as in the proof of 19.1.5)

(93n+1, Z/n+1) =(g0f) (l'm yn)

for all n > 0. For each n compute the exact Euclidean distance between (x,,y,) and the
fixed point of g o f.

19.2. APPLICATION TO INTEGRAL EQUATIONS

19.2.1. EXERCISE. Use theorem 19.1.5 to solve the integral equation
xT
flz) =12+ / t2f(t) dt . (19.6)
0

Hint. We wish to find a continuous function f which satisfies (19.6) for all x € R. Consider the
mapping 1" which takes each continuous function f into the function T'f whose value at z is given
by

Tf(z) = 12° + /I t2f(t)dt .
0

[It is important to keep in mind that 7" acts on functions, not on numbers. Thus T'f(x) is to be
interpreted as (T'(f))(x) and not T'(f(x)).] In order to make use of theorem 19.1.5, the mapping
T must be contractive. One way to achieve this is to restrict our attention to continuous functions
on the interval [0,1] and use the uniform metric on C([0,1],R). Once a continuous function f is
found such that (19.6) is satisfied for all = in [0, 1], it is a simple matter to check whether (19.6)
holds for all z in R. Consider then the map

T:C([0,1],R) — C([0,1],R): f — T'f
where .
Tf(z) = i2° +/ t2f(t)dt
0

for all z € [0,1]. The space C([0,1],R) is complete. (Why?) Show that T is contractive by
estimating |T'f(z) — T'g(x)|, where f and g are continuous functions on [0,1], and taking the
supremum over all z in [0,1]. What can be concluded from theorem 19.1.5 about (19.6)?

To actually find a solution to (19.6), use the proof of 19.1.5 (that is, successive approximations).
For simplicity start with the zero function in C(]0,1],R): let go(x) =0 for 0 < x < 1. For n > 0 let
gn+1(z) = Tgp(zx) for 0 < z < 1. Compute g1, g2, g3, and g4. You should be able to guess what g,
will be. (It is easy to verify the correctness of your guess by induction, but it is not necessary to do
this.) Next, let f be the function which is the uniform limit of the sequence (g,,). That is, f is the
function whose power series expansion has g, as its n'® partial sum. This power series expansion
should be one with which you are familiar from beginning calculus; what elementary function does
it represent?

Finally, show by direct computation that this elementary function does in fact satisfy (19.6)
for all z in R. (Solution Q).19.5.)

19.2.2. PROBLEM. Give a careful proof that there exists a unique continuous real valued function
f on [0, 1] which satisfies the integral equation

f(z) = ? +/ t2f(t)dt .
0
(You are not asked to find the solution.)

19.2.3. PROBLEM. Use theorem 19.1.5 to solve the integral equation

fa)=a+ [ f)ar

Hint. Follow the procedure of exercise 19.2.1. Keep in mind that the only reason for choosing the
particular interval [0, 1] in 19.2.1 was to make the map T contractive.
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19.2.4. PROBLEM. For every f in C([0,7/4],R) define
Tf(x) =a%-2 —/ f(t)dt

where 0 < x < w/4. Show that T" is a contraction. Find the fixed point of 7. What integral
equation have you solved?



CHAPTER 20

VECTOR SPACES

Most introductory calculus texts, for pedagogical reasons, do calculus twice, once for a single
variable and then for either two or three variables, leaving the general finite dimensional and infinite
dimensional cases for future courses. It is our goal eventually (in chapter 25) to develop differential
calculus in a manner that is valid for any number of variables (even infinitely many).

A certain amount of algebra always underlies analysis. Before one studies the calculus of a
single variable, a knowledge of arithmetic in R is required. For the calculus of a finite number of
variables it is necessary to know something about R™. In this chapter and the next we lay the
algebraic foundations for the differential calculus of an arbitrary number of variables; we study
vector spaces and the operation preserving maps between them, called linear transformations.

20.1. DEFINITIONS AND EXAMPLES

20.1.1. DEFINITION. A (REAL) VECTOR SPACE is a set V together with a binary operation
(z,y) — x 4+ y (called ADDITION) from V' x V into V and a mapping (a, x) — ax (called SCALAR
MULTIPLICATION) from R X V' into V satisfying the following conditions:

(1) Addition is associative. That is,
x4+ (y+z2)=(x+y)+=z forall z,y, z€ V.
(2) In V there is an element 0 (called the ZERO VECTOR) such that
r+0=zx forall z € V.

(3) For each x in V there is a corresponding element —z (the ADDITIVE INVERSE of z) such
that

r+ (—z)=0.
(4) Addition is commutative. That is,
r+y=y+z forall x, y e V.
(5) f a € Rand z, y € V, then
a(z +y) = (az) + (ay) .
(6) If , B € R and x € V, then
(a+ Pz = (ax) + (Bz).
(7) If a, € R and x € V, then
a(fr) = (af)z.
(8) If z € V, then
l-z==.

An element of V' is a VECTOR; an element of R is, in this context, often called a SCALAR.
Concerning the order of performing operations, we agree that scalar multiplication takes precedence
over addition. Thus, for example, condition (5) above may be unambiguously written as

alz+y)=ar+ay.
(Notice that the parentheses on the left may not be omitted.)
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If x and y are vectors, we define x —y to be z + (—y). If A and B are subsets of a vector space,

we define
A+B:={a+b:ac Abc B},
and if a € R,
aA:={aa:a € A}.

Condition (3) above is somewhat optimistic. No uniqueness is asserted in (2) for the zero vector
0, so one may well wonder whether (3) is supposed to hold for some zero vector 0 or for all such
vectors. Fortunately, the problem evaporates since we can easily show that the zero vector is in
fact unique.

20.1.2. EXERCISE. A vector space has exactly one zero vector. That is, if 0 and 0’ are members of
a vector space V which satisfy x40 = 2 and x40’ = x for all z € V, then 0 = 0'. (Solution ().20.1.)

In a vector space not only is the zero vector unique but so are additive inverses.

20.1.3. PROBLEM. For every vector x in a vector space V there exists only one vector —x such
that
z+ (—z)=0.

In 20.1.4 to 20.1.7 we state four useful, if elementary, facts concerning the arithmetic of vectors.

20.1.4. EXERCISE. If z is a vector (in some vector space) and x + x = x, then z = 0. Hint.
Add 0 to x; then write 0 as z 4+ (—z). (Solution ).20.2.)

20.1.5. EXERCISE. Let x be a vector (in a some vector space) and let a be a real number. Then

ax = 0 if and only if x = 0 or a« = 0. Hint. Show three things:

(a) 0 =0,

(b) 0x =0, and

(¢) If & # 0 and ax = 0, then z = 0.
(If it is not clear to you that proving (a), (b), and (c) is the same thing as proving 20.1.5, see the
remark following this hint.) To prove (a) write 0 + 0 = 0, multiply by «, and use 20.1.4. For (c)
use the fact that if o € R is not zero, it has a reciprocal. What happens if we multiply the vector
azx by the scalar 1/a? (Solution Q.20.3.)

REMARK. It should be clear that proving (a) and (b) of the preceding hint proves that:
if z=0or a =0, then ax = 0.
What may not be clear is that proving (c) is enough to establish:
if ax = 0, then either z =0 or o = 0. (20.1)
Some students feel that in addition to proving (c) it is also necessary to prove that:
if x # 0 and ax = 0, then a = 0.

To see that this is unnecessary recognize that there are just two possible cases: either a is equal
to zero, or it is not. In case « is equal to zero, then the conclusion of (20.1) is certainly true. The
other case, where « is not zero, is dealt with by (c).

20.1.6. EXERCISE. If z is a vector, then —(—x) = z. Hint. Show that (—x) + x = 0. What
does 20.1.3 say about ? (Solution ).20.4.)

20.1.7. PROBLEM. If z is a vector, then (—1)z = —xz. Hint. Show that z + (—1)z = 0.
Use 20.1.3.

20.1.8. PROBLEM. Using nothing about vector spaces other than the definitions, prove that if
x is a vector, then 3z — x = x 4+ . Write your proof using at most one vector space axiom (or
definition) at each step.
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We now give some examples of vector spaces.

20.1.9. ExaMPLE. Let V = R™. We make a standard notational convention. If x belongs to
R"”, then x is an n-tuple whose coordinates are x,x2,...,T,; that is,

x = (r1,T2,...,Tp).

It must be confessed that we do not always use this convention. For example, the temptation to
denote a member of R? by (z,, z), rather than by (1, x2,3), is often just too strong to resist.
For n-tuples z = (x1,x9,...,2,) and y = (y1,¥y2,...,yn) in V define

r4y:= (1 +y, T2+ Y2, Tn+ Yn).

Accordingly we say that addition in R™ is defined coordinatewise. Scalar multiplication is also
defined in a coordinatewise fashion. That is, if z = (1, x9,...,2,) € V and a € R, then we define

az = (a1, axy, ..., qx,) .
Under these operations R” becomes a vector space.
PROOF. Problem. Hint. Just verify conditions (1)—(8) of definition 20.1.1.

20.1.10. PROBLEM. Let s be the family of all sequences of real numbers. Explain how to define
addition and scalar multiplication on s in such a way that it becomes a vector space.

20.1.11. ExAMPLE. Here is one of the ways in which we construct new vector spaces from old
ones. Let V be an arbitrary vector space and S be a nonempty set. Let F(S, V) be the family of all
V valued functions defined on S. That is, F(S, V) is the set of all functions f such that f: S — V.
We make F(S,V) into a vector space by defining operations in a pointwise fashion. For functions
f, g€ F(S,V) define

(f+9)(z) = f(z)+9(z) for all x € S.

It should be clear that the two “+” signs in the preceding equation denote operations in different
spaces. The one on the left (which is being defined) represents addition in the space F(S,V); the
one on the right is addition in V. Because we specify the value of f 4 g at each point x by adding
the values of f and g at that point, we say that we add f and g POINTWISE.

We also define scalar multiplication to be a pointwise operation. That is, if f € F(S,V) and
a € R, then we define the function af by

(af)(x) = a(f(x)) for every x € S.

Notice that according to the definitions above, both f + g and of belong to F(S, V). Under these
pointwise operations F (5, V) is a vector space. (Notice that the family of real valued functions on
a set S is a special case of the preceding. Just let V = R.)

PROOF. Problem

Most of the vector spaces we encounter in the sequel are subspaces of F(S, V') for some appro-
priate set S and vector space V: so we now take up the topic of subspaces of vector spaces.

20.1.12. DEFINITION. A subset W of a vector space V is a SUBSPACE of V' if it is itself a vector
space under the operations it inherits from V. In subsequent chapters we will regularly encounter
objects which are simultaneously vector spaces and metric spaces. (One obvious example is R™).
We will often use the term VECTOR SUBSPACE (or LINEAR SUBSPACE) to distinguish a subspace of
a vector space from a metric subspace. (Example: the unit circle {(z,y): 22 + y*> = 1} is a metric
subspace of R? but not a vector subspace thereof.)

Given a subset W of a vector space V' we do not actually need to check all eight vector space
axioms to establish that it is a subspace of V. We need only know that W is nonempty and that
it is closed under addition and scalar multiplication.
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20.1.13. PROPOSITION. Let W be a subset of a vector space V. Then W is a subspace of V
provided that

(a) W#90,
(b) z+y € W whenever x € W and y € W, and
(¢c) ax € W whenever x € W and « € R.

PrOOF. Exercise. (Solution ).20.5.)

20.1.14. EXAMPLE. Let S be a nonempty set. Then the family B(S,R) of all bounded real
valued functions on S is a vector space because it is a subspace of F(S,R).

PROOF. That it is a subspace of F (S, R) is clear from the preceding proposition: every constant
function is bounded, so the set B(S,R) is nonempty; that it is closed under addition and scalar
multiplication was proved in proposition 13.1.2. U

20.1.15. EXAMPLE. The z-axis (that is, {(x,0,0): x € R}) is a subspace of R3. So is the zy-
plane (that is, {(x,y,0): z,y € R}). In both cases it is clear that the set in question is nonempty
and is closed under addition and scalar multiplication.

20.1.16. EXAMPLE. Let M be a metric space. Then the set C(M,R) of all continuous real valued
functions on M is a vector space.

PROOF. Problem.

20.1.17. PROBLEM. Let a < b and F be the vector space of all real valued functions on the
interval [a, b]. Consider the following subsets of F:

K ={f¢€F: fis constant}
D ={f e F: fis differentiable}
B={f¢€F: fisbounded}
Ps ={f € F: f is a polynomial of degree 3}
Qs ={f € F: f is a polynomial of degree less than or equal to 3}
P ={f € F: fis apolynomial}
C={fe€F: fis continuous}
Which of these are subspaces of which? Hint. There is a ringer in the list.
20.1.18. ExaMPLE. The family of all solutions of the differential equation
xy//+y/+xy:0
is a subspace of C(R, R).

PRrRooOF. Problem.

Let A be a subset of a vector space V. Question: What is meant by the phrase “the smallest
subspace of V' which contains A”7 Answer: The intersection of all the subspaces of V' which contain
A. Tt is important to realize that in order for this answer to make sense, it must be known that the
intersection of the family of subspaces containing A is itself a subspace of V. This is an obvious
consequence of the fact (proved below) that the intersection of any family of subspaces is itself a
subspace.

20.1.19. PROPOSITION. Let G be a nonempty family of subspaces of a vector space V. Then
NS is a subspace of V.

PRrOOF. Exercise. Hint. Use 20.1.13. (Solution ().20.6.)
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20.1.20. EXAMPLE. Let V and W be vector spaces. If addition and scalar multiplication are
defined on V' x W by
(v, w) + (z,y) == (v+z,w+y)
and
a(v,w) = (aw, aw)

for all v, z € V, all w, y € W, and all « € R, then V' x W becomes a vector space. (This is called
the PRODUCT or (EXTERNAL) DIRECT SUM of V and W. It is frequently denoted by V & W.)

PROOF. Problem.

20.2. LINEAR COMBINATIONS

20.2.1. DEFINITION. Let V be a vector space. A LINEAR COMBINATION of a finite set {z1,..., 2y}
of vectors in V' is a vector of the form Y )| agpxy where aq,...,an € R. fa =g =+ = a, =0,
then the linear combination is TRIVIAL; if at least one «y, is different from zero, the linear combi-
nation is NONTRIVIAL.

20.2.2. EXERCISE. Find a nontrivial linear combination of the following vectors in R3 which
equals zero: (1,0,0), (1,0,1), (1,1,1), and (1,1,0). (Solution ().20.7.)

20.2.3. PROBLEM. Find, if possible, a nontrivial linear combination of the following vectors in
R3 which equals zero: (4,1,3), (—1,1,-7), and (1,2, —8).
20.2.4. PROBLEM. Find, if possible, a nontrivial linear combination of the following vectors in

R? which equals zero: (1,2, —3), (1,—1,4), and (5,4, —1).

20.2.5. PROBLEM. Find a nontrivial linear combination of the polynomials p!, p?, p3, and p*
which equal zero, where

20.2.6. EXAMPLE. Define vectors e',...,e"” in R” by
el :=(1,0,0,...,0)
e?:=(0,1,0,...,0)

e" := (0,0,...,0,1).

In other words, for 1 < j <mand 1 <k <mn, the k™ coordinate of the vector e’ (denote it by (ej) k
orep)is 1if j =k and 0 if j # k. The vectors €', ..., e" are the STANDARD BASIS VECTORS in R™.
(Note that the superscripts here have nothing to do with powers.) In R? the three standard basis
vectors are often denoted by i, j, and k rather than e!, e?, and e?, respectively.

Every vector in R" is a linear combination of the standard basis vectors in that space. In fact,
if v = (x1,...,2,) € R", then

n
T = g $k€k.
k=1
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PRrROOF. The proof is quite easy:
x = (x1,T2,...,Tp)
= (21,0,...,0) + (0,z2,...,0) +--- 4+ (0,0,...,2,)

= ziel 4 z0e + - 4 e

n
= Zxkek. ]
k=1

20.2.7. DEFINITION. A subset A (finite or not) of a vector space is LINEARLY DEPENDENT if the
zero vector 0 can be written as a nontrivial linear combination of elements of A; that is, if there
exist vectors xi,...,X, € A and scalars a,...,a,, not all zero, such that y ; , apx; = 0. A
subset of a vector space is LINEARLY INDEPENDENT if it is not linearly dependent.

20.2.8. DEFINITION. A set A of vectors in a vector space V SPANS the space if every member
of V can be written as a linear combination of members of A.

20.2.9. PROBLEM. Let e!,e?,...e" be the standard basis vectors in R" (see example 20.2.6).

(a) Show that the set of standard basis vectors in R™ is a linearly independent set.

(b) Show that the standard basis vectors span R".

(c) Show that in part (b) the representation of a vector in R™ as a linear combination of
standard basis vectors is unique. (That is, show that if z = Y7_; age® = Y7 BreF,
then oy = f for each k.)

20.3. CONVEX COMBINATIONS

20.3.1. DEFINITION. A linear combination 22:1 agxp of the vectors xq,...,x, is a CONVEX
COMBINATION if o > 0 for each k (1 <k <n)and if >}, o = 1.

20.3.2. EXERCISE. Write the vector (2,1/4) in R? as a convex combination of the vectors (1,0),
(0,1) , and (3,0). (Solution Q.20.8.)

20.3.3. PROBLEM. Write the vector (1,1) as a convex combination of the vectors (—2,2), (2,2),
and (3,—3) in R2.

20.3.4. DEFINITION. If x and y are vectors in the vector space V', then the CLOSED SECMENT
between x and y, denoted by [z,y], is {(1 —t)x +ty: 0 <t < 1}. (Note: In the vector space R this
is the same as the closed interval [z, y| provided that x < y. If z > y, however, the closed segment
[, y] contains all numbers z such that y < z < x, whereas the closed interval [x,y] is empty.)

A set C C V is CONVEX if the closed segment [x,y] is contained in C' whenever z, y € C.

20.3.5. EXAMPLE. A disk is a convex subset of R%. The set {(z,y): 1 < 2% +4? <2} is not a
convex subset of R2.

PRrOOF. Problem.

20.3.6. ExAMPLE. Every subspace of a vector space is convex.

ProOOF. Problem.

20.3.7. EXAMPLE. The set

{(z,y) eR*: 2 >0,y >0,and x +y < 1}

is a convex subset of R?.

PRrROOF. Problem.

20.3.8. EXAMPLE. Every convex subset of R" is connected.

PRrRoOOF. Problem.
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20.3.9. DEFINITION. Let A be a subset of a vector space V. The CONVEX HULL of A is the
smallest convex set containing A; that is, it is the intersection of the family of all convex subsets
of V' which contain A.

20.3.10. EXERCISE. What fact must we know about convex sets in order for the preceding
definition to make sense? Prove this fact. Hint. Review proposition 20.1.19 and the discussion
which precedes it. (Solution ).20.9.)

20.3.11. PrRoOBLEM. Consider the following subsets of R?:
A={(z,y): z >0}
B={(z,y): 0<y <2}
C={(z,y): x+y <4}
D=AnBnNC.

The set D can be described as the convex hull of four points. Which four?

20.3.12. PROBLEM. The concepts of convex combination and convex hull have been introduced.
The point of this problem is to explain the way in which these two ideas are related. Start with
a set A. Let C be the set of all convex combinations of elements of A. Let H be the convex hull
of A. What relation can you find between A and H. It might not be a bad idea to experiment a
little; see what happens in some very simple concrete cases. For example, take A to be a pair of
points in R3. Eventually you will have to consider the following question: Are convex sets closed
under the taking of convex combinations?






CHAPTER 21

LINEARITY

21.1. LINEAR TRANSFORMATIONS

Linear transformations are central to our study of calculus. Functions are differentiable, for
example, if they are smooth enough to admit decent approximation by (translates of) linear trans-
formations. Thus before tackling differentiation (in chapter 25) we familiarize ourselves with some
elementary facts about linearity.

21.1.1. DEFINITION. A function T: V' — W between vector spaces is LINEAR if
Tx+y)=Tx+Ty forallz,yeV (21.1)

and

T(azx) =aoTx forallz € V and a € R. (21.2)

A linear function is most commonly called a LINEAR TRANSFORMATION, sometimes a LINEAR
MAPPING. If the domain and codomain of a linear transformation are the same vector space, then
it is often called a LINEAR OPERATOR, and occasionally a VECTOR SPACE ENDOMORPHISM. The
family of all linear transformations from V' into W' is denoted by £(V, W). Two oddities of notation
concerning linear transformations deserve comment. First, the value of T at x is usually written
Tz rather than T'(x). Naturally the parentheses are used whenever their omission would create
ambiguity. For example, in (21.1) above T'z+y is not an acceptable substitute for T'(x+y). Second,
the symbol for composition of two linear transformations is ordinarily omitted. If S € £(U, V) and
T € £(V,W), then the composite of T and S is denoted by T'S (rather than by 7' o S). This will
cause no confusion since we will define no other “multiplication” of linear maps. As a consequence
of this convention if T is a linear operator, then T o T is written as T2, ToT o T as T°, and so on.
One may think of condition (21.1) in the definition of linearity in the following fashion. Let 7' x T’
be the mapping from V x V into W x W defined by

(T'x T)(x,y) = (T, Ty).
Then condition (21.1) holds if and only if the diagram

vy T

WxW

+ +

v

T W

commutes. (The vertical maps are addition in V" and in W.)
Condition (21.2) of the definition can similarly be thought of in terms of a diagram. For each
scalar a define the function M,, MULTIPLICATION BY «, from a vector space into itself by

My(z) = ax.
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(We use the same symbol for multiplication by « in both of the spaces V and W.) Then condition
(21.2) holds if and only if for every scalar « the following diagram commutes.

v—L w
M, Meq
v W

21.1.2. EXAMPLE. If T: R® — R?: x + (21 + 23,21 — 223), then T is linear.
PRroOF. Exercise. (Solution (3.21.1.)
21.1.3. PROBLEM. Let T: R? — R* be defined by
T(xz,y) = (x +2y,3z — y, =2z, —x + y).
Show that T is linear.

21.1.4. EXERCISE. Let T: R?® — R3 be a linear transformation which satisfies T'(e!) = (1,0, 1),
T(e?) = (0,2,—1), and T(e®) = (—4,—1,3) (where e!, €2, and € are the standard basis vectors for
R3 defined in example 20.2.6). Find T'(2,1,5). Hint. Use problem 20.2.9. (Solution ).21.2.)

21.1.5. PROBLEM. Suppose that T € £(R3, R3) satisfies

Te! = (1,2,-3)
Te? = (1,-1,0)
Ted = (=2,0,1)

Find T(3,-2,1).

21.1.6. PROPOSITION. Let T:V — W be a linear transformation between two vector spaces.
Then

(a) T(0) =0.
(b) T(x —y)=Tx—Ty forallz, y e V.

PRrOOF. Exercise. (Solution (3.21.3.)
21.1.7. EXxXAMPLE. The identity map from a vector space into itself is linear.
PROOF. Obvious. 0
21.1.8. EXAMPLE. Each coordinate projection defined on R"
T R - R: 2 — x,
is linear.

PROOF. For 1 < k < n, we have m(x +vy) = mp(x1+y1,. -, Tn+Yn) = Tk +yx = mr(x) + 75 (y)
and i (ax) = mp(axy,. .., ax,) = ary = ang(z). O

21.1.9. EXAMPLE. Let F = F((a,b),R) be the family of all real valued functions defined on the
open interval (a,b) and let D = D((a, b), R) be the set of all members of F which are differentiable
at each point of (a,b). Then D is a vector subspace of F and that the differentiation operator

D:D—F:frf

(where f’ is the derivative of f) is linear.
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Proor. We know from example 20.1.11 that F is a vector space. To show that D is a vector
subspace of F use proposition 20.1.13. That D is nonempty is clear since constant functions are
differentiable. That the space D of differentiable functions is closed under addition and scalar
multiplication and that the operation D of differentiation is linear (that is, D(af) = aDf and
D(f+g) = Df + Dg) are immediate consequences of propositions 8.4.10 and 8.4.11. O

21.1.10. ExaMPLE. We have not yet discussed integration of continuous functions, but recalling
a few basic facts about integration from beginning calculus shows us that this is another example
of a linear transformation. Let C = C([a,b],R) be the family of all members of F = F([a,b],R)
which are continuous. We know from beginning calculus that any continuous function on a closed
and bounded interval is (Riemann) integrable, that

b b
/af(x)dm:oz/ f(x)dx
a a
where a € R and f € C, and that

[ @ o= [ s [ o

where f,g € C. It then follows easily (again from 20.1.13) that C is a vector subspace of F and
that the function K: C — R: f +— f; f(z)dx is linear.

An important observation is that the composite of two linear transformations is linear.

21.1.11. PROPOSITION. Let U, V, and W be vector spaces. If S € £(U,V) and T € £(V,W)
then TS € £(U,W).

PROOF. Problem.

21.1.12. DEFINITION. If T': V — W is a linear transformation between vector spaces, then the
KERNEL (or NULL SPACE) of T, denoted by ker T, is T~ {0}. That is,

kerT :={x € V: Tz = 0}.
21.1.13. EXERCISE. Let T € £(R3,R3) satisfy

Te' = (1,-2,3)

Te? = (0,0,0)

Ted = (—2,4,—6)
where e!, €2, and e are the standard basis vectors in R?. Find and describe geometrically both
the kernel of 7" and the range of 7. (Solution ).21.4.)

21.1.14. PROBLEM. Let T be the linear transformation of example 21.1.2. Find and describe
geometrically the kernel and the range of T'.

21.1.15. PROBLEM. Let D be the linear transformation defined in 21.1.9. What is the kernel
of D?

It is useful to know that the kernel of a linear transformation is always a vector subspace of
its domain, that its range is a vector subspace of its codomain, and that a necessary and sufficient
condition for a linear transformation to be injective is that its kernel contain only the zero vector.

21.1.16. PROPOSITION. IfT:V — W is a linear transformation between vector spaces, then
kerT is a subspace of V.

PrROOF. Problem. Hint. Use proposition 20.1.13.

21.1.17. PROPOSITION. If T: V. — W s a linear transformation between vector spaces, then
ranT is a subspace of W.
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ProoOF. Exercise. Hint. Use proposition 20.1.13. (Solution ().21.5.)
21.1.18. PROPOSITION. A linear transformation T is injective if and only if ker T = {0}.

PROOF. Problem. Hint. First show that if T is injective and = € ker T, then x = 0. For the
converse, suppose that ker 7' = {0} and that Tz = T'y. Show that z = y.

21.1.19. PROBLEM. Let W be a vector space.

(a) Show that a linear transformation 7': R™ — W is completely determined by its values on
the standard basis vectors e!,...e" of R™. Hint. Use problem 20.2.9(b).

(b) Show that if S,7 € £(R", W) and Se¥ = Te* for 1 <k <n, then S =T.

(c) Let w',...,w™ € W. Show that there exists a unique T € £(R") such that Te¥ = w* for
1<k<n.

Injective linear mappings take linearly independent sets to linearly independent sets

21.1.20. PropoOSITION. If T € £(V, W) is injective and A is a linearly independent subset of
V', then T (A) is a linearly independent set in W.

PROOF. Problem. Hint. Start with vectors y!,...y" in T (A) and suppose that some linear
combination of them ) apx® is 0. Show that all the scalars ay, are 0. Use proposition 21.1.18.

Linear mappings take convex sets to convex sets.

21.1.21. PROPOSITION. IfV and W are vector spaces, C' is a convex subset of V., andT:V — W
is linear, then T (C') is a convex subset of W.

PROOF. Problem. Hint. Let u, v € T7(C) and 0 <t < 1. Show that (1 — t)u +tv € T7(C).

21.1.22. PROBLEM. Let T € £(R3,R3) satisfy :

Te! =(0,1,0)
Te* =(0,0,1)
Te? = (3,-2,0)

Show that T is bijective. Hint. To show that T is injective use proposition 21.1.18.

21.1.23. PROBLEM. Let C' = C!([a,b],R) be the set of all functions f in F = F([a,b],R)
such that f’ exists on [a,b] in the usual sense of having one-sided derivatives at a and b) and is
continuous. (A function belonging to C' is said to be CONTINUOUSLY DIFFERENTIABLE.) It is easy
to see that the set of all C'! functions is a vector subspace of F. Let C = C([a, b],R) be the family
of all continuous members of F. For every f € C and every = € [a, b] let

(Tf)(@) = / " f(tydt

(a) Why does Jf belong to C'?
(b) Show that the map J: C — C': f ~ Jf is linear.

21.1.24. PROBLEM. (Products) Recall (see Appendix N) that for every pair of functions f1: T —
Sy and f2: T — Sy having the same domain there exists a unique map, namely f = (f!, f2),
mapping T into the product space S' x S? which satisfies 71 o f = f! and m o f = f2. (See in
particular exercise N.1.4.) Now suppose that T', S, and Sy are vector spaces and that f! and f? are
linear. Then S x Sy is a vector space (see example 20.1.20). Show that the function f = (f!, f?)
is linear.



21.2. THE ALGEBRA OF LINEAR TRANSFORMATIONS 119

21.2. THE ALGEBRA OF LINEAR TRANSFORMATIONS

The set £(V, W) of linear transformations between two vector spaces is contained in the vector
space F(V, W) of all W-valued functions whose domain is V. (That F is a vector space was proved
in example 20.1.11.) It is easy to show that £(V, W) is a vector space; just show that it is a subspace
of F(V,W).

21.2.1. PROPOSITION. Let V and W be vector spaces. Then £(V, W) with pointwise operations
of addition and scalar multiplication is a vector space.

PrOOF. Exercise. Hint. Use example 20.1.11 and proposition 20.1.13. (Solution Q).21.6.)

Let T: V — W be a function between two sets. We say that T is INVERTIBLE if there exists
a function 7! mapping W to V such that 7 o T~! is the identity function on V and 77! o T is
the identity function on W. (For details about this see appendix M.) Now, suppose that V' and
W are vector spaces and that 7: V' — W is a linear transformation. In this context what do we
mean when we say that T is invertible? For a linear transformation to be invertible we will require
two things: the transformation must possess an inverse function, and this function must itself be
linear. It is a pleasant fact about linear transformations that the second condition is automatically
satisfied whenever the first is.

21.2.2. PROPOSITION. If T € £(V, W) is bijective, then its inverse T~1: W — V is linear.
ProoF. Exercise (Solution ().21.7.)

21.2.3. DEFINITION. A linear transformation 7': V' — W is INVERTIBLE (or is an ISOMORPHISM)
if there exists a linear transformation 7! such that T-'oT = Iy and T o T ! = Iy .

The point of the preceding proposition is that this definition is somewhat redundant. In partic-
ular, the following are just different ways of saying the same thing about a linear transformation 7.
(a) T is invertible.
(b) T is an isomorphism.
(c) As a function T" has an inverse.
(d) T is bijective.

21.2.4. DEFINITION. Vector spaces V and W are ISOMORPHIC if there exists an isomorphism
from V onto W.

21.2.5. PROBLEM. Let s be the set of all sequences of real numbers. Regard s as a vector space
under pointwise operations. That is,

r+y:=(r1+y,z2+y2,...)
az = (ary,axs,...)
whenever © = (x1,x2,...) and y = (y1,y2, ... ) belong to s and « is a scalar. Define the UNILATERAL
SHIFT OPERATOR U: s — s by
U(z1,x2,x3,...):=(0,21,29,...).

(a) Show that U € £(s, s).

(b) Does U have a right inverse? If so, what is it?
(c) Does U have a left inverse? If so, what is it?
1

21.2.6. DEFINITION. Suppose that a vector space V is equipped with an additional operation
(z,y) — zy from V x V into V' (we will call it multiplication) which satisfies

) x(y + 2) = 2y + x2,

) (z+y)z =xz+yz,

) (xy z =xz(yz), and

) alzy) = z(ay)

(a

(b
(c
(d
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whenever z,y,z € V and a« € R. Then V is an ALGEBRA. (Sometimes it is called a LINEAR
ASSOCIATIVE ALGEBRA.) If an algebra possesses a multiplicative identity (that is, a vector 1 such
that 1z =21 =z for all z € V'), then it is a UNITAL ALGEBRA. A subset of an algebra A which is
closed under the operations of addition, multiplication, and scalar multiplication is a SUBALGEBRA
of A. If A is a unital algebra and B is a subalgebra of A which contains the multiplicative identity
of A, then B is a UNITAL SUBALGEBRA of A.

21.2.7. EXAMPLE. If M is a compact metric space, then the vector space B(M,R) of bounded
functions on M is a unital algebra under pointwise operations. (The constant function 1 is its
multiplicative identity.) We have already seen in chapter 15 that the space C(M,R) of continuous
functions on M is a vector subspace of B(M,R). Since the product of continuous functions is
continuous (and constant functions are continuous) C(M,R) is a unital subalgebra of B(M,R).

21.2.8. PROBLEM. It has already been shown (in proposition 21.2.1) that if V' is a vector space,
then so is £(V, V). Show that with the additional operation of composition serving as multiplication
£(V,V) is a unital algebra.

21.2.9. PROBLEM. If T € £(V, W) is invertible, then so is T~! and (T‘l))_1 =T.

21.2.10. PrROBLEM. If S € £(U,V) and T € £(V,W) are both invertible, then so is T'S and
(TS)~t = s-1r-1

21.2.11. PrROBLEM. If T' € £(V, V) satisfies the equation
T2-T+I1=0
then it is invertible. What is 71?7

21.2.12. PROBLEM. Let V' be a vector space; let W be a set which is provided with operations
(u,v) — u+v from W x W into W and (o, u) — au from R x W into W; and let T': V. — W. If
T is bijective and it preserves operations (that is, T'(z + y) = Tz + Ty and T'(ax) = aT'z for all
z,y € Vand o € R), then W is a vector space which is isomorphic to V. Hint. Verify the eight
defining axioms for a vector space. The first axiom is associativity of addition. Let u, v, w € W.
Write (u+v) +w as (T(T'u) + T(T~v)) + T(T'w) and use the hypothesis that T is operation
preserving.

21.2.13. PROBLEM. Let V be a vector space, W be a set, and T: V — W be a bijection. Explain
carefully how W can be made into a vector space isomorphic to V. Hint. Use problem 21.2.12.

21.3. MATRICES

The purpose of this section and the next two is almost entirely computational. Many (but
by no means all!) of the linear transformations we will consider in the sequel are maps between
various Euclidean spaces; that is, between R™ and R™ where m, n € N. Such transformations may
be represented by matrices. This of great convenience in dealing with specific examples because
matrix computations are so very simple. We begin by reviewing a few elementary facts about
matrices and matrix operations.

For each n € N let N, be {1,...,n}. An m x n (read “m by n”) MATRIX is a function whose
domain is N,, x N,,. We deal here only with matrices of real numbers; that is, with real valued
functions on N,,, x N,,. If a: N, x N, — R is an m x n matrix, its value at (i, j) € N,,, x N,, will be
denoted by aé-. (Occasionally we use the notation a;; instead.) The matrix a itself may be denoted

by [a;]izlj_ X by [a;], or by a rectangular array whose entry in row ¢ and column j is a’.
1 1 1
a% a% e ag
ai a; ... a,

3
s3
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In light of this notation it is reasonable to refer to the index ¢ in the expression aé- as the ROW!INDEX
and to call j the coLuMN INDEX. (If you are accustomed to thinking of a matrix as being a
rectangular array, no harm will result. The reason for defining a matrix as a function is to make
good on the boast made in appendix B that everything in the sequel can be defined ultimately in
terms of sets.) We denote the family of all m x n matrices of real numbers by M, x,. For families
of square matrices we shorten M, «, to M,.

Two m x n matrices a and b may be added. Addition is done pointwise. The sum a + b is the

m X n matrix whose value at (7, j) is az- + b;, That is,
(a+0b)i=a +b

for 1 <i<mand 1 < j < n. Scalar multiplication is also defined poin’pwise. Ifaisan m xn
matrix and « € R, then aa is the m x n matrix whose value at (i, j) is oaj. That is,

b= aat

(Oza)] ;

for 1 <i<mand 1< j <n. We may also subtract matrices. By —b we mean (—1)b, and by a — b
we mean a + (—b).

21.3.1. EXERCISE. Let

4 2 0 -1 1 1 -5 3 —1
1 -3 1 5 an 3 1 0 —1|°

Find a + b, 3a, and a — 2b. (Solution ().21.8.)

If @ is an m x n matrix and b is an n X p matrix, the product of a and b is the m X p matrix
whose value at (z,7) is > p_; a}cbf. That is,

(ab)§ = Z ai;b?
k=1

for 1 <i<mand 1 < j < p. Notice that in order for the product ab to be defined the number
of columns of @ must be the same as the number of rows of b. Here is a slightly different way of
thinking of the product of a and b. Define the INNER PRODUCT (or DOT PRODUCT) of two n-tuples
(1, 22,...,2,) and (y1,Y2,...,Yn) to be Y 1, zxyr. Regard the rows of the matrix a as n-tuples
(read from left to right) and the columns of b as n-tuples (read from top to bottom). Then the
entry in the i*" row and j* column of the product ab is the dot product of the i*" row of a and the
4 column of b.

21.3.2. EXAMPLE. Matrix multiplication is not commutative. If a is a 2 x 3 matrix and b is a
3 x 4 matrix, then ab is defined but ba is not. Even in situations where both products ab and ba are

defined, they need not be equal. For example, if a = E a and b= [_21 ;’], then ab = [_31 ﬂ

0 -2
whereas ba = {5 4 }

Find ab. (Solution ().21.9.)

2 3 —1 L0
21.3.3. EXERCISE. Let a = and b= |2 -—-1].
01 4 .
(4 3 1 2 (2] _11
21.3.4. PROBLEM. Let a= [0 —1 -1 1| and b=
1 0
2 0 1 3 3 9

(a) Find the product ab (if it exists).
(b) Find the product ba (if it exists).
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21.3.5. DEFINITION. Let a be an m x n matrix. The TRANSPOSE of a, denoted by a?, is the

n X m matrix obtained by interchanging the rows and columns of a. That is, if b = a!, then bé- =al
forl1<i<nand1l<j<m.

1 3

|12 0 - N 0

21.3.6. EXAMPLE. Let a = {3 0 -1 5} Then o' = 0 -1
-4 5

For material in the sequel the most important role played by matrices will be as (representations
of) linear transformations on finite dimensional vector spaces. Here is how it works.

21.3.7. DEFINITION. We define the action of a matrix on a vector. If a € M,,«x,, and z € R”,
then az, the RESULT OF a ACTING ON z, is defined to be the vector in R™ whose 4% coordinate is
> h_y ajxy (this is just the dot product of the ™ row of a with z). That is,

n .
(ax); = Zaixk
k=1

for 1 < j7 < m. Here is another way of saying the same thing: Regard z as an n x 1 matrix

x1
Z2

In

(sometimes called a COLUMN VECTOR). Now multiply the m X n matrix a by the n x 1 matrix z.
The result will be an m x 1 matrix (another column vector), say

n
Y2
Ym
Then ax is the m-tuple (y1,...,¥ym). Thus a may be thought of as a mapping from R™ into R™.
3 0 -1 —4
21.3.8. EXERCISE. Leta= |2 1 —1 —2|andz=(2,1,—1,1). Find az. (Solution Q.21.10.)
1 -3 0 2
2 0
21.3.9. PROBLEM. Let a = [1 —3| and z = (1,—2). Find ax.
5 1

From the definition of the action of a matrix on a vector, we derive several formulas which will
be useful in the sequel. Each is a simple computation.

21.3.10. PROPOSITION. Let a, b € Myyxn; ¢ € Mpxp; ©, y € R"; 2 € RP; and o € R. Then
(a) a(z +y) = ax + ay;
(b) a(ax) = afaz);
(¢) (a+b)xr = ax + bzx;
(d) (aa)z = a(az);
(e) (ac)z = a(ez).
PRrROOF. Part (a) is an exercise. (Solution ().21.11.) Parts (b)—(e) are problems.

Next we show that a sufficient (and obviously necessary) condition for two m x n matrices to
be equal is that they have the same action on the standard basis vectors in R"”.
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21.3.11. PROPOSITION. Let a and b be mxn matrices and, as usual, lete', ..., e" be the standard
basis vectors in R™. If ae® = be* for 1 < k < n, then a = b.

PROOF. Problem. Hint. Compute (ae); and (be*); for 1 < j <m and 1 < k < n. Remember
that (e¥); = 0 if k # [ and that (e¥), = 1.

REMARK. The definition 21.3.7 of the action of a matrix on a vector technically requires us to
think of vectors as “column vectors”. It is probably more likely that most of us think of vectors in
R™ as “row vectors”, that is, as n-tuples or as 1 x n matrices. Then for the matrix multiplication
ax to make sense and for the result to again be a “row vector” we really should write

£\t
(a(z"))
for the action of the matrix a € M,,x, on the vector z € R"™. We won’t do this. We will regard
vectors as “row vectors” or “column vectors” as convenience dictates.

21.3.12. DEFINITION. In our later work we will have occasion to consider the action of a SQUARE
MATRIX (one with the same number of rows as columns) on a pair of vectors. Let a € M, and

z,y € R®. We denote by xay the number Z?,k:l aiwjyk.

Since
n n n
@ T — s o
L LiYk j LYk
Gk=1 j=1 k=1

and since Y p_; aiyk is just (ay);, we may write
n
ray = Z:Bj(ay)j.
j=1

In other words zay is just the dot product of the vectors = and ay. If we identify n-tuples (row
vectors) with 1 X n matrices, then zay is the product of the three matrices z, a, and y*. That is,

al ... al]l [n
zay = [w1...2p] | :
at ... ar| |Yn
1 3 -1
21.3.13. EXERCISE. Let a= |0 2 4 |,z =(1,-2,0), and y = (3,0,1). Find the action of
1 -1 1

a on the pair of vectors = and y; that is, find zay. (Solution ().21.12.)

1 2 0o -1
3 -3 1 0 .
21.3.14. PROBLEM. Let a = o 0 1 —4/'%= (1,—-1,0,2),and y = (1,0, 3,1). Find zay.

-1 1 -1 1

21.3.15. DEFINITION. The MAIN (or PRINCIPAL) DIAGONAL of a square matrix is the diagonal
running from the upper left corner to the lower right corner. That is, it consists of all the elements
of the form ai. If each entry on the main diagonal of an n x n matrix is 1 and all its other entries
are 0, then the matrix is the n X n IDENTITY MATRIX. This matrix is denoted by I,, (or just by I
if no confusion will result). If ¢ is a real number, it is conventional to denote the matrix cI,, by c.
It is clear that a I, = I, a = a for every n X n matrix a. The m X n ZERO MATRIX is the m x n
matrix all of whose entries are 0. It is denoted by 0,,x, or just by 0. Certainly 0 +a=a+0=a
for every m x n matrix a.

21.3.16. DEFINITION. A square matrix a in 9%, «, is invertible if there exists an n X n matrix
a~! such that
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The matrix a1 is the INVERSE of a.
21.3.17. PROPOSITION. An n X n-matrixz has at most one inverse.
PRrROOF. Exercise. (Solution ().21.13.)

~1/2 1/2  3/2
21.3.18. EXERCISE. Show that the matrix b = | 1/4 1/4 —1/4| is the inverse of the
3/4 —1/4 -3/4

1 0 2
matrix a = |0 3 —1|. (Solution Q.21.14.)
1 -1 1
1 3 -1
21.3.19. PROBLEM. Show that the matrix a = |0 2 1 | satisfies the equation
1 -2 1

a®—4a®> +8a—9=0.

Use this fact to find the inverse of a.

21.4. DETERMINANTS

A careful development of the properties of the determinant function on n X n matrices is not
a central concern of this course. In this section we record without proof some of its elementary
properties. (Proofs of these facts can be found in almost any linear algebra text. Two elegant (if
not entirely elementary) presentations can be found in [4] and [6].)

21.4.1. FACT. Let n € N. There is exactly one function
det: My«n — R: a—deta

which satisfies

(a) det I, = 1.

(b) If a € M, xp, and @’ is the matrix obtained by interchanging two rows of a, then deta’ =
—deta.

(¢c) If a € My xn, c € R, and a’ is the matrix obtained by multiplying each element in one row
of a by ¢, then deta’ = cdeta.

(d) If a € Myxn, ¢ € R, and o’ is the matrix obtained from a by multiplying one row of a by
¢ and adding it to another row of a (that is, choose i, j € N, with i # j and replace afﬁ by

af; + ca}, for each k in N,,), then deta’ = deta.

21.4.2. DEFINITION. The unique function det: 91, «, — R described above is the n X n DETER-
MINANT FUNCTION.

21.4.3. FACT. If a € R ( = My «1), then deta = a; if a € Moo, then deta = ala3 — alal.
21.4.4. FAcT. If a,b € M, «p, then det(ab) = (det a)(det d).

21.4.5. FACT. If a € My,xn, then deta® = deta. (An obvious corollary of this: in conditions
(b), (c), and (d) of fact 21.4.1 the word “columns” may be substituted for the word “rows”.)

21.4.6. DEFINITION. Let a be an n X n matrix. The MINOR of the element ai, denoted by Mj,
is the determinant of the (n — 1) x (n — 1) matrix which results from the deletion of the it row
and k™ column of a. The COFACTOR of the element aj, denoted by Cj is defined by

Cf = (=17 Tk
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21.4.7. FacT. If a € M, and 1 < j < n, then
n
deta = Z a.Cy. .
k=1
This is the (LAPLACE) EXPANSION of the determinant along the j*" row.

In light of fact 21.4.5, it is clear that expansion along columns works as well as expansion along
rows. That is,

n
— J i
deta = Z a; Cy,
j=1
for any k between 1 and n. This is the (LAPLACE) EXPANSION of the determinant along the k'"
column.

21.4.8. FACT. An n X n matrix a is invertible if and only if det a # 0. If a is invertible, then
a~t = (deta)"tC?

where C' = [C,]c] is the matrix of cofactors of elements of a.

1 0 2
21.4.9. EXERCISE. Let a = |0 3 —1|. Use the preceding facts to show that a is invertible
1 -1 1

and to compute the inverse of a. (Solution ().21.15.)

21.4.10. PROBLEM. Let a be the matrix given in problem 21.3.19. Use the facts stated in
section 21.4 to show that a is invertible and to compute a .

21.5. MATRIX REPRESENTATIONS OF LINEAR TRANSFORMATIONS

We are now in a position to represent members of £(R™,R™) by means of matrices. This will
simplify computations involving such linear transformations.

21.5.1. DeEFINITION. If T" € £(R™,R™), we define [T] to be the m x n matrix whose entry in
the j* row and k™ column is (Tek)j, the j® component of the vector Te* in R™. That is, if

a = [T, then ai = (Te*);. The matrix [T] is the MATRIX REPRESENTATION of 7' (with respect to
the standard bases in R™ and R™).

21.5.2. EXAMPLE. Let T: R* — R3: (w,z,y, 2) — (w+2z+3y, 5w+6x+Ty+82, —2x—3y—42).
Then T is linear and

:T(l 0,0,0) = (1,5,0)
=1T7(0,1,0,0) = (2,6 —2)
=17(0,0,1,0) = (3,7,—3)
Tet =17(0,0,0,1) = (0,8, —4).
Having computed Te!, ..., Te*, we use these as the successive columns of [T]. Thus
12 3 0

T=1|5 6 7 8
0 -2 -3 4

21.5.3. EXAMPLE. If I: R™ — R™ is the identity map on R", then its matrix representation [I]
is just the n x n identity matrix I,,.

21.5.4. EXERCISE. Let T: R? — R*: (z,y) — (z — 3y, Ty, 22 + y, —4x + 5y). Find [T]. (Solu-
tion ).21.16.)
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The point of the representation just defined is that if we compute the action of the matrix [T'] on
a vector z (as defined in 21.3.7), what we get is the value of T" at x. Moreover, this representation
is unique; that is, two distinct matrices cannot represent the same linear map.

21.5.5. PROPOSITION. If T € £(R"™,R™), then for all x in R™
Tz = [T)x.
Furthermore, if a is any m X n matriz which satisfies
Tr =ax for all x € R,
then a = [T1.
PRrROOF. Exercise. Hint. For simplicity of notation let b = [T]. The map S: R" — R™: x > bz

is linear. Why? To show that Sz = Tz for all z in R™ it suffices to show that (Se¥); = (Te*); for
1<k<mnand1l<j<m. Why? (Solution Q.21.17.)

21.5.6. PROPOSITION. Let m, n € N. The map T — [T] from L(R™ R™) into My xn 1S a
bijection.

PRrROOF. Exercise. (Solution ().21.18.)

21.5.7. PROPOSITION. Let m, n € N; let S, T € £(R™,R™); and let o« € R. Then

(a) [S+T]=[S]+[T], and
(b) [aT) = afT].

PROOF. Exercise. Hint. For (a) use propositions 21.3.11, 21.5.5, and 21.3.10(c). (Solu-
tion Q.21.19.)

21.5.8. THEOREM. Under the operations of addition and scalar multiplication (defined in sec-
tion 21.3) My xn 18 a vector space and the map T +— [T, which takes a linear transformation to
its matriz representation, is an isomorphism between L(R™ R™) and My, xn-

ProoF. Problem. Hint. Use problem 21.2.12.
21.5.9. PROBLEM. Define T: R? — R* by
T(z,y,2) = (x —2y,z+y —3z,y +42,3x — 2y + 2) .
Find [T].
21.5.10. PROBLEM. Define 7': R* — R3 by
T(w,z,y,2) = (w—3z+z,2w+z+y—4z,w+y+z).

(a) Find [T].

(b) Use proposition 21.5.5 to calculate T'(4,0, —3,1).
21.5.11. PROBLEM. Let f: R? — R* be defined by

f(@) = (2129, (21)* = 4(22)?, (21)%, 21 sin(m2))

for all z = (z1,72) in R?, and let T: R? — R* be the linear transformation whose matrix represen-
tation is

4 0
2 -1
5 -8
-1 2
Find f(a+h) — f(a) — Th when a = (—=2,1/2) and h = (—1,1).
21.5.12. PROPOSITION. If S € £(RP,R") and T € £(R™,R™), then
[T'S] = [T]]S].
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PRrROOF. Problem. Hint. Why does it suffice to show that [T'S|z = ([T][S])x for all x in RP?
Use propositions 21.5.5 and 21.3.10(e).

21.5.13. PROBLEM. Let
T:R® - RY: (2,9,2) — 2z + vy, — 2,y + 2,3x)
and

S:R* - R3: (w,z,9,2) — (z —y,y + 2,2 —w).
(a) Use proposition 21.5.12 to find [T'S].
(b) Use proposition 21.5.12 to find [ST].

21.5.14. PROBLEM. Show that matrix multiplication is associative; that is, show that if a €
Mpxn, b € Myxp, and ¢ € My, then (ab)c = a(bc). Hint. Don’t make a complicated and messy
computation of this by trying to prove it directly. Use propositions [..2.3, 21.5.6, and 21.5.12.

21.5.15. PROBLEM. Show that 901,,«, is a unital algebra. Hint. Use the definition 21.2.6. Notice
that problem 21.5.14 establishes condition (c) of 21.5.14. Verify the other conditions in a similar
fashion.

21.5.16. PROPOSITION. A linear map T € L(R™,R™) is invertible if and only if det[T] # 0. If
T is invertible, then [T—1] = [T]71.

PRrROOF. Problem. Hint. Show that T is invertible if and only if its matrix representation is.
Then use 21.4.8.

21.5.17. PROBLEM. Let T: R — R3: (z,y,2) — (v + 22,y — 2,2 + y).
(a) Compute [T] by calculating T" and then writing down its matrix representation.
(b) Use proposition 21.5.16 to find [T].
21.5.18. PROBLEM. Let P4 be the family of all polynomial functions on R with degree (strictly)
less than 4.

(a) Show that (under the usual pointwise operations) Py is a vector space which is isomorphic
to R%. Hint. Problem 21.2.12.

(b) Let D: Py — Py: f — f' (where f’ is the derivative of f). Using part (a) to identify the
spaces P, and R%, find a matrix representation for the (obviously linear) differentiation
operator D.

(c) Use your answer to part (b) to differentiate the polynomial 723 — 42% + 5z — 81.

21.5.19. PROBLEM. Let P4 be as in problem 21.5.18. Consider the map

1
K:P4—>]R:f»—>/ f(z)dx.
0

(a) Show that K is linear.

(b) Find a way to represent K as a matrix. Hint. Use problem 21.5.18(a).

(c) Use your answer to part (b) to integrate the polynomial 823 — 522 — 42 4 6 over the
interval [0, 1].

(d) Let D be as in problem 21.5.18. Find [K D] by two different techniques.

21.5.20. PROBLEM. Let T € £(R* R*) satisfy:
Te! =(1,2,0,-1)
Te? = (1,0,-3,2)
Ted = (1,-1,-1,1)
Tet = (0,2,-1,0).
Also let z = (1,—-2,3,—1) and y = (0,1,2,1). Find z[T]y.






CHAPTER 22

NORMS

22.1. NORMS ON LINEAR SPACES

The last two chapters have been pure algebra. In order to deal with topics in analysis (e.g.
differentiation, integration, infinite series) we need also a notion of convergence; that is, we need
topology as well as algebra. As in earlier chapters we consider only those topologies generated by
metrics, in fact only those which arise from norms on vector spaces. Norms, which we introduce
in this chapter, are very natural objects; in many concrete situations they abound. Furthermore,
they possess one extremely pleasant property: a norm on a vector space generates a metric on
the space, and this metric is compatible with the algebraic structure in the sense that it makes
the vector space operations of addition and scalar multiplication continuous. Just as metric is a
generalization of ordinary Euclidean distance, the concept of norm generalizes on vector spaces the
idea of length.

22.1.1. DEFINITION. Let V be a vector space. A function | ||: V — R: z — ||z|| is a NORM
on V if
(1) [z +yll <zl + [yl ~ forallz,yeV,
(2) ||ax| = |af ||z for all x € V and o € R, and

(3) If ||z|| = 0, then z = 0.
The expression ||z|| may be read as “the norm of z” or “the LENGTH of z”. A vector space on which
a norm has been defined is a NORMED LINEAR SPACE (or NORMED VECTOR SPACE). A vector in a
normed linear space which has norm 1 is a UNIT VECTOR.

22.1.2. EXAMPLE. The absolute value function is a norm on R.

22.1.3. EXAMPLE. For z = (z1,...,2,) € R let [|z| = (35, ku)l/Q. The only nonobvious
part of the proof that this defines a norm on R is the verification of the TRIANGLE INEQUALITY
(that is, condition (1) in the preceding definition). But we have already done this: it is just
Minkowski’s inequality 9.2.7. This is the USUAL NORM (or EUCLIDEAN NORM) on R™; unless the
contrary is explicitly stated, R™ when regarded as a normed linear space will always be assumed to
possess this norm.

22.1.4. EXAMPLE. For z = (z1,...,2,) € R" let |z|; = > }_;|zk|. The function z — |z|; is
easily seen to be a norm on R”. It is sometimes called the 1-NORM on R".

22.1.5. EXAMPLE. For © = (z1,...,2,) € R" let ||z||, = max{|zk|: 1 < k < n}. Again it is
easy to see that this defines a norm on R"”; it is the UNIFORM NORM on R".

22.1.6. EXERCISE. Let f: R? — R*: (z,y,2) — (zz,22 + 3y, —x + y*> — 32,xyz — v/2 ). Find
||f(a+ Ah)|| when a = (4,2, —4), h = (2,4,—4), and A = —1/2. (Solution Q.22.1.)

22.1.7. EXERCISE. Let f: R3 — R? : 2 +— (3212, 7179 — x3) and let m = [g (1) _01] Find

| f(a+ h) — f(a) — mh| when a = (1,0, —2) and h is an arbitrary vector in R3. (Solution ).22.2.)
22.1.8. PROBLEM. Let f: R® — R3 be defined by
f(x,y,2) = (xy® +y2?, xsin(3ry), 22) .
Find |/ f(a)| when a = (16,1/2,2).

129
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22.1.9. EXAMPLE. Let S be a nonempty set. For f in B(S,R) let
[fllu :=sup{[f(z)]: z € S}.

This is the UNIFORM NORM on B(S,R). Notice that example 22.1.5 is a special case of this one.
[An n-tuple may be regarded as a function on the set {1,...,n}. Thus R" = B(S,R) where
S={1,...,n}]

22.1.10. EXERCISE. Define f, g: [0,27] — R by f(z) = sinz and g(z) = cosz. Find || f + ¢||w-
(Solution ).22.3.)

22.1.11. PROBLEM. Let f(z) =z + 2% — 23 for 0 < 2 < 3. Find || f||4.
The following proposition lists some almost obvious properties of norms.

22.1.12. PROPOSITION. IfV is a normed linear space, then
(a) [|Of] = 0;
(b) ||l—=z| = ||z|| for all z € V; and
(¢) l|lz|| >0 forallxz € V.

ProOF. Exercise. Hint. For part (a) use proposition 20.1.5. For part (b) use proposition 20.1.7;
and for (c) use (a) and (b) together with the fact that x + (—z) = 0. (Solution Q).22.4.)

22.2. NORMS INDUCE METRICS

We now introduce a crucial fact: every normed linear space is a metric space. That is, the norm
on a normed linear space induces a metric d defined by d(z,y) = ||z — y||. The distance between
two vectors is the length of their difference.

If no other metric is specified we always regard a normed linear space as a metric space under this
induced metric. Thus the concepts of compactness, open sets, continuity, completeness, and so on,
make sense on any normed linear space.

22.2.1. PROPOSITION. Let V' be a normed linear space. Define d: V x V — R by d(z,y) =
|z —yl|. Then d is a metric on V.

PROOF. Problem.

The existence of a metric on a normed linear space V makes it possible to speak of neighborhoods
of points in V. These neighborhoods satisfy some simple algebraic properties.

22.2.2. PROPOSITION. Let V be a normed linear space, x € V, andr, s > 0. Then
(a) Br(0) = =B.(0),
(b) Bys(0) =1 Bs(0),
(¢) + By (0) = By(z), and
(d) BT(O) + Br(o) = 2Br(0)'

PRrOOF. Part (a) is an exercise. (Solution ).22.5.) Parts (b), (c), and (d) are problems. Hint.
For (d) divide the proof into two parts: B,(0) + B,(0) C 2B,(0) and the reverse inclusion. For the
first, suppose x belongs to B;(0) + B, (0). Then there exist u, v € B,(0) such that z = v+ v. Show
that x = 2w for some w in B, (0). You may wish to use problem 22.2.5.)

22.2.3. PROPOSITION. IfV is a normed linear space then the following hold.

@) [zl = llyll| < ll= = yll for all z, y € V.
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(b) The norm x — ||z|| is a continuous function on V.
(c) If xp, = a in 'V, then ||z,| — ||al.

(d) zp, — 0 in V if and only if ||x,|| — 0 in R.
ProOOF. Problem.

22.2.4. PROBLEM. Give an example to show that the converse of part (c¢) of proposition 22.2.3
does not hold.

22.2.5. PROBLEM. Prove that in a normed linear space every open ball is a convex set. And so
is every closed ball.

22.3. PRODUCTS

In this and the succeeding three sections we substantially increase our store of examples of
normed linear spaces by creating new spaces from old ones. In particular, we will show that each
of the following can be made into a normed linear space:

(i) a vector subspace of a normed linear space,

(ii) the product of two normed linear spaces,
(iii) the set of bounded functions from a nonempty set into a normed linear space, and
(iv) the set of continuous linear maps between two normed linear spaces.

It is obvious that (i) is a normed linear space: if V is a normed linear space with norm || ||
and W is a vector subspace of V, then the restriction of || || to W is a norm on W. Now
consider (ii). Given normed linear spaces V and W, we wish to make the product vector space (see
example 20.1.20) into a normed linear space. As a preliminary we discuss equivalent norms.

22.3.1. DEFINITION. Two norms on a vector space are EQUIVALENT if they induce equivalent
metrics. If two norms on a vector space V are equivalent, then, since they induce equivalent
metrics, they induce identical topologies on V. Thus properties such as continuity, compactness,
and connectedness are unaltered when norms are replaced by equivalent ones (see proposition 11.2.3
and the discussion preceding it). In the next proposition we give a very simple necessary and
sufficient condition for two norms to be equivalent.

22.3.2. PROPOSITION. Two norms || |1 and || |2 on a vector space V' are equivalent if and
only if there exist numbers o, B > 0 such that

[zl <ellzlz  and  [lzlls < Bl
forallx € V.

PRrOOF. Exercise. (Solution ().22.6.)

If V and W are normed linear spaces with norms || ||, and || ||, respectively, how do we
provide the product vector space V' x W (see example 20.1.20) with a norm? There are at least
three more or less obvious candidates: for v € V and w € W let

1/2
1w, w)ll == (o]l + [wll )2,

1o, w)lly == [lolly + [[wllyy,  and
(0, )l == max{{|v[l,,, [[wl]y,}-

First of all, are these really norms on V x W7 Routine computations show that the answer is yes.
By way of illustration we write out the three verifications required for the first of the candidate
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norms. If v, x € V,if w, y € W, and if a € R, then
(@)  (v,w)+ @yl =v+zw+y)

1/2
= (o + 2], + lw+yl,,2)"

< (Ulolly + ll2ll)? + (lwlly + 1lylly)?)
2 2\1/2 2 2
< (lolly® + lwlly )" + (2l + ol )
= [[(w, W)l + [z, ).
The last inequality in this computation is, of course, Minkowski’s inequality 9.2.7.

(b) (v, w)| = [[(av, aw)]

1/2

1/2

2 2\1/2
= (lav],? + llaw],, )"

= (Gl 1o1,)? + (lal Jwlly)?)

1/2

1/2

2 2
=lal (vl + lwl")

= |af [|(v, w)].

(c) If ||(v, w)|| = 0, then [|v,* + [lw]|,,* = 0. This implies that ||v||, and [|w]|,, are both zero.
Thus v is the zero vector in V' and w is the zero vector in W; so (v, w) = (0,0), the zero vector in
VxW.

Now which of these norms should we choose to be the product norm on V' x W? The next
proposition shows that at least as far as topological considerations (continuity, compactness, con-
nectedness, etc.) are concerned, it really doesn’t matter.

22.3.3. PROPOSITION. The three norms on V x W defined above are equivalent.

PrOOF. Notice that the norms || ||, || ||;, and | ||, defined above induce, respectively, the
metrics d, di, and d,, defined in chapter 9. In proposition 9.3.2 we proved that these three metrics
are equivalent. Thus the norms which induce them are equivalent. ([l

22.3.4. DEFINITION. Since d; was chosen (in 12.3.3) as our “official” product metric, we choose
|| |l;, which induces d;, as the PRODUCT NORM on V' x W. In proposition 22.3.8 you are asked to
show that with this definition of the product norm, the operation of addition on a normed linear
space is continuous. In the next proposition we verify that scalar multiplication (regarded as a map
from R x V into V') is also continuous.

22.3.5. PROPOSITION. IfV is a normed linear space, then the mapping (3, x) — [x from R xV
into V' is continuous.

PrROOF. Exercise. Hint. To show that a map f: U — W between two normed linear space is
continuous at a point a in U, it must be shown that for every ¢ > 0 there exists § > 0 such that
|lu—all, < implies || f(u) — f(a)|l,, <e. (Solution Q3.22.7.)

22.3.6. COROLLARY. Let (3,,) be a sequence of real numbers and (x,) be a sequence of vectors
in a normed linear space V. If B, — a in R and z, — a in V, then Byz, — aa in V.

PRrROOF. Exercise. (Solution ).22.8.)
22.3.7. COROLLARY. IfV is a normed linear space and « is a nonzero scalar, the map
My:V—=V:x— ax
18 a homeomorphism.

PRrRoOOF. Problem.
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22.3.8. PROPOSITION. Let V' be a normed linear space. The operation of addition
AV XV =V (z,y)—z+y
s continuous.

PRrROOF. Problem.

22.3.9. PROBLEM. Let V be a normed linear space. Prove the following:
(a) If 2, — a and y, — bin V, then Tn+Yn — a+b.
(b) If S is a vector subspace of V, then so is S.

22.3.10. PROBLEM. If K and L are compact subsets of a normed linear space, then the set
K+L:={k+l:ke Kandle€ L}
is compact. Hint. Let A be as in proposition 22.3.8. What is A7 (K x L)?

22.3.11. PROBLEM. Let B and C be subsets of a normed linear space and o € R. Prove the
following:
(a) aB = aB.
(b) B+CCB+C.
(¢) B + C need not be closed even if B and C' are; thus equality need not hold in (b). Hint.
In R? try part of the curve y = 1/z and the negative z-axis.

22.3.12. PROBLEM. Show that a linear bijection f: V' — W between normed linear spaces is an
isometry if and only if it is norm preserving (that is, if and only if || f(z)|lw = ||z||v for all z € V).

22.3.13. DEFINITION. Let a be a vector in a vector space V. The map
Ty: V—-oViz—zxz+a
is called TRANSLATION by a.

22.3.14. PROBLEM. Show that every translation map on a normed linear space is an isometry
and therefore a homeomorphism.

22.3.15. PROBLEM. Let U be a nonempty open set in a normed linear space. Then U — U
contains a neighborhood of 0. (By U — U we mean {u —v: u,v € U}.) Hint. Consider the union
of all sets of the form (7_,)  (U) where v € U. (As in problem 22.3.14 T_, is a translation map.)

22.3.16. PROBLEM. Show that if B is a closed subset of a normed linear space V and C is a
compact subset of V', then B + C is closed. (Recall that part (c) of problem 22.3.11 showed that
this conclusion cannot be reached by assuming only that B and C are closed.) Hint. Use the
sequential characterization of “closed” given in proposition 12.2.2. Let (a,) be a sequence in B+ C'
which converges to a point in V. Write a,, = b, + ¢, where b, € B and ¢, € C. Why does (¢,)
have a subsequence (an) which converges to a point in C? Does (bnk) converge?

22.3.17. PROBLEM. Let V and W be normed linear spaces, A C V, a € A, o € R, and
f,9: A — W. Prove the following:

(a) If the limits of f and g exist as x approaches a, then so does the limit of f + g and
Tim (f + g)(2) = lim f(z) + lim g(z) .
(b) If the limit of f exists as x approaches a, then so does the limit of o f and
lim (o f)(«) = o lim f(z).

22.3.18. PROBLEM. Let V and W be normed linear spaces, A CV,a € A, and f: A — W.
Show that

(a) limy_q f(x) = 0 if and only if lim,_..| f(z)| = 0; and
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(b) limy— f(a+h) = lim,_q f(2).
Hint. These require only the most trivial modifications of the solutions to problem 14.3.11 and
proposition 14.3.5.

22.3.19. PROBLEM. Let V and W be normed linear spaces, A C V, and f: A — W. Suppose
that a is an accumulation point of A and that | = lim,_,, f(z) exists in W.

(a) Show that if the norm on V is replaced by an equivalent one, then a is still an accumulation
point of A.

(b) Show that if both the norm on V' and the one on W are replaced by equivalent ones, then
it is still true that f(x) — [ as x — a.

22.3.20. PROBLEM. Let f: U x V — W where U, V, and W are normed linear spaces. If the
limit
l:= lm f(x,y
(z,y)—(a,b) (.9)
exists and if lim,_, f(z,y) and lim,_;, f(x,y) exist for all y € V and x € U, respectively, then the
iterated limits

lim(lim (m,y)) and lim(limf($,y))

r—a ‘y—b y—b T—a

exist and are equal to (.

22.3.21. PROBLEM. All norms on R" are equivalent. Hint. It is enough to show that an arbitrary
norm || || on R™ is equivalent to || |1 (where ||z|l1 = > p_;|xk|). Use proposition 22.3.2. To find
a > 0 such that [|z|| < al|z|; for all z write z = > }_, 2re* (where e!,... e" are the standard
basis vectors on R™). To find 8 > 0 such that ||z[|; < B||z|| let R} be the normed linear space R"™
under the norm || ||;. Show that the function x — ||| from R} into R is continuous. Show that
the unit sphere S = {z € R" : ||z||; = 1} is compact in R}.

22.4. THE SPACE B(S,V)

Throughout this section S will be a nonempty set and V' a normed linear space. In the first
section of this chapter we listed B(S,R) as an example of a normed linear space. Here we do little
more than observe that the fundamental facts presented in chapter 13 concerning pointwise and
uniform convergence in the space B(S,R) all remain true when the set R is replaced by an arbitrary
normed linear space. It is very easy to generalize these results: replace absolute values by norms.

22.4.1. DEFINITION. Let S be a set and V' be a normed linear space. A function f: S — V is
BOUNDED if there exists a number M > 0 such that

[f ()] < M
for all z in S. We denote by B(S,V) the family of all bounded V' valued functions on S.

22.4.2. EXERCISE. Under the usual pointwise operations B(S,V) is a vector space. (Solu-
tion Q.22.9.)

22.4.3. DEFINITION. Let S be a set and V' be a normed linear space. For every f in B(S,V)
define
[fllu == sup{[|lf(2)]|: = € S}

The function f + || f||, is called the UNIFORM NORM on B(S, V). This is the usual norm on B(S, V).
In the following problem you are asked to show that this function really is a norm. The metric
d, induced by the uniform norm || ||, on B(S,V) is the UNIFORM METRIC on B(S, V).

22.4.4. PROBLEM. Show that the uniform norm defined in 22.4.3 is in fact a norm on B(S, V).
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22.4.5. DEFINITION. Let (f,) be a sequence of functions in F(S, V). If there is a function g in

F(S,V) such that
sup{||fn(z) —g(x)||: € S} -0 asn — oo,

then we say that the sequence (f,,) CONVERGES UNIFORMLY to g and write f,, — ¢ (unif). The
function g is the UNIFORM LIMIT of the sequence (f,). Notice that if g and all the f,’s belong to
B(S,V), then uniform convergence of (f,,) to g is just convergence of (f,,) to g with respect to the
uniform metric. Notice also that the preceding repeats verbatim definition 13.1.12, except that R
has been replaced by V' and absolute values by norms. We may similarly generalize definition 13.2.1.

22.4.6. DEFINITION. Let (f,) be a sequence in F(S, V). If there is a function g such that
fu(x) — g(x) for all x € S,
then (fn) CONVERGES POINTWISE to g. In this case we write
fn = g (ptws).
The function ¢ is the POINTWISE LIMIT of the f,,’s. Problem 22.4.7 repeats proposition 13.2.2—

uniform convergence implies pointwise convergence—except that it now holds for V valued functions
(not just real valued ones). Problem 22.4.8 generalizes proposition 13.2.4(a).

22.4.7. PROBLEM. If a sequence (f,) in F(S, V) converges uniformly to a function g in F(S,V),
then f, — g (ptws).

22.4.8. PROBLEM. Let f,) be a sequence in B(S,V) and g be a member of F(S,V). If f, —
g (unif), then g is bounded.

22.4.9. PROBLEM. Define

(t,0), f0<t<1;
Lt—1) ifl<t<2
fy =Bt _
(3-t1) if2<t<3;
0,4—1) if3<t<d

Regarding f as a member of the space B([0,4],R?) find || f]|u.

22.4.10. EXAMPLE. If M is a compact metric space, then the family C(M, V') of all continuous
V-valued functions on M is a normed linear space.

PROOF. Problem.

22.4.11. PROBLEM. Let M be a compact metric space. Show that the family C(M,R) of all
continuous real valued functions on M is a unital algebra and that ||fg|l, < ||f|lu]|gl/.. Show also
that if A is a subalgebra of C(M, R), then so is A.

22.4.12. PROPOSITION. If (f,) is a sequence of continuous V valued functions on a metric space
M and if this sequence converges uniformly to a V wvalued function g on M, then g is continuous.

PROOF. Problem. Hint. Modify the proof of proposition 14.2.15.
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CONTINUITY AND LINEARITY

23.1. BOUNDED LINEAR TRANSFORMATIONS

Normed linear spaces have both algebraic and topological structure. It is therefore natural to be
interested in those functions between normed linear spaces which preserve both types of structure,
that is, which are both linear and continuous. In this section we study such functions.

23.1.1. DEFINITION. A linear transformation 7: V — W between normed linear spaces is
BOUNDED if there exists a number M > 0 such that

[Tz < M|

for all x € V. The family of all bounded linear transformations from V into W is denoted
by B(V, W).

CAUTION. There is a possibility of confusion. Here we have defined bounded linear transfor-
mations; in section 22.4 we gave a quite different definition for “bounded” as it applies to arbitrary
vector valued functions; and certainly linear transformations are such functions. The likelihood of
becoming confused by these two different notions of boundedness is very small once one has made
the following observation: Except for the zero function, it is impossible for a linear transformation
to be bounded in the sense of section 22.4. (Proof. Let T: V. — W be a nonzero linear transfor-
mation between normed linear spaces. Choose a in V' so that T'a # 0. Then ||Ta|| > 0, so that by
the Archimedean principle (proposition J.4.1) the number ||T'(na)| = n||Tal| can be made as large
as desired by choosing n sufficiently large. Thus there is certainly no M > 0 such that ||Tz| < M
for all x.) Since nonzero linear transformations cannot be bounded in the sense of section 22.4, an
assertion that a linear map is bounded should always be interpreted in the sense of boundedness
introduced in this section.

A function f: S — W, which maps a set S into a normed linear space W, is bounded if and
only if it maps every subset of S into a bounded subset of W. However, a linear map T: V — W

from one normed linear space into another is bounded if and only if it maps every bounded subset
of V into a bounded subset of W.

23.1.2. PROPOSITION. A linear transformation T:V — W between normed linear spaces is
bounded if and only if T~ (A) is a bounded subset of W whenever A is a bounded subset of V.

PRrRoOOF. Problem.

23.1.3. EXAMPLE. Let T: R? — R3: (z,y) — (3z + y,z — 3y,4y). It is easily seen that T is
linear. For all (z,y) in R?

IT(z,y)]| = |3z + y,x — 3y, 4y)|
= (Bz +9)* + (z = 3y)* + (4y)°)
= (1022 + 26y%)2
< V26(x% + yQ)%
= V26| (z, )] -

So the linear transformation 7' is bounded.

=

137
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Why is boundedness of linear transformations an important concept? Because it turns out to
be equivalent to continuity and is usually easier to establish.

23.1.4. PROPOSITION. Let T: V. — W be a linear transformation between normed linear spaces.
The following are equivalent:

(a) T is continuous.
(b) There is at least one point at which T is continuous.
(c) T is continuous at 0.

(d) T is bounded.

PRrROOF. Exercise. Hint. To prove that (c) implies (d) argue by contradiction. Show that for
each n there exists x,, in V such that | Tz, || > n||zy||. Let y, = (onnH)_lmn Give one argument
to show that the sequence (T'y,) converges to zero as n — oo. Give another to show that it does
not. (Solution ).23.1.)

23.1.5. DEFINITION. Let T' € B(V, W) where V and W are normed linear spaces. Define

|T|| :=inf{M > 0: ||Tz| < M|z|/for all x € V}.
This number is called the NORM of T. We show in proposition 23.1.14 that the map T+ ||T|
really is a norm on B(V, W).

There are at least four ways to compute the norm of a linear transformation 7. Use the
definition or any of the three formulas given in the next lemma.

23.1.6. LEMMA. Let T be a bounded linear map between nonzero normed linear spaces. Then
|7l = sup{[l||~* | T=[|: « # 0}
= sup{||Tu||: [Jul| = 1}
= sup{||Tu| : [lul| < 1}.
PRrROOF. Exercise. Hint. To obtain the first equality, use the fact that if a subset A of R is
bounded above then sup A = inf{M: M is an upper bound for A}. (Solution ).23.2.)
23.1.7. COROLLARY. If T € B(V,W) where V and W are normed linear spaces, then
ITa)) < |7 =]
for allx in V.

PROOF. By the preceding lemma ||T'|| > ||z||~!||Tx|| for all x # 0. Thus | Tx| < ||T| ||lz|| for
all x. ]

The following example shows how to use lemma 23.1.6 (in conjunction with the definition) to
compute the norm of a linear transformation.

23.1.8. EXAMPLE. Let T be the linear map defined in example 23.1.3. We have already seen
that |T(z,y)|| < v26|/(z,y)|| for all (z,y) in R%. Since ||T|| is defined to be the infimum of the
set of all numbers M such that | T(z,y)|| < M||(x,y)| for all (z,y) € R?, and since /26 is such a
number, we know that

| < Va6 (23.1)
On the other hand lemma 23.1.6 tells us that ||T'|| is the supremum of the set of all numbers ||Tu||
where u is a unit vector. Since (0,1) is a unit vector and ||T(0,1)| = [|(1,—3,4)| = V26, we
conclude that

I > v/26 (23.2)
Conditions (23.1) and (23.2) imply that ||T| = v/26.

23.1.9. PROBLEM. Let T: R? — R3 be the linear transformation defined by T'(x, %) = (3z,z +
2y,x — 2y). Find ||T|.
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23.1.10. PROBLEM. Let T: R? — R*: x s (21 — 49,221 + 323, 21 + 422, 21 — 623). Find ||T|.

23.1.11. EXERCISE. Find the norm of each of the following.

(a) The identity map on a normed linear space.

(b) The zero map in B(V, W).

(c) A coordinate projection 7 : Vi x Vo — Vi (k = 1,2) where V; and V3 are nontrivial
normed linear spaces (that is, normed linear spaces which contain vectors other than the
zero vector.)

(Solution ).23.3.)
23.1.12. EXERCISE. Let C = C(a,b],R). Define J: C — R by

b
Jf = / f(z)dx.
a
Show that J € B(C,R) and find ||.J||. (Solution ().23.4.)

23.1.13. PROBLEM. Let C! and C be as in problem 21.1.23. Let D be the differentiation operator
D:Ct—=C: fw f

(where f’ is the derivative of f). Let both C! and C have the uniform norm. Is the linear transfor-
mation D bounded? Hint. Let [a,b] = [0, 1] and consider the functions f,(x) = 2™ for n € N and
0<x<1.

Next we show that the set B(V, W) of all bounded linear transformations between two normed
linear spaces is itself a normed linear space.

23.1.14. PROPOSITION. IfV and W are normed linear spaces then under pointwise operations
B(V,W) is a vector space and the map T — ||T|| from B(V, W) into R defined above is a norm on
BV, W).

PRrOOF. Exercise. (Solution ().23.5.)

One obvious fact that we state for future reference is that the composite of bounded linear
transformations is bounded and linear.

23.1.15. PROPOSITION. If S € B(U,V) and T € B(V,W), then TS € B(U, W) and | TS| <
I 1S]]

PrOOF. Exercise. (Solution ).23.6.)

In propositions 21.1.16 and 21.1.17 we saw that the kernel and range of a linear map T are
vector subspaces, respectively, of the domain and codomain of T'. It is interesting to note that the
kernel is always a closed subspace while the range need not be.

23.1.16. PROPOSITION. If V and W are normed linear spaces and T € B(V, W), then ker T is
a closed linear subspace of V.

PROOF. Problem.

23.1.17. EXAMPLE. Let ¢q be the vector space of all sequences x of real numbers (with pointwise
operations) which converge to zero. Give ¢g the uniform norm (see example 22.1.9 so that for every
x € Cp

|zl = sup{zy : k € N}.
The family [ of sequences of real numbers which have only finitely many nonzero coordinates is a
vector subspace of cg, but it is not a closed subspace. Thus the range of the inclusion map of [ into
co does not have closed range.

PRrRoOOF. Problem.
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In general the calculus of infinite dimensional spaces is no more complicated than calculus on
R™. One respect in which the Euclidean spaces R™ turn out to be simpler, however, is the fact that
every linear map from R" into R™ is automatically continuous. Between finite dimensional spaces
there are no discontinuous linear maps. And this is true regardless of the particular norms placed
on these spaces.

23.1.18. PROPOSITION. Let R™ and R™ have any norms whatever. If T: R™ — R™ is linear,
then it is continuous.

PROOF. Problem. Hint. Let [tfc] = [T'] be the matrix representation of 7" and
M:maxﬂti‘: 1<j<mand1<k<n}.
Let R]" be R™ provided with the uniform norm
Jallu = max{a]: 1 < k < m)

and R} be R™ equipped with the norm

n
Izl ==Yl -
k=1

Show that T regarded as a map from R} to R} is bounded (with ||T'|| < M). Then use prob-
lem 22.3.21.

23.1.19. PROBLEM. Let V and W be normed linear spaces and x € V. Define a map E, (called
EVALUATION AT x) by

E,:BV,W)-W:Tw—Tz.
Show that E, € B(B(V,W),W) and that ||E,| < |z|.

23.1.20. PROBLEM. What changes in the preceding problem if we let M be a compact metric
space and W be a nonzero normed linear space and consider the evaluation map E,: C(M,W) —

W: fe f(x)?

23.1.21. PROBLEM. Let S be a nonempty set and T': V' — W be a bounded linear transformation
between normed linear spaces. Define a function Cr on the normed linear space B(S, V) by

Cr(f)=Tof
for all f in B(S,V).
(a) Show that C7(f) belongs to B(S, W) whenever f is a member of B(S, V).
(b) Show that the map Cr: B(S,V) — B(S, W) is linear and continuous.
(¢) Find ||C7]|.
(d) Show that if f, — ¢ (unif) in B(S, V), then T o f,, — T o g (unif) in B(S, W).
(e) Show that C7r is injective if and only if T is.

23.1.22. PROBLEM. Let M and N be compact metric spaces and ¢: M — N be continuous.
Define Ty on C(N,R) by
Ty(g) :=goo

for all g in C(N,R).

(a) Ty maps C(N,R) into C(M,R).

(b) T is a bounded linear transformation.

(©) I Tg|l = 1.

(d) If ¢ is surjective, then Ty is injective.

(e) If Ty is injective, then ¢ is surjective. Hint. Suppose ¢ is not surjective. Choose y in

N \ ran ¢. Show that problem 14.1.31 can be applied to the sets {y} and ran ¢.
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(f) If T is surjective, then ¢ is injective. Hint. Here again problem 14.1.31 is useful. [It is
also true that if ¢ is injective, then Ty is surjective. But more machinery is needed before
we can prove this.]

23.1.23. PROBLEM. Let (Sk) be a sequence in B(V, W) and U be a member of B(W, X) where
V, W, and X are normed linear spaces. If Sy — T in B(V, W), then USy — UT. Also, state and
prove a similar result whose conclusion is, “then S U — TU.”

23.1.24. DEFINITION. A family ¥ of linear maps from a vector space into itself is a COMMUTING
FAMILY if ST =TS forall S, T € %.

23.1.25. PROBLEM (Markov-Kakutani Fixed Point Theorem). Prove: If T is a commuting family
of bounded linear maps from a normed linear space V into itself and K is a nonempty convex
compact subset of V' which is mapped into itself by every member of T, then there is at least one
point in K which is fixed under every member of . Hint. For every T in ¥ and n in N define

n—1
T,=n"') T
7=0

(where T° :=I). Let $f = {T,,: T € T and n € N}. Show that il is a commuting family of bounded
linear maps on V each of which maps K into itself and that if Uy,...,U, € 4, then

(U1 U~ (K) € (U] (K).
j=1

Let € ={U7(K): U € U} and use problem 15.3.2 to show that ()€ # (.

Finally, show that every element of ()€ is fixed under each T in ¥; that is, if a € (€ and
T € %, then Ta = a. To this end argue that for every n € N there exists ¢,, € K such that a = T),¢c,,
and therefore T'a — a belongs to n~!(K — K) for each n. Use problems 22.3.10 and 15.1.5 to show
that every neighborhood of 0 contains, for sufficiently large n, sets of the form n~1(K — K). What
do these last two observations say about T'a — a?

23.2. THE STONE-WEIERSTRASS THEOREM

In example 15.3.5 we found that the square root function can be uniformly approximated on
[0,1] by polynomials. In this section we prove the remarkable Weierstrass approzimation theorem
which says that every continuous real valued function can be uniformly approximated on compact
intervals by polynomials. We will in fact prove an even stronger result due to M. H. Stone which
generalizes the Weierstrass theorem to arbitrary compact metric spaces.

23.2.1. PROPOSITION. Let A be a subalgebra of C(M,R) where M is a compact metric space. If
f €A, then |f] € A.

PRrROOF. Exercise. Hint. Let (p,) be a sequence of polynomials converging uniformly on [0, 1]
to the square root function. (See 15.3.5.) What can you say about the sequence (p, o g?) where
g=f/IIfII? (Solution ).23.7.)

23.2.2. COROLLARY. If A is a subalgebra of C(M,R) where M is a compact metric space, and
if f, g€ A, then fV g and f A g belong to A.

PROOF. As in the solution to problem 14.2.10, write fV g = 3(f+ g+ |f —g|) and fAg =
%(f + g —|f — g|); then apply the preceding proposition. O

23.2.3. DEFINITION. A family F of real valued functions defined on a set S is a SEPARATING
family if corresponding to every pair of distinct points = and y and S there is a function f in F

such that f(x) # f(y). In this circumstance we may also say that the family F SEPARATES POINTS
of S.
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23.2.4. PROPOSITION. Let A be a separating unital subalgebra of C(M,R) where M is a compact
metric space. If a and b are distinct points in M and o, 3 € R, then there exists a function f € A

such that f(a) = a and f(b) = .

PROOF. Problem. Hint. Let g be any member of A such that g(a) # g(b). Notice that if k
is a constant, then the function f: x — « + k(g(z) — g(a)) satisfies f(a) = a. Choose k so that

f(b) = 5.

Suppose that M is a compact metric space. The Stone-Weierstrass theorem says that any
separating unital subalgebra of the algebra of continuous real valued functions on M is dense.
That is, if A is such a subalgebra, then we can approximate each function f € C(M,R) arbitrarily
closely by members of A. The proof falls rather naturally into two steps. First (in lemma 23.2.5)
we find a function in A which does not exceed f by much; precisely, given a € M and € > 0 we
find a function g in A which agrees with f at a and satisfies g(x) < f(x) + € elsewhere. Then (in
theorem 23.2.6) given € > 0 we find h € A such that f(z) —e < h(z) < f(z) +e.

23.2.5. LEMMA. Let A be a unital separating subalgebra of C(M,R) where M is a compact metric
space. For every f € C(M,R), every a € M, and every € > 0 there erists a function g € A such
that g(a) = f(a) and g(z) < f(x) + € for all x € M.

Proor. Exercise. Hint. For each y € M find a function ¢, which agrees with f at a and at
y. Then ¢,(z) < f(z) + € for all z in some neighborhood U, of y. Find finitely many of these
neighborhoods Uy, ..., U,, which cover M. Let g = ¢, A--- A ¢y, . (Solution ).23.8.)

23.2.6. THEOREM (Stone-Weierstrass Theorem). Let A be a unital separating subalgebra of
C(M,R) where M is a compact metric space. Then A is dense in C(M,R).

PROOF. All we need to show is that C(M,R) C A. So we choose f € C(M,R) and try to
show that f € A. It will be enough to show that for every € > 0 we can find a function h € A
such that || f — k||, < e. [Reason: then f belongs to A (by proposition11.1.22) and therefore to A
(by 10.3.2(b)).]

Let € > 0. For each z € M we may, according to lemma 23.2.5, choose a function g, € A such
that g,(z) = f(x) and

92(y) < fy) +¢ (23.3)
for every y € M. Since both f and g, are continuous and they agree at x, there exists an open set
U, containing x such that

fy) < gu(y) +e¢ (23.4)
for every y € U,. (Why?)

Since the family {U,: x € M} covers M and M is compact, there exist points x1,...,z, in
M such that {Uy,,...Uy,,} covers M. Let h = gz, V-V gz, . We know from 22.4.11 that A is a
subalgebra of C(M,R). So according to corollary 23.2.2, h € A = A.

By inequality (23.3)

9o, (y) < fy) te
holds for all y € M and 1 < k <n. Thus

h(y) < f(y) +e (23.5)
for all y € M. Each y € M belongs to at least one of the open sets Uy, . Thus by (23.4)
f(y) < gu(y) + € <hly) +e (23.6)

for every y € M. Together (23.5) and (23.6) show that

—e < fly) —hly) <e
for all y € M. That is, || f — h|l. <e. O
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23.2.7. PROBLEM. Give the missing reason for inequality (23.4) in the preceding proof.

23.2.8. THEOREM (Weierstrass Approximation Theorem). Every continuous real valued function
on [a,b] can be uniformly approzimated by polynomials.

PROOF. Problem.

23.2.9. PROBLEM. Let G be the set of all functions f in C([0,1]) such that f is differentiable
on (0,1) and f’(3) = 0. Show that G is dense in C([0,1]).

23.2.10. PROPOSITION. If M is a closed and bounded subset of R, then the normed linear space
C(M,R) is separable.

PROOF. Problem.

23.3. BANACH SPACES

23.3.1. DEFINITION. A BANACH SPACE is a normed linear space which is complete with respect
to the metric induced by its norm.

23.3.2. EXAMPLE. In example 18.2.2 we saw that R is complete; so it is a Banach space.

23.3.3. EXAMPLE. In example 18.2.11 it was shown that the space R™ is complete with respect to
the Euclidean norm. Since all norms on R™ are equivalent (problem 22.3.21) and since completeness
of a space is not affected by changing to an equivalent metric (proposition 18.2.10), we conclude
that R™ is a Banach space under all possible norms.

23.3.4. EXAMPLE. If S is a nonempty set, then (under the uniform norm) B(S,R) is a Banach
space (see example 18.2.12).

23.3.5. EXAMPLE. If M is a compact metric space, then (under the uniform norm) C(M,R) is
a Banach space (see example 18.2.13).

At the beginning of section 22.3 we listed 4 ways of making new normed linear spaces from old
ones. Under what circumstances do these new spaces turn out to be Banach spaces?
(i) A closed vector subspace of a Banach space is a Banach space. (See proposition 18.2.8.)
(ii) The product of two Banach space is a Banach space. (See proposition 18.2.9.)
(iii) If S is a nonempty set and E is a Banach space, then B(S, E) is a Banach space. (See
problem 23.3.7.)
(iv) If V is a normed linear space and F' is a Banach space, then B(V, F') is a Banach space.
(See the following proposition.)

23.3.6. PROPOSITION. Let V and W be normed linear spaces. Then B(V,W) is complete if W
18.
PrOOF. Exercise. Hint. Show that if (7,) is a Cauchy sequence in B(V, W), then lim T,z
n—oo
exists for every z in V. Let Sz = lim T,x. Show that the map S: z + Sz is linear. If € > 0 then

n—oo
for m and n sufficiently large ||T,,, — Tp,|| < €. For such m and n show that

1Sz — Toal| < Sz — Tzl + gelz|
and conclude from this that S is bounded and that T,, — S in B(V,W). (Solution ).23.9.)

23.3.7. PROBLEM. Let S be a nonempty set and V' be a normed linear space. If V' is complete,
so is B(S,V). Hint. Make suitable modifications in the proof of example 18.2.12.

23.3.8. PROBLEM. Let M be a compact metric space and V be a normed linear space. If V' is
complete so is C(M, V). Hint. Use proposition 22.4.12.
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23.3.9. PROBLEM. Let m be the set of all bounded sequences of real numbers. (That is, a
sequence (x1,x3,...) of real numbers belongs to m provided that there exists a constant M > 0
such that |z < M for all k € N.) If z = (z) and y = (y) belong to m and « is a scalar define

r+y=(r1+y,T2+y2...)
and
axr = (axi,axs,...).
Also, for each sequence x in m define

||| = sup{|zx|: k € N}.

(a) Show that m is a Banach space. Hint. The proof should be very short. This is a special
case of a previous example.

(b) The space m is not separable.

(¢) The closed unit ball of the space m is closed and bounded but not compact.

23.4. DUAL SPACES AND ADJOINTS

In this section U, V, and W are normed linear spaces.

Particularly important among the spaces of bounded linear transformations introduced in sec-
tion 23.1 are those consisting of maps from a space V into its scalar field R. The space B(V,R) is
the DUAL SPACE of V' and is usually denoted by V*. Members of V* are called BOUNDED LINEAR
FUNCTIONALS. (When the word “function” is given the suffix “al” we understand that the function
is scalar valued.)

23.4.1. EXAMPLE. Let f: R3 — R: (z,y,2) — 2 +y + 2. Then f is a member of (R3)*. (It is
obviously linear and is bounded by proposition 23.1.18.)

23.4.2. EXAMPLE. The familiar Riemann integral of beginning calculus is a bounded linear
functional on the space C = C([a,b],R). That is, the functional J defined in exercise 23.1.12
belongs to C*.

23.4.3. EXAMPLE. Let M be a compact metric space and C = C(M,R). For each x in M the
evaluation functional E,: f — f(x) belongs to C*. (Take W = R in problem 23.1.20.)

23.4.4. DEFINITION. Let T' € B(V,W). Define T* by T*(g) = g o T for every g in W*. The
map 1™ is the ADJOINT of T'. In the next two propositions and problem 23.4.7 we state only the
most elementary properties of the adjoint map T — T*. We will see more of it later.

23.4.5. PROPOSITION. If T € B(V,W), then T* maps W* into V*. Furthermore, if g € W*,
then [|[T*g| < ||T[| [|gl]-

PRroOF. Exercise. (Solution ().23.10.)

23.4.6. PROPOSITION. Let S € B(U,V), T € B(V,W), and Iy be the identity map on V. Then
(a) T belongs to B(W*,V*) and ||T*| < ||T|;
(b) (Iy)* is Iy, the identity map on V*; and
(c) (TS)* =S*T*.

Proor. Problem.

23.4.7. PROBLEM. The adjoint map T — T™ from B(V, W) into B(W™*, V*) is itself a bounded
linear transformation, and it has norm not exceeding 1.



CHAPTER 24

THE CAUCHY INTEGRAL

In this chapter we develop a theory of integration for vector valued functions. In one way our
integral, the Cauchy integral, will be more general and in another way slightly less general than
the classical Riemann integral, which is presented in beginning calculus. The Riemann integral is
problematic: the derivation of its properties is considerably more complicated than the correspond-
ing derivation for the Cauchy integral. But very little added generality is obtained as a reward
for the extra work. On the other hand the Riemann integral is not nearly general enough for
advanced work in analysis; there the full power of the Lebesgue integral is needed. Before starting
our discussion of integration we derive some standard facts concerning uniform continuity.

24.1. UNIFORM CONTINUITY

24.1.1. DEFINITION. A function f: M; — M between metric spaces is UNIFORMLY CONTINU-
ous if for every € > 0 there exists § > 0 such that d(f(z), f(y)) < € whenever d(z,y) < J.

Compare the definitions of “continuity” and “uniform continuity”. A function f: M7 — Ms is
continuous if

Va € MiVe> 030 >0Ve € M1 d(z,a) <d = d(f(x), f(a)) <e.

We may just as well write this reversing the order of the first two (universal) quantifiers.
Ve >0Va € M;36 > 0Ve € Myd(z,a) < = d(f(x), f(a)) <e.

The function f is uniformly continuous if
Ve > 030 >0Va € MyVe € Myd(xz,a) <d = d(f(x), f(a)) <e.

Thus the difference between continuity and uniform continuity is the order of two quantifiers. This
makes the following result obvious.

24.1.2. PROPOSITION. FEwvery uniformly continuous function between metric spaces is continuous.
24.1.3. ExAMPLE. The function f: R — R: z +— 3x — 4 is uniformly continuous.

PROOF. Given € > 0, choose 6 = ¢/3. If |zt —y| < §, then |f(z) — f(y)| = |83z —4) — By —4)| =
lz—y| <36 =e O
24.1.4. ExAMPLE. The function f: [1,00) — R: x + 2! is uniformly continuous.
PRrOOF. Exercise. (Solution (3.24.1.)
24.1.5. EXAMPLE. The function g: (0,1] — R: 2 — 2! is not uniformly continuous.
PRrOOF. Exercise. (Solution ().24.2.)
24.1.6. PROBLEM. Let M be an arbitrary positive number. The function
f:00,M] = R: 2 22
is uniformly continuous. Prove this assertion using only the definition of “uniform continuity”.
24.1.7. PROBLEM. The function
g: [0,00) = R: x> 2?
is not uniformly continuous.

145
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24.1.8. PROPOSITION. Norms on vector spaces are always uniformly continuous.
PROOF. Problem.

We have already seen in proposition 24.1.2 that uniform continuity implies continuity. Ex-
ample 24.1.5 shows that the converse is not true in general. There are however two special (and
important!) cases where the concepts coincide. One is linear maps between normed linear spaces,
and the other is functions defined on compact metric spaces.

24.1.9. PROPOSITION. A linear transformation between normed linear spaces is continuous if
and only if it is uniformly continuous.

PROOF. Problem.

Of course, the preceding result does not hold in general metric spaces (where “linearity” makes
no sense). The next proposition, for which we give a preparatory lemma, is a metric space result.

24.1.10. LEMMA. Let (zy,) and (yp) be sequences in a compact metric space. If d(xy,yn) — 0
as n — 0o, then there exist convergent subsequences of (xy) and (y,) which have the same limit.

PRrROOF. Exercise. (Solution ().24.3.)

24.1.11. PROPOSITION. Let My be a compact metric space and My be an arbitrary metric space.
Every continuous function f: M1 — My is uniformly continuous.

PRrROOF. Exercise. (Solution ).24.4.)

In section 24.3 of this chapter, where we define the Cauchy integral, an important step in the
development is the extension of the integral from an exceedingly simple class of functions, the step
functions, to a class of functions large enough to contain all the continuous functions. The two
basic ingredients of this extension are the density of the step functions in the large class and the
uniform continuity of the integral. Theorem 24.1.15 below is the crucial result which allows this
extension. First, two preliminary results.

24.1.12. PROPOSITION. If f: M; — My is a uniformly continuous map between two metric
spaces and (xy) is a Cauchy sequence in My, then (f(xn)) is a Cauchy sequence in Mo.

PROOF. Problem.

24.1.13. PROBLEM. Show by example that proposition 24.1.12 is no longer true if the word
“uniformly” is deleted .

24.1.14. LEMMA. Let My and Mo be metric spaces, S C My, and f: S — My be uniformly
continuous. If two sequences (x,) and (y,) in S converge to the same limit in My and if the
sequence (f(xn)) converges, then the sequence (f(yn)) converges and lim f(zy,) = lim f(yy,).

PROOF. Exercise. Hint. Consider the “interlaced” sequence

(:1:17 Y1,22,Y2,T3,Y3, ... ) .
(Solution ).24.5.)
We are now in a position to show that a uniformly continuous map f from a subset of a metric

space into a complete metric space can be extended in a unique fashion to a continuous function
on the closure of the domain of f.

24.1.15. THEOREM. Let My and My be metric spaces, S a subset of My, and f: S — Ms. If f
is uniformly continuous and Ma is complete, then there exists a unique continuous extension of f
to S. Furthermore, this extension is uniformly continuous.

PROOF. Problem. Hint. Define g: S — Ms by g(a) = lim f(x,) where () is a sequence in S
converging to a. First show that g is well defined. To this end you must show that
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(i) lim f(x,) does exist, and
(ii) the value assigned to g at a does not depend on the particular sequence (x,,) chosen. That
is, if z, — a and y,, — a, then lim f(z,) = lim f(yy).
Next show that ¢ is an extension of f.
To establish the uniform continuity of g, let @ and b be points in S. If (x,,) is a sequence in
S converging to a, then f(z,) — g(a). This implies that both d(z;,a) and d(f(z;),g(a)) can be
made as small as we please by choosing j sufficiently large. A similar remark holds for a sequence
(yn) in S which converges to b. From this show that z; is arbitrarily close to y;, (for large j and k)
provided we assume that a is sufficiently close to b. Use this in turn to show that g(a) is arbitrarily
close to g(b) when a and b are sufficiently close.
The uniqueness argument is very easy.

24.1.16. PROPOSITION. Let f: M — N be a continuous bijection between metric spaces. If M
is complete and f~! is uniformly continuous, then N is complete.

PROOF. Problem.

24.2. THE INTEGRAL OF STEP FUNCTIONS

’Throughout this section F is a Banach space.

24.2.1. DEFINITION. An (n + 1)-tuple (¢o,%1,...,t,) of real numbers is a PARTITION of the
interval [a,b] in R provided that
(i) to = a,
(ii) ¢, = b, and
(iii) tp—q < tp for 1 <k <mn.
If P=(so,...,5m) and Q = (to,...,tn) are partitions of the same interval [a,b] and if

{80,...,8m}g{t0,...,tn}

then we say that @) is a REFINEMENT of P and we write P < Q.
Let P = (s0,...,5m), @ = (to,...,tn), and R = (uo,...,up) be partitions of [a,b] C R. If

{uo,...,up} ={s0,...,sm}U{to,...,tn}
then R is the SMALLEST COMMON REFINEMENT of P and @ and is denoted by PV Q. It is clear

that PV @ is the partition with fewest points which is a refinement of both P and Q.

24.2.2. EXERCISE. Consider partitions P = (O, %, %, %, %, %, 1) and Q = ( Vs %, %, %, l) of [0,1].
Find P Vv Q. (Solution Q.24.6.)

24.2.3. DEFINITION. Let S be a set and A be a subset of S. We define x,: S — R, the
CHARACTERISTIC FUNCTION of A, by

() 1, ifxe A
xr) =
Xa 0, if 2 € A°.

If E is a Banach space, then a function o: [a,b] — E is an E VALUED STEP FUNCTION on the
interval [a, ] if

(i) rano is finite and

(ii) for every = € rano the set o ({x}) is the union of finitely many subintervals of [a, b].

We denote by S([a,b], E) the family of all E valued step functions defined on [a,b]. Notice that
S([a,b], E) is a vector subspace of B([a,b], E).
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It is not difficult to see that o: [a,b] — E is a step function if and only if there exists a partition
(to,...,tn) of [a,b] such that o is constant on each of the open subintervals (¢;_1, tx). If, in addition,
we insist that ¢ be discontinuous at each of the points ¢1,...,%,_1, then this partition is unique.
Thus we speak of the PARTITION ASSOCIATED WITH (or INDUCED BY) a step function o.

24.2.4. NOTATION. Let o be a step function on [a,b] and P = (tg,...,t,) be a partition of [a, b]
which is a refinement of the partition associated with o. We define

op = (mlv"wxn)
where xj is the value of o on the open interval (t;_1,tx) for 1 <k < n.
24.2.5. EXERCISE. Define o: [0,5] — R by
7= X T Xes T Xy T X T X T Xus) |

(a) Find the partition P associated with o.
(b) Find og where Q = (0,1,2,3,4,5).
(Solution ).24.7.)
24.2.6. DEFINITION. Let o be an E valued step function on [a, b] and (to, ..., t,) be the partition

associated with o. For 1 < k < n let At = t; — t;_1 and x; be the value of ¢ on the subinterval
(tk—1,tx). Define

/O’ = Z(Atk)xk .
k=1

The vector [o is the INTEGRAL of o over [a,b]. Other standard notations for [o are ffo’
and fab o(t)dt.

24.2.7. EXERCISE. Find f050 where o is the step function given in exercise 24.2.5. (Solu-
tion ).24.8.)

24.2.8. PROBLEM. Let o: [0,10] — R be defined by
7 =2Xp1 5 ~ X8 T Xe) T Xaa0) T PXpo0

(a) Find the partition associated with o.
(b) If Q = (0,1,2,3,4,5,6,7,8,9, 10), what is 0¢?
(¢) Find [o.

The next lemma is essentially obvious, but it is good practice to write out a proof anyway. It
says that in computing the integral of a step function ¢ it doesn’t matter whether we work with
the partition induced by o or with a refinement of that partition.

24.2.9. LEMMA. Let o be an E valued step function on [a,b]. If Q = (ug,...,un) is a refinement
of the partition associated with o and if g = (y1,...,Ym), then

/U = Z(Auk)ykz-
k=1

PRrOOF. Exercise. (Solution (3.24.9.)

It follows easily from the preceding lemma that changing the value of a step function at a finite
number of points does not affect the value of its integral. Next we show that for a given interval
the integral is a bounded linear transformation on the family of all E valued step functions on the
interval.
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/: S([a,b], ) —

is bounded and linear with || [|| = b — a. Furthermore,

/a(t) || < /||a(t)|| dt

for every E valued step function o on [a,b].

PROOF. Problem. Hint. To show that [(oc +7) = [o + [T, let P and @Q be the partitions
associated with o and 7, respectively. Define the partition R = (t,...,t,) to be PV Q. Clearly R is
a refinement of the partition associated with o+7. Suppose og = (21,...,2,) and 7 = (Y1, .-, Yn)-
Use lemma 24.2.9 to compute [(o + 7). To find || [|| use the definition of the norm of a linear map
and lemma 23.1.6.

24.2.10. PROPOSITION. The map

We now show that in the case of real valued step functions the integral is a positive linear
functional; that is, it takes positive functions to positive numbers.

24.2.11. PROPOSITION. If o is a real valued step function on [a,b] and if o(t) > 0 for all t in
la,b], then [o > 0.

PROOF. Problem.

24.2.12. COROLLARY. If o and 7 are real valued step functions on [a,b] and if o(t) < 7(t) for
all t in [a,b], then [o < [T.

PROOF. Apply the preceding proposition to 7—o. Then (by 24.2.10) [7—[o = [(T — o) > 0.
]

Finally we prepare the ground for piecing together and integrating two functions on adjoining
intervals.

24.2.13. PROPOSITION. Let ¢ be an interior point of the interval [a,b]. If T and p are E valued
step functions on the intervals [a,c] and [c,b], respectively, define a function o: [a,b] — E by

) (1), ifa<t<ec
U(t)_{p(t), ifc<t<hb.

Then o is an E valued step function on [a,b] and
[o=fr]r
PRrROOF. Exercise. (Solution ).24.10.)

Notice that if o is a step function on [a,b], then 7 := o[, g and p := oy are step functions

and by the preceding proposition
b c b
L=l /o
a a C

In this context one seldom distinguishes notationally between a function on an interval and the
restriction of that function to a subinterval. Thus (24.2) is usually written

/U—/a+/

24.2.14. PROBLEM. Let o: [a,b] — E be a step function and T: E — F be a bounded linear
transformation from FE into another Banach space F'. Then T o ¢ is an F-valued step function on

[a,b] and
/(Toa):T(/U).
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24.3. THE CAUCHY INTEGRAL

We are now ready to extend the integral from the rather limited family of step functions to a
class of functions large enough to contain all continuous functions (in fact, all piecewise continuous
functions).

Following Dieudonné[3] we will call members of this larger class regulated functions.

’In this section E will be a Banach space, and a and b real numbers with a < b.‘

24.3.1. DEFINITION. Recall that the family S = S§([a, b], E') of E valued step functions on [a, b]
is a subspace of the normed linear space B = B([a,b], E) of bounded E-valued functions on [a, b].
The closure S of S in B is the family of REGULATED FUNCTIONS on |[a, b].

It is an interesting fact that the regulated functions on an interval turn out to be exactly those
functions which have one-sided limits at every point of the interval. We will not need this fact, but
a proof may be found in Dieudonné|3].

According to problem22.3.9(b) the set S is a vector subspace of the Banach space B. Since it is
closed in B it is itself a Banach space. It is on this Banach space that we define the Cauchy integral.
The Cauchy integral is not as general as the Riemann integral because the set S is not quite as
large as the set of functions on which the Riemann integral is defined. We do not prove this; nor
do we prove the fact that when both integrals are defined, they agree. What we are interested in
proving is that every continuous function is regulated; that is, every continuous function on [a, b]
belongs to S.

24.3.2. PROPOSITION. Every continuous E-valued function on [a,b] is requlated.

PRrROOF. Exercise. Hint. Use proposition 24.1.11. (Solution ().24.11.)

It is not difficult to modify the preceding proof to show that every piecewise continuous function
on [a, b] is regulated. (Definition: A function f: [a,b] — E is PIECEWISE CONTINUOUS if there exists
a partition (to,...,t,) of [a,b] such that f is continuous on each subinterval (tx_1,tx).)

24.3.3. COROLLARY. Every continuous E valued function on [a,b] is the uniform limit of a
sequence of step functions.

PROOF. According to problem 12.2.5 a function f belongs to the closure of S if and only if
there is a sequence of step functions which converges (uniformly) to f. O

Now we are ready to define the Cauchy integral of a regulated function.

24.3.4. DEFINITION. Recall that & = S([a,b], E) is a subset of the Banach space B([a,b], E). In
the preceding section we defined the integral of a step function. The map

/:S—>E

was shown to be bounded and linear [proposition 24.2.10]; therefore it is uniformly continuous
[proposition 24.1.9]. Thus [theorem 24.1.15] it has a unique continuous extension to S. This
extension, which we denote also by [, and which is, in fact, uniformly continuous, is the CAUCHY
(or CAUCHY-BOCHNER) INTEGRAL. For f in 8 we call [ f the INTEGRAL OF f (over [a,b]). As
with step functions we may wish to emphasize the domain of f or the role of a particular variable,
in which case we may write ff for f: f(t)dt for [ f.

24.3.5. PROBLEM. Use the definition of the Cauchy integral to show that fol x?dr = 1/3. Hint.

Start by finding a sequence of step functions which converges uniformly to the function z — 2.

The proof of proposition 24.3.2 may help; so also may problem I.1.15.
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Most of the properties of the Cauchy integral are derived from the corresponding properties of
the integral of step functions by taking limits. In the remainder of this section it is well to keep
in mind one aspect of theorem 24.1.15 (and its proof): When a uniformly continuous function f is
extended from a set S to a function g on its closure S, the value of g at a point a in S is the limit
of the values f(z,) where (z,) is any sequence in S which converges to a. What does this say in
the present context? If h is a regulated function, then there exists a sequence (o,,) of step functions
converging uniformly to A and furthermore

/h: lim [ o,.

We use this fact repeatedly without explicit reference.

One more simple fact is worthy of notice. Following lemma 24.2.9 we remarked that changing
the value of a step function at finitely many points does not affect the value of its integral. The
same is true of regulated functions. [Proof. Certainly it suffices to show that changing the value
of a regulated function f at a single point ¢ does not alter the value of [ f. Suppose (oy,) is a
sequence of step functions converging uniformly to f. Also suppose that g differs from f only at c.
Replace each step function o, by a function 7, which is equal to o, at each point other than ¢ and
whose value at ¢ is g(¢). Then 7,, — ¢ (unif) and (by the comment in the preceding paragraph)
[g=1lm [7, =1lim [0, = [ f]

The following theorem (and proposition 24.3.10) generalize proposition 24.2.10.

24.3.6. THEOREM. The Cauchy integral is a bounded linear transformation which maps the space
of E valued requlated functions on [a,b] into the space E.

PROOF. Exercise. (Solution ).24.12.)

Next we show that for real valued functions the Cauchy integral is a positive linear functional.
This generalizes proposition 24.2.11.

24.3.7. PROPOSITION. Let f be a regulated real valued function on [a,b]. If f(t) >0 for allt in
[a,b], then [ f > 0.

PRrROOF. Problem. Hint. Suppose that f(t) > 0 for all ¢ in [a, b] and that (oy,) is a sequence of
real valued step functions converging uniformly to f. For each n € N define

oy Ja,b] — R: t — max{o,(t),0}.

n

Show that (o;") is a sequence of step functions converging uniformly to f. Then use proposi-
tion 24.2.11.

24.3.8. COROLLARY. If f and g are regulated real valued functions on [a,b] and if f(t) < g(t)
for allt in [a,b], then [ f < [g.

PROOF. Problem.

24.3.9. PROPOSITION. Let f: [a,b] — E be a regulated function and (o) be a sequence of
FE-valued step functions converging uniformly to f. Then

Ji]-m

Furthermore, if g(t) = || f(t)|| for allt in [a,b] and 1, (t) = ||on(t)|| for alln in N and t in [a,b], then
(70) is a sequence of real valued step functions which converges uniformly to g and [ g =lim [ 7,.

PROOF. Problem.

24.3.10. PROPOSITION. Let f be a regulated E valued function on [a,b]. Then

/f] < [Iswa
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and therefore

H/fH < (- a)lflh-

| /1=~

where [ S — E is the Cauchy integral and S is the family of requlated E valued functions on the
interval [a, b].

Thus

PROOF. Problem.

24.3.11. PROBLEM. Explain in one or two brief sentences why the following is obvious: If (f,,)
is a sequence of E-valued regulated functions on [a,b] which converges uniformly to g, then g is
regulated and [ ¢g =lim [ f,.

24.3.12. PROBLEM. Let o,7: [0,3] — R be the step functions defined by
7= Xpg W T =Xy T X

Recall from appendix N that the function (o, 7): [0,3] — R? is defined by (0, 7)(t) = (o(t),7(t))
for 0 <t < 3. It is clear that (o, 7) is a step function.

(a) Find the partition R associated with (o, 7). Find (o, 7)g. Make a careful sketch of (o, 7).
(b) Find [(o, 7).
24.3.13. PROBLEM. Same as preceding problem except let o = X0.1)"
We now generalize proposition 24.2.13 to regulated functions on adjoining intervals.

24.3.14. PROPOSITION. Let ¢ be an interior point of the interval [a,b]. If g and h are regulated
E-valued functions on the intervals |a,c] and [c,b], respectively, define a function f: [a,b] — E by

) a(t), ifa<c<c
= {h(t), ifc<t<b.

Then f is a regulated function on |a,b] and
b c b
[r-[osfo

As was remarked after proposition 24.2.13 it is the usual practice to use the same name for a
function and for its restriction to subintervals. Thus the notation of the next corollary.

PROOF. Problem.

24.3.15. COROLLARY. If f: [a,b] — E is a regulated function and c is an interior point of the

interval [a,b], then
/abf—/achr/cbf. (24.1)

PROOF. Let g = fljq,q and h = f|.y. Notice that g and h are regulated. [If, for example, (o)
is a sequence of step functions converging uniformly on [a,b] to f, then the step functions Tnl(a,]
converge uniformly on [a, ] to g.] Then apply the preceding proposition. O

It is convenient for formula (24.1) to be correct when a, b, and ¢ are not in increasing order or,
for that matter, even necessarily distinct. This can be achieved by means of a simple notational
convention.
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24.3.16. DEFINITION. For a regulated function f on [a,b] (where a < b) define

[r--[1

Furthermore, if g is any function whose domain contains the point a, then

/ g:=0.

24.3.17. COROLLARY. If f is an E valued regulated function whose domain contains an interval
to which the points a, b, and c belong, then

/abf=/:f+/cbf.

PRrROOF. The result is obvious if any two of the points a, b, and ¢ coincide; so we suppose that
they are distinct. There are six possible orderings. We check one of these. Suppose ¢ < a < b. By

corollary 24.3.15
/cbf=/:f+/abf.
/abfz—/:er/cbf:/:er/cbf-

The remaining five cases are similar. ([l

Thus

Suppose f is an E-valued regulated function and 7T is a bounded linear map from F into another
Banach space F'. It is interesting and useful to know that integration of the composite function
T o f can be achieved simply by integrating f and then applying T'. This fact can be expressed
by means of the following commutative diagram. Notation: Si and Sy denote, respectively, the
E valued and F valued regulated functions on [a, b]; and Cr is the bounded linear transformation
discussed in problem 23.1.21. (Cp(f) =T o f for every f.)

Sp—1 &
CT‘/ T
Sr ; F

Alternatively it may be expressed by a formula, as in the next proposition.

24.3.18. PROPOSITION. Let T': E — F be a bounded linear map between Banach spaces and f
be a regulated E valued function on the interval [a,b]. Then T o f is a requlated F valued function

on [a,b] and
firen=o([)

PRrOOF. Exercise. Hint. Use problem 24.2.14. (Solution ().24.13.)
24.3.19. COROLLARY. If E and F are Banach spaces and
T: [a,b] = B(E,F): t — T}

/Tt(m)dt:</T>(x).

is continuous, then for every x in E
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PROOF. Problem. Hint. For x in E let E,: B(E, F) — F be the map (evaluation at ) defined
in problem 23.1.19. Write Ty(x) as (E, o T')(t) and apply proposition 24.3.18.

24.3.20. PROPOSITION. Let f: [a,b] — R be a regulated function and x € E. For all t in [a,b]
let g(t) = f(t)x. Then g is a regulated E-valued function and [ g = (f f)m.

PROOF. Problem. Hint. Prove the result first for the case f is a step function. Then take
limits. ]

24.3.21. PROPOSITION. If f: [a,b] — E and g: [a,b] — F are regulated functions whose ranges
lie in Banach spaces, then the function

(f,9): [a,b] = Ex F:t— (f(t),g(t))

fun=(/+]5)

PROOF. Problem. Hint. Write [ f as [(m10(f,g)) where 7 : ExF — E is the usual coordinate
projection. Write [ g in a similar fashion. Use proposition 24.3.18. Keep in mind that if p is a
point in the product E x F, then p = (7r1 (p), m2 (p))

1s requlated and

24.3.22. PROPOSITION. Suppose h: [a,b] — E x F is a regulated function from [a,b] into the
product of two Banach spaces. Then the components h' and h? are regulated functions and

fi-(fm )

24.3.23. PROBLEM. Suppose f: [a,b] — R™ is a regulated function. Express the integral of f
in terms of the integrals of its components f1,..., f”. Justify your answer carefully. Hint. When
R™ appears (without further qualification) its norm is assumed to be the usual Euclidean norm.
This is not the product norm. What needs to be done to ensure that the results of the preceding
problem will continue to be true if the product norm on E x F' is replaced by an equivalent norm?

PROOF. Problem.

24.3.24. PROBLEM. Suppose T: [0,1] — B(R? R?): ¢t ~ T}) is continuous, and suppose that
for each ¢ in [0, 1] the matrix representation of T} is given by

7= p 4]

Find [[T] the matrix representation of [ T. Hint. Use 24.3.19, 24.3.20, and 24.3.23.
24.3.25. PROBLEM. For every f in C([a,b], E) define

b
1l = / 1F(0) ] dt

(a) Show that | ||; is a norm on C([a,b], E). Hint. In showing that || f||; = 0 implies f = 0,
proposition 3.3.21 may help.

(b) Are the norms || ||; and || ||, on C([a,b], E) equivalent?

(c) Let C; be the vector space C([a, b], E') under the norm || ||; and C,, be the same vector space
under its usual uniform norm. Does convergence of a sequence in C, imply convergence
in C71?7 What about the converse?

24.3.26. PROBLEM. Show that if f € C([0,1],R) and fol 2" f(x)dr =0 forn=0,1,2,..., then
f=0.
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1 n
24.3.27. PROBLEM. Find lim fo.2" /(@) 4
fO ™ dx

1 n
Hint. For each n in N let L, (f) = %. Show that L,, is a continuous linear functional on
0

the space C([0, 1], R) of continuous real valued functions on [0, 1]. What is lim,_.o L,(p) when p is
a polynomial? Use the Weierstrass approrimation theorem 23.2.8.

when f is a continuous real valued function on [0, 1].






CHAPTER 25

DIFFERENTIAL CALCULUS

In chapter 8 we studied the calculus of real valued functions of a real variable. We now extend
that study to vector valued functions of a vector variable. The first three sections of this chapter
repeat almost exactly the material in chapter 8. Absolute values are replaced by norms, and linear
maps by continuous linear maps. Other than that there are few differences. In fact, if you have
done chapter 8 carefully you may wish just to glance over the first three sections of this chapter
and move on to section 25.4.

Throughout this chapter V, W, and X (with or
without subscripts) will be normed linear spaces.

25.1. © AND o FUNCTIONS

25.1.1. NOTATION. Let a € V. We denote by F,(V, W) the family of all functions defined on
a neighborhood of a taking values in W. That is, f belongs to F,(V, W) if there exists a set U

such that a € U Qo dom f C V and if the image of f is contained in W. We shorten F,(V, W) to
F, when no confusion will result. Notice that for each a € V', the set F, is closed under addition
and scalar multiplication. (As usual, we define the sum of two functions f and g in F, to be the
function f 4 g whose value at x is f(z) 4+ g(z) whenever 2 belongs to dom f N dom g.) Despite the
closure of F, under these operations, F, is not a vector space.

25.1.2. PROBLEM. Let a € V # {0}. Prove that F,(V, W) is not a vector space.

Among the functions defined on a neighborhood of the zero vector in V' are two subfamilies of
crucial importance; they are O(V, W) (the family of “big-oh” functions) and o(V, W) (the family
of “little-oh” functions).

25.1.3. DEFINITION. A function f in Fo(V, W) belongs to O(V, W) if there exist numbers ¢ > 0
and 0 > 0 such that

1 (@) < cll=]

whenever ||z|| < J.
A function f in Fo(V, W) belongs to o(V, W) if for every ¢ > 0 there exists 6 > 0 such that

1f(@)]] < ell]|
whenever ||z|| < J. Notice that f belongs to o(V, W) if and only if f(0) = 0 and

Ll
o [l

When no confusion seems likely we will shorten O(V, W) to © and o(V, W) to o.

The properties of the families O and o are given in propositions 25.1.4-25.1.9, 25.1.11, and 25.1.12.

25.1.4. PROPOSITION. FEvery member of o(V, W) belongs to O(V,W); so does every member of
B(V,W). Every member of O(V,W) is continuous at 0.

Proor. Obvious from the definitions. O

157
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25.1.5. PROPOSITION. Other than the zero transformation, no bounded linear transformation
belongs to o.

PRrOOF. Exercise. (Solution (3.25.1.)

25.1.6. PROPOSITION. The family O is closed under addition and scalar multiplication.
PRrOOF. Exercise. (Solution ().25.2.)

25.1.7. PROPOSITION. The family o is closed under addition and scalar multiplication.
PrOOF. Problem.

The next two propositions say that the composite of a function in O with one in o (in either
order) ends up in o.

25.1.8. PROPOSITION. If g € O(V,W) and f € o(W,X), then fog e o(V,X).
PRrROOF. Problem.

25.1.9. PROPOSITION. If g € o(V,W) and f € O(W, X), then fog € o(V,X).
PRrOOF. Exercise. (Solution ().25.3.)

25.1.10. NOTATION. In the sequel it will be convenient to multiply vectors not only by scalars
but also by scalar valued functions. If ¢ is a function in F,(V,R) and w € W, we define the function
pw by

(pw)(z) = ¢(z) - w
for all x in the domain of ¢. Clearly, ¢pw belongs to Fo(V, W).

Similarly, it is useful to multiply vector valued functions by scalar valued functions. If ¢ €

Fo(V,R) and f € F,(V,W), we define the function ¢f by

(@f)(x) = ¢(z) - f(z)
for all x in dom ¢ N dom f. Then ¢f belongs to Fo(V, W).
25.1.11. PROPOSITION. If ¢ € o(V,R) and w € W, then ¢pw € o(V,W).
ProOF. Exercise. (Solution (3.25.4.)
25.1.12. PROPOSITION. If ¢ € O(V,R) and f € O(V,W), then ¢f € o(V,W).
PrOOF. Exercise. (Solution ().25.5.)

REMARK. The list summarizing these facts is almost the same as the one in 8.1. In (1) and (2)
the linear maps £ have been replaced by continuous linear maps B; and (7) is new. (As before, Co
is the set of all functions in F¢ which are continuous at 0.)

(1) BUoCOCC.

(2) BNo=1{0}.

(3) O+90CO; aDCO.
(4) o+o0Co; aoCo.

(5) oo Co.

(6) DooCo.

(7) o(V,R)-W Co(V,W).

(8) OV, R)-O(V,W) Co(V,IV).

25.1.13. PROBLEM. Find a function in Co(R?,R)\ O(R? R). Also, find a function in O(R? R)\
o(R?%,R).
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25.1.14. PROBLEM. Show that © o O C O. That is, if g € O(V,W) and f € O(W, X), then
foge OV, X). (As usual, the domain of f o g is taken to be {z € V: g(x) € dom f}.)

25.1.15. PROBLEM. If f1 € O(V4, W) and f? € O(Va, W), then the function g defined on
dom f' x dom f? by
g(v',v?) = 1) + f2(v?)
belongs to O (Vi x Vo, W). Hint. The simplest proof never mentions the domain elements v! and v2.
Instead write g in terms of the projection maps 7; and w9 on Vi x Vs, and apply problem 25.1.14.

25.1.16. PROBLEM. If ¢ € O(V1,R) and f € O(V2, W), then the function h defined on dom ¢ x
dom f by

h(v!,v?) = ¢(v') f(v?)
belongs to o(V; x Vo, W). (Use the hint given in the preceding problem.)

25.1.17. PROBLEM. Show that the membership of the families O(V, W) and o(V,W) is not
changed when the norms on the spaces V and W are replaced by equivalent norms.

25.2. TANGENCY

25.2.1. DEFINITION. Two functions f and g in Fo(V, W) are TANGENT AT ZERO, in which case
we write f ~ g, if f—ge€o(V,W).

25.2.2. PROPOSITION. The relation “tangency at zero” is an equivalence relation on Fq.
PRrROOF. Exercise. (Solution ).25.6.)

The next result shows that at most one bounded linear transformation can be tangent at zero
to a given function.

25.2.3. PROPOSITION. Let S, T € B and f € Fo. If S~ f and T ~ f, then S=T.
PRrROOF. Exercise. (Solution Q.25.7.)

25.2.4. PROPOSITION. If f ~ g and j ~ k, then f + j ~ g+ k, and furthermore, af ~ ag for
all o € R.

PRrROOF. Problem.

In the next proposition we see that if two real valued functions are tangent at zero, multiplication
by a vector does not disrupt this relationship. (For notation see 25.1.10.)

25.2.5. PROPOSITION. Let ¢, ¢ € Fo(V,R) and w € W. If ¢ ~ 1), then ¢pw ~ Yw.
PRrROOF. Exercise. (Solution ).25.8.)
25.2.6. PROPOSITION. Let f, g € Fo(V,W) and T € B(W,X). If f ~g, thenTo f~Tog.
PRrROOF. Problem.
25.2.7. PROPOSITION. Let h € O(V,W) and f, g € Fo(W,X). If f ~ g, then foh~goh.
PRrROOF. Problem.
25.2.8. PROBLEM. Fix a vector x in V. Define a function M,: R — V by
My (o) = ax for all a € R.
Notice that M, € B(R,V). If f € Fo(R,V) and f ~ M,, then
() 11

(b) f(@) =0 as a— 0.

— x as a — 0; and
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25.2.9. PROBLEM. Each of the following is an abbreviated version of a proposition. Formulate
precisely and prove.
(a) Co + 9 CCp.
(b) Co +0 C Cp.
(c) O+0CO.
25.2.10. PROBLEM. Suppose that f ~ g. Then the following hold.

(a) If g is continuous at 0, so is f.
(b) If g belongs to O, so does f.
(c) If g belongs to o, so does f.

25.3. DIFFERENTIATION

25.3.1. DEFINITION. Let f € F,(V,W). Define the function Af, by

Afa(h) = fla+h) — f(a)
for all h such that a 4+ h is in the domain of f. Notice that since f is defined in a neighborhood of
a, the function Af, is defined in a neighborhood of 0; that is, Af, belongs to Fo(V,W). Notice
also that Af,(0) = 0.

25.3.2. PROPOSITION. If f € Fo(V,W) and a € R, then
Alaf)e=aAf,.
PRrROOF. No changes need to be made in the proof of 8.3.3. U
25.3.3. PROPOSITION. If f, g € Fo(V, W), then
A(f+9)a=Afa+ Aga.

PROOF. The proof given (in the solutions to exercises) for proposition 8.3.4 needs no alteration.

(]
25.3.4. PROPOSITION. If ¢ € Fo(V,R) and f € Fo(V,W), then
A(¢f)a = ¢(a)  Afa + Ada - fla) + Adg - Afa.
PrROOF. Problem.
25.3.5. PROPOSITION. If f € Fo(V,W), g € Fry(W, X), and go f € Fo(V, X), then
Algo fla=Agy,y 0 Afa-
PRrOOF. Use the proof given (in the solutions to exercises) for proposition 8.3.6. O

25.3.6. PROPOSITION. A function f: V — W is continuous at the point a in V if and only if
Af, is continuous at 0.

PRroor. Problem.

25.3.7. PrRoOPOSITION. If f: U — Uy is a bijection between subsets of arbitrary vector spaces,
then for each a in U the function Afy,: U —a — Uy — f(a) is invertible and

-1 _1
(Afa)  =A) ja -
PROOF. Problem.

25.3.8. DEFINITION. Let f € F,(V,W). We say that f is DIFFERENTIABLE AT a if there exists a
bounded linear map which is tangent at 0 to A f,. If such a map exists, it is called the DIFFERENTIAL
of f at a and is denoted by df,. Thus df, is just a member of B(V, W) which satisfies df, ~ Af,.
We denote by D,(V, W) the family of all functions in F,(V, W) which are differentiable at a. We
often shorten this to D,.
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25.3.9. PROPOSITION. Let f € Fo(V,W). If f is differentiable at a, then its differential is
unique. (That is, there is at most one bounded linear map tangent at 0 to Af,.)

PRrROOF. Proposition 25.2.3. O
REMARK. If f is a function in F,(V, W) which is differentiable at a, its differential df, has three
important properties:
(i) it is linear;

(ii) it is continuous (that is, bounded as a linear map);

Afa(h) — dfa(h)

(ifi) lim =0.
h—0 HhH
Afo(h) —dfy(h) .
(An expression of the form fal |)|h|| falh) is called a NEWTON QUOTIENT.)

25.3.10. EXERCISE. Let f(z,y) = 322 — xy + 4y%. Show that df(,—1)(z,y) = Tz — 9y. Interpret
df(1,—1) geometrically. (Solution Q.25.9.)
25.3.11. EXERCISE. Let
f:R3 = R%: (z,y,2) — (2%y — 7,322 + 4y)

and a = (1,—1,0). Use the definition of “differential” to find df,. Hint. Work with the matrix
representation of df,. Since the differential must belong to B(R3, R?), its matrix representation is a

2 x 3 matrix M = [Z 'Z w} . Use the requirement—condition (iii) of the preceding remark—that

A7 |Afa(h)—Mh| — 0 as b — 0 to discover the identity of the entries in M. (Solution Q.25.10.)
25.3.12. PROPOSITION. If f € D,, then Af, € O.

PROOF. Use the proof given (in the solutions to exercises) for proposition 8.4.8. Since we are
working with bounded linear maps between normed spaces instead of linear maps on R, we must
change £ to ‘B. ([l

25.3.13. COROLLARY. FEwvery function which is differentiable at a point is continuous there.

PRrOOF. Use the proof given (in the solutions to exercises) for corollary 8.4.9. O

25.3.14. PROPOSITION. If f is differentiable at a and o € R, then af is differentiable at a and
dlaf)e = adf,.

PRrOOF. The proof given (in the solutions to exercises) for proposition 8.4.10 works, but three
references need to be changed. (What are the correct references?) g

25.3.15. PROPOSITION. If f and g are differentiable at a, then f + g is differentiable at a and
d(f + g)a = df, + dgq .

PRrROOF. Problem.

25.3.16. PROPOSITION (Leibniz’s Rule). If ¢ € Dy (V,R) and f € Dyo(V,W), then ¢f €
Do (V,W) and
d(gbf)a = d¢a : f(a) + ¢(a) dfa .

PrROOF. Exercise. (Solution ().25.11.)

In the chapters of beginning calculus texts devoted to the differential calculus of several vari-
ables, the expression “chain rule” refers most frequently to a potentially infinite collection of related
results concerning the differentiation of composite functions. Several examples such as the following
are usually given:
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Let w = f(x,y,2), © = z(u,v), y = y(u,v), and z = z(u,v). If these functions
are all differentiable, then the function

w = f(x(u,v) y y(U, U) s z(u,v))
is differentiable and

ow _owor  dwdy 0w
Oou Oxodu Oydu 0z Ou (%)
ow _owdn  owdy  dwd:
ov Oxdv OJydv 0z v

Then the reader is encouraged to invent new “chain rules” for functions having different numbers
of variables. Formulations such as (x) have many shortcomings the most serious of which is a
nearly complete lack of discernible geometric content. The version of the chain rule which we will
prove says that (after a suitable translation) the best linear approximation to the composite of two
functions is the composite of the best linear approximations. In other words, the differential of the
composite is the composite of the differentials. Notice that theorem 25.3.17, where this is stated
formally, is simpler than (x); it has obvious geometric content; it is a single “rule” rather than a
family of them; and it holds in arbitrary infinite dimensional normed linear spaces as well as in
finite dimensional ones.

25.3.17. PROPOSITION (The Chain Rule.). If f € Do(V, W) and g € Dy, (W, X), then go f €
Du(V, X) and

d(g o f)a = dgf(a) o dfa .
PRrOOF. Exercise. (Solution ).25.12.)

Each of the preceding propositions concerning differentiation is a direct consequence of a sim-
ilar result concerning the map A. In particular, the linearity of the map f +— df, (proposi-
tions 25.3.14 and 25.3.15) follows from the fact that the function f — Af, is linear (proposi-
tions 25.3.2 and 25.3.3); Leibniz’s rule 25.3.16 is a consequence of proposition 25.3.4; and the proof
of the chain rule 25.3.17 makes use of proposition 25.3.5. It is reasonable to hope that the re-
sult given in proposition 25.3.7 concerning A( ffl) f(a) will lead to useful information concerning
the differential of the inverse function. This is indeed the case; but obtaining information about
d( f *1) ) from 25.3.7 is a rather involved undertaking. It turns out, happily enough, that (under

mild hypotheses) the differential of f~! is the inverse of the differential of f. This result is known
as the inverse function theorem, and the whole of chapter 29 is devoted to detailing its proof and
to examining some of its consequences.

25.3.18. PROBLEM. Show that proposition 25.3.14 is actually a special case of Leibniz’s rule 25.3.16.
Also, suppose that ¢ € D, (V,R) and w € W. Prove that pw € D,(V, W) and that d(¢pw), = dp,-w.

25.3.19. PROBLEM. Let f: R? — R? be defined by f(z) = (3w1 — 22 + 7,71 + 4x3). Show that

[df(ljo)] = E’ _41} Hint. Let M = [? _41] and a = (1,0). Show that the Newton quotient
Afo(h) — Mh

A approaches 0 as h — 0. Use the uniqueness of differentials (proposition 25.3.9) to

conclude that [dfa] =M.
25.3.20. PROBLEM. Let F': R2 — R* be defined by

F(z) = (v2, 1%, 4 — mia2, To1)
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and let a = (1,1). Use the definition of “differential” to show that

0 1
2 0
[dF,] = R
70

25.3.21. PROBLEM. Let F': R3 — R*: 2+ (21 + 223, 79 — 23, 429, 221 — 522) and a = (1,2, —5).
Use the definition of “differential” to find [dFa]. Hint. Use the technique suggested in exer-
cise 25.3.11.

25.3.22. PROBLEM. Let F: R3 — R? be defined by F(z,y,2) = (vy — 3,y + 222). Use the
definition of “differential” to find [dF(L,LQ)}.

25.3.23. PROBLEM. Let F: R3 — R3 : 2 — (2129, 20 — 232, 22123). Use the definition of
“differential” to find [dFa] at a in R3.

25.3.24. PROBLEM. Let '€ B(V,W) and a € V. Find dT,.

25.4. DIFFERENTIATION OF CURVES

In the preceding section we have discussed the differentiability of functions mapping one normed
linear space into another. Here we briefly consider the important and interesting special case which
occurs when the domains of the functions are one dimensional.

25.4.1. DEFINITION. A CURVE in a normed linear space V is a continuous mapping from an
interval in R into V. If ¢: J — V is a curve, if 0 belongs to the interval J, and if ¢(0) = a € V,
then c is a CURVE AT a.

In classical terminology a curve c: J — V: ¢+ ¢(t) is usually referred to as a PARAMETRIZED
CURVE in V. The interval J is the PARAMETER INTERVAL and the variable ¢ belonging to J is the
PARAMETER. If you start with a subset A of V and find a continuous function ¢ from an interval
J onto A, then c is called a PARAMETRIZATION of A.

25.4.2. EXAMPLE. Let
c1:[0,2n] — R?: ¢+ (cost,sint)
and
co: [0,37] — R?: ¢ — (sin(2t 4 1), cos(2t + 1)).
Then ¢ and ¢y are two different parametrizations of the unit circle
St = {(z,y) e R*: 22 +¢y* = 1}.

Parameters need have no physical significance, but it is quite common to think of a curve in R?
or R? as representing the motion of a particle in that space: the parameter ¢ is taken to be time
and the range value ¢(t) is the position of the particle at time ¢. With this interpretation we may
view ¢ and co as representing the motion of particles traveling around the unit circle. In the first
case the particle starts (when t = 0) at the point (1,0) and makes one complete trip around the
circle traveling counterclockwise. In the second case, the particle starts at the point (sin1,cos1)
and traverses S! three times moving clockwise.

25.4.3. EXAMPLE. Let a and u # 0 be vectors in V. The curve
L:R—-V:it—a+tu

is the PARAMETRIZED LINE through a in the direction of u. Of course, infinitely many other
parametrizations of the range of ¢ are possible, but this is the standard one and we adopt it.
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25.4.4. PROBLEM. Find a parametrization of the unit square
A= {(w.y) € R dy((w9). (3.1)) = 3}

which starts at (0,0) and traverses A once in a counterclockwise direction.

25.4.5. DEFINITION. Let ¢: J — V be a curve in V and suppose that a is a point in the interior
of the interval J. Then Dc(a), the DERIVATIVE of ¢ at a, is defined by the formula
Acq(h)
D = lim ———=
cla) = Jim =,
if the indicated limit exists. Notice that this is just the definition of “derivative” given in beginning
calculus. The derivative at a is also called the TANGENT VECTOR to ¢ at a or, in case we are
thinking of the motion of a particle, the VELOCITY of ¢ at a. If Dc(a) exists and is not zero, then
the parametrized line through c(a) in the direction of Dc(a) is the TANGENT LINE to the image of
¢ at the point c(a).
25.4.6. EXERCISE. Let c: [0,27] — R2: ¢ (cost,sint).
(a) Find the tangent vector to c at t = %.
(b) Find the tangent line to the range of ¢ at the point (1, @)
(c) Write the equation of the range in R? of the tangent line found in (b).
(Solution ).25.13.)

25.4.7. PROPOSITION. If a curve c¢: J — V 1is differentiable at a point a in the interior of the
interval J, then it has a derivative at a and

Dc(a) = dcg(1) .
(h)

A
PrROOF. Exercise. Hint. Start with the Newton quotient CGT
(Solution Q.25.14.)

dcq(h)
h )

. Subtract and add

The converse of the preceding proposition is also true. Every curve possessing a derivative is
differentiable. This is our next proposition.

25.4.8. PROPOSITION. If a curve c: J — V has a derivative at a point a in J°, then it is
differentiable at a and
dcq(h) = h Dc(a) for all h € R.

PRrOOF. Problem. Hint. Define T: R — V': h — h Dc(a). Show that Ac, >~ T

25.4.9. PROBLEM. Suppose that curves ¢; and co in a normed linear space are defined and
differentiable in some neighborhood of a € R. Then

(a) D(c1 + c2)(a) = Dei(a) + Dea(a).
(b) D(aci)(a) = aDei(a) for all a € R.
25.4.10. PROBLEM. Let V be a normed linear space and a € V.

(a) Suppose c is a differentiable curve at the zero vector in V. Then ¢ ~ 0 if and only if

Dc(0) = 0.
(b) Suppose ¢; and ¢y are differentiable curves at a. Then ¢; ~ ¢y if and only if Dey(0) =
DCQ(O).

25.4.11. PROPOSITION. Ifc € Dy(R,V) and f € Do(V, W), where a = ¢(t), then foc € Di(R, W)
and

D(f 0 ¢)(t) = dfu(De(t)).

PRrRoOOF. Problem.
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Thus far integration and differentiation have been treated as if they belong to separate worlds.
In the next theorem, known as the fundamental theorem of calculus, we derive the most important
link between these two topics.

25.4.12. THEOREM (Fundamental Theorem Of Calculus). Let a belong to an open interval J in
the real line, E be a Banach space, and f: J — E be a requlated curve. Define F(x) = ff f for all
x € J. If f is continuous at c € J, then F is differentiable at ¢ and DF(c) = f(c).

PRrROOF. Exercise. Hint. For every € > 0 there exists 6 > 0 such that c+h € J and ||Af.(h)| <
¢ whenever |h| < §. (Why?) Use the (obvious) fact that h f(c) = | eth f(c)dt to show that

‘ 1
|AF.(h) — h f(c)]| < €|h| whenever 0 < |h| < §. From this conclude that }llina EAFC(h) = f(c).
(Solution Q.25.15.)

25.5. DIRECTIONAL DERIVATIVES

We now return to the study of maps between arbitrary normed linear spaces. Closely related
to differentiability is the concept of directional derivative, an examination of which provides some
technical advantages and also throws light on the geometric aspect of differentiation.

25.5.1. DEFINITION. Let f be a member of F,(V,W) and v be a nonzero vector in V. Then
D, f(a), the DERIVATIVE OF f AT a IN THE DIRECTION OF v, is defined by

Dy f(a) == %%%Afa(tv)

if this limit exists. This directional derivative is also called the GATEAUX DIFFERENTIAL (or
GATEAUX VARIATION) of f, and is sometimes denoted by df(a;v). Many authors require that in
the preceding definition v be a unit vector. We will not adopt this convention.

Recall that for 0 # v € V the curve £: R — V defined by £(t) = a + tv is the parametrized line
through a in the direction of v. In the following proposition, which helps illuminate our use of the
adjective “directional”, we understand the domain of f o £ to be the set of all numbers ¢t for which
the expression f(¢(t)) makes sense; that is,

dom(fol)={teR:a+tvedomf}.

Since a is an interior point of the domain of f, the domain of f o/ contains an open interval about 0.

25.5.2. PROPOSITION. If f € Do(V,W) and 0 # v € V, then the directional derivative D, f(a)
exists and is the tangent vector to the curve f ol at 0 (where £ is the parametrized line through a
in the direction of v). That is,

Dy f(a) = D(f © £)(0) .
PRrOOF. Exercise. (Solution ).25.16.)

1
25.5.3. EXERCISE. Let f(z,y) = In(2? + y*)2. Find D, f(a) when a = (1,1) and v = (2, 3).

(Solution Q.25.17.)

25.5.4. NOTATION. For a < b let C'([a,b],R) be the family of all functions f differentiable on
some open subset of R containing [a, b] whose derivative D f is continuous on [a, b].

25.5.5. EXERCISE. For all f in C!([0, Z],IR) define

us

o(f) Z/(]Q(cosx—i—Df(m))de.

Compute Dy¢(a) when a(z) =1 +sinz and v(z) =2 — cosz for 0 <z < 7. (Solution Q).25.18.)

(SN

25.5.6. PROBLEM. Let f(z,y) = ¢**¥", a = (1,—1), and v = (—1,2). Find D, f(a).
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25.5.7. PROBLEM. Let f(z,y) = (2zy,y* —2?), a = (—1,2), and v = ( . Find D, f(a).

11y
V27 V2

25.5.8. PROBLEM. Let ¢: C([0,1],R) = R: f — fol (sin® w2 + (f(2))?) dz, and for 0 < x < 1 let
a(x) =e ¥ —x+ 3 and v(z) = €*. Find D,¢(a).

According to proposition 25.5.2, differentiability implies the existence of directional derivatives
in all directions. (In problem 25.5.11 you are asked to show that the converse is not true.) The
next proposition makes explicit the relationship between differentials and directional derivatives for
differentiable functions.

25.5.9. PROPOSITION. If f € D,(V,W), then for every nonzero v in V

Dy f(a) = dfa(v).
PRrROOF. Exercise. Hint. Use problem 25.4.11 (Solution ).25.19.)

It is worth noticing that even though the domain of a curve is 1-dimensional, it is still possible
to take directional derivatives. The relationship between derivatives and directional derivatives is
very simple: the derivative of a curve ¢ at a point ¢ is just the directional derivative at ¢ in the
direction of the unit vector 1 in R. Proof:

Dc(t) = dei (1) (by proposition 25.4.7)
= Dic(t) (by proposition 25.5.9)

25.5.10. PROBLEM. Let ¢: C([0,1],R) — C'([0,1],R) be defined by ¢f(z) = [; f(s)ds for all
fin C([0,1],R) and z in [0,1]. For arbitrary functions a and v # 0 in C([0, 1], R) compute D,¢(a)
using

(a) the definition of “directional derivative”.
(b) proposition 25.5.2.
(c) proposition 25.5.9.

25.5.11. PROBLEM. Show that the converse of proposition 25.5.2 need not hold. A function
may have directional derivatives in all directions but fail to be differentiable. Hint. Consider the

3
function defined by f(z,y) = for (z,y) # (0,0) and f(0,0) = 0.

T2 + 92
25.6. FUNCTIONS MAPPING INTO PRODUCT SPACES

In this short section we examine the differentiability of functions which map into the product of
normed linear spaces. This turns out to be a very simple matter: a necessary and sufficient condition
for a function whose codomain is a product to be differentiable is that each of its components be
differentiable. The somewhat more complicated topic of differentiation of functions whose domain
lies in a product of normed linear spaces is deferred until the next chapter when we have the mean
value theorem at our disposal.

25.6.1. PROPOSITION. If f1 € Do(V,W1) and f? € Do(V,W>), then the function f = (f*, f?)
belongs to Do (V, W1 x Wa) and df, = (d(fl)a,d(f2)a).

PROOF. Exercise. Hint. The function f is defined by f(z) = (f'(x), f*(z)) for all z € dom f*N
dom f2. Check that f :jlof1 —|—j20f2 where j, : Wi — Wi xWa: u+— (u,0) and j,: Wa — Wi x
Wy : v— (0,v). Use proposition 25.3.15, theorem 25.3.17, and problem 25.3.24. (Solution Q).25.20.)

The preceding proposition says that a function is differentiable if its components are. The
converse, which is the next proposition, is also true: the components of a differentiable function
are differentiable.

25.6.2. PROPOSITION. If f belongs to Dy (V, W1 x W3), then its components f' and f? belong
to Do (V,W1) and D,(V,Ws), respectively, and

dfa = (d(fl>aad(f2)a) .
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PROOF. Problem. Hint. For k = 1, 2 write f* = 1, o f where, as usual, (21, 22) = zx. Then
use the chain rule 25.3.17 and problem 25.3.24.

An easy consequence of the two preceding propositions is that curves in product spaces have
derivatives if and only if their components do.

25.6.3. COROLLARY. Let ¢! and ¢ be curves in Wi and Wa, respectively. If c' and ¢ are
differentiable at t, then so is the curve ¢ = (c',c?®) in Wy x Wy and Dc(t) = (Dc*(t), DEA(t)).
Conversely, if ¢ is a differentiable curve in the product Wy x Wa, then its components ¢t and ¢ are
differentiable and Dc = (Dcl, Dcz).

PRroOF. Exercise. (Solution ).25.21.)

It is easy to see how to generalize the three preceding results to functions whose codomains are
the products of any finite collection of normed linear spaces. Differentiation is done componentwise.

25.6.4. ExAMPLE. Consider the helix
c: R — R3: t— (cost,sint, ).

Its derivative at ¢ is found by differentiating each component separately. That is, Dc(t) = (—sint, cost, 1)
for all t € R.

25.6.5. PROBLEM. Let f(z,y) = (In(zy),y*—2?%),a = (1,1),and v = (2, 2). Find the directional
derivative D, f(a).






CHAPTER 26

PARTIAL DERIVATIVES AND ITERATED INTEGRALS

In this chapter we consider questions which arise concerning a function f whose domain is the
product Vj x V3 of normed linear spaces. What relationship (if any) exists between the differentiabil-
ity of f and the differentiability of the functions x — f(x,b) and y — f(a,y), where a and b are fixed
points in V; and Vb, respectively? What happens in the special case V; = Vo = R if we integrate f
first with respect to y (that is, integrate, for arbitrary z, the function y — f(z,y) over the interval
[c,d]) and then integrate with respect to x (that is, integrate the function x +— fcd f(x,y)dy)? Does
this produce the same result as integrating first with respect to z and then with respect to y?
Before we can answer these and similar questions we must develop a fundamental tool of analysis:
the mean value theorem.

26.1. THE MEAN VALUE THEOREM(S)

Heretofore we have discussed differentiability only of functions defined on open subsets of
normed linear spaces. It is occasionally useful to consider differentiability of functions defined
on other types of subsets. The business from beginning calculus of right and left differentiabil-
ity at endpoints of intervals does not extend in any very natural fashion to functions with more
complicated domains in higher dimensional spaces. Recall that according to definition 12.1.1 a
neighborhood of a point in a metric space is an open set containing that point. It will be convenient
to expand slightly our use of this word.

26.1.1. DEFINITION. A NEIGHBORHOOD of a subset A of a metric space is any open set which
contains A.

26.1.2. DEFINITION. Let V and W be normed linear spaces and A C V. A W valued function f
is said to be DIFFERENTIABLE ON A if it is (defined and) differentiable on some neighborhood of A.
The function f is CONTINUOUSLY DIFFERENTIABLE ON A if it is differentiable on (a neighborhood
of) A and if its differential df: x — df, is continuous at each point of A. The family of all W
valued continuously differentiable functions on A is denoted by C!'(A, W). (Keep in mind that in
order for a function f to belong to C!(A, W) its domain must contain a neighborhood of A.)

Given a function f for which both “differential” and “derivative” make sense it is natural to
ask if there is any difference between requiring df to be continuous and requiring D f to be. It is
the point of the next problem to show that there is not.

26.1.3. PROBLEM. Let A be a subset of R with nonempty interior and W be a normed linear
space. A function f mapping a neighborhood of A into W belongs to C*(A, W) if and only if its
derivative Df (exists and) is continuous on some neighborhood of A.

Not every function that is differentiable is continuously differentiable.

26.1.4. EXAMPLE. Let f(x) = 2%sin1/x for x # 0 and f(0) = 0. Then f is differentiable on R
but does not belong to C!(R,R).

PROOF. Problem.

We have already encountered one version of the mean value theorem (see theorem 8.4.26): if
a < band f is a real valued function continuous on the interval [a,b] and differentiable on the

169
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interior of that interval, then

= Df(c) (26.1)

for at least one number ¢ between a and b.

We consider the problem of generalizing this formula to scalar fields (that is, real valued func-
tions of a vector variable), to curves (vector valued functions of a real variable), and to wvector
fields (vector valued functions of a vector variable). There is no difficulty in finding an entirely
satisfactory variant of (26.1) which holds for scalar fields whose domain lies in R™. This is done
in chapter 27 once we have the notion of gradient (see proposition 27.2.17). On the other hand
we show in exercise 26.1.5 that for curves (a fortiori, vector fields) formula (26.1) does not hold.
Nevertheless, the most useful aspect of the mean value theorem, that changes in f over the interval
[a, b] cannot exceed the maximum value of | D f| multiplied by the length of the interval does have a
direct generalization to vector fields (see proposition 26.1.6). A somewhat different generalization
can be produced by considering the version of the fundamental theorem of calculus most used in
beginning calculus: if f is a function whose derivative exists and is continuous on [a, b], then

b
= / Dftadt. (26.2)

(We have yet to prove this result. In fact we need the mean value theorem to do so. See theo-
rem 26.1.13.) It is conventional to define (b—a)~* f; g to be the MEAN VALUE (or AVERAGE VALUE)
of a function g over the interval [a,b]. Thus (26.2) may be regarded as a “mean value theorem”
saying that the Newton quotient (b — a)~'(f(b) — f(a)) is just the mean value of the derivative
of f. Since functions between Banach spaces do not in general have “derivatives” it is better for
purposes of generalization to rewrite (26.2) in terms of differentials. For a curve f with continuous
derivative

b b
/Df(t)dt:/ df(1)dt (by 25.4.7)

0 (26.2) becomes

_ / " 4 (1) di. (26.3)

If we divide both sides by b — a this result says, briefly, that the Newton quotient of f is the mean
value of the differential of f over [a,b].

There is one more thing to consider in seeking to generalize (26.1). In chapter 24 we defined
the integral only for vector valued functions of a real variable. So if a and b are points in a general
Banach space, the expression ff dfi(1) dt in (26.3) is meaningless (and so, of course, is the Newton
quotient (f(b)— f(a))/(b—a)). This is easily dealt with. In order to integrate over a closed segment
[a,b] in a Banach space, parametrize it: let [(t) = (1 —t)a+tb for 0 <t <1 and let g = fol. Then

dgr(1) = dfy;)(dl(1))
= dfy)(b—a).
Apply (26.3) to the function g over the interval [0, 1] to obtain

(26.4)

/ dgt (265)
Substituting (26.4) in (26.5) leads to
f() = f(a) = g(1) = 9(0)

1 (26.6)
= /0 dfiy (b — a) dt.
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Notice that if we let h = b — a, then (26.6) may be written

1
Afu(h) = /0 dfye (1)

= </01 dfye) dt) (h)

by corollary 24.3.19. It is in this form (either (26.6) or (26.7)) that the mean value theorem holds
for a function f between Banach spaces which is continuously differentiable on a segment [a, b]. It
is worth noticing that this generalization is weaker in three respects than the classical mean value
theorem: we are not able to conclude that there exists a particular point where the differential of
f is equal to f(b) — f(a); we assume differentiability at a and b; and we assume continuity of the
differential. Nonetheless, this will be adequate for our purposes.

(26.7)

26.1.5. EXERCISE. Show that the classical mean value theorem (theorem 8.4.26) fails for vector
valued functions. That is, find an interval [a,b], a Banach space E, and a continuous function

f:[a,b] — E differentiable on (a,b) such that the equation (b — a)Df(c) = f(b) — f(a) holds for
no point ¢ in (a,b). Hint. Consider a parametrization of the unit circle. (Solution Q.26.1.)

Here is our first generalization of the mean value theorem. Others will occur in 26.1.7, 26.1.8,
and 26.1.14.

26.1.6. THEOREM (Mean Value Theorem for Curves). Let a < b and W be a normed linear

space. If a continuous function f: [a,b] — W has a derivative at each point of (a,b) and if there is
a constant M such that |Df(t)|| < M for allt € (a,b), then

1£(0) = fla)l]| < M(b—a).
PRrROOF. Exercise. Hint. Given € > 0 define h(t) = ||f(t) — f(a)|| — (t —a)(M +€) for a <t < b.
Let A = h™ (—00,¢€|. Show that:
(i) A has a least upper bound, say ;
(ii) I > a;
(iii) [ € A; and
(iv) I =0b.

To prove (iv) argue by contradiction. Assume [ < b. Show that ||(t —1)"1(f(t) — f(I))|| < M + ¢ for
t sufficiently close to and greater than [. For such ¢ show that t € A by considering the expression
1F@&) = FOI+ 1) = Fla)ll = (¢ =DM +€).

Finally, show that the desired conclusion follows from (iii) and (iv). (Solution Q.26.2.)

Next we extend the mean value theorem from curves to vector fields.

26.1.7. PROPOSITION. Let V and W be normed linear spaces and a and h be points in V. If a
W wvalued function f is continuously differentiable on the segment [a,a + h] , then

[Afa(R)|| < M]|A][-
whenever M is a number such that ||df.|| < M for all z in [a,a + h].

PRrOOF. Problem. Hint. Usel: t — a-+th (where 0 < ¢ < 1) to parametrize the segment [a, a+
h]. Apply 26.1.6 to the function g = fol.

26.1.8. COROLLARY. Let V and W be normed linear spaces, a and h be points of V', the operator
T belong to B(V, W), and g be a W valued function continuously differentiable on the segment [a, a+
h]. If M is any number such that ||dg, — T|| < M for all z in [a,a + h], then

1Aga(h) = Th|| < M||A]|
PrOOF. Problem. Hint. Apply 26.1.7 to the function g — T
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The next proposition is an important application of the mean value theorem.

26.1.9. PROPOSITION. Let V and W be normed linear spaces, U be a nonempty connected open
subset of V', and f: U — W be differentiable. If df, = 0 for every x € U, then f is constant.

PRrROOF. Problem. Hint. Choose a € U and set G = f~{f(a)}. Show that G is both an open
and closed subset of U. Then use 17.1.6 to conclude that U = G.

To prove that G is open in U, take an arbitrary point y in G, find an open ball B about y
which is contained in U, and use 26.1.7 to show that Af,(w —y) = 0 for every w in B.

26.1.10. COROLLARY. Let V., W, and U be as in the preceding proposition. If f, g: U — W
are differentiable on U and have the same differentials at each point of U, then f and g differ by a
constant.

PROOF. Problem.

26.1.11. PROBLEM. Show that the hypothesis that U be connected cannot be deleted in propo-
sition 26.1.9.

Corollary 26.1.10 makes possible a proof of the version of the fundamental theorem of calculus
which is the basis for the procedures of “formal integration” taught in beginning calculus.

26.1.12. DEFINITION. A differentiable curve f in a Banach space whose domain is an open
interval in R is an ANTIDERIVATIVE of a function g if Df = g.

26.1.13. THEOREM (Fundamental Theorem of Calculus - Version II). Let a and b be points in
an open interval J C R with a < b. If g: J — E is a continuous map into a Banach space and f
is an antiderivative of g on J, then

b
[ o=10)-s00).
PROOF. Problem. Hint. Let h(z) = [" g for « in J. Use corollary 26.1.10 to show that h and

f differ by a constant. Find the value of this constant by setting z = a.

With this second version of the fundamental theorem of calculus in hand, we are in a position
to prove the version of the mean value theorem discussed in the introduction to this section.

26.1.14. PROPOSITION. Suppose that E and F' are Banach spaces, and a, h € E. If an I valued
function f is continuously differentiable on the segment [a,a + h|, then

1
Aoty = ( [ iy at) (26.8)
where I(t) = a +th for 0 <t <1.

ProOOF. Problem. Hint. Let g = f ol. Show that Dg(t) = dfj)(h). Apply 24.3.19 to the right
side of equation (26.8). Use 26.1.13.

It is conventional when we invoke any of the results 26.1.6, 26.1.7, 26.1.8, or 26.1.14 to say that
we have used “the” mean value theorem.

26.1.15. PROBLEM. Verify proposition 26.1.14 directly for the function f(z,y) = 22+ 6zy — 23>
by computing both sides of equation (26.8).

26.1.16. PROBLEM. Let W be a normed linear space and a < b. For each f in C!([a,b], W)
define
A= sup{llf (@)I| + |1 Df (@) : @ <2 < b}
(a) Show that C!([a,b], W) is a vector space and that the map f ~— [|f|| is a norm on this
space.
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(b) Let j(z) = V1 + 22 for all z in R. Use the mean value theorem to show that |Aj,(y)| < |y
for all z, y € R.
(c) Let k be a continuous real valued function on the interval [a,b]. For each f in C!([a,b],R)

define
b
B(f) = / k(o)1 (F/(0))2 d.

Show that the function ®: C*([a,b],R) — R is uniformly continuous.

26.1.17. PROPOSITION (Change of Variables). If f € C(Ja, E) and g € C*(J1, Jo) where J; and
Jo are open intervals in R and E is a Banach space, and if a, b € J; with a < b, then

b g(b)
[drea= | "1
a g(a)
PROOF. Problem. Hint. Use 26.1.13. Let F(x) = f;(a) f for all z in Jy. Compute (F o g)'(t).

26.1.18. PROPOSITION (Integration by Parts). If f € C(J,R) and g € C*(J, E) where J is an
open interval in R and E is a Banach space, and if a and b are points in J with a < b, then

[ 10 = s90) - st@y0ta) - [ 1.

PRrROOF. Problem. Hint. Differentiate the function ¢ — f(¢)g(t).

26.1.19. PROPOSITION. If f € C(J,R) where J is an interval, and if a, b € J with a < b, then
there exists ¢ € (a,b) such that
b
[ 1=r@w-a.

26.1.20. PROBLEM. Show by example that the preceding proposition is no longer true if it is
assumed that f is a continuous function from J into R2.

PROOF. Problem.

26.2. PARTIAL DERIVATIVES

Suppose that Vi, Vs, ..., V,, and W are normed linear spaces. Let V = Vi x --- x V,. In
the following discussion we will need the CANONICAL INJECTION MAPS j,,...,J, which map the
coordinate spaces Vi,..., V), into the product space V. For 1 < k < n the map j, : Vx — V' is
defined by j, (z) = (0,...,0,2,0,...,0) (where z appears in the k™ coordinate). It is an easy
exercise to verify that each j, is a bounded linear transformation and that if Vj does not consist
solely of the zero vector then [|j, || = 1. Also worth noting is the relationship given in the following
exercise between the injections j, and the projections my.

26.2.1. EXERCISE. Let Vi,...,V,, be normed linear spaces and V =V} x -+ x V,,. Then
(a) For k =1,...,n the injection Jp, 1s a right inverse of the projection 7.
(b) kE (), o mk) = Iv.
(Solution ).26.3.)

26.2.2. PROBLEM. Let V =V} x --- x V,, where V1,...,V, are normed linear spaces. Also let
acV,r>0,and 1 <k <n. Then the image under the projection map 7, of the open ball in V
about a of radius r is the open ball in V; about aj of radius 7.

26.2.3. DEFINITION. A mapping f: M; — Ms between metric spaces is OPEN [resp., CLOSED]
if f7(U) is an open [resp., closed] subset of My whenever U is an open [resp., closed] subset of M.
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26.2.4. PROBLEM. Show that each projection mapping mg: Vi X - - - x V,, — Vj on the product of
normed linear spaces is an open mapping. Construct an example to show that projection mappings
need not be closed.

Now suppose that f belongs to F,(V, W) and that 1 < k < n. Let B be an open ball about a
which is contained in the domain of f and By, = (7" (B)) — a. From problem 26.2.2 and the fact
that translation by aj is an isometry (see problem 22.3.14) we see that By is an open ball in Vj
about the origin (whose radius is the same as the radius of B). Define

9: B = Wiz fla+j,(2)).

Notice that as x changes, only the k' variable of the domain of f is changing; the other k — 1
variables are fixed. Also notice that we can write g = f o}, 0j, , where T, is translation by a (that
is, Ty x — x + a).

26.2.5. EXERCISE. With notation as above show that
A.90 = Afa © Jk .
in some neighborhood of the origin in Vj. (Solution (.26.4.)

26.2.6. PROPOSITION. Let f, g, and a be as above. If f is differentiable at a, then g is differ-
entiable at 0 and

ng = dfa o Jk .
PRrROOF. Problem. Hint. Use exercise 26.2.5 and proposition 25.2.7.

26.2.7. NOTATION. Suppose that the function g: By — W: z — f(a + j,(z)) is differentiable
at 0. Since g depends only on the function f, the point a, and the index k, it is desirable to have
a notation for dgg which does not require the use of the extraneous letter “¢g”. A fairly common
convention is to write dj f, for dgg; this bounded linear map is the k"' PARTIAL DIFFERENTIAL of
f at a. Thus di f, is the unique bounded linear map which is tangent to Af, o Ji- We restate the
preceding proposition using this notation.

26.2.8. COROLLARY. Let Vi,Va,...,V,,, and W be normed linear spaces. If the function f
belongs to Dg(Vy x --- x Vi, W), then for each k = 1,...,n the k™ partial differential of f at a
exists and

difa = dfa o jj, -

26.2.9. COROLLARY. Let Vi, Vo,...,V,, and W be normed linear spaces. If the function f
belongs to Da(Vy X -+ x Vi, W), then

dfo(x) = dyfala)
k=1

for each x in Vi X --- X V.

PROOF. Problem. Hint. Write df, as df, oI (where I is the identity map on Vj x - -+ x V},) and
use exercise 26.2.1(b).

The preceding corollaries assure us that if f is differentiable at a point, then it has partial
differentials at that point. The converse is not true. (Consider the function defined on R? whose
value is 1 everywhere except on the coordinate axes, where its value is 0. This function has partial
differentials at the origin, but is certainly not differentiable—or even continuous—there.) The
following proposition shows that if we assume continuity (as well as the existence) of the partial
differentials of a function in an open set, then the function is differentiable (in fact, continuously
differentiable) on that set. To avoid complicated notation we prove this only for the product of two
spaces.
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26.2.10. PROPOSITION. Let Vi, Vo, and W be normed linear spaces, and let f: U — W where

U c Vi X Va. If the partial differentials dif and daof exist and are continuous on U, then f is
continuously differentiable on U and

df(ap) = d1f(ap) © ™1 + d2fap) © T2 (26.9)
at each point (a,b) in U.

PRrROOF. Exercise. Hint. To show that f is differentiable at a point (a,b) in U and that its
differential there is the expression on the right side of (26.9), we must establish that Afq, s is
tangent to R = Som + T omg where S = d1f(,p) and T' = daf(4p)- Let g: t — f(a,b+1) for all
such that (a,b+t) € U and h': s — f(a+s,b+t) for all s and ¢ such that (a+s,b+t) € U. Show
that Af(qp)(s,t) is the sum of A (ht)o (s) and Ago(t). Conclude from this that it suffices to show
that: given e > 0 there exists § > 0 such that if ||(u,v)||; < ¢ , then

1A (A7) (u) = Sul < elul (26.10)

and
1Ago(v) = T[] < effv]. (26.11)
Find §; > 0so that (26.11) holds whenever ||v|| < d;. (This is easy.) Then find d2 > 0 so that (26.10)

holds whenever ||(u,v)|[1 < d2. This requires a little thought. Notice that (26.10) follows from the
mean value theorem (corollary 26.1.8) provided that we can verify that

ld(r?), = Sl < e

for all z in the segment [0, u]. To this end show that d (h"), = d1 f(a4zp+v) and use the fact that
dy f is assumed to be continuous. (Solution ).26.5.)

26.2.11. NoTATION. Up to this point we have had no occasion to consider the problem of the
various ways in which a Euclidean space R” may be regarded as a product. Take R® for example.
If nothing to the contrary is specified it is natural to think of R% as being the product of 5 copies
of R; that is, points of R® are 5-tuples x = (x1,...,75) of real numbers. If, however we wish to
regard R® as the product of R? and R3, then a point in R® is an ordered pair (z,y) with 2 € R?
and y € R3. One good way of informing a reader that you wish R® considered as a product in this
particular fashion is to write R? x R3; another is to write R2*3. (Note the distinction between R?+3
and R372)) In many concrete problems the names of variables are given in the statement of the
problem: for example, suppose we encounter several equations involving the variables u, v, w, ,
and y and wish to solve for the last three variables in terms of the first two. We are then thinking
of R® as the product of R? (the space of independent variables) and R3 (the space of dependent
variables). This particular factorization may be emphasized by writing a point (u, v, w,z,y) of the
product as ((u,v), (w,z,y)). And if you wish to avoid such an abundance of parentheses you may
choose to write (u,v;w,z,y) instead. Ordinarily when R™ appears, it is clear from context what
factorization (if any) is intended. The preceding notational devices are merely reminders designed
to ease the burden on the reader. In the next exercise a function f of 4 variables is given and you
are asked to compute d; f, in several different circumstances; it is important to realize that the
value of dy f, depends on the factorization of R* that is assumed.

26.2.12. EXERCISE. Let
ft,u,v,w) = tu® + 3vw (26.12)
for all ¢, u, v, w € R, and let a = (1,1,2,—1). Find d; f, assuming that the domain of f is:
(a) R%.
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Hint. First compute df,. Then use 26.2.8. Note. The default case is (a); that is, if we were given
only equation (26.12) we would assume that the domain of f is R x R x R x R. In this case it is
possible to compute dj f, for k = 1,2,3,4. In cases (b), (c), and (e) only d; f, and ds f, make sense;
and in (d) we can compute di f, for k =1, 2, 3. (Solution ().26.6.)

26.2.13. PROBLEM. Let
ft,u,v,w) = tuv — 4u*w

for all ¢, u, v, w € R and let a = (1,2,—1,3). Compute dif, for all k for which this expression
makes sense, assuming that the domain of f is:

(a) R%

(b) R x R3.

(c) R? x R2.

(d) R x R? x R.

(e) R3 x R.

26.2.14. DEFINITION. We now consider the special case of a function f which maps an open
subset of R" into a normed linear space. For 1 < k < n the injection j,: R — R" takes the real
number ¢ to the vector te¥. Thus the function g = fo T, o Jp 18 just f ol where as usual [ is the
parametrized line through a in the direction of e*. [Proof: g(t) = f (a +5,.(t) = fla+ tek) =
(fol)(t).] We define fi(a) (or %(a), or Dif(a)), the k' PARTIAL DERIVATIVE of f at a, to be
di fa(1). Using propositions 25.4.7 and 25.5.2 we see that

fi(a) = dy fa(1)
= dgo(1)
= Dg(0)
= D(f<1)(0)
= D f(a).
That is, the k' partial derivative of f is the directional derivative of f in the direction of the k"

coordinate axis of R™. Thus the notation Dy, f for the k' partial derivative can be regarded as a
slight abbreviation of the usual notation D,k f used for directional derivatives of functions on R".

It is also useful to note that
fr(a) = Dg(0)
o g(t) = g(0)
R R (26.13)
ky _
o flattet) — fa)
t—0 t

This is the usual definition given for partial derivatives in beginning calculus. The mechanics of
computing partial derivatives is familiar and is justified by (26.13): pretend that a function of n
variables is a function only of its k" variable, then take the ordinary derivative.

One more observation: if f is differentiable at a in R™, then by proposition 25.5.9

fi(@) = Do f(a) = dfa(e") .

Let f € Da(R™, W) where W = Wy x - - - x Wy, is the product of m normed linear spaces. From
proposition 25.6.2 (and induction) we know that

dfe = (d(fV)ay- .-, d(f™)a) -

From this it is an easy step to the next proposition.
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26.2.15. PROPOSITION. If f € Dy (R™, W) where W = Wy x - - - x Wy, is the product of m normed
linear spaces, then '
(fj)k = (fk)j

for1<j<mandl <k<n.
PROOF. Problem.

The point of the preceding proposition is that no ambiguity arises if we write the expression f,z.
It may correctly be interpreted either as the kM partial derivative of the j* component function
f7 or as the j*' component of the k" partial derivative fy.

26.2.16. EXAMPLE. Let f(z,y) = (2°y2, 23 —4?). To find fi(z,y) hold y fixed and differentiate
with respect to x using corollary 25.6.3. Then

filz,y) = (5a'y?, 327).
Similarly,
f?(xa y) = (2 3353/, _3y2) :

26.2.17. EXERCISE. Let f(z,y,2) = (2’y*sinz,2? + ycosz) and a = (1,-2,%). Find fi(a),
fa(a), and f3(a). (Solution ).26.7.)

26.2.18. PROBLEM. Let f(w,z,y, z) = (way?23, w?+2?+y?, wr+zy+yz) and a = (—3,1, -2, 1).
Find fy(a) for all appropriate k.

26.2.19. PROBLEM. Let Vi,...,V,,, W be normed linear spaces, U QO V=Vix--xV, a€R,
and f, g: U — W. If the k' partial derivatives of f and ¢ exist at a point a in U, then so do the
Eth partial differentials of f + g and af, and

(a) di(f + 9)a = difa + diga;

(b) di(af)a = ady fa;

(¢) (f +9)r(a) = fr(a) + gr(a); and
(d) (af)k(a) = afi(a).

Hint. In (a), consider the function (f + g) o Ty 0 j, .

26.2.20. PROBLEM. Let f, g € Fo(V,W), « € R, and 0 # v € V. Suppose that D, f(a) and
Dyg(a) exist.
(a) Show that D,(f + g)(a) exists and is the sum of D,f(a) and D,g(a). Hint. Use the
definition of directional derivative and proposition 25.3.3. We can not use either 25.5.2
or 25.5.9 here because we are not assuming that f and g are differentiable at a.
(b) Show that D,(af)(a) exists and is equal to aD, f(a).
(c) Use (a) and (b) to prove parts (c) and (d) of problem 26.2.19.

26.3. ITERATED INTEGRALS

In the preceding section we considered partial differentiation of functions defined on the product
of two or more spaces. In this section we consider the integration of such functions. To take the
partial derivative of a function f: (z,y) — f(z,y) with respect to x we hold y fixed and differentiate
the function x — f(z,y). Partial integration works in very much the same way. If f is a continuous
function mapping a rectangular subset [a,b] x [c,d] of R? into a Banach space F, we may, for
each fixed y in [c,d], integrate the function x +— f(x,y) over the interval [a,b]. (This function is
continuous since it is the composite of the continuous functions x — (z,y) and f.) The integration
will result in a vector which depends on y, call it h(y). We will show shortly that the function
y — h(y) is also continuous and so may be integrated over [c, d]. The resulting vector in E is denoted

by fcd ( f; flx,y) dm) dy or just fcd f; f(x,y)dxdy. The two integrals operating successively are
called ITERATED INTEGRALS.
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26.3.1. NOTATION. Let f: (x,3) — f(z,y) be a continuous function defined on a subset of R?
containing the rectangle [a,b] x [c,d]. Throughout this section we denote by f¥ the function of z
which results from holding y fixed and by *f the function of y resulting from fixing x. That is, for
each y

fVrz— flz,y)
and for each x
frye flay).
For each y we interpret ff f(z,y) dzr to mean f;fy, and for each = we take fcdf(:v,y) dy to be

S f. Thus
/cd/abf(%y)dﬂﬁdyz/cdg

where g(y) = fffy for all y € [c,d]. In order for fcdg to make sense we must know that ¢ is a
regulated function. It will suffice for our needs to show that if f is continuous, then so is g.

26.3.2. LEMMA. Let f: [a,b] X [c,d] — E be a continuous function into a Banach space. For

each y € [c,d] let
b
y)z/ f.

ProOF. Exercise. Hint. Use proposition 24.1.11. (Solution ().26.8.)

Then g is uniformly continuous on [c,d).

Perhaps the most frequently used result concerning iterated integrals is that if f is continuous,
then the order of integration does not matter.

26.3.3. ProposiTioN. If E is a Banach space, if a < b and ¢ < d, and if
f:a,b] X [e,d] — E is continuous, then

’ df(w,y)dydxz ' bf(w,y)dwdy-
I [

PROOF. Problem. Hint. Define functions j and k for all z in [¢,d] by the formulas

:/ab/:f@,y)dydx
:/:/abf(a:,y)d:cdy.

It suffices to show that 7 = k. (Why?) One may accomplish this by showing that j'(z) = k'(2) for
all z and that j(c) = k(c) (see corollary 26.1.10). Finding k/(z) is easy. To find j’(z) derive the
formulas

and

A]Z / / (x,y)dy dzx (26.14)

/ f(z, 2 d:c—/ / (z,2)dydz. (26.15)

Subtract (26.15)) from (26.14) to obtain a new equation. Show that the right side of this new
equation can be made arbitrarily small by choosing h sufficiently small (For this use an argument

and

similar to the one used in the proof of lemma 26.3.2. Conclude that j'( f f(z,2)dx.
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Now that we have a result (proposition 26.3.3) allowing us to change the order of two integrals,
we can prove a result which justifies changing the order of integration and differentiation. We show
that if f is continuous and fy (exists and) is continuous, then

d b baf
o temae= [ Feya

26.3.4. PROPOSITION. Let E be a Banach space, a < b, ¢ < d, and f: [a,b] X [c,d] — E. If f
and fo are continuous then the function g defined for all y € [c,d] by

y)z/abfy

is continuously differentiable in (¢,d) and for ¢ <y <d

= /b fo(z,y) dz

ProOF. Exercise. Hint. Let h(y f fa(z,y) dx for ¢ < y < d. Use proposition 26.3.3 to re-
verse the order of integration in fc h Where ¢ < z < d). Use the version of the fundamental theorem
of calculus given in Theorem 26.1.13 to obtain [~ h = g(z) — g(c). Differentiate. (Solution Q.26.9.)

26.3.5. PROBLEM. Compute

:L‘—y
ded d _dyd
// @ty // m2+y yar

Why does the result not contradict the assertion made in proposition 26.3.37

26.3.6. PROBLEM. (a) Suppose that the functions g: R” — R and h: R — R are differentiable

and f = hog. Show that
fr(@) = gi(x) (Dh)(g(x))
whenever £ € R"” and 1 < k < n.
(b) Let g: R™ — R be differentiable and j: R — R be continuous. Prove that

o (9= p

— i(t)dt = '

G [ = 0@ o)

whenever ¢ € R, z € R", and 1 < k < n. Hint. The expression on the left denotes fi(z) where f

is the function z — fg( 4 () dt.
(c) Use part (b) to compute

g [ov 1
o L
ox Jus,  1+1t%+ cost

26.3.7. PROPOSITION (Leibniz’s formula). Let f: [a,b] X [¢,d] — R and h: [c,d] — R. If f
and fa are continuous, if h is continuously differentiable on (c,d), and if h(y) € la,b] for every
€ (¢,d), then
d [
dy
PrROOF. Problem.

h(y)
fz,y)dr = / fa(z,y) dz + Dh(y) f(h(y),v) -






CHAPTER 27

COMPUTATIONS IN R"

In the preceding two chapters we have developed some fundamental facts concerning the differ-
ential calculus in arbitrary Banach spaces. In the present chapter we restrict our attention to the
Euclidean spaces R™. Not only are these spaces very important historically, but fortunately there
are available a variety of powerful yet relatively simple techniques which make possible explicit
computations of many of the concepts introduced in chapter 25. The usefulness of these spaces
seems to be associated with the emphasis in classical physics on systems having a finite number of
degrees of freedom. The computational simplicity stems from two facts: first, differentials of func-
tions between Euclidean spaces are always continuous (see proposition 23.1.18); and second, the
usual norm on R" is derivable from an inner product. In the first section of this chapter we derive
some standard elementary facts about inner products. It is important to appreciate that despite
their algebraic appearance, inner products are the source of much of the geometry in Euclidean
spaces.

27.1. INNER PRODUCTS

27.1.1. DEFINITION. Let x = (z1,...,2,) and y = (y1,...,Yn) be vectors in R™. The INNER
PRODUCT (or DOT PRODUCT) of z and y, denoted by (z,y), is defined by

n
(2,y) == D xy -
k=1

As a first result we list the most important properties of the inner product.

27.1.2. PROPOSITION. Let x, y, and z be vectors in R™ and « be a scalar. Then
(a) (x+y,2) = (z,2) + (y, 2);

(b) (az,y) = a(z,y);
(¢) (z,y) = (y,x);
(d; (x,z) > 0;

() [lzl] = /{z, z).

Items (a) and (b) say that the inner product is linear in its first variable; (c) says it is symmetric;
and (d) and (e) say that it is positive definite. It is virtually obvious that an inner product is also
linear in its second variable (see exercise 27.1.J). Thus an inner product may be characterized as
a positive definite, symmetric, bilinear functional on R™.

PROOF. Problem.

27.1.3. PROPOSITION. If x is in R™, then

n

xr = Z(x,ek>ek.

k=1

This result is used so frequently that it has been stated formally as a proposition. Its proof,
however, is trivial. [It is clear from the definition of the inner product that (z,e*) = z, where, as
usual, {e!,... e"} is the standard basis for R™.]

181
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27.1.4. EXERCISE. Use properties (a)—(c) above, but not the definition of inner product to prove
that

(z,y +2) = (z,9) + (2, 2)
and
(z,0y) = alz,y)
for all z, y, z € R™ and a € R. (Solution Q.27.1.)

27.1.5. PROPOSITION (The Parallelogram Law). If z, y € R", then

lz +yl* + llz = ylI* = 2)|z]* + 2]ly|* .

PRrRooF. Problem.

27.1.6. PROPOSITION (Schwarz’s Inequality). If u, v € R™, then
[(w, 0)| < [lullf|o] -

Proor. This has been proved in chapter 9: notice that the left side of the inequality given in
proposition 9.2.6 is ((u,v))2 and the right side is ||ul|?||v]|?. O

27.1.7. DEFINITION. If z and y are nonzero vectors in R", define £(z,y), the ANGLE between
x and y, by
L(z,y) == arccos< (. 9) ) .

][]
A version of this formula which is perhaps somewhat more familiar is

(z,y) = ll=(l[ly] cos £(z,y) -

27.1.8. EXERCISE. How do we know that the preceding definition makes sense? (What is the
domain of the arccosine function?) (Solution ().27.2.)

27.1.9. PROBLEM. Prove the law of cosines: if x and y are nonzero vectors in R" and 0 = £(x, y),
then
lz = ylI* = llz[* + llyll* = 2ll/l|yl cos 6.

27.1.10. EXERCISE. What is the angle between the vectors (1,0,1) and (0, —1,1) in R3? (Solu-
tion Q.27.3.)

27.1.11. PROBLEM. Find the angle between the vectors (1,0, —1,—2) and (—1,1,0,1) in R*.

27.1.12. PROBLEM. The angle of intersection of two curves is by definition the angle between
the tangent vectors to the curves at the point of intersection. Find the angle of intersection at the
point (1, —2,3) of the curves C; and Co where

Ci(t) = (t,t> +t — 4,3+ Int)

and
Co(u) = (u® — 8,u* — 2u — 5,u® — 3u?® — 3u+ 12).

27.1.13. DEFINITION. Two vectors = and y in R"™ are PERPENDICULAR (or ORTHOGONAL) if
(x,y) = 0. In this case we write x L y. Notice that the relationship between perpendicularity and
angle is what we expect: if x and y are nonzero vectors then x | y if and only if £(x,y) = /2.
The zero vector is perpendicular to all vectors but the angle it makes with another vector is not
defined.

27.1.14. PROBLEM. Find a linear combination of the vectors (1,0,2) and (2,—1,1) which is
perpendicular to the vector (2,2,1) in R3.



27.2. THE GRADIENT 183

27.1.15. PROBLEM. Prove the Pythagorean theorem: if x 1 y in R™, then
lz +ylI* = [l]® + [lyll*-
Does the converse hold?

27.1.16. NOTATION. Let f: U — R™ and g: V — R” where U and V are subsets of a normed
linear space which are not disjoint. Then we denote by (f,g) the real valued function on U NV
whose value at a point  in U NV is (f(x),g(x)). That is,

(f,9):UNV = R:z— (f(x),9(x)).
The scalar field (f, g) is the INNER PRODUCT (or DOT PRODUCT of f and g.

27.1.17. PROPOSITION. Suppose that the functions f: U — R™ and g: V — R", defined on
subsets of a normed linear space W, are differentiable at a point a in the interior of U NV. Then
(f,qg) is differentiable at a and

d{f,9)a = (f(a),dga) + (dfa, g(a)) .
PrROOF. Problem. Hint. Use propositions 25.3.16 and 25.6.2.

27.1.18. COROLLARY. If f and g are curves at a point a in R™ and are differentiable, then
D(f,g)(a) = (f(a), Dg(a)) + (Df(a),g(a)).
ProoFr. Use 27.1.17 and 25.4.7.

D(f,g)(a) =d(f,g)a(1)
(f(a),dga(1)) + (dfa(1), g(a))
(f(a), Dg(a)) + (Df(a),g(a))

27.1.19. PROBLEM. Let f = (f!, f2, f3) where
)y =342t — 4t +1
A =t* -2+ +3
Po)y=t -2 +t-2
and let g(t) = || f(¢)||? for all ¢ in R. Find Dg(1).

27.1.20. PROBLEM. Let ¢ be a differentiable curve in R™. Show that the point ¢(¢) moves on the
surface of a sphere centered at the origin if and only if the tangent vector Dc(t) at ¢ is perpendicular
to the position vector ¢(t) at each ¢. Hint. Use corollary 27.1.18.

27.2. THE GRADIENT

In beginning calculus texts the gradient of a real valued function of n variables is usually defined
to be an n-tuple of partial derivatives. This definition, although convenient for computation,
disguises the highly geometric nature of the gradient. Here we adopt a different definition: the
gradient of a scalar field is the vector which represents, in a sense to be made precise below, the
differential of the function. First we look at an important example of a bounded linear functional
on R™.

27.2.1. EXAMPLE. Let b € R". Define
Y R" > Riz v (2,0).
Then ¢, is a bounded linear functional on R™ and ||¢, || = [/b]|.

PrOOF. Exercise. (Solution ).27.4.)
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The reason for the importance of the preceding example is that functions of the form ¢, turn
out to be the only bounded linear functionals on R™. Since on R” every linear functional is bounded
(see propositions 23.1.18 and 23.1.4), the functions t, are in fact the only real valued linear maps
on R™. Thus we say that every linear functional on R™ can be represented in the form ¥, for some
vector b in R™. Furthermore, this representation is unique. These assertions are stated formally in
the next theorem.

27.2.2. THEOREM (Riesz-Fréchet Theorem). If f € (R™)*, then there exists a unique vector b
in R"™ such that
f(@) = (x,b)

for all x in R™,

PROOF. Problem. Hint. For the existence part, (a) write Y .7_; zxe® for x in the expression
f(z), and use the linearity of f. Then, (b) write (z,b) as a sum. Comparing the results of
(a) and (b), guess the identity of the desired vector b. The uniqueness part is easy: suppose
f(z) = (x,a) = (z,b) for all z in R™. Show a = b.

27.2.3. DEFINITION. If amap T: V — W between two normed linear spaces is both an isometry
and a vector space isomorphism, we say that it is an ISOMETRIC ISOMORPHISM and that the spaces
V and W are ISOMETRICALLY ISOMORPHIC.

27.2.4. PROPOSITION. Fach Euclidean space R™ is isometrically isomorphic to its dual (R™)*.

PROOF. Problem. Hint. Consider the map
P: R" — (R™)*: b— .
One thing that must be established is that v is linear; don’t confuse this with showing that each

1y is linear—a task already accomplished in example 27.2.1. Use the Riesz-Fréchet theorem 27.2.2
and problem 22.3.12.

The Riesz-Fréchet theorem 27.2.2 is the crucial ingredient in our definition of the gradient of a
scalar field.

27.2.5. DEFINITION. Let U C R™ and ¢: U — R be a scalar field. If ¢ is differentiable at a point
ain [ U, then its differential d¢, is a bounded linear map from R™ into R. That is, dp, € (R™)*.
Thus according to the Riesz-Fréchet theorem 27.2.2 there exists a unique vector, which we denote
by V¢(a), representing the linear functional d¢,. That is, V¢(a) is the unique vector in R™ such
that

da(x) = (2, V(a))
for all z in R™. The vector V¢(a) is the GRADIENT of ¢ at a. If U is an open subset of R” and ¢
is differentiable at each point of U, then the function

Vo: U —R": ur— Vo(u)

is the GRADIENT of ¢. Notice two things: first, the gradient of a scalar field is a vector field; and
second, the differential d¢, is the zero linear functional if and only if the gradient at a, V(a), is
the zero vector in R™.

Perhaps the most useful fact about the gradient of a scalar field ¢ at a point ¢ in R" is that it
is the vector at a which points in the direction of the most rapid increase of ¢.

27.2.6. PROPOSITION. Let ¢: U — R be a scalar field on a subset U of R™. If ¢ is differentiable
at a point a in U and dp, is not the zero functional, then the mazimum value of the directional
derivative Dy¢(a), taken over all unit vectors u in R™, is achieved when u points in the direction.of
the gradient Vo(a). The minimum value is achieved when u points in the opposite direction —V ¢(a).

PROOF. Exercise. Hint. Use proposition 25.5.9 and recall that (x,y) = ||z|/||y| cos £(x,y).
(Solution Q.27.5.)
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When a curve c is composed with a scalar field ¢ we obtain a real valued function of a single
variable. An easy but useful special case of the chain rule says that the derivative of the composite
¢ o c is the dot product of the derivative of ¢ with the gradient of ¢.

27.2.7. PROPOSITION. Suppose that ¢ is a curve in R™ which is differentiable at a point t in R
and that ¢ belongs to Dy (R™,R). Then ¢ o c is differentiable at t and

D(¢oc)(t) = (De(t), (Vo) (c(t))) -
PRrROOF. Problem. Hint. Use proposition 25.4.7 and the chain rule 25.3.17.
27.2.8. PROBLEM. If ¢: R" — R: x  ||z||, then ¢ is differentiable at each point b of R and

dop = 24y
Furthermore, V¢ = 21 (where [ is the identity function on R™). Hint. The definition of 1 is given
in 27.2.1. Write ¢ = (I, I) and use 27.1.17.

27.2.9. PROBLEM. For the function ¢ given in the preceding problem verify by direct compu-
tation the formula for the mean value theorem (proposition 26.1.14).

27.2.10. DEFINITION. A linear transformation 7': R” — R™ is SELF-ADJOINT if (T'z,y) = (z, Ty)
for all z, y € R".

27.2.11. PROBLEM. Let T € B(R",R") be self-adjoint and
w: R" - R: x— (Tx,x).
(a) Show that p is differentiable at each point b in R™ and find dyuy.
(b) Find V.

27.2.12. PROBLEM. Repeat problem 27.2.9, this time using the function p given in prob-
lem 27.2.11.

27.2.13. EXERCISE (Conservation of Energy). Consider a particle P moving in R? under the
influence of a force F. Suppose that the position of P at time t is z(¢) where z: R — R? is at least
twice differentiable. Let v := Dz be the velocity of P and a := Dv be its acceleration. Assume
Newton’s second law: F o x = ma, where F: R3 — R3 is the force acting on P and m is the mass
of P. Suppose further that the force field F' is CONSERVATIVE; that is, there exists a scalar field
¢: R® — R such that F = —V¢. (Such a scalar field is a POTENTIAL FUNCTION for F.) The
KINETIC ENERGY of P is defined by

KE = bmlol],
its POTENTIAL ENERGY by
PE :=¢ox,
and its TOTAL ENERGY by
TE:=KFE+ PE.

Prove, for this situation, the law of conservation of energy:
TFE is constant.

Hint. Use propositions 26.1.9, 27.1.17, and 27.2.7. (Solution Q.27.6.)

In most circumstances the simplest way of computing the gradient of a scalar field ¢ on R" is
to calculate the n partial derivatives of ¢. The n-tuple of these derivatives is the gradient. In most
beginning calculus texts this is the definition of the gradient.

27.2.14. PROPOSITION. If ¢ is a scalar field on a subset of R™ and is differentiable at a point a,
then

Vé(a) = dr(a)e’.
k=1
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PRrOOF. Exercise. Hint. Substitute V¢(a) for z in 27.1.3. Use 25.5.9. (Solution ).27.7.)

27.2.15. EXERCISE. Let ¢(w,z,y,2) = wz —zy, u = (3,—%,3,—1), and a = (1,2,3,4). Find
the directional derivative Dy¢(a). Hint. Use 25.5.9, the definition of gradient, and 27.2.14. (Solu-

tion Q.27.8.)

27.2.16. EXERCISE (Method of Steepest Descent). Let ¢(x,y) = 222 + 6y? and a = (2, —1).
Find the steepest downhill path on the surface z = ¢(x,y) starting at the point a and ending at
the minimum point on the surface. Hints. (1) It is enough to find the equation of the projection
of the curve onto the xy-plane; every curve t +— (:z:(t),y(t)) in the zy-plane is the projection
along the z-axis of a unique curve t — (z(t),y(t), ¢(z(t),y(t))) on the surface z = ¢(z,y). (2) If
c: t — ((t),y(t)) is the desired curve and we set ¢(0) = a, then according to proposition 27.2.6
the unit vector u which minimizes the directional derivative D,¢(b) at a point b in R? is the
one obtained by choosing u to point in the direction of —V¢(b). Thus in order for the curve to
point in the direction of the most rapid decrease of ¢ at each point ¢(t), the tangent vector to the
curve at c(t) must be some positive multiple p(t) of —(V¢)(c(t)). The function p will govern the
speed of descent; since this is irrelevant in the present problem, set p(t) = 1 for all ¢. (3) Recall
from beginning calculus that on an interval the only nonzero solution to an equation of the form
Dx(t) = kx(t) is of the form z(t) = x(0)e*. (4) The parameter ¢ which we have introduced is
artificial. Eliminate it to obtain an equation of the form y = f(z). (Solution Q.27.9.)

27.2.17. PROPOSITION (A Mean Value Theorem for Scalar Fields). Let ¢ be a differentiable
scalar field on an open convex subset U of R™ and suppose that a and b are distinct points belonging
to U. Then there exists a point c in the closed segment [a,b] such that

¢(b) = ¢(a) = (b —a, Vo(c)).

PRrROOF. Problem. Hint. Let I(t) = (1 —t)a+ tb for 0 <t < 1. Apply the mean value theorem
for a real valued function of a single variable (8.4.26) to the function ¢ ol. Use proposition 27.2.7.

27.2.18. PROBLEM. Let c(t) = (cost,sint,t) and ¢(z,y,2) = %y — 3yz. Find D(¢ o ¢)(7/6).
Hint. Use 27.2.7 and 27.2.14.

27.2.19. PROBLEM. Let ¢(z,y,2) = 2z — 4y, u = (3,0,3V3), and a = (1,0,—%). Find the
directional derivative D, ¢(a).

27.2.20. PROBLEM. Show that if V' is a normed linear space, f € D,(R™, V), and v is a nonzero

vector in R”, then
n

Dyf(a) =Y vrfi(a).
k=1
Hint. Use proposition 25.5.9.

27.2.21. PROBLEM. Let f: R? — R?: x — (112 — 292, 32172), a = (2,1), and v = (—1,2). Use
the preceding problem to find D, f(a).

27.2.22. PROBLEM. Find the path of steepest descent on the surface z = 2% 4+ 12y* starting at

the point whose z-coordinate is 1 and whose y-coordinate is %

27.2.23. PROBLEM. Suppose that the temperature ¢(z,y) at points (z,y) on a flat surface is
given by the formula

¢z, y) = 2° — 4.
Starting at a point (a, b) on the surface, what path should be followed so that the temperature will
increase as rapidly as possible?
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27.2.24. PROBLEM. This (like exercise 27.2.16 and problem 27.2.22) is a steepest descent prob-
lem; but here, we suppose that for some reason we are unable to solve explicitly the resulting
differential equations. Instead we invoke an approximation technique. Let

o(z) = 13212 — 4221 + 1329 + 629 + 102129 + 9

for all z in R?. The goal is to approximate the path of steepest descent. Start at an arbitrary point
2% in R? and choose a number h > 0. At z° compute the gradient of ¢, take u° to be the unit
vector pointing in the direction of —V¢(z"), and then move h units in the direction of u" arriving
at a point z'. Repeat the procedure: find the unit vector u! in the direction of —V¢(x!), then
from ! move h units along u' to a point x?. Continue in this fashion. In other words, z° € R?
and h > 0 are arbitrary, and for n > 0

2" = 2" 4 "
where u" = —||[Vo(z") || "1 Vo(z").

(a) Start at the origin #° = (0,0) and choose h = 1. Compute 25 or 30 values of 2. Explain
geometrically what is happening here. Why is h “too large”? Hint. Don’t attempt to do
this by hand. Write a program for a computer or a programmable calculator. In writing
your program don’t ignore the possibility that V¢(z™) may be zero for some n. (Keep
in mind when you write this up that your reader probably has no idea how to read the
language in which you write your program. Document it well enough that the reader can
easily understand what you are doing at each step.)

(b) Describe what happens when h is “too small”. Again start at the origin, take A = 0.001
and compute 25 or 30 values of x™.

(c) By altering the values of h at appropriate times, find a succession of points z°, ...,
(starting with 2% = (0,0)) such that the distance between z" and the point where ¢
assumes its minimum value is less than 0.001. (By examining the points z°,..., 2" you
should be able to guess, for this particular function, the exact location of the minimum.)

(d) Alter the program in part (a) to eliminate division by |[Vé(2™)||. (That is, let 2! =
" — hV¢(z™).) Explain what happens in this case when h is “too large” (say h = 1).
Explain why the altered program works better (provided that h is chosen appropriately)
than the program in (a) for the present function ¢.

n

27.2.25. PROBLEM. Is it possible to find a differentiable scalar field ¢ on R™ and a point a in
R™ such that Dy,¢(a) > 0 for every nonzero u in R"™?

27.2.26. PROBLEM. Is it possible to find a differentiable scalar field ¢ on R™ and a nonzero
vector u in R™ such that Dy,¢(a) > 0 for every a in R"?

27.3. THE JACOBIAN MATRIX

27.3.1. DEFINITION. Let U C R" and f: U — R™ be a differentiable function. Recall that the
components f1,..., f™ of f satisfy

f@)= (@), @) = fx)e
j=1
for all  in U. More briefly we may write
=0 ™= fe.
j=1

Recall also (from proposition 26.2.15) that
(f)r(a) = (fu)’ (@)
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whenever 1 < j <m, 1 <k < n, and a € U. Consequently the notation f;(a) is unambiguous;
from now on we use it. As the differential of f at a point a in U is a (bounded) linear map from
R™ into R™, it may be represented by an m x n matrix. This is called the JACOBIAN MATRIX of f
at a. The entry in the 5 row and &' column of this matrix is f}(a).

27.3.2. PROPOSITION. If f € Dy (R™,R™), then

[dfa] = [fi(a)] -

PROOF. Exercise. Hint. It helps to distinguish notationally between the standard basis vectors
in R” and those in R™. Denote the ones in R™ by e!,..., e" and those in R™ by él,...,é™.
Use 21.3.11. (Solution ().27.10.)

Note that the j*® row of the Jacobian matrix is ff Y fﬂl Thought of as a vector in R™ this

is just the gradient of the scalar field f/. Thus we may think of the Jacobian matrix [df,] as being
in the form

Vfi(a)

Vfm(a)
27.3.3. EXERCISE. Let f: R* — R3: (w,z,y,2) — (wzz,2? + 2y + 322, wyarctan z), let a =
(1,1,1,1), and let v = (0,2, -3, 1).
(a) Find [df,].
(b) Find df,(v).
(Solution Q.27.11.)

27.3.4. PROBLEM. Let f: R? — R?: x — (212 — 222, 37122) and a = (2,1).
(a) Find [df.).
(b) Use part (a) to find df,(—1,3).
27.3.5. PROBLEM. Let f: R3 — R*: (2,v,2) — (zy,y — 22,222,y + 32), let a = (1, —2,3), and
let v = (2,1, —1).
(a) Find [df,].
(b) Use part (a) to calculate D, f(a).
27.3.6. PROBLEM. Let f: R? — R?: (z,y) — (2%y,22y?%), let a = (2,—1), and let u = (2, 3).
Compute D, f(a) in three ways:

(a) Use the definition of directional derivative.
(b) Use proposition 25.5.2.
(c) Use proposition 25.5.9.

27.3.7. PROBLEM. Suppose that f € D,(R3,R*) and that the Jacobian matrix of f at a is

S o
S ™3>0
N o~ . 0

, and Vf4(a).

~—

Find fl(a)7 f2(a)7 f3<a)7 vfl(a)7 Vf2(a), vf?)(a
27.3.8. PROBLEM. Let f € D,(R",R™) and v € R". Show that

() dfa(v) = S5y (V f(a), v}/, and
(b) ldfall < X7, 1V F (@)
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27.4. THE CHAIN RULE

In some respects it is convenient for scientists to work with variables rather than functions.
Variables denote the physical quantities in which a scientist is ultimately interested. (In thermo-
dynamics, for example, T is temperature, P pressure, S entropy, and so on.) Functions usually
have no such standard associations. Furthermore, a problem which deals with only a small number
of variables may turn out to involve a dauntingly large number of functions if they are specified.
The simplification provided by the use of variables may, however, be more apparent than real, and
the price paid in increased ambiguity for their suggestiveness is often substantial. Below are a
few examples of ambiguities produced by the combined effects of excessive reliance on variables,
inadequate (if conventional) notation, and the unfortunate mannerism of using the same name for
a function and a dependent variable (“Suppose x = z(s,t)...”).

(A) If z = f(x,y), what does 2 5:2(y,z) mean? (Perhaps f1(y,x)? Possibly fa(y,x)?)
(B) If z = f(x,t) where x = x(t), then what is %? (Is it fa(t)? Perhaps the derivative of
t— f(x(t),t) is intended?)
(C) Let f(z,y) be a function of two variables. Does the expression z = f(tz,ty) have three
partial derivatives gi, gz, and az? Do 8; and 8£ mean the same thing?
(D) Let w = w(x,y,t) where z = x(s, t) and y = y(s,t). A direct application of the chain rule
(as stated in most beginning calculus texts) produces
ow Owdx OJwdy OJw
ot "oz ot " oyor ot

Is this correct ? Do the terms of the form £ ¢ cancel?
E) Let z = f(z,y) = g(r,0) where z = rcos and y = rsinf. Do 22 and 22 make sense? Do
Br 00
% and g—Z? How about z; and 227 Are any of these equal?

(F) The formulas for changing polar to rectangular coordinates are & = r cos# and y = rsin 6.
So if we compute the partial derivative of the variable r with respect to the variable x we

get
or 0 T x
- = 2 2 - 7 T 6.
9% 92 e ] o T cos
On the other hand, since r = L@, we use the chain rule to get
cos
or 1
— = =secf.
Oxr  cosf

Do you suppose something is wrong here? What?

The principal goal of the present section is to provide a reliable formalism for dealing with
partial derivatives of functions of several variables in such a way that questions like (A)—(F) can
be avoided. The basic strategy is quite simple: when in doubt give names to the relevant functions
(especially composite ones!) and then use the chain rule. Perhaps it should be remarked that
one need not make a fetish of avoiding variables. Many problems stated in terms of variables
can be solved quite simply without the intrusion of the names of functions. (E.g. What is % if
z = x3y??) This section is intended as a guide for the perplexed. Although its techniques are
often useful in dissipating confusion generated by inadequate notation, it is neither necessary nor
even particularly convenient to apply them routinely to every problem which arises. Let us start
by writing the chain rule for functions between Euclidean spaces in terms of partial derivatives.
Suppose that f € D,(RP,R") and g € Dy(q)(R",R"™). Then according to theorem 25.3.17

d(go fla=dgsa) o dfa-

Replacing these linear transformations by their matrix representations and using proposition 21.5.12
we obtain

[d(g o fa) = [dgj()] [dfa] - (27.1)
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27.4.1. PROPOSITION. If f € Do(RP,R") and g € Dy,y(R",R™), then [d(g o f)a} is the m X p
matriz whose entry in the j™ row and k™ column is 3", gg(f(a))f,i(a). That is,
(90 Fila) = (g] o f)(a)fi(a)
i=1
for1<j<mandl1l<k<p.

PROOF. Multiply the two matrices on the right hand side of (27.1) and use proposition 27.3.2.
O

It is occasionally useful to restate proposition 27.4.1 in the following (clearly equivalent) way.

27.4.2. COROLLARY. If f € Do(RP,R™) and g € Dy(q)(R",R™), then
[d(gof)a] = [<v.gj(f( )) fk( )>]J 1k=1"

27.4.3. EXERCISE. This is an exercise in translation of notation. Suppose y = y(u, v, w, z) and
z = z(u,v,w,x) where u = u(s,t), v = v(s,t), w = w(s,t), and © = z(s,t). Show that (under
suitable hypotheses)
0z 0z0u  0z0v 0z0w 0z0x
o " oudt ovor  owar  dzor
(Solution Q.27.12.)
27.4.4. PROBLEM. Suppose that the variables x, y, and z are differentiable functions of the
variables «, (3, v, d, and €, which in turn depend in a differentiable fashion on the variables r, s,

and t. As in exercise 27.4.3 use proposition 27.4.1 to write d—j in terms of quantities such as g—;,

gf, etc.

27.4.5. EXERCISE. Let f(x,vy,2) = (zy?, 3z — 22, 2yz, 2% + %, 4wz —l— 5) g(s, t,u,v,w) = (s +
u? + 07, s?v — 2tw?), and a = (1,0, —1). Use the chain rule to find [d(go f)a]. (Solution Q.27.13.)

27.4.6. PROBLEM. Let f(z,y,2) = (23y®sinz,2? + ycosz), g(u,v) = (Vuv,v?), k = go f,
a=(1,-2,7/2), and h = (1,—1,2). Use the chain rule to find dk, (h)

27.4.7. PROBLEM. Let f(z,y,2) = (2%y + y?2,2y2), g9(z,y) = (2%y,3zy,x — 2y, 2> + 3), and
a=(1,-1,2). Use the chain rule to find [d(go f)a].

We now consider a slightly more complicated problem. Suppose that w = w(z,y,t) where
x = x(s,t) and y = y(s,t) and that all the functions mentioned are differentiable. (This is problem
(D) at the beginning of this section.) It is perhaps tempting to write

ow _wda  dwdy  owor

ot Or Ot Oy ot Ot Ot
_wdn owdy  ow
Or Ot Oy ot Ot

(27.2)

(since 2 @ =1). The trouble with this is that the %—2” on the left is not the same as the one on
the right. The 2 E on the right refers only to the rate of change of w with respect to t insofar as
t appears explicitly in the formula for w; the one on the left takes into account the fact that in
addition w depends implicitly on t via the variables z and y. What to do? Use functions. Relate
the variables by functions as follows.

Yy w (27.3)
t
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Also let h = g o f. Notice that f2 = 7y (that is, f3(s,t) = t). Then according to the chain rule

3
ha ZZ(gkof)f§~
k=1
But f3 =1 (that is, E =1). So
ha = (g10 f)fz + (920 f)f3 +gso f. (27.4)

The ambiguity of (27.2) has been eliminated in (27.4). The 87“” on the left is seen to be the derivative
with respect to t of the composite h = go f, whereas the on the right is just the derivative with
respect to t of the function g.

One last point. Many scientific workers adamantly refuse to give names to functions. What do
they do? Look back at diagram (27.3) and remove the names of the functions.

x
Yy w (27.5)
t

The problem is that the symbol “t” occurs twice. To specify differentiation of the composite
function (our h) with respect to ¢, indicate that the “¢” you are interested in is the one in the
left column of (27.5). This may be done by listing everything else that appears in that column.
That is, specify which variables are held constant. This specification conventionally appears as a
subscript outside parentheses. Thus the ‘9“’ on the left of (27.2) (our hg) is written as (a—w)s (and

ot
is read, “%ﬁ’ with s held constant”). Slmllarly, the 8—“’ on the right of (27.2)) (our g3) involves
differentiation with respect to ¢ while « and y are ﬁxed. So it is written (%—?)x y (and is read, “%—;"

with = and y held constant). Thus (27.2) becomes
ow owoxr Owdy ow
— — 27.6
<8t> 8$8t+6y8t+<8t>%y (27.6)
It is not necessary to write, for example, an expression such as (g—g’) ty because there is no

ambiguity; the symbol “x” occurs only once in (27.5). If you choose to use the convention just
presented, it is best to use it only to avoid confusion; use it because you must, not because you can.

27.4.8. EXERCISE. Let w = t3 + 2yxz~! where = s +t2 and y = sarctant. Use the chain rule
to find (%—”f)s at the point where s =t = 1. (Solution ).27.14.)

We conclude this section with two more exercises on the use of the chain rule. Part of the
difficulty here and in the problems at the end of the section is to interpret correctly what the
problem says. The suggested solutions may seem longwinded, and they are. Nevertheless these
techniques prove valuable in situations complicated enough to be confusing. With practice it is
easy to do many of the indicated steps mentally.

27.4.9. EXERCISE. Show that if z = xy + z¢(yz~!), then l‘ax + yay = zy + z. Hint. Start by

restating the exercise in terms of functions. Add suitable hypotheses. In particular, suppose that
¢: R — R is differentiable. Let

j(x,y) = 2y + xd(yz ")
for x, y € R, x # 0. Then for each such x and y
To prove this assertion proceed as follows.
(a) Let g(z,y) = y2~". Find [dg(s,)].
(b) Find [d(¢ 0 g) (]
(c) Let G( y) = (z,¢(yz™')). Use (b) to find [dG(, ]
(d) Let m(z,y) = zy. Find [dm,,].
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(¢) Tet h(z,y) = z6(ys~"). Use (c) and (d) to find [dh(yy)].
(f) Use (d) and (e) to find [dj,,)]-
(g) Use (f) to prove (27.7).

(Solution Q.27.15.)

27.4.10. EXERCISE. Show that if f(u,v) = g(z,y) where f is a differentiable real valued function,
u =122 —y?, and v = 2zy, then

99 g of of
— =9 -2 27.8
y@w x@y U@u u@v ( )
Hint. The equations v = 22 — y? and v = 22y give u and v in terms of z and y. Think of the

function h: (z,y) — (u,v) as a change of variables in R?. That is, define
h: R? = R?: (z,y) — (22 — o%, 227).
Then on the uv-plane (that is, the codomain of h) the function f is real valued and differentiable.

The equation f(u,v) = g(x,y) serves only to fix notation. It indicates that g is the composite
function f o h. We may visualize the situation thus.

2

r h u f
Y v

w (27.9)

where g = f o h.

Now what are we trying to prove? The conclusion (27.8) is clear enough if we evaluate the
partial derivatives at the right place. Recalling that we have defined h so that u = h'(z,y) and
v = h?(x,y), we may write (27.8) in the following form.

yor(z,y) — xg2(,y) = 2h°(z,y) fu(h(z,y)) — 20" (z,y) f2(h(z,y)) (27.10)
Alternatively we may write
mog1 — m1ga = 2h° f1 — 2k fo
(where 71 and my are the usual coordinate projections). To verify (27.10) use the chain rule to find

[dg(zy)]- (Solution Q.27.16.)

27.4.11. PROBLEM. Let w = Jz%y + arctan(tz) where z = ¢? — 3u? and y = 2tu. Find (%—f)u
when t =2 and u = —1.

27.4.12. PROBLEM. Let z = fguw?zy where w = t* —u® +v?, o = 2tu+tv, and y = 3uv. Find
oz
(2),, whent =1, u=—1, and v = —2.

27.4.13. PROBLEM. If z = f(gcy_y>, then $g§ + y% = 0. State this precisely and prove it.

27.4.14. PROBLEM. If ¢ is a differentiable function on an open subset of R? and w = ¢(u? —
t2,t2—u?), then tg%—l—u%—f = 0. Hint. Let h(t,u) = (u?—t2,t*—u?) and w = 9 (¢, u) where ¢ = ¢oh.
Compute [dh(t’u)]. Use the chain rule to find [dq/)(t,u)]. Then simplify t1o(t, w) + uth (¢, u).

27.4.15. PROBLEM. If f(u,v) = g(x,y) where f is a differentiable real valued function on R?
and if u = 23 + 9% and v = zy, then
dg 9y of of
AN WECAT, Wiy
x@x + y@y “au * ”av
27.4.16. PROBLEM. Let f(z,y) = g(r,0) where (z,y) are Cartesian coordinates and (r,0) are
polar coordinates in the plane. Suppose that f is differentiable at all (x,y) in R2.

(a) Show that except at the origin

of _

( dg dg
ox ¢

1 .
050)5 - ;(sm@)%.
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(b) Find a similar expression for %

193

Hint. Recall that Cartesian and polar coordinates are related by x = rcosf and y = rsin 6.

27.4.17. PROBLEM. Let n be a fixed positive integer. A function f: R? — R? is HOMOGENEOUS
OF DEGREE n if f(tx,ty) = t"f(x,y) for all t, z, y € R. If such a function f is differentiable, then

of of
T + ya—y =nf.
Hint. Try the following:
a) Let G(z,y,t) = (tx,ty). Find [dG(m,y)].

(
(b) Let h = foG. Find [dh(, ]

derive (27.11).

(27.11)






CHAPTER 28

INFINITE SERIES

It is perhaps tempting to think of an infinite series

[e.e]

Zak:a1+a2+a3+...

k=1
as being nothing but “addition performed infinitely often”. This view of series is misleading, can
lead to curious errors, and should not be taken seriously. Consider the infinite series

1—14+1—-14+1—1+.. (28.1)

If we think of the “+” and “-” signs as functioning in essentially the same manner as the symbols
we encounter in ordinary arithmetic, we might be led to the following “discovery”.

0=(1-D4+1-1)+(1—1)+... (28.2)
—1-14+1-14+1-1+... (28.3)
=1-(1-1)—(1-1)—... (28.4)
=1-0-0—... (28.5)
=1. (28.6)

One can be more inventive: If S is the sum of the series (28.1), then

1-S=1-(1-1+1-14...)=1-141-141-14+---=5
from which it follows that S = % This last result, incidentally, was believed (for quite different
reasons) by both Leibniz and Euler. See [9]. The point here is that if an intuitive notion of infinite

sums and plausible arguments lead us to conclude that 1 =0 = %, then it is surely crucial for us
to exercise great care in defining and working with convergence of infinite series.

In the first section of this chapter we discuss convergence of series in arbitrary normed linear
spaces. One reason for giving the definitions in this generality is that doing so is no more compli-
cated than discussing convergence of series in R. A second reason is that it displays with much
greater clarity the role of completeness of the underlying space in questions of convergence. (See,
in particular, propositions 28.1.17 and 28.3.2.) A final reason is that this generality is actually
needed. We use it, for example, in the proofs of the inverse and implicit function theorems in the
next chapter.

28.1. CONVERGENCE OF SERIES

28.1.1. DEFINITION. Let (ai) be a sequence in a normed linear space. For each n in N let
Sp = Y p_y ak. The vector s, is the n™ PARTIAL SUM of the sequence (aj). As is true of sequences,
we permit variations of this definition. For example, in section 28.4 on power series we consider
sequences (ak) whose first term has index zero. In this case, of course, the proper definition of

. n
Sp 18 ) p_q k-

28.1.2. EXERCISE. Let a = (—1)**! for each k in N. For n € N compute the n'" partial sum
of the sequence (ag). (Solution ).28.1.)

n
k=0

28.1.3. EXERCISE. Let a;, = 27" for each k in N. For n € N show that the n'" partial sum of
the sequence (ag) is 1 — 27", (Solution .28.2.)

195
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28.1.4. DEFINITION. Let (ax) be a sequence in a normed linear space. The INFINITE SERIES
> pe ay is defined to be the sequence (s,) of partial sums of the sequence (a;). We may also write
ai +ag + a3 + ... for 377, ar. Again we permit variants of this definition. For example, the
infinite series associated with the sequence (ak);O:O is denoted by > 37, ar. Whenever the range
of the summation index k is understood from context or is unimportant we may denote a series
simply by > ag.

28.1.5. EXERCISE. What are the infinite series associated with the sequences given in exercises
28.1.2 and 28.1.37 (Solution ().28.3.)

28.1.6. DEFINITION. Let (ay) be a sequence in a normed linear space V. If the infinite series
> po ag (that is, the sequence of partial sums of (ax)) converges to a vector b in V, then we say
that the sequence (aj) is SUMMABLE or, equivalently, that the series Y p-; ai is a CONVERGENT
SERIES. The vector b is called the SUM of the series Y p- ; ai and we write

o0
Zak =b.
k=1

It is clear that a necessary and sufficient condition for a series > ;- ar to be convergent or,
equivalently, for the sequence (ay) to be summable, is that there exist a vector b in V' such that

b— Zn:ak
k=1

If a series does not converge we say that it is a DIVERGENT SERIES (or that it DIVERGES).

—0 as n — 00. (28.7)

CAUTION. It is an old, if illogical, practice to use the same notation y . aj for both the
sum of a convergent series and the series itself. As a result of this convention, the statements
“S hey ai converges to b” and “Y 77| ar = b7 are interchangeable. It is possible for this to cause
confusion, although in practice it is usually clear from the context which use of the symbol Y77, ax
is intended. Notice however that since a divergent series has no sum, the symbol >"77 | a; for such
a series is unambiguous; it can refer only to the series itself.

28.1.7. EXERCISE. Are the sequences (aj) given in exercises 28.1.2 and 28.1.3 summable? If
(ag) is summable, what is the sum of the corresponding series Y - ax? (Solution ).28.4.)
28.1.8. PROBLEM (Geometric Series). Let a and r be real numbers.
(a) Show that if |r| < 1, then >3, ar® converges and

i a

E ark = 1 .
- T

k=0

Hint. To compute the n'* partial sum s,, use a technique similar to the one used in
exercise 28.1.3. See also problem 1.1.12.

(b) Show that if [r| > 1 and a # 0, then > 3o, ar® diverges. Hint. Look at the cases r > 1
and r < —1 separately.

28.1.9. PROBLEM. Let > ay and ) by be convergent series in a normed linear space.
(a) Show that the series ) (ay + by) also converges and that

> (ar+b) =D ar+ Y by

Hint. Problem 22.3.9(a).
(b) Show that for every o € R the series Y (aay) converges and that

Z(aak) =« Z ag .
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One very easy way of seeing that certain series do not converge is to observe that its terms do
not approach 0. (The proof is given in the next proposition.) It is important not to confuse this
assertion with its converse. The condition a — 0 does not guarantee that y_ -~ ay, converges. (An
example is given in example 28.1.11.

28.1.10. PROPOSITION. If Y17, ay is a convergent series in a normed linear space, then a — 0
as k — oo.

PrOOF. Exercise. Hint. Write a,, in terms of the partial sums s, and s,—1. (Solution ().28.5.)

28.1.11. EXAMPLE. It is possible for a series to diverge even though the terms a; approach 0.
A standard example of this situation in R is the harmonic series > ;- ; 1/k. The harmonic series
diverges.

PrOOF. Exercise. Hint. Show that the difference of the partial sums sy, and s, is at least 1/2.
Assume that (s;,) converges. Use proposition 18.1.4. (Solution ).28.6.)

28.1.12. PROBLEM. Show that if 0 < p < 1, then the series Y oo ; k™7 diverges. Hint. Modify
the argument used in 28.1.11.

28.1.13. PROBLEM. Show that the series > ;- kQ—ik converges and find its sum. Hint.

1_ 1
S

1
k2+k

28.1.14. PROBLEM. Use the preceding problem to show that the series Y oo k% converges and
that its sum is no greater than 2.

28.1.15. PROBLEM. Show that the series > ;2 , ﬁ converges and find its sum.

28.1.16. PROBLEM. Let p € N. Find the sum of the series > ;- % Hint. If a5, = (kfp)!,

what can you say about Y, (ax—1 — ag)?

In complete normed linear spaces the elementary fact that a sequence is Cauchy if and only if it
converges may be rephrased to give a simple necessary and sufficient condition for the convergence
of series in the space.

28.1.17. PROPOSITION (The Cauchy Criterion). Let V' be a normed linear space. If the series
> ay converges in'V, then for every € > 0 there exists ng € N such that HZZ:mH akH < € whenever
n>m > ng. If V is a Banach space, then the converse of this implication also holds.

PRrROOF. Exercise (Solution ().28.7.)

The principal use of the preceding proposition is to shorten proofs. By invoking the Cauchy
criterion one frequently can avoid explicit reference to the partial sums of the series involved. See,
for example, proposition 28.3.5.

One obvious consequence of the Cauchy criterion is that the convergence of an infinite series is
unaffected by changing any finite number of its terms. If a,, = b,, for all n greater than some fixed
integer ng, then the series ) a, converges if and only if the series ) b, does.

The examples of infinite series we have looked at thus far are all series of real numbers. We
now turn to series in the Banach space B(S, E) of bounded E valued functions on a set S (where
E is a Banach space). Most of the examples we consider will be real valued functions on subsets of
the real line.

First a word of caution: the notations Y oo ; fr and > 7, fx(z) can, depending on context, mean
many different things. There are many ways in which sequences (and therefore series) of functions
can converge. There are, among a host of others, uniform convergence, pointwise convergence,
convergence in mean, and convergence in measure. Only the first two of these appear in this text.
Since we regard B(S, E') as a Banach space under the uniform norm || ||, it is not, strictly speaking,
necessary for us to write “f,, — ¢ (unif)” when we wish to indicate that the sequence (f,,) converges
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to g in the space B(S, E); writing “f, — ¢” is enough, because unless the contrary is explicitly
stated uniform convergence is understood. Nevertheless, in the sequel we will frequently add the
redundant “(unif)” just as a reminder that in the space B(S, E') we are dealing with uniform, and
not some other type of, convergence of sequences and series.

It is important to keep in mind that in the space B(.S, F) the following assertions are equivalent:

(a) > pe, fx converges uniformly to g;

(b) g= Zzozl fx; and

(©) llg = 2 k=1 fellu — 0 as n — oo.
Since uniform convergence implies pointwise convergence, but not conversely, each of the preceding
three conditions implies—but is not implied by—the following three (which are also equivalent):

(a’) >°p2, fu(zx) converges to g(x) for every z in S;

(b)) g(z) =372, fr(x) for every z in S; and

(¢) For every z in S

—0 as n— 0.

g@) = fil@)
k=1

One easy consequence of the Cauchy criterion (proposition 28.1.17) is called the Weierstrass
M-test. The rather silly name which is attached to this result derives from the fact that in the
statement of the proposition, the constants which appear are usually named M,,.

28.1.18. PROPOSITION (Weierstrass M-test). Let (f,) be a sequence of functions in B(S, E)
where S is a nonempty set and E is a Banach space. If there is a summable sequence of positive
constants M, such that | fn||, < My for every n in N, then the series Y f converges uniformly
on S. Furthermore, if the underlying set S is a metric space and each f, is continuous, then y fi
18 continuous.

PROOF. Problem.

28.1.19. EXERCISE. Let 0 < § < 1. Show that the series 7 % converges uniformly on the
interval [—d, d]. Hint. Use problem 28.1.8. (Solution ().28.8.)

28.1.20. PROBLEM. Show that > 7, Hﬁ converges uniformly on [§, 00) for any ¢ such that
0<é<1.

28.1.21. PROBLEM. Let M > 0. Show that ) °, Zif; converges uniformly on [—M, M].

n

28.1.22. PROBLEM. Show that ) 7, ﬁ converges uniformly on R.

We conclude this section with a generalization of the alternating series test, familiar from
beginning calculus. Recall that an ALTERNATING SERIES in R is a series of the form Y 3o, (—1)* 1oy,
where each aj > 0. The generalization here will not require that the multipliers of the a;’s be +1
and —1 in strict alternation. Indeed they need not even be real numbers; they may be the terms of
any sequence of vectors in a Banach space for which the corresponding sequence of partial sums is
bounded. You are asked in problem 28.1.25 to show that the alternating series test actually follows
from the next proposition.

28.1.23. PROPOSITION. Let (o) be a decreasing sequence of real numbers, each greater than
or equal to zero, which converges to zero. Let (xx) be a sequence of vectors in a Banach space for
which thoeore exists M > O such that |> p_; zx|| < M for all n in N. Then Y7, ax), converges
and ||> 52, agxgl|| < May.

PRrROOF. Problem. Hint. This is a bit complicated. Start by proving the following very simple
geometrical fact about a normed linear space V: if [x,y] is a closed segment in V', then one of its
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endpoints is at least as far from the origin as every other point in the segment. Use this to derive
the fact that if x and y are vectors in V and 0 <t <1, then

[l + tyl| < max{[lz]], [z +y] -

Next prove the following result.

28.1.24. LEMMA. Let (ay) be a decreasing sequence of real numbers with ay > 0 for every k, let
M >0, and let V' be a normed linear space. If x1,...,x, € V satisfy

D al| <M (28.8)
k=1
for all m <mn, then
Z aprill < Mo .
k=1

To prove this result use mathematical induction. Supposing the lemma to be true for n = p,
let y1,...,ypt1 be vectors in V such that ||Y )", yk| < M for all m < p+ 1. Let x = yy for
kE=1,...,p—1and let z, = yp, + (pt1/0p)yYp+1. Show that the vectors x1,...,x, satisfy (28.8)
for all m < p and invoke the inductive hypothesis.

Once the lemma is in hand, apply it to the sequence (m)oo

r—, toobtain |30 ) agzg| < Moy
for all n € N, and apply it to the sequence (a:k)?:mﬂ to obtain HZZZmH akka < 2M a4 for
0 < m < n. Use this last result to prove that the sequence of partial sums of the series > apzy is
Cauchy.

28.1.25. PROBLEM. Use proposition 28.1.23 to derive the alternating series test: If (ay) is a
decreasing sequence of real numbers with «p > 0 for all £ and if o, — 0 as £ — oo, then the
alternating series Z,iil(—l)k‘*'lak converges. Furthermore, the absolute value of the difference
between the sum of the series and its n'* partial sum is no greater than o, ;.

28.1.26. PROBLEM. Show that the series Y o, k=1 sin(kr/4) converges.

An important and interesting result in analysis is the Tietze extension theorem. For compact
metric spaces it says that any continuous real valued function defined on a closed subset of the
space can be extended to a continuous function on the whole space and that this process can be
carried out in such a way that the (uniform) norm of the extension does not exceed the norm of
the original function. One proof of this uses both the M-test and the approximation theorem of
Weierstrass.

28.1.27. THEOREM (Tietze Extension Theorem). Let M be a compact metric space, A be a closed
subset of M, and g: A — R be continuous. Then there exists a continuous function w: M — R
such that w| , = g and ||wly = |||l

PROOF. Problem. Hint. First of all demonstrate that a continuous function can be truncated
without disturbing its continuity. (Precisely: if f: M — R is a continuous function on a metric
space, if A C M, and if f7(A) C [a,b], then there exists a continuous function g: M — R which
agrees with f on A and whose range is contained in [a,b].) Let F = {u ,: u € C(M,R)}. Notice
that the preceding comment reduces the proof of 28.1.27 to showing that F = C(A,R). Use the
Stone- Weierstrass theorem 23.2.6 to prove that F is dense in C(A,R). Next find a sequence (f,)
of functions in F such that .

9= f
k=1

for every n. Then for each k find a function uy in C(M,R) whose restriction to A is fx. Truncate
each ug (as above) to form a new function vy which agrees with ug (and therefore fi) on A and

1
< on

u
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which satisfies ||vg|ly = || fk|lu- Use the Weierstrass M-test 28.1.18 to show that Y 7° vy converges
uniformly on M. Show that w = > 7" vy, is the desired extension.

Recall that in problem 23.1.22 we showed that if ¢: M — N is a continuous map between
compact metric spaces, then the induced map Ty: C(N,R) — C(M,R) is injective if and only if ¢
is surjective, and ¢ is injective if T}, is surjective. The “missing part” of this result (T} is surjective
if ¢ is injective) happens also to be true but requires the Tietze extension theorem for its proof.

28.1.28. PROBLEM. Let ¢ and T} be as in problem 23.1.22. Show that if ¢ is injective, then T}
is surjective.

28.2. SERIES OF POSITIVE SCALARS

In this brief section we derive some of the standard tests of beginning calculus for convergence
of series of positive numbers.

28.2.1. DEFINITION. Let S(n) be a statement in which the natural number n is a variable.
We say that S(n) holds for n SUFFICIENTLY LARGE if there exists N in N such that S(n) is true
whenever n > N.

28.2.2. PROPOSITION (Comparison Test). Let (ar) and (bg) be sequences in [0,00) and suppose
that there exists M > 0 such that ap < Mby for sufficiently large k € N. If > by converges, then
> ay converges. If Y ay diverges, so does > by.

PRrRoOOF. Problem.

28.2.3. PROPOSITION (Ratio Test). Let (ay) be a sequence in (0,00). If there exists 6 € (0,1)
such that ag11 < day, for k sufficiently large, then Y ay converges. If there exists M > 1 such that
ax+1 > May, for k sufficiently large, then Y aj, diverges.

PRrOOF. Exercise. (Solution ().28.9.)

28.2.4. PROPOSITION (Integral Test). Let f: [1,00) — [0,00) be decreasing; that is, f(x) > f(y)

whenever r < y. Iflimps oo fle exists, then Y 1° f(k) converges. Iflimps_o0 flM f does not exist,
then "7 f(k) diverges.

PROOF. Problem. Hint. Show that [F'f < f(k) < [F | f for k > 2.

28.2.5. PROPOSITION (The Root Test). Let Y ay be a series of numbers in [0,00). Suppose that

Uk epists.

the limit L = limy_, o (ag)
(a) If L <1, then > aj converges.

(b) If L > 1, then ) ay diverges.
PROOF. Problem.

28.2.6. PROBLEM. Let (ay) and (by) be decreasing sequences in (0, c0) and let ¢, = min{ay, by }
for each k. If Y ay and > by both diverge, must > ¢ also diverge?

28.3. ABSOLUTE CONVERGENCE

It is a familiar fact from beginning calculus that absolute convergence of a series of real numbers
implies convergence of the series. The proof of this depends in a crucial way on the completeness
of R. We show in the first proposition of this section that for series in a normed linear space V'
absolute convergence implies convergence if and only if V is complete.

28.3.1. DEFINITION. Let (ax) be a sequence in a normed linear space V. We say that (ay)
is ABSOLUTELY SUMMABLE or, equivalently, that the series > ary CONVERGES ABSOLUTELY if the
series Y _||ag| converges in R.
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28.3.2. PROPOSITION. A normed linear space V' is complete if and only if every absolutely
summable sequence in V is summable.

PROOF. Exercise. Hint. If V is complete, the Cauchy criterion 28.1.17 may be used. For the
converse, suppose that every absolutely summable sequence is summable. Let (ax) be a Cauchy
sequence in V. Find a subsequence (ay, ) such that Hank 1~ Ony H < 27% for each k. Consider the
sequence (yx) where y, := ap,,, — ay, for all k. (Solution ).28.10.)

One of the most useful consequences of absolute convergence of a series is that the terms of the
series may be rearranged without affecting the sum of the series. This is not true of CONDITIONALLY
CONVERGENT series (that is, series which converge but do not converge absolutely). One can show,
in fact, that a conditionally convergent series of real numbers can, by rearrangement, be made to
converge to any real number whatever, or, for that matter, to diverge. We will not demonstrate
this here, but a nice proof can be found in [1].

28.3.3. DEFINITION. A series ) .~ by is said to be a REARRANGEMENT of the series > 7, ax
if there exists a bijection ¢: N — N such that by = ag) for all £ in N.

28.3.4. PROPOSITION. If > by is a rearrangement of an absolutely convergent series > ar in a
Banach space, then > by is itself absolutely convergent and it converges to the same sum as . a.

PROOF. Problem Hint. Let 3, := Y ;_, ||bx|. Show that the sequence (8,) is increasing and
bounded. Conclude that > by is absolutely convergent. The hard part of the proof is showing that
if °7° ax, converges to a vector A, then so does Y 1° by Define partial sums as usual: s, := > 1 ag
and t,, := > | by. Given € > 0, you want to show that [|t,, — A|| < e for sufficiently large n. Prove
that there exists a positive N such that [|s, — A|| < 3¢ and Y °°||ag| < € whenever n > N. Write

[tn = All < lltn — syl + [lsv — A -

Showing that ||t, — sy|| < %e for n sufficiently large takes a little thought. For an appropriate
function ¢ write by = ag(y). Notice that

N

Z A (k) — Z ak
1

1

[t — snll =

The idea of the proof is to choose n so large that there are enough terms agy;) to cancel all the
terms ax (1 <k < N).

If you have difficulty in dealing with sums like Y, ag(k) Whose terms are not consecutive
(a1,az,... are consecutive terms of the sequence (ax); ag(1), @(2),--- in general are not), a no-
tational trick may prove useful. For P a finite subset of N, write ) ay for the sum of all the

P

terms aj such that k£ belongs to P. This notation is easy to work with. It should be easy to
convince yourself that, for example, if P and @ are finite subsets of N and if they are disjoint, then
> ap =Y ar + Y ar. (What happens if PNQ # (?) In the present problem, let C' := {1,..., N}
PUQ P Q

(where N is the integer chosen above). Give a careful proof that there exists an integer p such
that the set {¢(1),...,6(p)} contains C. Now suppose n is any integer greater than p. Let
F:={¢(1),...,¢(n)} and show that

It = sl < D llaxl
G

where G := F'\ C.

28.3.5. PROPOSITION. If (o) is an absolutely summable sequence in R and (xy) is a bounded
sequence in a Banach space E, then the sequence (anxy,) is summable in E.

PROOF. Problem. Hint. Use the Cauchy criterion 28.1.17.
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28.3.6. PROBLEM. What happens in the previous proposition if the sequence (o) is assumed
only to be bounded and the sequence (z,) is absolutely summable?

28.3.7. PROBLEM. Show that if the sequence (a,) of real numbers is SQUARE SUMMABLE (that
is, if the sequence (a,?) is summable), then the series Y. n~'a, converges absolutely. Hint. Use
the Schwarz inequality 27.1.6.

28.4. POWER SERIES

According to problem 28.1.8 we may express the reciprocal of the real number 1 —r as the sum
of a power series S o° r* provided that |r| < 1. One may reasonably ask if anything like this is true
in Banach spaces other than R, in the space of bounded linear maps from some Banach space into
itself, for example. If 7" is such a map and if | 7'|| < 1, is it necessarily true that I — T is invertible?
And if it is, can the inverse of I — T be expressed as the sum of the power series y_° Tk? Tt turns
out that the answer to both questions is yes. Our interest in pursuing this matter is not limited
to the fact that it provides an interesting generalization of facts concerning R to spaces with richer
structure. In the next chapter we will need exactly this result for the proof we give of the inverse
function theorem.

Of course it is not possible to study power series in arbitrary Banach spaces; there are, in
general, no powers of vectors because there is no multiplication. Thus we restrict our attention to
those Banach spaces which (like the space of bounded linear maps) are equipped with an additional
operation (x,y) — xy (we call it multiplication) under which they become linear associative algebras
(see 21.2.6 for the definition) and on which the norm is SUBMULTIPLICATIVE (that is, ||zy|| < ||z ||y]|
for all  and y). We will, for simplicity, insist further that these algebras be unital and that the
multiplicative identity 1 have norm one. Any Banach space thus endowed is a (UNITAL) BANACH
ALGEBRA. It is clear that Banach algebras have many properties in common with R. It is important,
however, to keep firmly in mind those properties not shared with R. Certainly there is, in general,
no linear ordering < of the elements of a Banach algebra (or for that matter of a Banach space).
Another crucial difference is that in R every nonzero element has a multiplicative inverse (its
reciprocal); this is not true in general Banach algebras (see, for example, proposition21.5.16).
Furthermore, Banach algebras may have nonzero NILPOTENT elements (that is, elements z # 0

such that 2™ = 0 for some natural number n). (Example: the 2 X 2 matrix a = [8 0

but a®> = 0.) This,of course, prevents us from requiring that the norm be multiplicative: while
|zy| = |z||y| holds in R, all that is true in general Banach algebras is ||zy|| < ||z| ||y||. Finally,
multiplication in Banach algebras need not be commutative.

} is not zero,

28.4.1. DEFINITION. Let A be a normed linear space. Suppose there is an operation (x,y) — xy

from A x A into A satisfying the following: for all z, y, z € A and a € R
(a) (zy)z = x(yz),
(b) (z + )z = w2 + 2,
(c) z(y +2) = zy + zz,
(d) a(zy) = (ax)y = z(ay), and

(@) llzyll < =l lyll.
Suppose additionally that there exists a vector 1 in A such that

(f) z1=1xz ==z for all z € A, and

(g) 1]l =1.
Then A is a (UNITAL) NORMED ALGEBRA. If A is complete it is a (UNITAL) BANACH ALGEBRA.
If all elements x and y in a normed (or Banach) algebra satisfy zy = yz, then the algebra A is
COMMUTATIVE.

28.4.2. EXAMPLE. The set R of real numbers is a commutative Banach algebra. The number 1
is the multiplicative identity.
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28.4.3. EXAMPLE. If § is a nonempty set, then with pointwise multiplication

(fg)(x) == f(x)g(x) forallz € S

the Banach space B(S,R) becomes a commutative Banach algebra. The constant function 1: z +— 1
is the multiplicative identity.

28.4.4. EXERCISE. Show that if f and g belong to B(S,R), then || fg|lu < || fllu]lglle.- Show by
example that equality need not hold. (Solution ).28.11.)

28.4.5. EXAMPLE. If M is a compact metric space then (again with pointwise multiplication)
C(M,R) is a commutative Banach algebra. It is a SUBALGEBRA of B(M,R) (that is, a subset
of B(M,R) containing the multiplicative identity which is a Banach algebra under the induced
operations).

28.4.6. ExaMPLE. If E is a Banach space, then B(F, ) is a Banach algebra (with composition
as “multiplication”). We have proved in problem 21.2.8 that the space of linear maps from E
into F is a unital algebra. The same is easily seen to be true of B(F, F) the corresponding
space of bounded linear maps. The identity transformation Ig is the multiplicative identity. Its
norm is 1 by 23.1.11(a). In proposition 23.1.14 it was shown that B(E, E) is a normed linear
space; the submultiplicative property of the norm on this space was proved in proposition 23.1.15.
Completeness was proved in proposition 23.3.6.

28.4.7. PROPOSITION. If A is a normed algebra, then the operation of multiplication
M:AxA— A: (z,y) — zy
18 continuous.
PROOF. Problem. Hint. Try to adapt the proof of example 14.1.9.
28.4.8. COROLLARY. If z, — a and y, — b in a normed algebra, then x,y, — ab.
ProOOF. Problem.

28.4.9. DEFINITION. An element z of a unital algebra A (with or without norm) is INVERTIBLE if
there exists an element ! (called the MULTIPLICATIVE INVERSE of z) such that zz~! = 271z = 1.
The set of all invertible elements of A is denoted by Inv A. We list several almost obvious properties
of inverses.

28.4.10. PROPOSITION. If A is a unital algebra, then

(a) Each element of A has at most one multiplicative inverse.
(b) The multiplicative identity 1 of A is invertible and 1-' = 1.
(c) If x is invertible, then so is x—1 and (:fl)fl =z.

(d) If z and y are invertible, then so is xy and (vy)~! = yil -1
(e) If z and y are invertible, then =1 —y~ ! =27y — 2)y~!

PrOOF. Let 1 be the multiplicative identity of A.

(a) If y and z are multiplicative inverses of x, then y = y1 = y(xz2) = (yx)z =12z = 2.

(b) 1 1 =1 1mphes 17 =1 by (a).
(c) o7tz = :E:E = 1 implies z is the inverse of 27! by (a).
(d) (zy)(y'z™') =zx~! =1 and (y 'z~ ) (zy) = y 'y = 1 imply y~'z~! is the inverse of

xy (again by (a)).
(€ aly—a)y =@ ly-Dy =2t -yt
U

28.4.11. PROPOSITION. If z is an element of a unital Banach algebra and ||x|| < 1, then 1 — x
is invertible and (1 —z)~1 = Y32, 2",
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PROOF. Exercise. Hint. First show that the geometric series » -, zF converges absolutely.

Next evaluate (1 — z)s,, and s,(1 — ) where s, = > ;_, . Then take limits as n — co. (Solu-
tion ).28.12.) O

28.4.12. COROLLARY. If x is an element of a unital Banach algebra and ||x| < 1, then
I(1—2)"' =1 < T2
PrROOF. Problem.

Proposition 28.4.11 says that anything close to 1 in a Banach algebra A is invertible. In other
words 1 is an interior point of Inv A. Corollary 28.4.12 says that if ||z|| is small, that is, if 1 — z is
close to 1, then (1 —x)~! is close to 17! (= 1). In other words, the operation of inversion z — =1
is continuous at 1. These results are actually special cases of much more satisfying results: every
point of Inv A is an interior point of that set (that is, Inv A is open); and the operation of inversion
is continuous at every point of Inv A. We use the special cases above to prove the more general
results.

28.4.13. PROPOSITION. If A is a Banach algebra, then Inv A g° A.

PROOF. Problem. Hint. Let a € InvA, r = |la™ ||, y € B.(a), and z = a~!(a — y). What
can you say about a(1 — x)?

28.4.14. PROPOSITION. If A is a Banach algebra, then the operation of inversion

r:InvA—InvA:z— 2!

18 continuous.

PrROOF. Exercise. Hint. Show that r is continuous at an arbitrary point a in Inv A. Given
€ > 0 find § > 0 sufficiently small that if y belongs to Bs(a) and 2 = 1 — a~ 'y, then

] < fla=" 6 < 3

and
][ fla="|

Ir(y) —r(a)] < Toqa < (28.9)

For (28.9) use 28.4.10(e), the fact that y~la = (a_ly)_l, and 28.4.12. (Solution ().28.13.)

There are a number of ways of multiplying infinite series. The most common is the Cauchy
product. And it is the only one we will consider.

28.4.15. DEFINITION. If Y~ ' a, and > ° ; b, are infinite series in a Banach algebra, then their
CAUCHY PRODUCT is the series ) ° ¢, where ¢, = Y ;_;arbn—k. To see why this definition is
rather natural, imagine trying to multiply two power series > ¢° apx® and >0 bpz® just as if they
were infinitely long polynomials. The result would be another power series. The coefficient of z"
in the resulting series would be the sum of all the products a;b; where i + j = n. There are several
ways of writing this sum

n n
Z a,;bj = Z akbn_k = Zan_kbk .
i+j=n k=0 k=0

If we just forget about the variable x, we have the preceding definition of the Cauchy product.

The first thing we observe about these products is that convergence of both the series Y ay
and ) by, does not imply convergence of their Cauchy product.
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28.4.16. EXAMPLE. Let aj, = b, = (—1)F(k + 1)7'/2 for all K > 0. Then 3 0°a), and >.0° by
converge by the alternating series test (problem 28.1.25). The n'® term of their Cauchy product is

n n 1
Cp = Zakbn—k =(-1)" Z )
— —Vk+1Vn—k+1

Since for 0 < k <n
(k+1)(n—k+1)=k(n—Fk)+n+1
<n?+2n+1
= (n+1)°

we see that
n

- 1 1
Cp| = > =1
fenl kzz(]\/k+1\/n—k+1_zn+l

k=0

Since ¢, - 0, the series Y ¢ does not converge (see proposition 28.1.10).

Fortunately quite modest additional hypotheses do guarantee convergence of the Cauchy prod-
uct. One very useful sufficient condition is that at least one of the series > aj or ) by converge
absolutely.

28.4.17. THEOREM (Mertens’ Theorem). If in a Banach algebra Y " ay, is absolutely convergent
and has sum a and the series Y " by, is convergent with sum b, then the Cauchy product of these
series converges and has sum ab.

PROOF. Exercise Hint. Although this exercise is slightly tricky, the difficulty has nothing
whatever to do with Banach algebras. Anyone who can prove Mertens’ theorem for series of real
numbers can prove it for arbitrary Banach algebras.

For each k € Nlet ¢, = Z?:o a;by_;. Let sy, t,, and u, be the nth partial sums of the sequences
(ak), (br), and (cy), respectively. First verify that for every n in N

n
Un =Y n_ity (28.10)
k=0
To this end define, for 0 < j, k < n, the vector d;;, by
ajbk—j, lf] S k}
dj = e
0, it j > k.

Notice that both the expression which defines u,, and the expression on the right side of equa-
tion (28.10) involve only finding the sum of the elements of the matrix [d;;] but in different orders.
From (28.10) it is easy to see that for every n

Uy = Spb+ Z ap—k(ty — b).
k=0

Since s,b — ab as n — oo, the proof of the theorem is reduced to showing that
n
HZan,k(tk—b)H —0 as n — oo.
k=0
Let ay = ||ax|| and By = ||ty — b| for all k. Why does it suffice to prove that Y, a,—xfr — 0 as

n — oo’ In the finite sum
anfBo + an-161 + - + @by (28.11)
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the ay’s towards the left are small (for large n) and the ;s towards the right are small (for large n).
This suggests breaking the sum (28.11) into two pieces

ni n
P=> aniB and  g= Y an kB
k=0

k=n1+1

and trying to make each piece small (smaller, say, than %e for a preassigned ¢).

For any positive number € it is possible (since By — 0) to choose n; in N so that G < €
whenever k£ > ni. What choice of ¢; will ensure that g < %e?

For any ez > 0 it is possible (since o — 0) to choose ng in N so that oy < € whenever k > no.
Notice that n — k > ng for all £ < nq provided that n > nj + ny. What choice of €5 will guarantee
that p < 2€? (Solution Q.28.14.)

28.4.18. PROPOSITION. On a Banach algebra A the operation of multiplication
M:AxA— A: (z,y) — zy
is differentiable.

ProOOF. Problem. Hint. Fix (a,b) in A x A. Compute the value of the function AM, s at the
point (h,j) in A x A. Show that [|(h,j)||"*hj — 0 in A as (h,j) — 0 in A x A. How should dM,
be chosen so that the Newton quotient

AMqp)(h, j) — dM(qp)(h, 5)

1R 5

approaches zero (in A) as (h,j) — 0 (in A x A)? Don’t forget to show that your choice for dMq )
is a bounded linear map.

28.4.19. PROPOSITION. Let ¢ € V where V is a normed linear space and let A be a Banach
algebra. If f, g € D.(V, A), then their product fg defined by

(f9)(z) = f(x)g(z)
(for all x in some neighborhood of ¢) is differentiable at ¢ and
d(fg)e = f(c)dge + dfc - g(c).
PrROOF. Problem. Hint. Use proposition 28.4.18.

28.4.20. PROPOSITION. If A is a commutative Banach algebra and n € N, then the function
f:x— 2" is differentiable and df,(h) = na™ 'h for all a, h € A.

PROOF. Problem. Hint. A simple induction proof works. Alternatively, you may choose to con-
vince yourself that the usual form of the binomial theorem (see 1.1.17) holds in every commutative
Banach algebra.

28.4.21. PROBLEM. What happens in 28.4.20 if we do not assume that the Banach algebra is
commutative? Is f differentiable? Hint. Try the cases n = 2, 3, and 4. Then generalize.

28.4.22. PROBLEM. Generalize proposition 28.3.5 to produce a theorem concerning the conver-
gence of a series Y agby in a Banach algebra.

28.4.23. DEFINITION. If (ay) is a sequence in a Banach algebra A and = € A, then a series of
the form Y32, axz” is a POWER SERIES in z.

28.4.24. NOTATION. It is a bad (but very common) habit to use the same notation for a poly-
nomial function and for its value at a point x. One often encounters an expression such as “the
function 22 — 2 + 5" when clearly what is meant is “the function z +— 22 — x +5.” This abuse
of language is carried over to power series. If (ax) is a sequence in a Banach algebra A and
D= {z € A: Y2, arx" converges}, then the function z — Y32, axz® from D into A is usually
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denoted by S°7°,arz®. Thus for example one may find the expression, “> 7% arz”® converges
uniformly on the set U.” What does this mean? Answer: if s,(z) = > }_, axz® for all n € N and
fz) =532 ara®, then s, — f (unif).

28.4.25. PROPOSITION. Let (ax) be a sequence in a Banach algebra and v > 0. If the sequence

(|lag||r*) is bounded, then the power series Y oo arx® converges uniformly on every open ball Bs(0)
such that 0 < s <r. (And therefore it converges on the ball B,(0). )

PROOF. Exercise. Hint. Let p = s/r where 0 < s < r. Let fy(z) = arz®. Use the Weierstrass
M-test 28.1.18. (Solution ).28.15.)

Since the uniform limit of a sequence of continuous functions is continuous (see 14.2.15), it
follows easily from preceding proposition that (under the hypotheses given) the function f: z +—
S5 agx® is continuous on B,(0). We will prove considerably more than this: the function is
actually differentiable on B,(0), and furthermore, the correct formula for its differential is found by
differentiating the power series term-by-term. That is, f behaves on B,.(0) just like a “polynomial”
with infinitely many terms. This is proved in 28.4.27. We need however a preliminary result.

28.4.26. PROPOSITION. Let V and W be normed linear spaces, U be an open conver subset
of V, and (f) be a sequence of functions in C*(U,W). If the sequence (f,) converges pointwise to
a function F: U — W and if the sequence (d(fn)) converges uniformly on U, then F is differentiable
at each point a of U and

dF, = lim d(fy,), .

ProoOF. Exercise. Hint. Fix a € U. Let ¢: U — B(V,W) be the function to which the
sequence (d( fn)) converges uniformly. Given € > 0 show that there exists N € N such that

Hd(fn — fN)xH < e¢/d forall z € U and n € N. Let g, = f,, — fn for each n. Use one version of the
mean value theorem to show that

18 (gn) ,(R) = d(gn) ,(W)]| < 5ellR] (28.12)
whenever n > N and h is a vector such that a +h € U. In (28.12) take the limit as n — oo.

Use the result of this together with the fact that A(fN)a ~ d(fN)a to show that AF, ~ T when
T = ¢(a). (Solution ).28.16.)

28.4.27. THEOREM (Term-by-Term Differentiation of Power Series). Suppose that (a,) is a

sequence in a commutative Banach algebra A and that v > 0. If the sequence (||ax||r*) is bounded,
then the function F: B.(0) — A defined by

o0

F(x) = Z apz”

k=0

1s differentiable and

[ee]
dFy(h) =) kazz*'h
k=1

for every x € B.(0) and h € A.

PROOF. Problem. Hint. Let f,,(z) = 3"y axa®. Fix z in B,(0) and choose a number s satisfying
lz|| < s < r. Use propositions 28.4.20 and 28.4.26 to show that F' is differentiable at = and to
compute its differential there. In the process you will need to show that the sequence (d( fn))
converges uniformly on Bg(0). Use propositions 28.4.25 and 4.2.8. If s < ¢t < r, then there exists
N € N such that k'/% < 7/t for all k > N. (Why ?)

28.4.28. PROBLEM. Give a definition of and develop the properties of the exponential function
on a commutative Banach algebra A. Include at least the following:
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(a) The series Y3 42" converges absolutely for all z in A and uniformly on B, (0) for every

r > 0.
(b) If exp(z) := Y50 22", then exp: A — A is differentiable and

dexp,(h) =exp(x) - h.

This is the EXPONENTIAL FUNCTION on A.

(¢) If z, y € A, then
exp(x) - exp(y) = exp(z +vy) .

(d) If z € A, then z is invertible and

-1
(exp(z)) " = exp(—z).
28.4.29. PROBLEM. Develop some trigonometry on a commutative Banach algebra A. (It will

be convenient to be able to take the DERIVATIVE of a Banach algebra valued function. If G: A — A
is a differentiable function, define DG(a) := dG,(1) for every a € A.) Include at least the following;:

k
(a) The series > 72 %mk converges absolutely for all  in A and uniformly on every open
ball centered at the origin.

(b) The function F: x — Y 2, (éi)kxk is differentiable at every x € A. Find dF,(h).

)
(c) For every = € A, let cosx := F(x?). Let sinz := D cosx for every z. Show that

. _ — (_1)k 2k+1
ST = kz_o mﬂf

for every z € A.
(d) Show that Dsinx = cosz for every z € A.
(e) Show that sin?z 4 cos?z = 1 for every z € A.



CHAPTER 29

THE IMPLICIT FUNCTION THEOREM

This chapter deals with the problem of solving equations and systems of equations for some
of the variables which appear in terms of the others. In a few very simple cases this can be done
explicitly. As an example, consider the equation

2?4 y? =25 (29.1)

for the circle of radius 5 centered at the origin in R, Although (29.1) can not be solved globally for y
in terms of = (that is, there is no function f such that y = f(z) for all points (x, y) satisfying (29.1)),
it nevertheless is possible at most points on the circle to solve locally for y in terms of z. For
example, if (a,b) lies on the circle and b > 0, then there exist open intervals J; and Jy containing a
and b, respectively, and a function f: J; — Jy such that every point (z,y) in the rectangular region
J1 x Jo will satisfy y = f(x) if and only if it satisfies equation (29.1). In particular, we could choose
J1 =(-5,5), Jo = (0,6), and f: x — /25 — 22. In case b < 0 the function f would be replaced by
fix— —v25—22. If b = 0 then there is no local solution for y in terms of z: each rectangular
region about either of the points (5,0) or (—5,0) will contain pairs of points symmetrically located
with respect to the z-axis which satisfy (29.1); and it is not possible for the graph of a function to
contain such a pair.

Our attention in this chapter is focused not on the relatively rare cases where it is possible to
compute explicit (local) solutions for some of the variables in terms of the remaining ones but on
the more typical situation where no such computation is possible. In this latter circumstance it is
valuable to have information concerning the ezxistence of (local) solutions and the differentiability
of such solutions.

The simplest special case is a single equation of the form y = f(x) where f is a continuously
differentiable function. The inverse function theorem, derived in the first section of this chapter,
provides conditions under which this equation can be solved locally for x in terms of y, say = = g(y),
and gives us a formula allowing us to compute the differential of g. More complicated equations
and systems of equations require the implicit function theorem, which is the subject of the second
section of the chapter.

29.1. THE INVERSE FUNCTION THEOREM

Recall that in chapter 25 formulas concerning the function f — Af lead to corresponding
formulas involving differentials. For example, d(f + ¢)q = dfs + dg, followed from A(f + g)q =
Af, + Ag, (see 25.3.15). It is natural to ask whether the formula

-1 _ -1
A(f™Y) iy = (BF2)
derived for bijective functions f in proposition 25.3.7 leads to a corresponding formula
A(f71) py = (df)™ (29.2)

for differentials. Obviously, a necessary condition for (29.2) to hold for all z in some neighborhood
of a point a is that the linear map df, be invertible. The inverse function theorem states that
for continuously differentiable (but not necessarily bijective) functions this is all that is required.
The proof of the inverse function theorem is a fascinating application of the contractive mapping
theorem (theorem 19.1.5). First some terminology.

209
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29.1.1. DEFINITION. Let E and F be Banach spaces and () # U ¢ E. A function f belonging
to C1(U, F) is C-INVERTIBLE if f is a bijection between U and an open subset V of F and if f~!
belongs to C*(V, E). Such a function is also called a C!-ISOMORPHISM between U and V.

29.1.2. EXERCISE. Find nonempty open subsets U and V' of R and a continuously differentiable
bijection f: U — V which is not a Cl-isomorphism between U and V. (Solution ).29.1.)

29.1.3. DEFINITION. Let E and F' be Banach spaces. A function f in F,(E, F) is LOCALLY
Cl-INVERTIBLE (or a LOCAL C!-ISOMORPHISM) at a point a in E if there exists a neighborhood of a
on which the restriction of f is C'-invertible. The inverse of this restriction is a LOCAL C'-INVERSE
of f at a and is denoted by flgcl.

29.1.4. EXERCISE. Let f(z) = 22 — 62 + 5 for all x in R. Find a local C!-inverse of f at x = 1.
(Solution ).29.2.)

29.1.5. PROBLEM. Let f(z) = 2% — 223 — 7 for all z in R. Find local Cl-inverses for f at 0 and
at 10.

29.1.6. PROBLEM. Find a nonempty open subset U of R and a function f in C!(U,R) which is
not C'-invertible but is locally C'-invertible at every point in U.

Before embarking on a proof of the inverse function theorem it is worthwhile seeing why a naive
“proof” of this result using the chain rule fails—even in the simple case of a real valued function
of a real variable.

29.1.7. EXERCISE. If f € F,(R,R) and if Df(a) # 0, then f is locally C!-invertible at a and

DIlE) = Gy

where flgcl is a local Cl-inverse of f at a and b = f(a).

(29.3)

This assertion is correct. Criticize the following “proof” of the result: Since flgcl is a local

Cl-inverse of f at a
-1
Jioe (f(2)) ==
for all x in some neighborhood U of a. Applying the chain rule (proposition 8.4.19) we obtain

(Dfio)(f(@)) - Df(x) =1
for all  in U. Letting x = a we have
(Dfioe)(b) Df(a) =1
and since D f(a) # 0 equation (29.3) follows. (Solution ).29.3.)

The inverse function theorem (29.1.16) deals with a continuously differentiable function f which
is defined on a neighborhood of a point a in a Banach space E and which maps into a second
Banach space F'. We assume that the differential of f at a is invertible. Under these hypotheses
we prove that f is locally C!-invertible at a and in some neighborhood of a equation (29.2) holds.
To simplify the proof we temporarily make some additional assumptions: we suppose that H is
a continuously differentiable function which is defined on a neighborhood of 0 in a Banach space
E and which maps into this same space E, that H(0) = 0, and that the differential of H at 0 is
the identity map on E. Once the conclusion of the inverse function theorem has been established
in this restricted case the more general version follows easily. The strategy we employ to attack
the special case is straightforward, but there are numerous details which must be checked along
the way. Recall that in chapter 19 we were able to solve certain systems of simultaneous linear
equations by putting them in the form Az = b where A is a square matrix and x and b are vectors
in the Euclidean space of appropriate dimension. This equation was rewritten in the form Tz = x
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where Tx := x — b+ Az, thereby reducing the problem to one of finding a fixed point of the mapping
T. When T is contractive a simple application of the contractive mapping theorem (19.1.5) is all
that is required. We make use of exactly the same idea here. We want a local inverse of H. That
is, we wish to solve the equation H(z) = y for = in terms of y in some neighborhood of 0. Rewrite
the equation H(x) =y in the form ¢, (z) = = where for each y near 0 the function ¢, is defined by
¢y(x) = o — H(z) +y. Thus, as before, the problem is to find for each y a unique fixed point of
¢y. In order to apply the contractive mapping theorem to ¢, the domain of this function must be
a complete metric space. For this reason we choose temporarily to take the domain of ¢, to be a
closed ball about the origin in F.

In lemma 29.1.8 we find such a closed ball C'. It must satisfy two conditions: first, C' must lie
in the domain of H; and second, if u belongs to C, then dH, must be close to the identity map
on E, say, ||dH, — I|| < 4. (This latter condition turns out to be a crucial ingredient in proving
that ¢, is contractive.) In lemma 29.1.9 we show that (for y sufficiently small) ¢, maps the closed
ball C' into itself; and in 29.1.10 the basic task is to show that ¢, is contractive and therefore has a
unique fixed point. The result of all this is that there exists a number » > 0 such that for every y
in B = B,(0) there exists a unique z in the closed ball C' = C5,(0) such that y = H(x). Now this
is not quite the end of the story. First of all we do not know that H restricted to C' is injective:
some points in C' may be mapped to the region outside B, about which the preceding says nothing.
Furthermore, the definition of local C!-invertibility requires a homeomorphism between open sets,
and C' is not open. This suggests we restrict our attention to points lying in the interior of C' which
map into B. So let V.= C° N H~(B) and consider the restriction of H to V, which we denote by
Hioe. In lemma 29.1.11 we show that V is a neighborhood of 0 and that H,. is injective. Thus the
inverse function ngcl : H7 (V) — V exists. The succeeding lemma is devoted to showing that this
inverse is continuous.

In order to conclude that H is locally C'-invertible we still need two things: we must know
that Hijs. is a homeomorphism between open sets and that ngcl is continuously differentiable.
Lemma 29.1.13 shows that H~ (V') is open in E. And in lemma 29.1.14 we complete the proof of
this special case of the inverse function theorem by showing that ngcl is continuously differentiable
and that in the open set V its differential is given by (29.2).

Corollary 29.1.15 shows that the conclusions of the preceding result remain true even when one
of the hypotheses is eliminated and another weakened. Here we prove the inverse function theorem
for a function G whose domain F and codomain F are not required to be identical. Of course, if
E # F we cannot assume that the differential of G at 0 is the identity map; we assume only that
it is invertible.

Finally, in theorem 29.1.16 we prove our final version of the inverse function theorem. Here we
drop the requirement that the domain of the function in question be a neighborhood of the origin.

In 29.1.8-29.1.14 the following hypotheses are in force:

(I'yoeth ¢E (where E is a Banach space);
(2)) H e C'(Uh, B

(3') H(0) =0; and

(4) dHo = 1.

29.1.8. LEMMA. There exists r > 0 such that B3, (0) C Uy and ||[dH, — I|| < 3 whenever
lul] < 2r.

PRrROOF. Problem.
29.1.9. LEMMA. For |y|| < define a function ¢, by
Oy(x) =2 —H(x)+y
for all x such that ||z|| < 2r. Show that ¢, maps Co,(0) into itself.

PRrRoOOF. Problem.
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29.1.10. LEMMA. For every y in B,(0) there exists a unique x in Ca-(0) such that y = H(x).

Proor. Problem. Hint. Show that the function ¢, defined in lemma 29.1.9 is contractive on

the metric space Cs,(0) and has % as a contraction constant. To find an appropriate inequality
involving ||¢, (u) — ¢y(v)|| apply corollary 26.1.8 to ||H(v) — H(u) — dHo(v — )]

29.1.11. LEMMA. Show that if V := {x € Ba,(0): |H(x)|| < r}, then 0 € V C E. Let Hy, be
the restriction of H to V. Show that Hj,. is a bijection between V and H— (V).

PRrROOF. Problem.
29.1.12. LEMMA. The function Hl;cl H— (V) — V is continuous.

PRrROOF. Problem. Hint. Prove first that if u, v € Cy,.(0), then ||u — v|| < 2|H(u) — H(v)||. In
order to do this, look at

2| o (u) + H(u) = do(v) — H(v)|| = [lu = v]|
and recall (from the proof of 29.1.10) that ¢g has contraction constant % Use this to conclude that
if w, z€ H~(V), then
-1

where Hj,. is the restriction of H to V' (see lemma 29.1.10.

29.1.13. LEMMA. Show that H~ (V) C E.

PROOF. Problem. Hint. Show that if a point b belongs to H(V'), then so does the open ball
B,_jy)|(b). Proceed as follows: Show that if a point y lies in this open ball, then [[y|| < 7 and
therefore y = H(z) for some (unique) z in Cy,(0). Prove that y € H~ (V) by verifying ||z|| < 2r.
To do this look at

|l — Hyo, ()| + | Hyg (b) — Hy 2 (0)]]
and use the first inequality given in the hint to the preceding problem.

29.1.14. LEMMA. The function H is locally C' — invertible at 0. Furthermore,

d(Hz_ocl)H(x) (dH)™!

for every x in V.

PROOF. Problem. Hint. First prove the differentiability of ngi on H=(V). If y € H~(V),
then there exists a unique x in V' such that y = H(z). By hypothesis AH, ~ dH,. Show that
multiplication on the right by A( 1OC) preserves tangency. (For this it must be established that

A(ngj)y belongs to O(FE, E).) Then show that multiplication on the left by (dH,)~! preserves
tangency. (How do we know that this inverse exists for all z in V?) Finally show that the map
Y — d(ngi)y is continuous on H (V') by using (29.2) to write it as the composite of ngcl, dH,

and the map T +— T~ on Inv B(E, E) (see proposition 28.4.14).

29.1.15. COROLLARY (A second, more general, version of the inverse function theorem). Let E
and F' be Banach spaces. If

(1) 0 € Uy ¢E,
(27) G e CY(Uy, F),
(3”) G(0) =0, and
(47) dGo € Inv B(E, F),
then G is locally C*-invertible at 0. Furthermore,
d(G;)i)G(w) = (dG.)™

for all x in some neighborhood of 0, where G;i is a local Ct-inverse of G at 0.
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PROOF. Problem. Hint. Let H = (dGo)~! o G. Apply lemma 29.1.14.

29.1.16. THEOREM (Inverse Function Theorem (third, and final, version)). Let E and F be
Banach spaces. If

(1) acUCE,
(2) feCYU,F), and
(3) dfs € Inv B(E, F),

then f is locally C-invertible at a. Furthermore,
—1 _
d(floc)f(z) = (dfx) !
for all x in some neighborhood of a.

PrOOF. Problem. Hint. Let Uy = U —a and G = Af,. Write G as a composite of f with
translation maps. Apply corollary 29.1.15.

29.1.17. PROBLEM. Let P: R? — R2: (r,0) — (rcosf,rsinf) and a be a point in R? such that
P(a) = (1,V3).

(a) Show that P is locally C!-invertible at a by finding a local C'-inverse Plgcl of P at a. For

loc

(b) Use the inverse function theorem 29.1.16 to show that P is locally C!-invertible at a.

Then use the formula given in that theorem to compute d(Pl;Cl)(1 v3) (where Plgcl is a

the inverse you have found, compute d (P_l) (13)"

local Cl-inverse of P at a). Hint. Use proposition 21.5.16.
29.1.18. PROBLEM. Let U = {(z,y,2) € R3: x,y,2 > 0} and let g: U — R3 be defined by

xT
9(=T7y7z) = <y2227 Yz, lny) .

Calculate separately [dg(ay,z)]*l and [d(gfl)g(x,%z)].

29.2. THE IMPLICIT FUNCTION THEOREM

In the preceding section we derived the inverse function theorem, which gives conditions under
which an equation of the form y = f(x) can be solved locally for x in terms of y. The implicit
function theorem deals with the local solvability of equations that are not necessarily in the form
y = f(x) and of systems of equations. The inverse function theorem is actually a special case of
the implicit function theorem. Interestingly, the special case can be used to prove the more general
one.

This section consists principally of exercises and problems which illustrate how the inverse
function theorem can be adapted to guarantee the existence of local solutions for various examples
of equations and systems of equations. Once the computational procedure is well understood for
these examples it is a simple matter to explain how it works in general; that is, to prove the implicit
function theorem.

Suppose, given an equation of the form y = f(x) and a point a in the domain of f, we are
asked to show that the equation can be solved for x in terms of y near a. It is clear what we are
being asked: to show that f is locally invertible at a. (Since the function f will usually satisfy
some differentiability condition—continuous differentiability, for example—it is natural to ask for
the local inverse to satisfy the same condition.)

As we have seen, local invertibility can be established by explicitly computing a local inverse,
which can be done only rarely, or by invoking the inverse function theorem. Let us suppose we are
given an equation of the form

flz,y) =0 (29.4)
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and a point (a,b) in R? which satisfies (29.4).

Question. What does it mean to say that (29.4) can be solved for y near b in terms of x near a?
(Alternative wording: What does it mean to say that (29.4) can be solved for y in terms of = near
the point (a, b)?)

Answer. There exist a neighborhood V of a and a function h: V' — R which satisfy

(i) h(a)=0
(i) f(z, h(x)) =0
for all z in V.

29.2.1. EXAMPLE. In the introduction to this chapter we discussed the problem of solving the
equation
22 +9% =25
for 4 in terms of z. This equation can be put in the form (29.4) by setting f(z,y) = 2? + y? — 25.
Suppose we are asked to show that (29.4) can be solved for y near 4 in terms of x near 3. As
in the introduction, take V' = (=5,5) and h(z) = v/25 — 22 for all  in V. Then h(3) = 4 and

f(z, h(z)) = 2%+ (V25 — x2)2 — 25 =05 so h is the desired local solution to (29.4). If we are asked
to show that (29.4) can be solved for y near —4 in terms of = near 3, what changes? We choose
h(z) = —v/25 — 22. Notice that condition (i) above dictates the choice of h. (Either choice will
satisfy (ii).)

As was pointed out in the introduction, the preceding example is atypical in that it is possible
to specify the solution. We can actually solve for y in terms of z. Much more common is the
situation in which an explicit solution is not possible. What do we do then?

To see how this more complicated situation can be dealt with, let us pretend just for a moment
that our computational skills have so totally deserted us that in the preceding example we are
unable to specify the neighborhood V' and the function h required to solve (29.4). The problem is
still the same: show that the equation

22+ 9y?—25=0 (29.5)
can be solved for y near 4 in terms of = near 3. A good start is to define a function G: R? — R? by

G(z,y) = (, f(z,y)) (29.6)

where as above f(x,y) = 22 + y? — 25, and apply the inverse function theorem to G. It is helpful
to make a sketch here. Take the zy-plane to be the domain of G and in this plane sketch the circle
22 +y? = 25. For the codomain of G take another plane, letting the horizontal axis be called “z”
and the vertical axis be called “2”. Notice that in this second plane the image under G of the circle
drawn in the zy-plane is the line segment [—5, 5] along the z-axis and that the image of the x-axis
is the parabola z = 22 — 25. Where do points in the interior of the circle go? What about points
outside the circle? If you think of the action of G as starting with a folding of the xy-plane along
the x-axis, you should be able to guess the identity of those points where G is not locally invertible.
In any case we will find these points using the inverse function theorem.

The function G is continuously differentiable on R? and (the matrix representation of) its
differential at a point (z,y) in R? is given by

1 0
[dG(%y)] - [235 Qy:| :

Thus according to the inverse function theorem G is locally C'-invertible at every point (z,y) where
this matrix is invertible, that is, everywhere except on the z-axis. In particular, at the point (3,4)
the function G is locally C!-invertible. Thus there exist a neighborhood W of G(3,4) = (3,0) in R?
and alocal Cl-inverse H: W — R? of G. Write H in terms of its component functions H = (H L H 2)
and set h(z) = H?(z,0) for all z in V := {2 : (z,0) € W}. Then V is a neighborhood of 3 in R
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and the function A is continuously differentiable (because H is). To show that h is a solution of
the equation (29.5) for y in terms of z we must show that

(i) h(3)=4; and
(i) f(z,h(z)) =0

for all x in V.
To obtain (i) equate the second components of the first and last terms of the following compu-
tation.

(3,4) = H(G(3,4))

(2,0) = G(H(=,0))
— G(H'(x,0), H*(x,0))
= G(H'(2,0), h(x))

= (H'(z,0), f(H'(z,0),h(z))).
Equating first components we see that H'(z,0) = x. So the preceding can be written
0) =

(z,0) = (z, f(z, h(z)))

from which (ii) follows by equating second components.
Although the preceding computations demonstrate the existence of a local solution y = h(x)

d
without specifying it, it is nevertheless possible to calculate the value of its derivative ﬁ at the
point (3,4), that is to find 1/(3). Since 1/(3) = (Hzojl)l(S) =d(H?0j,),(1) = (dH?*30)04,)(1) =

dH?3,0)(1,0) = 81 °(3,0) (where j; is the inclusion map  + (x,0) ) and since H is a local inverse
of G, the inverse function theorem tells us that

[dH3.0)] = [dHe )
= [dG5.0)] "

1 0 ]1
1[1(3,4)  f2(3,4)

I
—_
o
[
L

But the entry in the lower left corner is (3 0). Therefore, h/'(3) = —32.
In the next exercise we consider an equatlon whose solution cannot be easily calculated.

29.2.2. EXERCISE. Consider the equation
2%y + sin (gaty2> =2 (29.7)

where z, y € R
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(a) What does it mean to say that equation (29.7) can be solved for y in terms of = near the
point (1,2)7

(b) Show that it is possible to solve (29.7) as described in (a). Hint. Proceed as in the second
solution to the preceding example.

(c) Use the inverse function theorem to find the value of % at the point (1,2).

(Solution ).29.4.)
29.2.3. PROBLEM. Consider the equation
eV — g%y 4 3x =4 (29.8)

where z, y € R.

(a) What does it mean to say that equation (29.8) can be solved for y near 0 in terms of x
near 17

(b) Show that such a solution does exist.

(c) Use the inverse function theorem to compute the value of % at the point (1,0).

The preceding examples have all been equations involving only two variables. The technique
used in dealing with these examples works just as well in cases where we are given an equation in
an arbitrary number of variables and wish to demonstrate the existence of local solutions for one
of the variables in terms of the remaining ones.

29.2.4. EXERCISE. Consider the equation
2224y 322 =38 (29.9)

for z, y, z € R.

(a) What does it mean to say that equation (29.9) can be solved for z near 1 in terms of x
and y near (3,2)7 (Alternatively: that (29.9) can be solved for z in terms of x and y near
the point (z,y,2) = (3,2,1)7)

(b) Show that such a solution does exist. Hint. Follow the preceding technique, but instead
of using (29.6), define G(x,y, z) := (z,y, f(x,y, z)) for an appropriate function f.

(c) Use the inverse function theorem to find the values of (%)y and (g—;) at the point (3,2, 1).
(Solution ).29.5.)

29.2.5. PROBLEM. Let f(x,y, z) = zz+zy+yz—3. By explicit computation find a neighborhood
V of (1,1) in R? and a function h: V' — R such that h(1,1) = 1 and f(z,y, h(z,y)) = 0 for all x
and y in V. Find hy(1,1) and ha(1,1).

29.2.6. PROBLEM. Use the inverse function theorem, not direct calculation, to show that the
equation

zz+zy+yz =3
has a solution for z near 1 in terms of  and y near (1, 1) and to find (g—;)y and (g—;) at the point
x
(1,1,1).
29.2.7. PROBLEM. (a) What does it mean to say that the equation
wzy + Vwy?zt = 3xz 4+ 62322 + 7

can be solved for z in terms of w, z, and y near the point (w,z,y,z) = (4,1,2,1)?

(b) Show that such a solution exists.

(c) Use the inverse function theorem to find (ﬁ)x,y’ (8—;)w7y, and (BTZ/)wz at the point

(4,1,2,1).
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29.2.8. PROBLEM. Let U € R" ! x R and f € CY(U,R). Suppose that the point (a,b) =
(aiy...,an—1;b) belongs to U, that f(a,b) = 0, and that f,(a,b) # 0. Show that there exists a
neighborhood V' of a in R"~! and a function h in C'(V,R) such that h(a) = b and f(x,h(z)) = 0
for all  in V. Hint. Show that the function

G:U — R xR: (z,y) = (z1,...,2n_1;9) — (z, f(z,7))
has a local Cl-inverse, say H, at (a,b).
29.2.9. PROBLEM. Show that the equation
wy?z + w20 + v2eVz* = 5+ uw? cos(z3y°)

can be solved for x near 4 in terms of u, v, w, y, and z near —3, 2, —1, 0, and 1, respectively. Hint.
Use the preceding problem.

29.2.10. PROBLEM. (a) Use problem 29.2.8 to make sense of the following “theorem”: If

f(z,y,z) =0, then
((92) _ (%Dy,z
8:1; 4 <%)$7y |

Hint. After determining that there exists a function h which satisfies the equation f(x,y, h(z,y)) =
0 on an appropriate neighborhood of a point, use the chain rule to differentiate both sides of the
equation with respect to z.)
(b) Verify part (a) directly for the function f given in problem 29.2.5 by computing each side
independently.
(c) Restate and prove the following “theorem”: If f(x,y, 2) = 0, then

2,6,

29.2.11. PROBLEM. A commonly used formula in scientific work is

<8x> 1
ay ).~ (oy
v (),
Recast this as a carefully stated theorem. Then prove the theorem. Hint. Use problem 29.2.8
twice to obtain appropriate functions h and j satisfying f(h(y, 2),y,2) =0 and f(x,j(x,2),2) =0
on appropriate neighborhoods. Differentiate these equations using the chain rule. Evaluate at a
particular point. Solve.

29.2.12. PROBLEM. (a) Make sense of the formula

(22) (%),

) =

=25
o (),

ar
(b) Hlustrate the result in part (a) by computing separately (g—{;) o and — Eg¥§P
PV

equation of state PV = RT for an ideal gas. (Here R is a constant.)

and prove it.

from the

We have dealt at some length with the problem of solving a single equation for one variable
in terms of the remaining ones. It is pleasant to discover that the techniques used there can be
adapted with only the most minor modifications to give local solutions for systems of n equations
in p variables (where p > n) for n of the variables in terms of the remaining p — n variables. We
begin with some examples.
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29.2.13. EXERCISE. Consider the following system of equations:

3,2 | 2.3 2 2,4 _
{2u 12)x2 +v xzy 33u Y 0 (29.10)
2uv*y® —uvx® +ulry = 2.

(a) What does it mean to say that the system (29.10) can be solved for x and y near (c,d) in
terms of w and v near (a,b)?

(b) Show that the system (29.10) can be solved for x and y near (1,1) in terms of u and v
near (1,1). Hint. Try to imitate the technique of problem 29.2.8, except in this case define
G on an appropriate subset of R? x R2.

(Solution Q.29.6.)

29.2.14. PrROBLEM. Consider the following system of equations

{41‘2 +4y? ==z

2%+ y? =5—z. (20.11)

(a) What does it mean to say that (29.11) can be solved for y and z near (1,4) in terms of x
near 07
(b) Show that such a solution exists by direct computation.

(c) Compute (gz) and (%)y at the point z =0,y =1, 2 = 4.
z

29.2.15. PROBLEM. (a) Repeat problem 29.2.14(b), this time using the inverse function theorem
instead of direct computation.
(b) Use the inverse function theorem to find (g—g)
z=4.

and (%)y at the point x = 0, y = 1,

z

29.2.16. PROBLEM. Discuss the problem of solving the system of equations

{uwz—l—va—l—u?w =1 (20.12)

wvy® + 2wx — 2%y? =3
for x and y near (1, 1) in terms of u, v, and w near (1,2, 1).

As the preceding examples indicate, the first step in solving a system of n equations in n + k
unknowns (where k > 0) for n of the variables in terms of the remaining k variables is to replace
the system of equations by a function f : U — R"™ where U Qo R* x R™. If the finite dimensional
spaces RF and R™ are replaced by arbitrary Banach spaces, the subsequent calculations can be
carried out in exactly the same fashion as in the examples we have just considered. The result of
this computation is the implicit function theorem.

29.2.17. THEOREM (The Implicit Function Theorem). Let Ey, Es, and F be Banach spaces,
(a,b) € U C By X By, and f € CX(U, F). If f(a,b) = 0 and do f(a,p) 8 invertible in B(Ey, F), then
there exist a neighborhood V' of a in E1 and a continuously differentiable function h: V — Eo such
that h(a) =b and f(z,h(x)) =0 for allz € V.

ProoF. Problem. Hint. Let G(z,y) = (z, f(x,y)) for all (z,y) € U. Show that dG () =
(z, Sz + Ty) where S = dy f(qp) and T = dyf(,p). Show that the map (z,z) — (2,T7'(z — Sx))
from Ey x F' to By X Ey is the inverse of dG(,5). (One can guess what the inverse of dG, ) should

be by regarding dG,p) as the matrix gl T
theorem 29.1.16 and proceed as in exercise 29.2.13 and problems 29.2.15 and 29.2.16.

0} acting on Ej X Es.) Apply the inverse function

29.2.18. PROBLEM. Suppose we are given a system of n equations in p variables where p > n.
What does the implicit function theorem 29.2.17 say about the possibility of solving this system
locally for n of the variables in terms of the remaining p — n variables?



APPENDIX A

QUANTIFIERS

Certainly “2 4+ 2 = 4”7 and “2 + 2 = 5” are statements—one true, the other false. On the
other hand the appearance of the variable x prevents the expression “x + 2 = 5” from being a
statement. Such an expression we will call an OPEN SENTENCE; its truth is open to question since
x is unidentified. There are three standard ways of converting open sentences into statements.

The first, and simplest, of these is to give the variable a particular value. If we “evaluate” the
expression “z +2 = 5" at x = 4, we obtain the (false) statement “4 42 = 5".

A second way of obtaining a statement from an expression involving a variable is UNIVERSAL
QUANTIFICATION: we assert that the expression is true for all values of the variable. In the preceding
example we get, “For all z,  +2 = 5.” This is now a statement (and again false). The expression
“for all ” (or equivalently, “for every x”) is often denoted symbolically by (Vx). Thus the preceding
sentence may be written, (Vx)x + 2 = 5. (The parentheses are optional; they may be used in the
interest of clarity.) We call V¥ a UNIVERSAL QUANTIFIER.

Frequently there are several variables in an expression. They may all be universally quantified.
For example

(Va)(Vy) 2* —y* = (x — y)(z +y) (A1)
is a (true) statement, which says that for every = and for every y the expression 22 — y? factors in
the familiar way. The order of consecutive universal quantifiers is unimportant: the statement

(Vy)(Vz)2® —y* = (z — y)(z + y)

says exactly the same thing as (A.1). For this reason the notation may be contracted slightly to

read

(Va,y) 2 —y* = (x —y)(z +y).

A third way of obtaining a statement from an open sentence P(z) is EXISTENTIAL QUANTIFICA-
TION. Here we assert that P(z) is true for at least one value of x. This is often written “(3z) such
that P(x)” or more briefly “(3x)P(x)”, and is read “there exists an x such that P(z)” or “P(z) is
true for some z.” For example, if we existentially quantify the expression “x 4+ 2 = 5” we obtain
“(3x) such that = + 2 = 5” (which happens to be true). We call 3 an EXISTENTIAL QUANTIFIER.

As is true for universal quantifiers, the order of consecutive existential quantifiers is immaterial.

CAUTION. It is absolutely essential to realize that the order of an existential and a universal
quantifier may not in general be reversed. For example,

(Fz)(Vy)z <y

says that there is a number x with the property that no matter how y is chosen, x is less than y;
that is, there is a smallest real number. (This is, of course, false.) On the other hand

(Vy)(Bz)z <y

says that for every y we can find a number z smaller than y. (This is true: take z to be y — 1 for
example.) The importance of getting quantifiers in the right order cannot be overestimated.

There is one frequently used convention concerning quantifiers that should be mentioned. In
the statement of definitions, propositions, theorems, etc., missing quantifiers are assumed to be
universal; furthermore, they are assumed to be the innermost quantifiers.
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A.1.1. EXAMPLE. Let f be a real valued function defined on the real line R. Many texts give
the following definition. The function f is continuous at a point a in R if: for every € > 0 there
exists & > 0 such that

|f(z) — f(a)| < e whenever |[x —al <.
Here € and § are quantified; the function f and the point a are fixed for the discussion, so they do
not require quantifiers. What about 7 According to the convention just mentioned, x is universally
quantified and that quantifier is the innermost one. Thus the definition reads: for every ¢ > 0 there
exists & > 0 such that for every x

|f(z) — f(a)| <e whenever |[x —al <39.

A.1.2. EXAMPLE. Sometimes all quantifiers are missing. In this case the preceding convention
dictates that all variables are universally quantified. Thus

Theorem. z% —y* = (z — y)(z + v)
is interpreted to mean

Theorem. (Vz)(Vy)z? —y* = (x — y)(z +v).



APPENDIX B

SETS

In this text everything is defined ultimately in terms of two primitive (that is, undefined)
concepts: set and set membership. We assume that these are already familiar to the reader. In
particular, it is assumed to be understood that distinct elements (or members, or points) can be
regarded collectively as a single set (or family, or class, or collection). To indicate that = belongs
to a set A (or that x is a member of A) we write z € A; to indicate that it does not belong to A
we write = ¢ A.

We specify a set by listing its members between braces (for instance, {1,2,3,4,5} is the set
of the first five natural numbers), by listing some of its members between braces with an ellipsis
(three dots) indicating the missing members (e.g. {1,2,3,...} is the set of all natural numbers), or
by writing {z: P(x)} where P(x) is an open sentence which specifies what property the variable x
must satisfy in order to be included in the set (e.g. {z: 0 < x < 1} is the closed unit interval [0, 1]).

B.1.1. PROBLEM. Let N be the set of natural numbers 1, 2, 3, ...and let
S = {z: 2z < 30 and x = n? for some n € N}.
List all the elements of S.

B.1.2. PROBLEM. Let N be the set of natural numbers 1, 2, 3, ...and let
S ={x: x =n+2 for some n € N such that n < 6}.
List all the elements of S.

B.1.3. PROBLEM. Suppose that
S = {x: 2z =n*+ 2 for some n € N}
and that
T ={3,6,11,18,27,33,38,51}.

(a) Find an element of S that is not in 7.
(b) Find an element of 7" that is not in S.

B.1.4. PROBLEM. Suppose that
S = {x: z =n%+ 2n for some n € N}

and that
T ={x: x="5n—1 for some n € N}.
Find an element which belongs to both S and T

Since all of our subsequent work depends on the notions of set and of set membership, it is
not altogether satisfactory to rely on intuition and shared understanding to provide a foundation
for these crucial concepts. It is possible in fact to arrive at paradoxes using a naive approach to
sets. (For example, ask yourself the question, “If S is the set of all sets which do not contain
themselves as members, then does S belong to S7” If the answer is yes, then it must be no, and
vice versa.) One satisfactory alternative to our intuitive approach to sets is axiomatic set theory.
There are many ways of axiomatizing set theory to provide a secure foundation for subsequent
mathematical development. Unfortunately, each of these ways turns out to be extremely intricate,

221



222 B. SETS

and it is generally felt that the abstract complexities of axiomatic set theory do not serve well as
a beginning to an introductory course in advanced calculus.

Most of the paradoxes inherent in an intuitive approach to sets have to do with sets that are
too “large”. For example, the set S mentioned above is enormous. Thus in the sequel we will
assume that in each situation all the mathematical objects we are then considering (sets, functions,
etc.) belong to some appropriate “universal” set, which is “small” enough to avoid set theoretic
paradoxes. (Think of “universal” in terms of “universe of discourse”, not “all-encompassing”.) In
many cases an appropriate universal set is clear from the context. Previously we considered a
statement

(Vy)(Er)z <y.

The appearance of the symbol “<” suggests to most readers that x and y are real numbers. Thus
the universal set from which the variables are chosen is the set R of all real numbers. When there
is doubt that the universal set will be properly interpreted, it may be specified. In the example
just mentioned we might write

My eR)(Fx e R)z < y.

This makes explicit the intended restriction that  and y be real numbers.
As another example recall that in appendix A we defined a real valued function f to be con-
tinuous at a point a € R if

(Ve > 0)(30 > 0) such that (Vz)|f(x) — f(a)| < e whenever |z — a| < 0.

Here the first two variables, € and 4, are restricted to lie in the open interval (0, 00). Thus we might
rewrite the definition as follows:

Ve € (0,00) 30 € (0,00)
such that (Vx € R) |f(x) — f(a)| < € whenever |z — a| < 4.

The expressions “Vx € R”, “39 € (0,00)”, etc. are called RESTRICTED QUANTIFIERS.

B.1.5. DEFINITION. Let S and T be sets. We say that S is a SUBSET of T" and write S C T (or
T 2 S) if every member of S belongs to T'. If S C T we also say that S is CONTAINED IN 7T or that
T coNTAINS S. Notice that the relation C is REFLEXIVE (that is, S C S for all S) and TRANSITIVE
(that is, if S € T and T' C U, then S C U). It is also ANTISYMMETRIC (that is, if S C T and
T C S, then S =T). If we wish to claim that S is not a subset of T" we may write S € T'. In this
case there is at least one member of S which does not belong to T'.

B.1.6. EXAMPLE. Since every number in the closed interval [0,1] also belongs to the interval
[0, 5], it is correct to write [0,1] C [0, 5]. Since the number 7 belongs to [0, 5] but not to [0, 1], we
may also write [0,5] Z [0, 1].

B.1.7. DEFINITION. If S C T but S # T, then we say that S is a PROPER SUBSET of 1" (or that
S is PROPERLY CONTAINED IN T, or that T' PROPERLY CONTAINS S) and write S G T'.

B.1.8. PROBLEM. Suppose that S = {z: x = 2n + 3 for some n € N} and that T is the set of
all odd natural numbers 1, 3, 5, ... .

(a) Is S C T7 If not, find an element of S which does not belong to T
(b) Is ' C S? If not, find an element of 7" which does not belong to S.

B.1.9. DEFINITION. The EMPTY SET (or NULL SET), which is denoted by ), is defined to be the
set which has no elements. (Or, if you like, define it to be {: x # x}.) It is regarded as a subset
of every set, so that ) C S is always true. (Note: “}” is a letter of the Danish alphabet, not the
Greek letter “phi”.)

B.1.10. DEFINITION. If S is a set, then the POWER SET of S, which we denote by B(.5), is the
set of all subsets of S.
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B.1.11. ExamPLE. Let S = {a,b,c}. Then the members of the power set of S are the empty
set, the three one-element subsets, the three two-element subsets, and the set S itself. That is,

B(S) = {0.{a}, {0}, {c}, {a, b}, {a,c},{b,c}, S} .

B.1.12. PROBLEM. In each of the words (a)-(d) below let S be the set of letters in the word.
In each case find the number of members of S and the number of members of P(.S) the power set
of S.
(a) lull
(b) appall
(c) attract
(d) calculus

CAUTION. In attempting to prove a theorem which has as a hypothesis “Let S be a set” do not
include in your proof something like “Suppose S = {s1, $2,...,s,}" or “Suppose S = {s1,s2,...}".
In the first case you are tacitly assuming that S is finite and in the second that it is countable.
Neither is justified by the hypothesis.

CAUTION. A single letter & (an S in fraktur font) is an acceptable symbol in printed doc-
uments. Don’t try to imitate it in hand-written work or on the blackboard. Use script letters
instead.

Finally a word on the use of the symbols = and :=. In this text equality is used in the sense of
identity. We write « = y to indicate that « and y are two names for the same object. For example,
0.5 =1/2 = 3/6 = 1/v/4 because 0.5, 1/2, 3/6, and 1/v/4 are different names for the same real
number. You have probably encountered other uses of the term equality. In many high school
geometry texts, for example, one finds statements to the effect that a triangle is isosceles if it has
two equal sides (or two equal angles). What is meant of course is that a triangle is isosceles if it
has two sides of equal length (or two angles of equal angular measure). We also make occasional
use of the symbol := to indicate equality by definition. Thus when we write a := b we are giving a
new name a to an object b with which we are presumably already familiar.






APPENDIX C

SPECIAL SUBSETS OF R

We denote by R the set of real numbers. Certain subsets of R have standard names. We
list some of them here for reference. The set P = {x € R: z > 0} of strictly positive numbers
is discussed in appendix H. The set {1,2,3,...} of all natural numbers is denoted by N, initial
segments {1,2,3,...,m} of this set by N,,,, and the set {...,—-3,—2,—1,0,1,2,3,...} of all integers
by Z. The set of all rational numbers (numbers of the form p/q where p, q € Z and ¢ # 0) is denoted
by Q. There are the open intervals

(a,b) :={z € R: a <z < b},
(—o0,b) :={r e R: x < b}, and
(a,00) :={z e R: x > a}.
There are the closed intervals
[a,b] :={z € R: a < x < b},
(—oo, b :={x € R: z < b}, and
[a,00) :={z € R: > a}.
And there are the intervals which (if a < b) are neither open nor closed:
[a,b) ={r €eR:a<z<b} and
(a,b] :=={z € R: a <z <b}.

The set R of all real numbers may be written in interval notation as (—oo,00). (As an interval
it is considered both open and closed. The reason for applying the words “open” and “closed” to
intervals is discussed in chapter 2.)

A subset A of R is BOUNDED if there is a positive number M such that |a| < M for all a € A.
Thus intervals of the form [a,b], (a,b], [a,b), and (a,b) are bounded. The other intervals are
unbounded.

If A is a subset of R, then AT := AN [0,00). These are the POSITIVE elements of A. Notice,

in particular, that ZT, the set of positive integers, contains 0, but N, the set of natural numbers,
does not.
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APPENDIX D

LOGICAL CONNECTIVES

D.1. DISJUNCTION AND CONJUNCTION

The word “or” in English has two distinct uses. Suppose you ask a friend how he intends to
spend the evening, and he replies, “I’ll” walk home or I'll take in a film.” If you find that he then
walked home and on the way stopped to see a film, it would not be reasonable to accuse him of
having lied. He was using the inclusive “or”, which is true when one or both alternatives are. On
the other hand suppose that while walking along a street you are accosted by an armed robber who
says, “Put up your hands or I'll shoot.” You obligingly raise your hands. If he then shoots you,
you have every reason to feel ill-used. Convention and context dictate that he used the exclusive
“or”: either alternative, but not both.

Since it is undesirable for ambiguities to arise in mathematical discourse, the inclusive “or” has
been adopted as standard for mathematical (and most scientific) purposes. A convenient way of
defining logical connectives such as “or” is by means of a truth table. The formal definition of “or”
looks like this.

HHAa Y
HEEAE O
mHHE | <

Here P and @) are any sentences. In the columns labeled P and () we list all possible combinations
of truth values for P and @ (7T for true, F for false). In the third column appears the corresponding
truth value for “P or Q”. According to the table “P or Q7 is true in all cases except when both P
and @ are false. The notation “P V Q7 is frequently used for “P or )”. The operation V is called
DISJUNCTION.

D.1.1. EXERCISE. Construct a truth table giving the formal definition of “and”, frequently
denoted by A. The operation A is called CONJUNCTION. (Solution ).30.1.)

We say that two sentences depending on variables P, @, ... are LOGICALLY EQUIVALENT if they
have the same truth value no matter how truth values T and F are assigned to the variables
P,Q,.... It turns out that truth tables are quite helpful in deciding whether certain statements
encountered in mathematical reasoning are logically equivalent to one another. (But do not clutter
up mathematical proofs with truth tables. Everyone is supposed to argue logically. Truth tables
are only scratch work for the perplexed.)

D.1.2. EXAMPLE. Suppose that P, ), and R are any sentences. To a person who habitually
uses language carefully, it will certainly be clear that the following two assertions are equivalent:

(a) P is true and so is either @ or R.
(b) Either both P and @ are true or both P and R are true.

Suppose for a moment, however, that we are in doubt concerning the relation between (a) and (b).
We may represent (a) symbolically by P A (QV R) and (b) by (PAQ)V (P A R). We conclude that
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they are indeed logically equivalent by examining the following truth table. (Keep in mind that
since there are 3 variables, P, Q, and R, there are 23 = 8 ways of assigning truth values to them:;
so we need 8 lines in our truth table.)

1) | @ | @ (4) (5) (6) (7) (8)
P |Q |R | QVR | PA(QVR) | PAQ | PAR | (PAQ)V(PAR)
T |T |T T T T T T
T |T |F T T T F T
T |F |T T T F T T
T |F |F F F F F F
F [T |T T F F F F
F |T |F T F F F F
F |[F | T T F F F F
F |F |F F F F F F

Column (4) is obtained from (2) and (3), column (5) from (1) and (4), column (6) from (1) and
(2), column (7) from (1) and (3), and column (8) from (6) and (7). Comparing the truth values in
columns (5) and (8), we see that they are exactly the same. Thus PA(QV R) is logically equivalent
to (PAQ)V (P AR). This result is a DISTRIBUTIVE LAW; it says that conjunction distributes over
disjunction.

D.1.3. PROBLEM. Use truth tables to show that the operation of disjunction is associative; that
is, show that (PV @)V R and PV (Q V R) are logically equivalent.

D.1.4. PROBLEM. Use truth tables to show that disjunction distributes over conjunction; that
is, show that PV (Q A R) is logically equivalent to (P V Q) A (P V R).

One final remark: quantifiers may be “moved past” portions of disjunctions and conjunctions
which do not contain the variable being quantified. For example,

By)(F2) (Y’ <A<z <y)

says the same thing as
(@) (2 <) A (Fr)2 <@ < yl.

D.2. IMPLICATION

Consider the assertion, “If 1 = 2, then 2 = 3.” If you ask a large number of people (not
mathematically trained) about the truth of this, you will probably find some who think it is true,
some who think it is false, and some who think it is meaningless (therefore neither true nor false).
This is another example of the ambiguity of ordinary language. In order to avoid ambiguity and
to insure that “P implies )7 has a truth value whenever P and @) do, we define the operation of
IMPLICATION, denoted by =, by means of the following truth table.

P Q P=qQ
T T T
T F F
F T T
F F T
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There are many ways of saying that P implies (). The following assertions are all identical.

P=Q.

P implies Q.

If P, then Q.

P is sufficient (or a sufficient condition) for Q.

Whenever P, then Q.

Q<P

Q is implied by P.

() is a consequence of P.

Q follows from P.

@ is necessary (or a necessary condition) for P.

() whenever P.
The statement Q = P is the CONVERSE of P = (). It is a common mistake to confuse a statement
with its converse. This is a grievous error. For example: it is correct to say that if a geometric figure

is a square, then it is a quadrilateral; but it is not correct to say that if a figure is a quadrilateral
it must be a square.

D.2.1. DEFINITION. If P and @ are sentences, we define the logical connective “iff” (read “if
and only if”) by the following truth table.

P|Q | PiffQ
T | T T
T | F F
F | T F
F | F T

Notice that the sentence “P iff ()7 is true exactly in those cases where P and () have the same
truth values. That is, saying that “P iff ” is a TAUTOLOGY (true for all truth values of P and Q)
is the same as saying that P and () are equivalent sentences. Thus the connective “iff” is called
EQUIVALENCE. An alternative notation for “iff” is “<”.

D.2.2. EXAMPLE. By comparing columns (3) and (6) of the following truth table, we see that
“Piff @7 is logically equivalent to “(P = Q) A (Q = P)”.

1 1 (@2 (3) (4) (5) (6)
P |Q |PifQ |P=Q | Q=P | (P=Q A(Q=P)
T | T T T T T
T | F F F T F
F | T F T F F
F |F T T T T

This is a very important fact. Many theorems of the form P iff () are most conveniently proved by
verifying separately that P = @) and that @ = P.
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D.3. RESTRICTED QUANTIFIERS

Now that we have the logical connectives = and A at our disposal, it is possible to introduce
restricted quantifiers formally in terms of unrestricted ones. This enables one to obtain properties
of the former from corresponding facts about the latter.

(See exercise D.3.2 and problems D.4.8 and D.4.9.)

D.3.1. DEFINITION (of restricted quantifiers). Let S be a set and P(z) be an open sentence.
We define (V2 € S) P(z) to be true if and only if (Vz) ((z € S) = P(z)) is true; and we define
(3z € S) P(z) to be true if and only if (3z) ((z € S) A P(x)) is true.

D.3.2. EXERCISE. Use the preceding definition and the fact (mentioned in chapter A) that the
order of unrestricted existential quantifiers does not matter to show that the order of restricted
existential quantifiers does not matter. That is, show that if S and T are sets and P(z,y) is an
open sentence, then (3z € S) (Jy € T) P(x,y) holds if and only if (Jy € T) (3x € S) P(x,y) does.
(Solution ).30.2.)

D.4. NEGATION

If P is a sentence, then ~ P, read “the NEGATION of P” or “the DENIAL of P” or just “not P”,
is the sentence whose truth values are the opposite of P.

P ~ P
T F
F T

D.4.1. EXAMPLE. It should be clear that the denial of the disjunction of two sentences P and )
is logically equivalent to the conjunction of their denials. If we were in doubt about the correctness
of this, however, we could appeal to a truth table to prove that ~ (P V Q) is logically equivalent
to ~ PA ~ Q.

(1) (2) (3) (4) ) | (6) (7)
P 1@ | PVQ | ~(PVQ) | ~P | ~Q | (PN (~Q)
T | T T F F F F
T |F T F F T F
F | T T F T F F
F | F F T T T T

Columns (4) and (7) have the same truth values: That is, the denial of the disjunction of P and Q
is logically equivalent to the conjunction of their denials. This result is one of De Morgan’s laws.
The other is given as problem D.4.2.

D.4.2. PROBLEM (De Morgan’s law). Use a truth table to show that ~ (P A Q) is logically
equivalent to (~ P) V (~ Q).

D.4.3. PROBLEM. Obtain the result in problem D.4.2 without using truth tables. Hint. Use
D.4.1 together with the fact that a proposition P is logically equivalent to ~~ P. Start by writing
(~ P)V(~ Q) iff ~ ((~ P)V (~ Q).
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D.4.4. EXERCISE. Let P and @ be sentences. Then P = @ is logically equivalent to QV (~ P).
(Solution ).30.3.)

One very important matter is the process of taking the negation of a quantified statement. Let
P(x) be an open sentence. If it is not the case that P(z) holds for every x, then it must fail for
some z, and conversely. That is, ~ (Vz)P(x) is logically equivalent to (3z) ~ P(z).

Similarly, ~ (3x)P(z) is logically equivalent to (V) ~ P(z). (If it is not the case that P(z) is
true for some z, then it must fail for all z, and conversely.)

D.4.5. EXAMPLE. In chapter 3 we define a real valued function f on the real line to be continuous
provided that

(Va)(Ve)(F0)(Vz) |z —a| < d = |f(x) — f(a)] <e.
How does one prove that a particular function f is not continuous? Answer: find numbers a and
e such that for every § it is possible to find an x such that |f(x) — f(a)| > € and |z — a| < 4. To
see that this is in fact what we must do, notice that each pair of consecutive lines in the following
argument are logically equivalent.

~ [(Va)(Ve)(30)(Vr) |z —al <& = [f(2) = fla)] <]

(3a) ~ [(Ve)(30) (V) |z —a <0 = [f(2) = fla)] <]
(3a)(3e) ~ [(30)(Va) |z —af <0 = [f(2) = fla)] <]
(3a)(3e)(Vo) ~ [(V) |z —af <0 = [f(2) = fla)] <]
(3a)(3e)(v0)(3z) ~ [ |z —af <0 = [f(2) = fla)] <]
(3a)(3e)(Vo)(Fz) ~ [(|f(z) = fa)l <)V ~ (lz —a| <I)]
(3a)(3e)(V0)(3z) [~ (|f(z) — fa)| < A ~~ (Jo — af < 6)]
(Ba)(3e)(v0)(3z) [( |f(x) = f(a)| = &) A (|2 — a] < 9)]

To obtain the third line from the end use exercise D.4.4; the penultimate line is a consequence of
example D.4.1; and the last line makes use of the obvious fact that a sentence P is always logically
equivalent to ~~ P.

D.4.6. PROBLEM. Two students, Smith and Jones, are asked to prove a mathematical theorem
of the form, “If P then if () then R.” Smith assumes that @) is a consequence of P and tries to
prove R. Jones assumes both P and @) are true and tries to prove R. Is either of these students
doing the right thing? Explain carefully.

D.4.7. PROBLEM. The CONTRAPOSITIVE of the implication P = @ is the implication (~ Q) =
(~ P). Without using truth tables or assigning truth values show that an implication is logically
equivalent to its contrapositive. (This is a very important fact. In many cases when you are asked
to prove a theorem of the form P = (@), rather than assuming P and proving ) you will find it
easier to assume that @ is false and conclude that P must also be false.) Hint. Use D.4.4. You may
also use the obvious facts that disjunction is a commutative operation (P V @ is logically equivalent
to @V P) and that P is logically equivalent to ~~ P.)

D.4.8. PROBLEM. Use the formal definition of restricted quantifiers given in section D.3 together
with the fact mentioned in chapter A that the order of unrestricted universal quantifiers does not
matter to show that the order of restricted universal quantifiers does not matter. That is, show
that if S and T are sets and P(x,y) is an open sentence, then (Vz € S)(Vy € T)P(x,y) holds if
and only if (Vy € T')(Vz € S)P(x,y) does.

D.4.9. PROBLEM. Let S be a set and P(x) be an open sentence. Show that

(a) ~ (Vo € S)P(z) if and only if (3z € S) ~ P(x).

(b) ~ (Jz € S)P(x) if and only if (Vx € S) ~ P(x).
Hint. Use the corresponding facts (given in the two paragraphs following exercise D.4.4) for unre-
stricted quantifiers.






APPENDIX E

WRITING MATHEMATICS

E.1. PROVING THEOREMS

Mathematical results are called theorems—or propositions, or lemmas, or corollaries, or exam-
ples. All these are intended to be mathematical facts. The different words reflect only a difference
of emphasis. Theorems are more important than propositions. A lemma is a result made use
of in a (usually more important) subsequent result. The German word for lemma is particularly
suggestive: “Hilfsatz,” meaning “helping statement.” A corollary (to a theorem or proposition) is
an additional result we get (almost) for free. All these results are typically packaged in the form,
“If P, then QQ.” The assertion P is the hypothesis (or premise, or assumption, or supposition). The
assertion () is the conclusion. Notice that the result “Every object of type A is of type B” is in
this form. It can be rephrased as, “If x is an object of type A, then z is of type B.”

The statements, P and ) themselves may be complicated conjunctions, or disjunctions, or
conditionals of simpler statements. One common type of theorem, for example, is, “If P, Ps, ...,
and P,,, then Q1, Q2, ..., and Q,.” (Personally, I think such a theorem is clumsily stated if m
and n turn out to be large.)

A proof of a result is a sequence of statements, each with justification, which leads to the
conclusion(s) of the desired result. The statements that constitute a proof may be definitions, or
hypotheses, or statements which result from applying to previous steps of the proof a valid rule of
inference. Modus ponens is the basic rule of inference. It says that if you know a proposition P
and you also know that P implies @), then you can conclude that @ is true. Another important
rule of inference (sometimes called universal instantiation) is that if you know a proposition P(z)
to be true for every x in a set S and you know that a is a member of S, then you can conclude
that P(a) is true.

Other rules of inference can be derived from modus ponens. Let’s look at an example. Certainly,
if we know that the proposition P A @ is true we should be able to conclude that P is true. The
reason is simple we know (or can easily check) that

(PAQ)= P (E.1)

is a tautology (true for all truth values of P and Q). Since P A @ is known to be true, P follows
from (E.1) by modus ponens. No attempt is made here to list every rule of inference that it is
appropriate to use. Most of them should be entirely obvious. For those that are not, truth tables
may help. (As an example consider problem G.1.13: If the product of two numbers = and y is zero,
then either z or y must be zero. Some students feel obligated to prove two things: that if zy =0
and x # 0 then y = 0 AND that if zy = 0 and y # 0 then z = 0. Examination of truth tables
shows that this is not necessary.)

A proof in which you start with the hypotheses and reason until you reach the conclusion is
a direct proof. There are two other proof formats, which are known as indirect proofs. The first
comes about by observing that the proposition ~ @ =~ P is logically equivalent to P = Q. (We
say that ~ @ =~ P is the contrapositive of P = .) To prove that P implies @, it suffices to
assume that @) is false and prove, using this assumption that P is false. Some find it odd that to
prove something is true one starts by assuming it to be false. A slight variant of this is the proof
by contradiction. Here, to prove that P implies (), assume two things: that P is true and that
Q is false. Then attempt to show that these lead to a contradiction. We like to believe that the
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234 E. WRITING MATHEMATICS

mathematical system we work in is consistent (although we know we can’t prove it), so when an
assumption leads us to a contradiction we reject it. Thus in a proof by contradiction when we find
that P and ~ @ can’t both be true, we conclude that if P is true () must also be true.

E.1.1. PROBLEM. Prove that in an inconsistent system, everything is true. That is, prove that
if P and @) are propositions and that if both P and ~ P are true, then @) is true. Hint. Consider
the proposition (PA ~ P) = Q.

E.1.2. PROBLEM. What is wrong with the following proof that 1 is the largest natural number.

Let N be the largest natural number. Since N is a natural number so is N?2.
We see that N2 = N-N > N -1 = N. Clearly the reverse inequality N> < N
holds because N is the largest natural number. Thus N2 = N. This equation
has only two solutions: N = 0 and N = 1. Since 0 is not a natural number, we
have N = 1. That is, 1 is the largest natural number.

E.2. CHECKLIST FOR WRITING MATHEMATICS

After you have solved a problem or discovered a counterexample or proved a theorem, there
arises the problem of writing up your result. You want to do this in a way that will be as clear and
as easy to digest as possible. Check your work against the following list of suggestions.

(1) Have you clearly stated the problem you are asked to solve or the result you are trying to
prove?

Have an audience in mind. Write to someone. And don’t assume the person
you are writing to remembers the problem. (S)he may have gone on vacation, or
been fired; or maybe (s)he just has a bad memory. You need not include every
detail of the problem, but there should be enough explanation so that a person
not familiar with the situation can understand what you are talking (writing)
about.

(2) Have you included a paragraph at the beginning explaining the method you are going to use
to address the problem?

No one is happy being thrown into a sea of mathematics with no clue as to what
is going on or why. Be nice. Tell the reader what you are doing, what steps you
intend to take, and what advantages you see to your particular approach to the
problem.

(3) Have you defined all the variables you use in your writeup?

Never be so rude as to permit a symbol to appear that has not been properly
introduced. You may have a mental picture of a triangle with vertices labelled
A, B, and C. When you use those letters no one will know what they stand for
unless you tell them. (Even if you have included a graph appropriately labelled,
still tell the reader in the text what the letters denote.) Similarly, you may be
consistent in always using the letter j to denote a natural number. But how
would you expect the reader to know?

It is good practice to italicize variables so that they can be easily distinguished
from regular text.

(4) Is the logic of your report entirely clear and entirely correct?
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It is an unfortunate fact of life that the slightest error in logic can make a
“solution” to a problem totally worthless. It is also unfortunate that even a
technically correct argument can be so badly expressed that no one will believe
it.

(5) In your writeup are your mathematical symbols and mathematical terms all correctly used
in a standard fashion? And are all abbreviations standard?

Few things can make mathematics more confusing than misused or eccentrically
used symbols. Symbols should clarify arguments not create yet another level of
difficulty. By the way, symbols such as “=" and “<” are used only in formulas.
They are not substitutes for the words “equals” and “less than” in ordinary text.
Logical symbols such as = are rarely appropriate in mathematical exposition:

write “If A then B,” not “A = B.” Occasionally they may be used in displays.
(6) Are the spelling, punctuation, diction, and grammar of your report all correct?

(7) Is every word, every symbol, and every equation part of a sentence? And is every sentence
part of a paragraph?

For some reason this seems hard for many students. Scratchwork, of course, tends
to be full of free floating symbols and formulas. When you write up a result get
rid of all this clutter. Keep only what is necessary for a logically complete report
of your work. And make sure any formula you keep becomes (an intelligible)
part of a sentence. Study how the author of any good mathematics text deals
with the problem of incorporating symbols and formulas into text.

(8) Does every sentence start correctly and end correctly?

Sentences start with capital letters. Never start a sentence with a number or with
a mathematical or logical symbol. Every declarative sentence ends with a period.
Other sentences may end with a question mark or (rarely) an exclamation mark.

(9) Is the function of every sentence of your report clear?

Every sentence has a function. It may be a definition. Or it may be an assertion
you are about to prove. Or it may be a consequence of the preceding statement.
Or it may be a standard result your argument depends on. Or it may be a
summary of what you have just proved. Whatever function a sentence
serves, that function should be entirely clear to your reader.

(10) Have you avoided all unnecessary clutter?

Mindless clutter is one of the worst enemies of clear exposition. No one wants
to see all the details of your arithmetic or algebra or trigonometry or calculus.
Either your reader knows this stuff and could do it more easily than read it, or
doesn’t know it and will find it meaningless. In either case, get rid of it. If you
solve an equation, for example, state what the solutions are; don’t show how you
used the quadratic formula to find them. Write only things that inform. Logical
argument informs, reams of routine calculations do not. Be ruthless in rooting
out useless clutter.
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(11) Is the word “any” used unambiguously? And is the order in which quantifiers act entirely

Fraktur is a typeface widely used until the middle of the twentieth century in Germany and a
few other countries. In this text it is used to denote families of sets and families of linear maps.
In general it is not a good idea to try to reproduce these letters in handwritten material or when
writing on the blackboard. In these cases English script letters are both easier to read and easier

E. WRITING MATHEMATICS

clear?

Be careful with the word “any”, especially when taking negations. It can be
surprisingly treacherous. “Any” may be used to indicate universal quantification.
(In the assertion, “It is true for any z that 2 — 1 = (z + 1)(z — 1)”, the word
“any” means “every”.) It may also be used for existential quantification. (In the
question, “Does 22 +2 = 2z hold for any z?” the word “any” means “for some”.
Also notice that answering yes to this question does not mean that you believe it
is true that “z? 42 = 2z holds for any z.”) Negations are worse. (What does “It
is not true that 22 + 2 = 2z for any 2” mean?) One good way to avoid trouble:
don’t use “any”.

And be careful of word order. The assertions “Not every element of A is an
element of B” and “Every element of A is not an element of B” say quite dif-
ferent things. I recommend avoiding the second construction entirely. Putting
(some or all) quantifiers at the end of a sentence can be a dangerous business.
(The statement, “P(z) or Q(z) fails to hold for all ,” has at least two possible
interpretations. So does “x # 2 for all x € A,” depending on whether we read #
as “is not equal to” or as “is different from”.)

E.3. FRAKTUR AND GREEK ALPHABETS

to write. Here is a list of upper case Fraktur letters:
(A)
(H)

2

80 <

The following is a list of standard Greek letters used in mathematics. Notice that in some cases

(
(

O
\Y%

)
)

B (B) ¢ (C) 2 D) ¢ (E 3§ (F ¢ (G)
3 J ) £ (K) £cm m ™M NN
B (P 2 @ =" ® 66 (7 ¢4 (U)
W) x (X) 2 (YY) 3 (@

both upper case and lower case are commonly used:

a (alpha) B (beta) Iy (gamma) A, (delta) € (epsilon) ¢ (zeta)
n (eta) ©,0 (theta) ¢ (iota) k (kappa) A, A (lambda) p  (mu)
v (nu) E,& (xi) I,m (pi) p (rho) Y,0 (sigma) 7 (tau)
®,¢ (phi) W,¢ (psi) x (chi) Q,w (omega)



APPENDIX F

SET OPERATIONS

F.1. UNIONS

Recall that if S and T are sets, then the UNION of S and T, denoted by S UT, is defined to be
the set of all those elements x such that x € S or x € T
That is,

SUT:={z:xeSorxeT}.
F.1.1. ExampLE. If S =[0,3] and 7' = [2, 5], then SUT = [0, 5].

The operation of taking unions of sets has several essentially obvious properties. In the next
proposition we list some of these.

F.1.2. PROPOSITION. Let S, T, U, and V be sets. Then

(TUU)=(SUuT)UuU (associativity);
T=TUS (commutativity);

S
SUT if and only if T C S; and
CTandU CV, then SUU CTUV.

PROOF. We prove parts (a), (c), (d), and (e). Ordinarily one would probably regard these
results as too obvious to require proof. The arguments here are presented only to display some
techniques used in writing formal proofs. Elsewhere in the text references will not be given to this
proposition when the facts (a)—(f) are used. When results are considered obvious, they may be
mentioned but are seldom cited. The proofs of the remaining parts (b) and (f) are left as problems.

PROOF. (a) A standard way to show that two sets are equal is to show that an element z
belongs to one if and only if it belongs to the other. In the present case

zxeSU(TUU)iffzxe SorzeTUU
iffreSor(zeTorxel)
iff (zeSorzeT)orzelU
itzee SUT orxcU
iff z € (SUT)UU.

Notice that the proof of the associativity of union U depends on the associativity of “or” as a logical
connective.
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Since we are asked to show that two sets are equal, some persons feel it necessary to write a
chain of equalities between sets:

SUTUU)={z:2€SU(TUU)}
={z:zeSorxecTUU}
={z:zeSor(reTorxel)}
={z:(zxeSorzxeT)orxeclU}
={z:zeSUTorxeU}
={z:ze(SUT)UU}
=(SUT)UU.

This second proof is virtually identical to the first; it is just a bit more cluttered. Try to avoid
clutter; mathematics is hard enough without it.

PROOF. (¢) An element z belongs to S U if and only if z € S or z € (). Since = € () is never
true, x € SUQ if and only if z € S. That is, SU) = S.

ProOOF. (d) To prove that S C S UT, show that x € S implies x € SUT. Suppose = € S.
Then it is certainly true that x € S or x € T'; that is, x € SUT.

PROOF. (e) First show that S =S UT implies T' C S; then prove the converse, if T'C S, then
S =SUT. To prove that S = SUT implies T' C S, it suffices to prove the contrapositive. We
suppose that T Z S and show that S # SUT. If T Z S, then there is at least one element ¢ in T’
which does not belong to S. Thus (by parts (d) and (b))

teTCTUS=SUT;

but t ¢ S. Since t belongs to S UT but not to S these sets are not equal.

Now for the converse. Suppose T' C S. Since we already know that S C SUT (by part (d)),
we need only show that SUT C S in order to prove that the sets S and S UT are identical. To
this end suppose that x € SUT. Thenz € Sor x € T'C S. In either case x € S. Thus SUT C S.

O
F.1.3. PROBLEM. Prove parts (b) and (f) of proposition F.1.2.

On numerous occasions it is necessary for us to take the union of a large (perhaps infinite)
family of sets. When we consider a family of sets (that is, a set whose members are themselves
sets), it is important to keep one thing in mind. If z is a member of a set S and S is in turn
a member of a family & of sets, it does not follow that x € &. For example, let S = {0, 1,2},
T =1{2,3,4}, U = {5,6}, and & = {S,T,U}. Then 1 is a member of S and S belongs to &; but 1
is not a member of & (because & has only 3 members: S, T, and U).

F.1.4. DEFINITION. Let & be a family of sets. We define the UNION of the family & to be the
set of all x such that x € S for at least one set S in &. We denote the union of the family & by
UGS (or by Ugeg S, or by U{S : § € &}). Thus x € |J& if and only if there exists S € & such
that x € S.

F.1.5. NOTATION. If & is a finite family of sets Si,...,S,, then we may write (J,_, Sk or
S1USyU---U S, for UG.

F.1.6. ExampPLE. Let S ={0,1,3}, T ={1,2,3}, U ={1,3,4,5}, and & = {S,T,U}. Then
Us=suruu={01,2,3,4,5}.
The following very simple observations are worthy of note.

F.1.7. PROPOSITION. If & is a family of sets and T € &, then T C |JS.
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Proor. If z € T, then = belongs to at least one of the sets in &, namely T U

F.1.8. PROPOSITION. If © is a family of sets and each member of & is contained in a set U,
then J& C U.

PROOF. Problem.

F.2. INTERSECTIONS

F.2.1. DEFINITION. Let S and T be sets. The INTERSECTION of S and 7T is the set of all z such
that r€e Sand z € T.

F.2.2. EXampPLE. If S =[0,3] and T'= [2,5], then SNT = [2,3].

F.2.3. PROPOSITION. Let S, T, U, and V be sets. Then
SN(TNU)=(SNT)NU; (associativity)
SNT=TnS; (commutativity)

() IfSCT and U CV, then SNU CTNV.
PROOF. Problem.

There are two distributive laws for sets: union distributes over intersection (proposition F.2.4
below) and intersection distributes over union (proposition F.2.5).

F.2.4. PROPOSITION. Let S, T, and U be sets. Then
SU(TNU)=(SUT)N(SUU).
ProOF. Exercise. Hint. Use problem D.1.4. (Solution ().31.1.)
F.2.5. PROPOSITION. Let S, T, and U be sets. Then
SN(TUU)=(SNT)Uu(SnU).
PRrOOF. Problem.
Just as we may take the union of an arbitrary family of sets, we may also take its intersection.

F.2.6. DEFINITION. Let & be a family of sets. We define the INTERSECTION of the family & to
be the set of all z such that x € & for every S in &. We denote the intersection of & by (& (or

by Nges S, or by ({5 : 5 € &}).

F.2.7. NoTATION. If S is a finite family of sets Si,...,Sy, then we may write (),_, Sk or
S1NSeN---NS, for N G. Similarly, if & = {51, S2,. .. }, then we may write (), Sk or S1NSaN. ..
for N G.

F.2.8. EXAMPLE. Let S = {0,1,3}, T = {1,2,3}, U = {1,3,4,5}, and S = {S,T,U}. Then
(1S=SNTNU={1,3}.

Proposition F.2.4 may be generalized to say that union distributes over the intersection of an
arbitrary family of sets. Similarly there is a more general form of proposition F.2.5 which says that
intersection distributes over the union of an arbitrary family of sets. These two facts, which are
stated precisely in the next two propositions, are known as GENERALIZED DISTRIBUTIVE LAWS.

F.2.9. PROPOSITION. Let T be a set and & be a family of sets. Then
Tu((16)=({TuS:Se6}.

ProOF. Exercise. (Solution ().31.2.)
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F.2.10. PROPOSITION. Let T be a set and S be a family of sets. Then
Tn(lJs) = JTns:5¢ce}.
PrROOF. Problem.

F.2.11. DEFINITION. Sets S and T are said to be DISJOINT if SNT = (). More generally, a
family & of sets is a DISJOINT FAMILY (or a PAIRWISE DISJOINT FAMILY) if SN7T = () whenever S
and T are distinct (that is, not equal) sets which belong to &.

CAUTION. Let 6 be a family of sets. Do not confuse the following two statements.
(a) 6 is a (pairwise) disjoint family.
(b) NG =0.
Certainly, if & contains more than a single set, then (a) implies (b). But if & contains three or
more sets the converse need not hold. For example, let S = {0,1}, T = {3,4}, U = {0,2}, and
S ={S,T,U}. Then & is not a disjoint family (because S N U is nonempty), but (S = 0.
F.2.12. ExAMPLE. Let S, T, U, and V be sets.
(a) Then (SNT)UUNV)C(SUU)N(TUV).
(b) Give an example to show that equality need not hold in (a).

PROOF. Problem. Hint. Use propositions F.1.2(d) and F.2.3(f) to show that SNT and UNV
are contained in (SUU) N (T'UV). Then use F.1.2(f).

F.3. COMPLEMENTS

Recall that we regard all the sets with which we work in a particular situation as being subsets
of some appropriate “universal” set. For each set S we define the COMPLEMENT of S , denoted by
5S¢, to be the set of all members of our universal set which do not belong to S. That is, we write
x € S¢if and only if = ¢ S.

F.3.1. EXAMPLE. Let S be the closed interval (—oo, 3]. If nothing else is specified, we think of
this interval as being a subset of the real line R (our universal set). Thus S¢ is the set of all = in
R such that z is not less than or equal to 3. Thus S€ is the interval (3, c0).

F.3.2. EXAMPLE. Let S be the set of all points (x,y) in the plane such that x > 0 and y > 0.
Then S€ is the set of all points (x,y) in the plane such that either x < 0 or y < 0. That is ,

S¢={(z,y): 2 <0} U{(z,y): y <0}.

The two following propositions are DE MORGAN’S LAWS for sets. As you may expect, they are
obtained by translating into the language of sets the facts of logic which go under the same name.
(See D.4.1 and D.4.2.)

F.3.3. PROPOSITION. Let S and T be sets. Then
(SuT)*=8°NTe.
ProoF. Exercise. Hint. Use example D.4.1. (Solution ().31.3.)
F.3.4. PROPOSITION. Let S and T be sets. Then
(SNT)c=85°UT*.
PROOF. Problem.

Just as the distributive laws can be generalized to arbitrary families of sets, so too can De
Morgan’s laws. The complement of the union of a family is the intersection of the complements
(proposition F.3.5), and the complement of the intersection of a family is the union of the comple-
ments (proposition F.3.6).
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F.3.5. PROPOSITION. Let G be a family of sets. Then
(Je)y=|s:sece}.

PRrOOF. Exercise. (Solution ().31.4.)

F.3.6. PROPOSITION. Let G be a family of sets. Then
(&) =J{s: see}.

PRrROOF. Problem.

F.3.7. DEFINITION. If S and T are sets we define the COMPLEMENT OF 1" RELATIVE TO S,
denoted by S\ T, to be the set of all  which belong to S but not to T'. That is,

S\T:=85nNnT°.
The operation \ is usually called SET SUBTRACTION and S\ 7T is read as “S minus 77.
F.3.8. EXAMPLE. Let S =[0,5] and T = [3,10]. Then S\ T = [0, 3).

It is a frequently useful fact that the union of two sets can be rewritten as a disjoint union (that
is, the union of two disjoint sets).

F.3.9. PROPOSITION. Let S and T be sets. Then S\T and T are disjoint sets whose union is
SUT.

PrOOF. Exercise. (Solution ).31.5.)
F.3.10. EXERCISE. Show that (S\7T)UT = S if and only if " C S. (Solution ).31.6.)

F.3.11. PROBLEM. Let S = (3,00), T = (0,10], U = (—4,5), V = [-2,8],and & = {S°, T, U,V }.
(a) Find |J 6.
(b) Find N &.

F.3.12. PrROBLEM. If S, T, and U are sets, then
(SNT)\U=(S\U)Nn(T\U).
F.3.13. PrROBLEM. If S, T, and U are sets, then
SN(T\U)=(SNnT)\(SNU).
F.3.14. PROBLEM. If S and T are sets, then 7'\ S and 7T'N S are disjoint and
T=(T\S)u((TnSs).
F.3.15. PROBLEM. If S and T are sets, then SNT =S\ (S\T).

F.3.16. DEFINITION. A family & of sets COVERS (or is a COVER FOR, or is a COVERING FOR)
aset Tif T CJS.

F.3.17. PROBLEM. Find a family of open intervals which covers the set N of natural numbers
and has the property that the sum of the lengths of the intervals is 1. Hint. Y -, 27k =1,






APPENDIX G

ARITHMETIC

G.1. THE FIELD AXIOMS

The set R of real numbers is the cornerstone of calculus. It is remarkable that all of its
properties can be derived from a very short list of axioms. We will not travel the rather lengthy
road of deriving from these axioms all the properties (arithmetic of fractions, rules of exponents,
etc.) of R which we use in this text. This journey, although interesting enough in itself, requires a
substantial investment of time and effort. Instead we discuss briefly one standard set of axioms for
R and, with the aid of these axioms, give sample derivations of some familiar properties of R. In
the present chapter we consider the first four axioms, which govern the operations on R of addition
and multiplication. The name we give to the collective consequences of these axioms is arithmetic.

G.1.1. DEFINITION. A BINARY OPERATION # on a set S is a rule that associates with each pair
x and y of elements in S one and only one element x xy in S. (More precisely, * is a function from
S x S into S. See appendices K and N.)

The first four axioms say that the set R of real numbers under the binary operations of addition
and multiplication (denoted, as usual, by + and ) form a FIELD. We will follow conventional practice
by allowing xy as a substitute notation for x - y.

G.1.2. AxioM (I). The operations + and - on R are associative (that is, x+(y+z) = (r+y)+2
and x(yz) = (zy)z for all x, y, z € R) and commutative (x +y = y + x and vy = yx for all z,
yeR).

G.1.3. Axiom (II). There exist distinct additive and multiplicative identities (that is, there are
elements 0 and 1 in R with 1 # 0 such that t + 0=z and x -1 =z for allx € R).

G.1.4. Axiom (III). Ewvery element x in R has an additive inverse (that is, a number —x such
that x + (—x) = 0); and every element x € R different from 0 has a multiplicative inverse (that is,
a number =% such that rx~' = 1).

G.1.5. Axiom (IV). Multiplication distributes over addition (that is, x(y+ z) = xy + xz for all
x,y, 2z €R).

G.1.6. EXAMPLE. Multiplication is not a binary operation on the set R' = {z e R: z # —1}.
ProOOF. The numbers 2 and —% belong to R’, but their product does not. ]

G.1.7. EXAMPLE. Subtraction is a binary operation on the set R of real numbers, but is neither
associative nor commutative.

PRrRooF. Problem.

G.1.8. PROBLEM. Let RT be the set of all real numbers x such that £ > 0. On Rt define
Yy
T4y

Txy =

Determine whether * is a binary operation on RT. Determine whether x is associative and whether
it is commutative. Does R have an identity element with respect to *? (That is, is there a member
e of R such that z x e = 2 and e x z = z for all z in R*7?)
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Subtraction and division are defined in terms of addition and multiplication by

r—y:=z+(~y)

and, for y # 0,
z -1
—i=xy .
Yy

We use the familiar rule for avoiding an excess of parentheses: multiplication takes precedence
over addition. Thus, for example, wx 4+ yz means (wz) + (yz).

G.1.9. PROBLEM. The rule given in Axiom IV is the left distributive law. The right distributive
law, (x +y)z = xz + yz, is also true. Use the axioms to prove it.

G.1.10. EXERCISE. Show that if z is a real number such that x + x = z, then x = 0. Hint.
Simplify both sides of (x + z) + (—x) = v + (v + (—=)). (Solution Q.32.1.)

G.1.11. PROBLEM. Show that the additive identity 0 annihilates everything in R under multi-
plication. That is, show that 0-x = 0 for every real number x. Hint. Consider (0 + 0)z. Use G.1.9
and G.1.10.

G.1.12. EXERCISE. Give a careful proof using only the axioms above that if w, x, y, and z are
real numbers, then
(wta)+y+z) =2+ @+ (y+w).
Hint. Since we are to make explicit use of the associative law, be careful not to write expressions
such as w4+ = + (y 4+ z). Another set of parentheses is needed to indicate the order of operations.
Both (w+z) + (y + z) and w + (x 4+ (y + 2)), for example, do make sense. (Solution Q.32.2.)

G.1.13. PROBLEM. Show that if the product zy of two numbers is zero, then either x = 0 or
y = 0. (Here the word “or” is used in its inclusive sense; both  and y may be 0. It is always used
that way in mathematics.) Hint. Convince yourself that, as a matter of logic, it is enough to show
that if y is not equal to 0 then x must be. Consider (zy)y~! and use G.1.11.

G.2. UNIQUENESS OF IDENTITIES

Axiom II guarantees only the existence of additive and multiplicative identities 0 and 1. It is
natural to enquire about their uniqueness. Could there be two real numbers which act as additive
identities? That is, could we have numbers 0’ # 0 which satisfy

z+0=z (G.1)
and
r+0 =2 (G.2)
for all z in R? The answer as you would guess is no: there is only one additive identity in R. The
proof is very short.
G.2.1. PROPOSITION. The additive identity in R is unique.

PROOF. Suppose that the real numbers 0 and 0’ satisfy (G.1) and (G.2) all real numbers z.
Then

0=0+0
=0 +0
=0
The three equalities are justified, respectively, by (G.2), axiom I, and (G.1). O

G.2.2. PROPOSITION. The multiplicative identity 1 on R is unique.

PRrRoOOF. Problem.
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G.3. UNIQUENESS OF INVERSES

The question of uniqueness also arises for inverses; only their existence is guaranteed by ax-
iom III. Is it possible for a number to have more than one additive inverse? That is, if z is a real
number is it possible that there are two different numbers, say —x and Z, such that the equations

z+(—z)=0 and r+7T=0 (G.3)
both hold? The answer is no.
G.3.1. PROPOSITION. Additive inverses in R are unique.

PROOF. Assume that the equations (G.3) are true. We show that —z and T are the same
number.

T=72+0
=T+ (z+ (—x))
=(T+zx)+ (—x)
=(z+7)+ (—x)
=0+ (—x)
=(—z)+0

O
G.3.2. PROBLEM. The proof of proposition (G.3.1) contains seven equal signs. Justify each one.
G.3.3. PROBLEM. Prove that in R multiplicative inverses are unique.

G.3.4. ExaAMPLE. Knowing that identities and inverses are unique is helpful in deriving addi-
tional properties of the real numbers. For example, the familiar fact that

()=
follows immediately from the equation
(—z)+x=0. (G.4)

What proposition G.3.1 tells us is that if a +b = 0 then b must be the additive inverse of a. So
from (G.4) we conclude that x must be the additive inverse of —z; in symbols, x = —(—x).

G.3.5. PROBLEM. Show that if z is a nonzero real number, then

(x_l)fl =z.

G.4. ANOTHER CONSEQUENCE OF UNIQUENESS
We can use proposition G.3.1 to show that in R

—(z+y)=-z-y. (G.5)

W

Before looking at the proof of this assertion it is well to note the two uses of the sign on the right
side of (G.5). The first, attached to “z”, indicates the additive inverse of z; the second indicates
subtraction. Thus —x —y means (—z) + (—y). The idea behind the proof is to add the right side of
(G.5) to x + y. If the result is 0, then the uniqueness of additive inverses, proposition G.3.1, tells
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us that —x — y is the additive inverse of x 4+ y. And that is exactly what we get:
(+y)+(—z—y) = (@ +y)+((-2) + (-y))
=W +z)+ ((=2) + (-v)
=y+(z+((=2)+ ()
=y+ (@ +(=2) + (-v)
=y+(0+(=y))
)

=y +0)+(~y
=y+(-y)
=0.

G.4.1. PROBLEM. Justify each step in the proof of equation (G.5).

G.4.2. PROBLEM. Prove that if z and y are nonzero real numbers, then
(zy) =y a"
G.4.3. PROBLEM. Show that
(—x=—x

for every real number . Hint. Use the uniqueness of additive inverses.

G.4.4. PROBLEM. Show that

and that
(—z)(—y) = =y
for all x and y in R. Hint. For the first equality add (—z)y to xy.
G.4.5. PROBLEM. Use the first four axioms for R to develop the rules for adding, multiplying,

subtracting, and dividing fractions. Show for example that
a ¢ ad+bc

b T dT  bd

d+0b
if b and d are not zero. (Remember that, by definition, % + 2 is ab™! + cd™! and ¢ b—c: c is

(ad + be)(bd)~1.)




APPENDIX H

ORDER PROPERTIES OF R

The second group of axioms are the order axioms. They concern a subset P of R (call this the
set of STRICTLY POSITIVE numbers).

H.1.1. Axiom (V). The set P is closed under addition and multiplication. (That is, if x and y
belong to P, so do x +y and xy.)

H.1.2. Axiom (VI). For each real number x exactly one of the following is true: x =0, x € P,
or —x € P. This is the axiom of trichotomy.

Define the relation < on R by
r<yifand only if y —x € P.

Also define > on R by
x>y if and only if y < .
We write x <y ifr<yorxz=y,and x> yify < z.

H.1.3. PROPOSITION. On R the relation < is transitive (that is, if x < y and y < z, then
x < z).

ProoF. If z < y and y < z, then y — x and z — y belong to P. Thus

This shows that = < z. O
H.1.4. PROBLEM. Justify each of the seven equal signs in the proof of proposition H.1.3.

H.1.5. EXERCISE. Show that a real number = belongs to the set P if and only if z > 0. (Solu-
tion Q.33.1.)

H.1.6. PROPOSITION. Ifx >0 and y < z in R, then xy < xz.
ProoOF. Exercise. Hint. Use problem G.4.4. (Solution ().33.2.)
H.1.7. PROPOSITION. Ifz,y, z€ Rand y < z, thenx +y < x + 2.
PRrROOF. Problem. Hint. Use equation (G.5).

H.1.8. PROPOSITION. Ifw <z and y < z, then w+y < x + z.

PRrRoOOF. Problem.
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H.1.9. PROBLEM. Show that 1 > 0. Hint. Keep in mind that 1 and 0 are assumed to be distinct.
(Look at the axiom concerning additive and multiplicative identities.) If 1 does not belong to P,
what can you say about the number —17 What about (—1)(—1)? Use problem G.4.4.

H.1.10. PROPOSITION. If x > 0, then x> 0.

PRrROOF. Problem.

H.1.11. PROPOSITION. If0 < x <y, then 1/y < 1/z.

ProOF. Problem.

H.1.12. PROPOSITION. [f0 < w <z and 0 <y < z, then wy < xz.
PrOOF. Exercise. (Solution ().33.3.)

H.1.13. PROBLEM. Show that x < 0 if and only if —z > 0.

H.1.14. PROBLEM. Show that if y < z and =z < 0, then zz < zy.

H.1.15. PROBLEM. Show that x < y if and only if —y < —z.

H.1.16. PROBLEM. Suppose that =, y > 0 and 22 = y?. Show that x = v.

H.1.17. PROBLEM. Show in considerable detail how the preceding results can be used to solve

the inequality
5 < 1
xr+3 r—1"
H.1.18. PROBLEM. Let C = {(a,b): a,b € R}. On C define two binary operations + and - by:

(a,b) + (¢,d) = (a+ ¢, b+ d)

and
(a,b) - (¢,d) = (ac — bd,ad + bc) .
Show that C under these operations is a field. (That is, C satisfies axioms I-IV.) This is the field
of COMPLEX NUMBERS.
Determine whether it is possible to make C into an ordered field. (That is, determine whether
it is possible to choose a subset P of C which satisfies axioms V and VI.)

The axioms presented thus far define an ordered field. To obtain the particular ordered field
R of real numbers we require one more axiom. We assume that R is order complete; that is, R
satisfies the least upper bound axiom. This axiom will be stated (and discussed in some detail) in
chapter J (in particular, see J.3.1).

There is a bit more to the axiomatization of R than we have indicated in the preceding discus-
sion. For one thing, how do we know that the axioms are consistent? That is, how do we know
that they will not yield a contradiction? For this purpose one constructs a model for R, that is, a
concrete mathematical object which satisfies all the axioms for R. One standard procedure is to
define the positive integers in terms of sets: 0 is the empty set (), the number 1 is the set whose
only element is 0, the number 2 is the set whose only element is 1, and so on. Using the positive
integers we construct the set Z of all integers ..., —2,—1,0,1,2,.... From these we construct the
set Q of rational numbers (that is, numbers of the form p/q where p and ¢ are integers and g # 0).
Finally the reals are constructed from the rationals.

Another matter that requires attention is the use of the definite article in the expression “the
real numbers”. This makes sense only if the axioms are shown to be categorical; that is, if there is
“essentially” only one model for the axioms. This turns out to be correct about the axioms for R
given an appropriate technical meaning of “essentially”—but we will not pursue this matter here.
More about both the construction of the reals and their uniqueness can be found in [10].



APPENDIX I

NATURAL NUMBERS AND MATHEMATICAL INDUCTION

The principle of mathematical induction is predicated on a knowledge of the natural numbers,
which we introduce in this section. In what follows it is helpful to keep in mind that the axiomatic
development of the real numbers sketched in the preceding chapter says nothing about the natural
numbers; in fact, it provides explicit names for only three real numbers: 0, 1, and —1.

I.1.1. DEFINITION. A collection J of real numbers is INDUCTIVE if
(1) 1€ J, and
(2) 41 € J whenever z € J.

[.1.2. ExXAMPLE. The set R is itself inductive; so are the intervals (0, 00), [-1,00), and [1, c0).
1.1.3. PROPOSITION. Let A be a family of inductive subsets of R. Then N2A is inductive.
PRrROOF. Exercise. (Solution ().34.1.)
1.1.4. DEFINITION. Let J be the family of all inductive subsets of R. Define
N:=nJ.
We call N the set of NATURAL NUMBERS.

Notice that according to proposition 1.1.3 the set N is inductive. It is the smallest inductive set,
in the sense that it is contained in every inductive set. The elements of N have standard names.
Define 2 := 1+ 1. Since 1 belongs to N and N is inductive, 2 belongs to N. Define 3 := 2+ 1. Since
2 belongs to N, so does 3. Define 4 := 3 4+ 1; etc.

1.1.5. DEFINITION. The set of INTEGERS, denoted by Z, is defined to be
—-NU{0}UN
where —N := {—n :n € N}.

The next proposition is practically obvious; but as it is an essential ingredient of several subse-
quent arguments (e.g. problem 1.1.16), we state it formally.

1.1.6. PROPOSITION. Ifn € N, thenn > 1.
PROOF. Since the set [1,00) is inductive, it must contain N. O

The observation made previously that N is the smallest inductive set clearly implies that no
proper subset of N can be inductive. This elementary fact has a rather fancy name: it is the
principle of mathematical induction.

[.1.7. THEOREM (Principle of Mathematical Induction). Ewvery inductive subset of N equals N.

By spelling out the definition of “inductive set” in the preceding theorem we obtain a longer,
perhaps more familiar, statement of the principle of mathematical induction.

[.1.8. COROLLARY. If S is a subset of N which satisfies

(1) 1e€8, and
(2) n+ 1€ S whenevern € S,
then S = N.
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Perhaps even more familiar is the version of the preceding which refers to “a proposition (or
assertion, or statement) concerning the natural number n”.

1.1.9. COROLLARY. Let P(n) be a proposition concerning the natural number n. If P(1) is true,
and if P(n+ 1) is true whenever P(n) is true, then P(n) is true for all n € N.

PRrROOF. In corollary 1.1.8 let S = {n € N: P(n) is true}. Then 1 € S and n + 1 belongs to S
whenever n does. Thus S = N. That is, P(n) is true for all n € N. O

1.1.10. EXERCISE. Use mathematical induction to prove the following assertion: The sum of the
first n natural numbers is 5 n(n + 1). Hint. Recall that if p and ¢ are integers with p < ¢ and if
Cp,Cp+1, - - -, Cq are real numbers, then the sum ¢, + cp41 + - -+ + ¢4 may be denoted by Zzzp Ck

Using this summation notation, we may write the desired conclusion as >°7_; &k = in(n + 1).)
(Solution ).34.2.)

It is essentially obvious that there is nothing crucial about starting inductions with n = 1. Let
m be any integer and P(n) be a proposition concerning integers n > m. If we prove that P(m) is
true and that P(n+1) is true whenever P(n) is true and n > m, then we may conclude that P(n) is
true for all n > m. [Proof: Apply corollary I.1.9 to the proposition @ where Q(n) = P(n+m—1).]

1.1.11. PROBLEM. Let a,b € R and m € N. Then
m—1
am —b" = (a—0b) Z akpm=k-1,

Hint. Multiply out the right hand side. This is not an induction problem.
1.1.12. PROBLEM. If r € R, r # 1, and n € N, then

Sk
T .

T1—r
Hint. Use I1.1.11

1.1.13. DEFINITION. Let m, n € N. We say that m is a FACTOR of n if n/m € N. Notice that 1
and n are always factors of n; these are the TRIVIAL FACTORS of n. The number n is COMPOSITE
if n > 1 and if it has at least one nontrivial factor. (For example, 20 has several nontrivial factors:
2, 4, 5, and 10. Therefore it is composite.) If n > 1 and it is not composite, it is PRIME. (For
example, 7 is prime; its only factors are 1 and 7.)

[.1.14. PROBLEM. Prove that if n € N and 2™ — 1 is prime, then so is n. (Hint. Prove the

contrapositive. Use problem 1.1.11.) Illustrate your technique by finding a nontrivial factor of
2403 1.

I.1.15. PROBLEM. Show that > ; k* = tn(n+1)(2n + 1) for every n € N.

[.1.16. PROBLEM. Use only the definition of N and the results given in this section to prove (a)
and (b).

(a) If m,n € N and m < n, then n —m € N. Hint. One proof of this involves an induction
within an induction. Restate the assertion to be proved as follows. For every m € N it is
true that:

if n € Nand n > m, then n —m € N. (I.1)
Prove this assertion by induction on m. That is, show that (I.1) holds for m = 1, and
then show that it holds for m = k + 1 provided that it holds for m = k. To show that
(I.1) holds for m = 1, prove that the set

J:={1}U{neN:n—-1eN}

is an inductive set.
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(b) Let n € N. There does not exist a natural number k such that n < k < n+1. Hint. Argue
by contradiction. Use part (a).

1.1.17. PROBLEM (The binomial theorem.). If z, y € R and n € N, then

(z+y)" = zn: (Z) onkyk

k=0
Hint. Use induction. Recall that 0! = 1, that n! =n(n —1)(n —2)...1 for n € N, and that

(&)

The final result of this section is the principle of well-ordering. 1t asserts that every nonempty
subset of the natural numbers has a smallest element.

for 0 <k <n.

1.1.18. PROPOSITION. If ) # K C N, then there exists a € K such that a < k for every k € K.

PROOF. Exercise. Hint. Assume that K has no smallest member. Show that this implies
K = () by proving that the set

J={neN:n<kforevery k € K}
is inductive. In the inductive step problem 1.1.16(b) may prove useful. (Solution ).34.3.)

[.1.19. PROBLEM. (This slight modification of the principle of mathematical induction is oc-
casionally useful.) Let P(n) be a proposition concerning the natural number n. If P(n) is true
whenever P(k) is true for all £ € N such that k¥ < n, then P(n) is true for all n. Hint. Use the
well-ordering principle.






APPENDIX J

LEAST UPPER BOUNDS AND GREATEST LOWER BOUNDS

The last axiom for the set R of real numbers is the least upper bound axiom. Before stating it
we make some definitions.

J.1. UPPER AND LOWER BOUNDS

J.1.1. DEFINITION. A number u is an UPPER BOUND for a set A of real numbers if © > a for
every a € A. If the set A has at least one upper bound, it is said to be BOUNDED ABOVE. Similarly,
v is & LOWER BOUND for A if v < a for every a € A, and a set with at least one lower bound
is BOUNDED BELOW. The set A is BOUNDED if it is bounded both above and below. (Perhaps it
should be emphasized that when we say, for example, that A has an upper bound we mean only
that there is a real number u which is greater than or equal to each member of A; we do not mean
that u necessarily belongs to A—although of course it may.)

J.1.2. EXAMPLE. The set A = {x € R: |z — 2| < 5} is bounded.
PROOF. Problem.

J.1.3. EXAMPLE. The open interval (—1,1) has infinitely many upper bounds. In fact, any set
which is bounded above has infinitely many upper bounds.

PROOF. Problem.
J.1.4. EXAMPLE. The set A = {x € R: 23 — 2 < 0} is not bounded.

PROOF. Problem.

J.2. LEAST UPPER AND GREATEST LOWER BOUNDS

J.2.1. DEFINITION. A number ¢ is the SUPREMUM(or LEAST UPPER BOUND) of a set A if:

(1) ¢ is an upper bound for A, and
(2) ¢ < u whenever u is an upper bound for A.
If ¢ is the least upper bound of A, we write £ = sup A. Similarly, a lower bound g of a set is the
INFIMUM (or GREATEST LOWER BOUND) of a set A if it is greater than or equal to every lower bound
of the set. If g is the greatest lower bound of A, we write g = inf A.
If A is not bounded above (and consequently, sup A does not exist), then it is common practice
to write sup A = oco. Similarly, if A is not bounded below, we write inf A = —o0.

CAUTION. The expression “sup A = 00” does mot mean that sup A exists and equals some
object called oco; it does mean that A is not bounded above.

It is clear that least upper bounds and greatest lower bounds, when they exist, are unique. If,
for example, ¢ and m are both least upper bounds for a set A, then £ < m and m < ¢; so £ = m.

J.2.2. DEFINITION. Let A C R. If there exists a number M belonging to A such that M > a for
every a € A), then this element is the LARGEST ELEMENT (or GREATEST ELEMENT, or MAXIMUM )
of A. We denote this element (when it exists) by max A.

Similarly, if there exists a number m belonging to A such that m < a for every a € A), then
this element is the SMALLEST ELEMENT (or LEAST ELEMENT, or MINIMUM) of A. We denote this
element (when it exists) by min A.
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J.2.3. EXAMPLE. Although the largest element of a set (when it exists) is always a least upper
bound, the converse is not true. It is possible for a set to have a least upper bound but no maximum.
The interval (—2,3) has a least upper bound (namely, 3), but it has no largest element.

J.2.4. ExampLE. If A = {z € R: |z| < 4}, then inf A = —4 and sup A = 4. But A has no
maximum or minimum. If B = {|z|: x < 4}, then inf B = 0 but sup B does not exist. (It is correct
to write sup B = co.) Furthermore, B has a smallest element, min B = 0, but no largest element.

Incidentally, the words “maximum”, “supremum”, “minimum”, and “infimum” are all singular.
The preferred plurals are, respectively, “maxima’”, “suprema”, “minima”, and “infima”.
J.2.5. PROBLEM. For each of the following sets find the least upper bound and the greatest
lower bound (if they exist).
(a) A={x eR: |z —3| <5}
(b) B={lx —3|: z < 5}.
(¢) C ={|z—3|: x> 5}
J.2.6. PROBLEM. Show that the set P of positive real numbers has an infimum but no smallest
element.
J.2.7. EXERCISE. Let f(x) = 2% — 4x + 3 for every x € R, let A = {z: f(x) < 3}, and let
B={f(z): z < 3}.
(a) Find sup A and inf A (if they exist).
(b) Find sup B and inf B (if they exist).
(Solution Q.35.1.)

5
J.2.8. EXAMPLE. Let A = {ZL‘ eR: i 3> O}. Then sup A = max A = 14/3, inf A = 3,

and min A does not exist.
PROOF. Problem.
J.2.9. EXAMPLE. Let f(z) = —5 +sinx for z eR.

(a) If A= {f(z): « € R}, then inf A = —3 and sup A =
(b) If B={|f(x)|: = € R}, then me—Oand sup B =

w‘ww\r—‘

ProOOF. Problem.

J.2.10. EXAMPLE. Let f(z) =2* —2for 0 <z < 1.
(a) f A={f(x): 0 <z <1}, theninf A =—2 and supA = —1.
(b) If B={|f(x)|: 0 <z < 1}, then inf B =1 and sup B = 2.

PROOF. Problem.

J.2.11. EXAMPLE. Let f(z) =22 — 1 for0 <2 <1.

(a) If A= {f(z): 0 <2 <1}, theninfA=—71 and supA =
(b) If B={|f(x)|: 0 <z <1}, then inf B = 0 and sup B =

”;‘“Mw

PROOF. Problem.

J.2.12. PROBLEM. Let f(x) = —42? — 4z + 3 for every # € R, let A = {z € R: f(z) > 0}, and
let B={f(z): —2<z <2}
(a) Find sup A and inf A (if they exist).
(b) Find sup B and inf B (if they exist).

J.2.13. PROBLEM. For ¢ > 0 define a function f on [0, 00) by f(z) = ze~“*. Find sup{|f(z)|: = > 0}.

J.2.14. PROBLEM. For each n = 1,2,3,.. ., define a function f, on R by fu(z) = % For
n
each n € Nlet A, = {fn(z): z € R}. For each n find inf A,, and sup 4,,.
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J.3. THE LEAST UPPER BOUND AXIOM FOR R

We now state our last assumption concerning the set R of real numbers. This is the least upper
bound (or order completeness) azxiom.

J.3.1. Axiom (VII). Every nonempty set of real numbers which is bounded above has a least
upper bound.

J.3.2. NOTATION. If A and B are subsets of R and « € R, then
A+B:={a+b:a€ Aandbec B},

AB :={ab: a € Aand b € B},
aB :={a}B ={ab: b € B},and

—A:=(-1)A={-a:a€ A}.

J.3.3. PROPOSITION. If A is a nonempty subset of R which is bounded below, then A has a
greatest lower bound. In fact,

inf A = —sup(—A).

PROOF. Let b be a lower bound for A. Then since b < a for every a € A, we see that —b > —a
for every a € A. This says that —b is an upper bound for the set —A. By the least upper bound
aziom (J.3.1) the set —A has a least upper bound, say ¢. We show that —/ is the greatest lower
bound for A. Certainly it is a lower bound [¢ > —a for all a € A implies —¢ < a for all a € A].

Again letting b be an arbitrary lower bound for A, we see, as above, that —b is an upper bound
for —A. Now £ < —b, since ¢ is the least upper bound for —A. Thus —¢ > b. We have shown

infA=—¢=—sup(—A).

J.3.4. COROLLARY. If A is a nonempty set of real numbers which is bounded above, then
sup A = —inf(—A).

PRrOOF. If A is bounded above, then —A is bounded below. By the preceding proposition
inf(—A) = —sup A. O

J.3.5. PROPOSITION. Suppose ) # A C B C R.

(a) If B is bounded above, so is A and sup A < sup B.
(b) If B is bounded below, so is A and inf A > inf B.

PRrRooOF. Problem.

J.3.6. PROPOSITION. If A and B are nonempty subsets of R which are bounded above, then
A+ B is bounded above and
sup(A+ B) =sup A +supB.

PROOF. Problem. Hint. It is easy to show that if ¢ is the least upper bound for A and m is
the least upper bound for B, then £ 4+ m is an upper bound for A + B.

One way to show that £ + m is the least upper bound for A + B, is to argue by contradiction.
Suppose there exists an upper bound w for A + B which is strictly less than ¢ + m. Find numbers
a in A and b in B which are close enough to £ and m, respectively, so that their sum exceeds u.

An even nicer proof results from taking u to be an arbitrary upper bound for A+ B and proving
directly that £ + m < w. Start by observing that u — b is an upper bound for A for every b € B,
and consequently [ < u — b for every b € B.

J.3.7. PROPOSITION. If A and B are nonempty subsets of [0,00) which are bounded above, then
the set AB is bounded above and

sup(AB) = (sup A)(sup B) .
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ProOF. Exercise. Hint. The result is trivial if A = {0} or if B = {0}. So suppose that both A
and B contain elements strictly greater than 0, in which case ¢ :=sup A > 0 and m :=sup B > 0.
Show that the set AB is bounded above. (If x € AB, there exist a € A and b € B such that
x = ab.) Then AB has a least upper bound, say c¢. To show that fm < ¢, assume to the contrary
that ¢ < ¢m. Let ¢ = ¢m — c. Since /¢ is the least upper bound for A, we may choose a € A so
that a > ¢ — €(2m)~!. Having chosen this a, explain how to choose b € B so that ab > fm — e.
(Solution ).35.2.)

J.3.8. PROPOSITION. If B is a nonempty subset of [0, 00) which is bounded above and if o > 0,
then aB is bounded above and
sup(aB) = asup B.

PROOF. Problem. Hint. This is a very easy consequence of one of the previous propositions. [

J.4. THE ARCHIMEDEAN PROPERTY

One interesting property that distinguishes the set of real numbers from many other ordered
fields is that for any real number a (no matter how large) and any positive number ¢ (no matter
how small) it is possible by adding together enough copies of € to obtain a sum greater than a.
This is the Archimedean property of the real number system. It is an easy consequence of the order
completeness of the reals; that is, it follows from the least upper bound axiom(J.3.1).

J.4.1. PROPOSITION (The Archimedean Property of R). If a € R and € > 0, then there exists
n € N such that ne > a.

PROOF. Problem. Hint. Argue by contradiction. Assume that the set A := {ne: n belongs to N}
is bounded above.

It is worth noting that the preceding proposition shows that the set N of natural numbers is
not bounded above. [Take € = 1.]

Another useful consequence of the least upper bound aziom is the existence of n'® roots of
numbers a > 0. Below we establish the existence of square roots; but the proof we give can be
modified without great difficulty to show that every number a > 0 has an n'? root (see project J.4.5).

J.4.2. PROPOSITION. Let a > 0. There exists a unique number x > 0 such that % = a.

PROOF. Exercise. Hint. Let A = {t > 0: t*> < a}. Show that A is not empty and that it is
bounded above. Let z = sup A. Show that assuming 22 < a leads to a contradiction. [Choose ¢ in
(0,1) so that € < 3 *272(a — 2%) and prove that z(1 + ¢) belongs to A.] Also show that assuming
2?2 > a produces a contradiction. [Choose € in (0, 1) so that € < (3a)~!(2% — a), and prove that the
set AN (z(1+€)~! z) is not empty. What can be said about z(1+ €)~'?] (Solution Q.35.3.)

J.4.3. NOTATION. The unique number x guaranteed by the preceding proposition is denoted by
1 1
Va or by az. Similarly, n*" roots are denoted by either /a or an.

J.4.4. PROBLEM. Prove the following properties of the square root function.

(a) If z,y > 0, then /Ty = \/z,/y.

(b) If 0 < & < y, then \/z < ,/y. Hint. Consider (,/y)? — (v/z)*.
(c) If 0 <z < 1, then 2% < z and z < /.

(d) If > 1, then = < 2% and /7 < .

J.4.5. PROBLEM. Restate the assertions of the preceding problem for n'! roots (and n*® powers).
Explain what alterations in the proofs must be made to accommodate this change.

J.4.6. DEFINITION. Let x € R. The ABSOLUTE VALUE of x, denoted by |z|, is defined to be
V2. In light of the preceding proposition it is clear that if z > 0, then |z| = z; and if < 0, then
|| = —z. From this observation it is easy to deduce two standard procedures for establishing an
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inequality of the form |z| < ¢ (where ¢ > 0). One is to show that #2 < ¢?. The other is to show
that —¢ < = < ¢ (or what is the same thing: that both < ¢ and —z < ¢ hold). Both methods
are used extensively throughout the text, especially in chapter 3 when we discuss continuity of real
valued functions.

J.4.7. PROBLEM. Prove that if a, b € R, then
(a) |ab| = |al [b];
(b) |a+b| < |a| + |b|; and
(©) [lal = [b]] < |a —b].

J.4.8. PROBLEM. Prove that if a, b € R, then |ab| < (a® + b%). Hint. Consider the square of
a —band of a +b.






APPENDIX K

PRODUCTS, RELATIONS, AND FUNCTIONS

K.1. CARTESIAN PRODUCTS

Ordered pairs are familiar objects. They are used among other things for coordinates of points
in the plane. In the first sentence of chapter B it was promised that all subsequent mathematical
objects would be defined in terms of sets. So here just for the record is a formal definition of
“ordered pair”.

K.1.1. DEFINITION. Let x and y be elements of arbitrary sets. Then the ORDERED PAIR (z,y)
is defined to be {{z,y},{z}}. This definition reflects our intuitive attitude: an ordered pair is a set
{z,y} with one of the elements, here z, designated as being “first”. Thus we specify two things:

{z,y} and {«}.
Ordered pairs have only one interesting property: two of them are equal if and only if both

their first coordinates and their second coordinates are equal. As you will discover by proving the
next proposition, this fact follows easily from the definition.

K.1.2. PROPOSITION. Let x, y, u, and v be elements of arbitrary sets. Then (z,y) = (u,v) if
and only if x = u and y = v.

PrOOF. Exercise. Hint. Do not assume that the set {x,y} has two elements. If x = y, then
{z,y} has only one element. (Solution ().36.1.)

K.1.3. PROBLEM. Asked to define an “ordered triple”, one might be tempted to try a definition
analogous to the definition of ordered pairs: let (a,b,c) be {{a,b,c},{a,b},{a}}. This appears to
specify the entries, to pick out a “first” element, and to identify the “first two” elements. Explain
why this won’t work. (See K.1.8 for a definition that does work.)

K.1.4. DEFINITION. Let S and T be sets. The CARTESIAN PRODUCT of S and T, denoted by
S x T, is defined to be {(z,y): € S and y € T'}. The set S x S is often denoted by S2.

K.1.5. EXAMPLE. Let S = {1,z} and T' = {x,y, z}. Then

SxT={(1,2),(1,y),1,2), (2, 2),(2,y), (z,2)}.
K.1.6. PROBLEM. Let S = {0,1,2} and T' = {1, 2,3}. List all members of (T"x S)\ (S x T).

K.1.7. PROBLEM. Let S, T, U, and V be sets. Then
(a) (SxT)NUxV)=(SNU) x (TNV);
(b) (SxTHYUU xV)C(SUU) x (T'UV); and
(c) equality need not hold in (b).

The proofs of (a) and (b) in the preceding problem are not particularly difficult. Nonetheless,
before one can write down a proof one must have a conjecture as to what is true. How could we
have guessed initially that equality holds in (a) but not in (b)? The answer is, as it frequently
is in mathematics, by looking at pictures. Try the following: Make a sketch where S and U are
overlapping intervals on the z-axis and T' and V are overlapping intervals on the y-axis. Then S xT
and U x V are overlapping rectangles in the plane. Are not (a) and (b) almost obvious from your
sketch?

We will also have occasion to use ordered n-tuples and n-fold Cartesian products for n greater
than 2.
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K.1.8. DEFINITION. Let n > 3. We define ORDERED n-TUPLES inductively. Suppose ordered
(n — 1)-tuples (ml, . ,xn_l) have been defined. Let (ml, e ,xn) = ((331, e xn_l),xn). An easy
inductive proof shows that (371, ey xn) = (yl, e ,yn) if and only if zp =y, for k=1,...,n.

K.1.9. DEFINITION. If S1,...,S, are sets, we define the CARTESIAN PRODUCT Sp X -+ X Sy
to be the set of all ordered n-tuples (xl, ..., Tp) where zp € S for 1 < k < n. We write S" for
S x -+ xS (n factors).

K.1.10. ExaMPLE. The n-fold Cartesian product of the set R of real numbers is the set R™ of
all n-tuples of real numbers and is often called (Euclidean) n-space.

K.2. RELATIONS

Calculus is primarily about functions. We differentiate functions, we integrate them, we rep-
resent them as infinite series. A function is a special kind of relation. So it is convenient before
introducing functions to make a few observations concerning the more general concept—relations.

K.2.1. DEFINITION. A RELATION from a set S to a set T is a subset of the Cartesian product
S xT. A relation from the set S to itself is often called a relation on S or a relation among members

of S.

There is a notational oddity concerning relations. To indicate that an ordered pair (a, b) belongs
to a relation R C S x T, we almost always write something like aRb rather than (a,b) € R, which
we would expect from the definition. For example, the relation “less than” is a relation on the
real numbers. (We discussed this relation in appendix H.) Technically then, since < is a subset
of R x R, we could (correctly) write expressions such as (3,7) €<. Of course we don’t. We write
3 < 7 instead. And we say, “3 is less than 7”, not “the pair (3,7) belongs to the relation less than”.
This is simply a matter of convention; it has no mathematical or logical content.

K.3. FUNCTIONS

Functions are familiar from beginning calculus. Informally, a function consists of a pair of sets
and a “rule” which associates with each member of the first set (the domain) one and only one
member of the second (the codomain). While this informal “definition” is certainly adequate for
most purposes and seldom leads to any misunderstanding, it is nevertheless sometimes useful to
have a more precise formulation. This is accomplished by defining a function to be a special type
of relation between two sets.

K.3.1. DEFINITION. A FUNCTION f is an ordered triple (S,7,G) where S and T are sets and
G is a subset of S x T satisfying:

(1) for each s € S there is a t € T such that (s,t) € G, and

(2) if (s,t1) and (s,t2) belong to G, then t; = to.
In this situation we say that f is a function from S into T (or that f maps S into T') and write
f:S — T. The set S is the DOMAIN (or the INPUT SPACE) of f. The set T is the CODOMAIN
(or TARGET SPACE, or the OUTPUT SPACE) of f. And the relation G is the GRAPH of f. In order
to avoid explicit reference to the graph G it is usual to replace the expression “(x,y) € G” by
“y = f(x)”; the element f(z) is the IMAGE of x under f. In this text (but not everywhere!) the
words “transformation”, “map”, and “mapping” are synonymous with “function”. The domain of

f is denoted by dom f.

K.3.2. EXAMPLE. There are many ways of specifying a function. Statements (1)—(4) below

define exactly the same function. We will use these (and other similar) notations interchangeably.

(1) For each real number x we let f(z) = 2.

(2) Let f = (S,T,G) where S =T =R and G = {(z,2%): z € R}.
(3) Let f: R — R be defined by f(z) = 22.
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(4) Consider the function f: R — R: 2 +— 22,

K.3.3. NoTATION. If S and T are sets we denote by F(S,T) the family of all functions from S
into T'.

K.3.4. CONVENTION. A REAL VALUED function is a function whose codomain lies in R. A
function OF A REAL VARIABLE is a function whose domain is contained in R. Some real valued
functions of a real variable may be specified simply by writing down a formula. When the domain
and codomain are not specified, the understanding is that the domain of the function is the largest
set of real numbers for which the formula makes sense and the codomain is taken to be R.

In the case of real valued functions on a set S, we frequently write F(.5) instead of F(S,R).

K.3.5. EXAMPLE. Let f(z) = (2% + 2)~!. Since this formula is meaningful for all real numbers
except —1 and 0, we conclude that the domain of f is R\ {—1,0}.

K.3.6. EXAMPLE. Let f(x) = (22 + 2)~! for > 0. Here the domain of f is specified: it is the
interval (0, 00).
K.3.7. EXERCISE. Let f(z) = (1 —2(1+ (1 —2)~H)~1)~L
(a) Find f(3).
(b) Find the domain of f.
(Solution ).36.2.)

K.3.8. EXERCISE. Let f(z) = (—22 — 42 — 1)~'/2, Find the domain of f. (Solution ).36.3.)
K.3.9. PROBLEM. Let f(z)=(1—(2+ B — (1+a)~H~ =)~

(a) Find f(3).

(b) Find the domain of f.
K.3.10. PROBLEM. Let f(z) = (—2? — 7z — 10)~1/2.

(a) Find f(-3).

(b) Find the domain of f.

x2—4

K.3.11. PROBLEM. Let f(z) = —————
o= =

. Find the domain of f. Express your answer as a
union of intervals.

K.3.12. PROBLEM. Explain carefully why two functions f and g are equal if and only if their
domains and codomains are equal and f(x) = g(z) for every z in their common domain.






APPENDIX L

PROPERTIES OF FUNCTIONS

L.1. IMAGES AND INVERSE IMAGES

L.1.1. DEFINITION. If f: S — T and A C S, then f—(A), the IMAGE of A under f,is {f(z): x €
A}. It is common practice to write f(A) for f~(A). The set f(5) is the RANGE (or IMAGE) of f;
usually we write ran f for f—(.5).

L.1.2. EXERCISE. Let

-1, for x < —2
f(z) = 7T—2% for—2<z<1

1

-, forx > 1

x

and A = (—4,4). Find f~(A). (Solution ).37.1.)
L.1.3. EXERCISE. Let f(x) = 32* 4 42® — 3622 4 1. Find ran f. ( Solution Q.37.2.)

L.1.4. DEFINITION. Let f: S — T and B C T. Then f~(B), the INVERSE IMAGE of B under f,
is {r € S: f(x) € B}. In many texts f—(B) is denoted by f~!(B). This may cause confusion by
suggesting that functions always have inverses (see section M.2 of chapter M).

L.1.5. EXERCISE. Let f(x) = arctanz and B = (7,2). Find f~(B). (Solution Q.37.3.)

L.1.6. EXERCISE. Let f(z) = —v9 — 22 and B = (1,3). Find f“(B). (Solution Q.37.4.)

L.1.7. PROBLEM. Let
—x —4, forz <0
flx) =< 22 +3, for 0 <x <2
(z—1)7Y forax>2
and A = (—3,4). Find f7(A).

L.1.8. PROBLEM. Let f(z) =4 — 22 and B = (1,3]. Find f—(B).

L.1.9. PROBLEM. Let f(x) = ’

1—az
(a) Find f([0,a]) for a > 0.
(b) Find f~([~5,—3).

L.1.10. PROBLEM. Let f(z) = —2? + 4arctanz. Find ran f.

L.1.11. PROBLEM. Let

8 +2x — a2, forax>1.

f(x):{x—i—l, forx <1

Let A= (-2,3) and B =[0,1]. Find f~(A) and f—(B).
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L.2. COMPOSITION OF FUNCTIONS

Let f: S — T and g: T — U. The cOMPOSITE of g and f, denoted by g o f, is the function
taking S to U defined by
(g0 f)(x) = g(f(z))
for all z in S. The operation o is COMPOSITION. We again make a special convention for real valued
functions of a real variable: The domain of g o f is the set of all x in R for which the expression
g(f(x)) makes sense.

L.2.1. EXAMPLE. Let f(z) = (z—1)"! and g(x) = \/z. Then the domain of go f is the interval
(1,00), and for all z in that interval
1

(90 1)) = 9/ @) = ——-

PRrROOF. The square root of x — 1 exists only when z > 1; and since we take its reciprocal, we
exclude z = 1. Thus dom(g o f) = (1, 00). O

L.2.2. EXERCISE. Let
0, forz<O

fx) =43z, for0< oz <2
2 for x > 2
and

x fry
9(x) otherwise.

22, forl<az<3
L,
5.)

Sketch the graph of g o f. (Solution ().37.
L.2.3. PROPOSITION. Composition of functions is associative but not necessarily commutative.

PrOOF. Exercise. Hint. Let f: S — T, g: T — U, and h: U — V. Show that ho (go f) =
(hog)o f. Give an example to show that f o g and g o f may fail to be equal. (Solution ).37.6.

)
L.2.4. PROBLEM. Let f(x) = 224227, g(x) = 2(22+3)~!, and h(z) = v22. Find (hogo f)(4).

L.2.5. PROBLEM. If f: S — T and g: T — U, then
(a) (g0 f)~(A) = g~ (f(A)) for every A C S.
(b) (90 f)~(B) = f~ (97 (B)) for every B C U.

L.3. The IDENTITY FUNCTION

The family of all functions mapping a set S into a set T is denoted by F(S,T). One member
of F(S,S) is particularly noteworthy, the IDENTITY FUNCTION on S. It is defined by

Ig: S— S:z— x.

When the set S is understood from context, we write I for Ig.
The identity function is characterized algebraically by the conditions:

if f: R— S, then Igo f=f
and
ifg: S — T, thengolg=g.
L.3.1. DEFINITION. More general than the identity function are the inclusion maps. If A C S,
then the INCLUSION MAP taking A into S is defined by
tas A= Six— .

When no confusion is likely to result, we abbreviate ¢4 g to ¢. Notice that g g is just the identity
map Ig.
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L.4. DIAGRAMS

It is frequently useful to think of functions as arrows in diagrams. For example, the situation
ffR—=S h:R—T,j:T—U,g:S— U may be represented by the following diagram.

f
R S
h g
T , U
J
The diagram is said to COMMUTE if joh =g o f.
Diagrams need not be rectangular. For instance,
R
f k
S T

is a commutative diagram if k =go f.

L.4.1. EXAMPLE. Here is a diagrammatic way of stating the associative law for composition of
functions. If the triangles in the diagram

commute, then so does the rectangle.

L.5. RESTRICTIONS AND EXTENSIONS

If f: S — T and A C S, then the RESTRICTION of f to A, denoted by f’A, is the function
fot,s. That is, it is the mapping from A into T" whose value at each z in A is f(x).

Suppose that g: A — T and A C S. A function f: S — T is an EXTENSION of g to S if f}A =g,
that is, if the diagram

commutes.






APPENDIX M

FUNCTIONS WHICH HAVE INVERSES

M.1. INJECTIONS, SURJECTIONS, AND BIJECTIONS

A function f is INJECTIVE (or ONE-TO-ONE) if z = y whenever f(z) = f(y). That is, f is
injective if no two distinct elements in its domain have the same image. For a real valued function
of a real variable this condition may be interpreted graphically: A function is one-to-one if and
only if each horizontal line intersects the graph of the function at most once. An injective map is
called an INJECTION.

M.1.1. ExAMPLE. The sine function is not injective (since, for example, sin0 = sin ).

2
M.1.2. EXAMPLE. Let f(x) = 3x + 5 The function f is injective.

PRrROOF. Exercise. (See ).38.1.)

M.1.3. EXERCISE. Find an injective mapping from {z € Q: x > 0} into N. (Solution Q).38.2.)

2¢ — 5
T 3z+4
M.1.5. PROBLEM. Let f(z) = 222 — 2 — 15. Show that f is not injective.

M.1.4. PROBLEM. Let f(x)

. Show that f is injective.

M.1.6. PROBLEM. Let f(z) = 23 — 222 + 2 — 3. Is f injective?
M.1.7. PROBLEM. Let f(z) = 23 — 2? + o — 3. Is f injective?
M.1.8. DEFINITION. A function is SURJECTIVE (or ONTO) if its range is equal to its codomain.

M.1.9. EXAMPLE. Define f: R — R by f(x) = 22 and g: R — [0,00) by g(z) = 2. Then the
function g is surjective while f is not (even though the two functions have the same graph!).

M.1.10. EXERCISE. Find a surjection (that is, a surjective map) from [0, 1] onto [0, c0). (Solu-
tion Q.38.3.)

M.1.11. DEFINITION. A function is BIJECTIVE if it is both injective and surjective. A bijective
map is called a BIJECTION or a ONE-TO-ONE CORRESPONDENCE.

M.1.12. EXERCISE. Give an explicit formula for a bijection between Z and N. (Solution ().38.4.)

M.1.13. EXERCISE. Give an explicit formula for a bijection between R and the open inter-
val (0,1). (Solution ().38.5.)

M.1.14. EXERCISE. Give a formula for a bijection between the interval [0, 1) and the unit circle
22 4+ y% =1 in the plane. (Solution ).38.6.)

M.1.15. EXERCISE. Let f: [1,2] — [0, 3] be defined by f(z) = 1/z. Find an extension g of f to
the interval [0, 3] such that g: [0,3] — [0, 3] is a bijection. (Solution ).38.7.)

M.1.16. EXERCISE. Let f: R — [—1,1] be defined by f(z) = sinz. Find a set A C R such that
the restriction of f to A is a bijection from A onto [—1,1]. (Solution ).38.8.)

M.1.17. PROBLEM. Let f: S — T and ¢g: T'— U. Prove the following.
(a) If f and g are injective, so is g o f.
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268 M. FUNCTIONS WHICH HAVE INVERSES
(b) If f and g are surjective, so is g o f.
(c) If f and g are bijective, so is go f.

M.1.18. PROBLEM. Find a bijection between the open intervals (0,1) and (—8,5). Prove that
the function you use really is a bijection between the two intervals.

M.1.19. PrROBLEM. Find a bijection between the open intervals (0,1) and (3,00). (Proof not
required.)

M.1.20. PROBLEM. Find a bijection between the interval (0,1) and the parabola y = 2?2 in the
plane. (Proof not required.)

M.1.21. PROBLEM. Let f: [1,2] — [0,11] be defined by f(z) = 32 — 1. Find an extension g of
f to [0, 3] which is a bijection from [0, 3] onto [0, 11]. (Proof not required.)

It is important for us to know how the image f— and the inverse image f~ of a function f
behave with respect to unions, intersections, and complements of sets. The basic facts are given
in the next 10 propositions. Although these results are quite elementary, we make extensive use of
them in studying continuity.

M.1.22. PROPOSITION. Let f: S — T and BCT.

(a) /7 (f~(B)) € B.
(b) Equality need not hold in (a).
(¢) Equality does hold in (a) if f is surjective.

ProOF. Exercise. (Solution (3.38.9.)

M.1.23. PROPOSITION. Let f: S — T and ACS.

(a) AC f=(f7(A)).
(b) Equality need not hold in (a).
(¢) Equality does hold in (a) if f is injective.

PROOF. Problem.

M.1.24. PROBLEM. Prove the converse of proposition M.1.23. That is, show that if f: S — T
and f~(f7(A)) = A for all A C S, then f is injective. Hint. Suppose f(z) = f(y). Let A = {x}.
Show that y € f~(f~(4)).

M.1.25. PROPOSITION. Let f: S — T and A,B C S. Then
f7(AUB) = f7(A) U f7(B).

PRrROOF. Exercise. (Solution ).38.10.)

M.1.26. PROPOSITION. Let f: S — T and C, D CT. Then
f(CcuD)=f(C)uf (D).

PrOOF. Problem.

M.1.27. PROPOSITION. Let f: S — T and C, D CT. Then
f(@nD)=f(C)nf (D).

PRrOOF. Exercise. (Solution ().38.11.)

M.1.28. PROPOSITION. Let f: S —T and A, BC S.
(a) f7(ANB) C f7(A)Nf7(B).
(b) Equality need not hold in (a).
(¢) Equality does hold in (a) if f is injective.

PRrROOF. Problem.
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M.1.29. PROPOSITION. Let f: S — T and D CT. Then
f7(D%) = (f~(D))°.
PROOF. Problem.

M.1.30. PROPOSITION. Let f: S — T and AC S.
(a) If f is injective, then f~(A°) C (f~(A))".
(b) If f is surjective, then f~(A°) D (f~(A))".
(c) If f is bijective, then f~(A%) = (f~(A))".

PROOF. Problem. Hints. For part (a), let y € f~(A°). To prove that y € (f~(A))°, assume
to the contrary that y € f~(A) and derive a contradiction. For part (b), let y € (f7(A))". Since
f is surjective, there exists € S such that y = f(x). Can x belong to A?.

M.1.31. PROPOSITION. Let f: S — T and 2 C P(S9).
(a) f7(N2) SN (A): AeA}.
(b) If f is injective, equality holds in (a).
(@ f7UA) =ULr(A): AeA.

PrOOF. Exercise. (Solution (.38.12.)

M.1.32. PROPOSITION. Let f: S — T and B C B(T).

(a) f7(NB) ={f"(B): BeB}.
(b) F=(UB) =U{f~(B): B € B}.

PRrRoOOF. Problem.

M.2. INVERSE FUNCTIONS

Let f: S—>Tand g: T — S. If go f = Ig, then g is a LEFT INVERSE of f and, equivalently,
f is a RIGHT INVERSE of g. We say that f is INVERTIBLE if there exists a function from 7' into
S which is both a left and a right inverse for f. Such a function is denoted by f~! and is called
the INVERSE of f. (Notice that the last “the” in the preceding sentence requires justification. See
proposition M.2.1 below.) A function is INVERTIBLE if it has an inverse. According to the definition
just given, the inverse f~! of a function f must satisfy

fof7=Ir and [Trof=Is.

A simple, but important, consequence of this is that for an invertible function, y = f(z) if and
only if z = f~1(y). [Proof: if y = f(z), then f~(y) = f~1(f(z)) = Is(x) = x. Conversely, if
z = f"!(y), then f(z) = f(f'(y)) = Ir(y) = y]

M.2.1. PROPOSITION. A function can have at most one inverse.
PRrOOF. Exercise. (Solution ).38.13.)

M.2.2. PROPOSITION. If a function has both a left inverse and a right inverse, then the left and
right inverses are equal (and therefore the function is invertible).

PROOF. Problem.

M.2.3. EXERCISE. The arcsine function is defined to be the inverse of what function? (Hint.
The answer is not sine.) What about arccosine? arctangent? (Solution (3.38.14.)

The next two propositions tell us that a necessary and sufficient condition for a function to have
right inverse is that it be surjective and that a necessary and sufficient condition for a function to
have a left inverse is that it be injective. Thus, in particular, a function is invertible if and only if
it is bijective. In other words, the invertible members of F(S,T') are the bijections.
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M.2.4. PROPOSITION. Let S # 0. A function f: S — T has a right inverse if and only if it is
surjective.

PRrOOF. Exercise. (Solution ).38.15.)

M.2.5. PROPOSITION. Let S # 0. A function f: S — T has a left inverse if and only if it is
njective.

ProOF. Problem.
M.2.6. PROBLEM. Prove: if a function f is bijective, then (f_l)‘_ = f.

b
M.2.7. PROBLEM. Let f(x) = ax—_‘l:d where a, b, ¢, d € R and not both ¢ and d are zero.
cx

(a) Under what conditions on the constants a, b, ¢, and d is f injective?
(b) Under what conditions on the constants a,b,c, and d is f its own inverse?



APPENDIX N

PRODUCTS

The Cartesian product of two sets, which was defined in appendix K, is best thought of not just
as a collection of ordered pairs but as this collection together with two distinguished “projection”
mappings.

N.1.1. DEFINITION. Let S; and Sy be nonempty sets. For & = 1, 2 define the COORDINATE
PROJECTIONS 7 : S X So — Sk by mi(s1, $2) = sk. We notice two simple facts:

(1) m and 79 are surjections; and
(2) z = (m1(z),m2(2)) for all z € S1 x So.

If T is a nonempty set and if g: T'— S} and h: T — Ss, then we define the function (g,h) : T —
Sl X Sg by
(g, h)(t) = (9(2), h()) -

N.1.2. EXAMPLE. If g(t) = cost and h(t) = sint, then (g, h) is a map from R to the unit circle
in the plane. (This is a parametrization of the unit circle.)

N.1.3. DEFINITION. Let S7, S2, and T be nonempty sets and let f: T — 57 x Sy. For k=1, 2
we define functions f*: T — S, by f¥ = w0 f; these are the COMPONENTS of f. (The superscripts
have nothing to do with powers. We use them because we wish later to attach subscripts to
functions to indicate partial differentiation.) Notice that f(t) = (w1 (f(t)), m2(f(t))) for all t € T,
so that

f:(ﬂ-lof77r20f):(f1af2)‘

If we are given the function f, the components f! and f? have been defined so as to make the

following diagram commute.

1<751><52*>52

On the other hand, if the functions f': T'— S; and f2: T — Sy are given, then there exists
a function f, namely (f!, f?), which makes the diagram commute. Actually, (f!, f?) is the only
function with this property, a fact which we prove in the next exercise.

N.1.4. EXERCISE. Suppose that f! € F(T,S;) and f? € F(T,S;). Then there exists a unique
function g € F(T,S1 x S2) such that m; o g = f! and ma 0 g = f2. (Solution ).39.1.)

The following problem, although interesting, is not needed elsewhere in this text, so it is listed
as optional. It says, roughly, that any set which “behaves like a Cartesian product” must be in
one-to-one correspondence with the Cartesian product.

N.1.5. PROBLEM (optional). Let Sy, S, and P be nonempty sets and pi: P — Sj be surjections.
Suppose that for every set T and every pair of functions f* € F(T,Sy) (k = 1,2), there exists a
unique function g € F(T, P) such that f¥ = pyog (k =1,2). Then there exists a bijection from P
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onto S1 x So. Hint. Consider the following diagrams.

VAR

S1 <~ S1 % Sy T S9 (N.1)
Sl X 5’2
51 P1 P p2 52 <N'2)
P
AN
|
Si=—r—P—7% =5 (N.3)

Exercise N.1.4 tells us that there exists a unique map p which makes diagram (N.1) commute,
and by hypothesis there exists a unique map 7 which makes diagram (N.2) commute. Conclude
from (N.1) and (N.2) that (N.3) commutes when g = wop. It is obvious that (N.3) commutes when
g = Ip. Then use the uniqueness part of the hypothesis to conclude that 7 is a left inverse for p.
Now construct a new diagram replacing P by S; x Se and py by 7 in (N.3).



APPENDIX O

FINITE AND INFINITE SETS

There are a number of ways of comparing the “sizes” of sets. In this chapter and the next we
examine perhaps the simplest of these, cardinality. Roughly speaking, we say that two sets have
the “same number of elements” if there is a one-to-one correspondence between the elements of
the sets. In this sense the open intervals (0,1) and (0,2) have the same number of elements. (The
map x — 2x is a bijection.) Clearly this is only one sense of the idea of “size”. It is certainly also
reasonable to regard (0,2) as being bigger than (0, 1) because it is twice as long.

We derive only the most basic facts concerning cardinality. In this appendix we discuss some
elementary properties of finite and infinite sets, and in the next we distinguish between countable
and uncountable sets. This is all we will need.

O.1.1. DEFINITION. Two sets S and 1" are CARDINALLY EQUIVALENT if there exists a bijection
from S onto 7', in which case we write S ~ T'. It is easy to see that cardinal equivalence is indeed
an equivalence relation; that is, it is reflexive, symmetric, and transitive.

0.1.2. PROPOSITION. Cardinal equivalence is an equivalence relation. Let S, T, and U be sets.
Then
(a) S~ S;
(b) if S~T, thenT ~ S; and
(c) if S~T andT ~ U, then S ~U.
PROOF. Problem.

0.1.3. DEFINITION. A set S is FINITE if it is empty or if there exists n € N such that S ~
{1,...,n}. A set is INFINITE if it is not finite. The next few facts concerning finite and infinite
sets probably appear obvious, but writing down the proofs may in several instances require a bit of
thought. Here is a question which merits some reflection: if one is unable to explain exactly why
a result is obvious, is it really obvious?

One “obvious” result is that if two initial segments {1,...,m} and {1,...,n} of the set of
natural numbers are cardinally equivalent, then m = n. We prove this next.

0O.1.4. PROPOSITION. Letn € N. If m € N and {1,...,m} ~ {1,...,n}, then m = n.
PRrOOF. Exercise. Hint. Use induction on n. (Solution ().40.1.)

0.1.5. DEFINITION. We define card (), the cardinal number of the empty set, to be 0. If S is a
nonempty finite set, then by the preceding proposition there exists only one positive integer n such
that S ~ {1,...,n}. This integer, card S, is the CARDINAL NUMBER of the set S, or the NUMBER
OF ELEMENTS in S. Notice that if S is finite with cardinal number n and T ~ S, then T is also
finite and has cardinal number n. Thus for finite sets the expressions “cardinally equivalent” and
“have the same cardinal number” are interchangeable.

0.1.6. ExaAMPLE. Let S = {a,b,c,d}. Then card S =4, since {a,b,c,d} ~ {1,2,3,4}.

One simple fact about cardinal numbers is that the number of elements in the union of two
disjoint finite sets is the sum of the numbers of elements in each.

0.1.7. PROPOSITION. If S and T are disjoint finite sets, then S UT is finite and
card(SUT) = card S + card T'.
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274 O. FINITE AND INFINITE SETS

PRrOOF. Exercise. (Solution (3.40.2.)

A variant of the preceding result is given in problem O.1.10. We now take a preliminary step
toward proving that subsets of finite sets are themselves finite (proposition O.1.9).

0.1.8. LEMMA. If C C{1,...,n}, then C is finite and card C' < n.

ProOF. Exercise. Hint. Use mathematical induction. If C C {1,...,k+1}, then C\{k+1} C
{1,...,k}. Examine the cases k+ 1 ¢ C and k + 1 € C separately. (Solution ().40.3.)

0.1.9. PROPOSITION. Let S CT. If T is finite, then S is finite and card S < cardT'.

PROOF. Problem. Hint. The case T = () is trivial. Suppose T' # (). Let ¢ : S — T be the
inclusion map of S into T' (see chapter L). There exist n € N and a bijection f: T — {1,...,n}.
Let C' =ran(f ot). The map from S to C defined by x — f(z) is a bijection. Use lemma O.1.8.)

The preceding proposition “subsets of finite sets are finite” has a useful contrapositive: “sets
which contain infinite sets are themselves infinite.”

0.1.10. PROBLEM. Let S be a set and T be a finite set. Prove that
card(T'\ S) = card T — card(T'N S).
Hint. Use problem F.3.14 and proposition O.1.7.

Notice that it is a consequence of the preceding result O.1.10 that if S C T (where T is finite),
then
card(T'\ S) = card T — card S.

How do we show that a set S is infinite? If our only tool were the definition, we would face
the prospect of proving that there does not exist a bijection from S onto an initial segment of
the natural numbers. It would be pleasant to have a more direct approach than establishing the
nonexistence of maps. This is the point of our next proposition.

0O.1.11. PROPOSITION. A set is infinite if and only if it is cardinally equivalent to a proper
subset of itself.

PrRoOOF. Exercise. Hint. Suppose a set S is infinite. Show that it is possible to choose induc-
tively a sequence of distinct elements aj,ag,as,... in S. (Suppose ai,...,a, have already been
chosen. Can S\ {ai,...,a,} be empty?) Map each ay to axy; and map each member of S which
is not an ay, to itself.

For the converse argue by contradiction. Suppose that T" ~ S where T is a proper subset of
S, and assume that S ~ {1,...,n}. Prove that S\ T ~ {1,...,p} for some p € N. Write T as
S\ (S\T) and obtain n = n — p by computing the cardinality of 7" in two ways. (Make use of
problem O.1.10.) What does n = n — p contradict? (Solution ().40.4.)

0.1.12. EXAMPLE. The set N of natural numbers is infinite.

PROOF. The map n — n + 1 is a bijection from N onto N\ {1}, which is a proper subset
of N. U

0.1.13. EXERCISE. The interval (0, 1) is infinite. (Solution ).40.5.)
0.1.14. EXAMPLE. The set R of real numbers is infinite.

The next two results tell us that functions take finite sets to finite sets and that for injective
functions finite sets come from finite sets.

0.1.15. PROPOSITION. If T is a set, S is a finite set, and f : S — T 1is surjective, then T is
finite.

PrOOF. Exercise. Hint. Use propositions M.2.4 and M.2.5. (Solution ().40.6.)
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0.1.16. PROPOSITION. If S is a set, T is a finite set, and f: S — T is injective, then S is
finite.
ProOF. Exercise. (Solution (3.40.7.)
0.1.17. PROBLEM. Let S and T be finite sets. Prove that S U T is finite and that
card(SUT) = card S + cardT — card(SNT).
Hint. Use problem O.1.10.

0.1.18. PROBLEM. If S is a finite set with cardinal number n, what is the cardinal number

of B(S)?






APPENDIX P

COUNTABLE AND UNCOUNTABLE SETS

There are many sizes of infinite sets—infinitely many in fact. In our subsequent work we need
only distinguish between countably infinite and uncountable sets. A set is countably infinite if it is
in one-to-one correspondence with the set of positive integers; if it is neither finite nor countably
infinite, it is uncountable. In this section we present some basic facts about and examples of
both countable and uncountable sets. This is all we will need. Except for problem P.1.21, which
is presented for general interest, we ignore the many intriguing questions which arise concerning
various sizes of uncountable sets. For a very readable introduction to such matters see [7], chapter 2.

P.1.1. DEFINITION. A set is COUNTABLY INFINITE (or DENUMERABLE) if it is cardinally equiv-
alent to the set N of natural numbers. A bijection from N onto a countably infinite set S is an
ENUMERATION of the elements of S. A set is COUNTABLE if it is either finite or countably infinite.
If a set is not countable it is UNCOUNTABLE.

P.1.2. EXAMPLE. The set E of even integers in N is countable.
PrROOF. The map n — 2n is a bijection from N onto E. g

The first proposition of this section establishes the fact that the “smallest” infinite sets are the
countable ones.

P.1.3. PROPOSITION. FEvery infinite set contains a countably infinite subset.
PROOF. Problem. Hint. Review the proof of proposition O.1.11.

If we are given a set S which we believe to be countable, it may be extremely difficult to
prove this by exhibiting an explicit bijection between N and S. Thus it is of great value to know
that certain constructions performed with countable sets result in countable sets. The next five
propositions provide us with ways of generating new countable sets from old ones. In particular,
we show that each of the following is countable.

(1) Any subset of a countable set.

(2) The range of a surjection with countable domain.

(3) The domain of an injection with countable codomain.
(4) The product of any finite collection of countable sets.
(5) The union of a countable family of countable sets.

P.1.4. PROPOSITION. If S C T where T is countable, then S is countable.

PRrROOF. Exercise. Hint. Show first that every subset of N is countable. (Solution ).41.1.)
The preceding has an obvious corollary: if S C T and S is uncountable, then so is 7T'.
P.1.5. PROPOSITION. If f: S — T is injective and T is countable, then S is countable.
PROOF. Problem. Hint. Adapt the proof of proposition O.1.16.

P.1.6. PROPOSITION. If f: § — T is surjective and S is countable, then T is countable.
PrOOF. Problem. Hint. Adapt the proof of proposition O.1.15.

P.1.7. LEMMA. The set N x N is countable.
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PROOF. Exercise. Hint. Consider the map (m,n) — 2™~1(2n — 1). (Solution Q.41.2.)
P.1.8. EXAMPLE. The set Q" \ {0} = {z € Q: x > 0} is countable.

PROOF. Suppose that the rational number m/n is written in lowest terms. (That is, m and
n have no common factors greater than 1.) Define f(m/n) = (m,n). It is easy to see that the
map f: Q" \ {0} — N x N is injective. By proposition P.1.5 and the preceding lemma, Q7 is
countable. O

P.1.9. PROPOSITION. If S and T are countable sets, then so is S x T.

PROOF. Problem. Hint. Either S ~ {1,...,n} or else S ~ N. In either case there exists
an injective map f: S — N. Similarly there exists an injection g: 7' — N. Define the function

fxg: §xT —=NxNby (f xg)(z,y) = (f(),9(y)).

P.1.10. COROLLARY. If S1,...,S, are countable sets, then S| X --- X S, is countable.
PROOF. Proposition P.1.9 and induction. (|
Finally we show that a countable union of countable sets is countable.

P.1.11. PROPOSITION. Suppose that U is a countable family of sets and that each member of A
is itself countable. Then |J2U is countable.

PRrROOF. Exercise. Hint. Use lemma P.1.7 and proposition P.1.6. (Solution Q).41.3.)
P.1.12. ExaMPLE. The set Q of rational numbers is countable.

PROOF. Let A=Q" \ {0} and B=—-A = {z € Q: 2 <0}. Then Q = AUBU{0}. The set A
is countable by example P.1.8. Clearly A ~ B (the map x — —zx is a bijection); so B is countable.
Since @ is the union of three countable sets, it is itself countable by the preceding proposition. [J

By virtue of P.1.4-P.1.11 we have a plentiful supply of countable sets. We now look at an
important example of a set which is not countable.

P.1.13. EXAMPLE. The set R of real numbers is uncountable.

PrOOF. We take it to be known that if we exclude decimal expansions which end in an infinite
string of 9’s, then every real number has a unique decimal expansion. (For an excellent and thorough
discussion of this matter see Stromberg’s beautiful text on classical real analysis [11], especially
Theorem 2.57.) By (the corollary to) proposition P.1.4 it will suffice to show that the open unit
interval (0, 1) is uncountable. Argue by contradiction: assume that (0, 1) is countably infinite. (We
know, of course, from exercise O.1.13 that it is not finite.) Let 71,79,73,... be an enumeration of
(0,1). For each j € N the number r; has a unique decimal expansion

0.7“]'1 rji2T53 ... .

Construct another number x = 0.z1 2 x3 ... as follows. For each k choose x; = 1 if rp # 1 and
xp = 2 if rpp, = 1. Then x is a real number between 0 and 1, and it cannot be any of the numbers
7% in our enumeration (since it differs from rj at the k™ decimal place). But this contradicts the
assertion that r1,79,73,... is an enumeration of (0, 1). O

P.1.14. PROBLEM. Prove that the set of irrational numbers is uncountable.
P.1.15. PROBLEM. Show that if S is countable and 7" is uncountable, then 7\ S ~ T'.

P.1.16. PROBLEM. Let € be an arbitrary number greater than zero. Show that the rationals in
[0, 1] can be covered by a countable family of open intervals the sum of whose lengths is no greater
than e. (Recall that a family Y of sets is said to COVER a set A if A C [J4.) Is it possible to cover
the set Q of all rationals in R by such a family? Hint. Y oo, 27%F = 1.
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P.1.17. PROBLEM. (Definition: The OPEN DISK in R? with radius 7 > 0 and center (p,q) is
defined to be the set of all points (x,y) in R? such that (z — p)? + (y — q)?> < r2.) Prove that the
family of all open disks in the plane whose centers have rational coordinates and whose radii are
rational is countable.

P.1.18. PROBLEM. (Definition: A real number is ALGEBRAIC if it is a root of some polynomial
of degree greater than 0 with integer coefficients. A real number which is not algebraic is TRAN-
SCENDENTAL. It can be shown that the numbers 7 and e, for example, are transcendental.) Show
that the set of all transcendental numbers in R is uncountable. Hint. Start by showing that the
set of polynomials with integer coefficients is countable.

P.1.19. PROBLEM. Prove that the set of all sequences whose terms consist of only 0’s and 1’s is
uncountable. Hint. Something like the argument in example P.1.13 works.

P.1.20. PROBLEM. Let J be a disjoint family of intervals in R each with length greater than 0.
Show that J is countable.

P.1.21. ProBLEM. Find an uncountable set which is not cardinally equivalent to R. Hint. Let
F = F(R,R). Assume there exists a bijection ¢: R — F. What about the function f defined by

f@) =1+ (¢(2))(z)

for all z € R?






APPENDIX Q

SOLUTIONS TO EXERCISES

Q.1. Exercises in chapter 01

Q.1.1. SOLUTION TO 1.1.3.
Find those numbers x such that d(x, —2) < 5. In other words, solve the inequality

|z + 2| =]z — (=2)| < 5.

This may be rewritten as

—5<x+2<5,
which is the same as
—7<x<3.
Thus the points in the closed interval [—7, 3] are those that lie within 5 units of —2. t
Q.1.2. SOLUTION TO 1.1.12.
If x € Js(a), then |x — a|] < § <e. Thus z lies within € units of a; that is, x € Jc(a). O

Q.1.3. SOLUTION TO 1.2.6.

Factor the left side of the inequality 22—z —6 > 0. This yields (z+2)(z—3) > 0. This inequality
holds for those x satisfying z < —2 and for those satisfying > 3. Thus A = (—o0, —2] U [3, 00).
No neighborhood of —2 or of 3 lies in A. Thus A° = (—o0, —2) U (3,00) and A° # A. O

Q.1.4. SOLUTION TO 1.2.11.

Since AN B C A we have (AN B)° C A° by 1.2.9. Similarly, (AN B)° C B°. Thus (AN B)° C
A° N B°. To obtain the reverse inclusion take x € A° N B°. Then there exist €1,e5 > 0 such
that Je, (z) € A and J,(z) C B. Then J(x) C AN B where ¢ = min{ej, e2}. This shows that
x € (AN B)°. O

Q.1.5. SOLUTION TO 1.2.12.
Since A C |2 for every A € 2, we can conclude from proposition 1.2.9 that A° C (U Ql)o for

every A € . Thus J{A4°: A € A} C (UA)°. (See F.1.8.) O

Q.2. Exercises in chapter 02

Q.2.1. SOLUTION TO 2.1.7.

(a) Let & be a family of open subsets of R. By proposition 2.1.4 each nonempty member of
S is a union of bounded open intervals. But then (& is itself a union of bounded open intervals.
So |J & is open.

(b) We show that if S; and Sy are open subsets of R, then S1 NS5 is open. From this it follows
easily by mathematical induction that if Sy,...,S, are all open in R, then S; N---N.S, is open.
Let us suppose then that S; and S are open subsets of R. If S1 NSy = (), there is nothing to prove;
so we assume that S; NSy # (). Let 2 be an arbitrary point in S; N Ss. Since z € S; = 51°, there
exists € > 0 such that J¢, (x) C S;. Similarly, there exists e > 0 such that J,(x) C Ss. Let € be
the smaller of €; and ez. Then clearly J.(z) C S1 NSy, which shows that x is an interior point of
S1 NSy, Since every point of the set S1 NSy is an interior point of the set, S1 NSy is open. O
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Q.2.2. SOLUTION TO 2.2.5.

Since no point in R has an e-neighborhood consisting entirely of rational numbers, A° = (. If
x > 0, then every e-neighborhood of z contains infinitely many positive rational numbers. Thus
each such x belongs to A’. If x < 0, it is possible to find an e-neighborhood of z which contains no
positive rational number. Thus A’ = [0,00) and A = AU A’ = [0, 00). O

Q.2.3. SOLUTION TO 2.2.9.

(a) First we show that A¢ C A°¢. If 2 € A€, then either € A° or z is an accumulation point
of A¢. If x € A€, then x is certainly not in the interior of A; that is, x € A°°. On the other hand,
if £ is an accumulation point of A€ then every e-neighborhood of x contains points of A¢. This
means that no e-neighborhood of z lies entirely in A. So, in this case too, x € A°°.

For the reverse inclusion suppose z € A°¢. Since x is not in the interior of A, no e-neighborhood
of x lies entirely in A. Thus either x itself fails to be in A, in which case x belongs to A¢ and therefore
to A¢, or else every e-neighborhood of = contains a point of A¢ different from z. In this latter case
also, x belongs to the closure of A°.

REMARK. It is interesting to observe that the proof of (a) can be accomplished by a single
string of “iff” statements. That is, each step of the argument uses a reversible implication. One
needs to be careful, however, with the negation of quantifiers (see section D.4 of appendix D). It
will be convenient to let J7(z) denote the e-neighborhood of x with = deleted; that is, J(z) =
(x —e,x2) U (x,x + €). The proof goes like this:

r e A iff ~ (z e A°)

iff ~ ((3e>0)J(x) C A)

iff (Ve >0)Je(z) € A

iff (Ve > 0) Je(z) N A #£ 0

iff (Ve > 0) (z € A® or J'(z) N A #£0)

iff (x € A° or (Ve > 0) J'(z) N A° £ 0)

iff (z € A° or x € (A°))

iff z € Ac.
Proofs of this sort are not universally loved. Some people admire their precision and efficiency.
Others feel that reading such a proof has all the charm of reading computer code.

o~ o~ o~ o~

(b) The easiest proof of (b) is produced by substituting A¢ for A in part (a). Then A = Ac¢ =

Ac°¢. Take complements to get A° = A, 0

Q.3. Exercises in chapter 03

Q.3.1. SOLUTION TO 3.2.4.
Let a € R. Given € > 0, choose 0 = ¢/5. If |[z—a| < J, then |f(x)—f(a)| = 5lx—a| <55 =e. O

Q.3.2. SOLUTION TO 3.2.5.
Given € > 0, choose 0 = min{1, ¢/7}, the smaller of the numbers 1 and ¢/7. If |z —a| = |z +1| <
0, then [z| =]z +1—-1] < |z + 1|+ 1< §+1 < 2. Therefore,

f(x) = f(a)] = [2° — (=1)° (i)
= |23 + 1] (ii)
=z 4+ 1||2* -2+ 1] (iii)
<o+ 1 (2% + |z + 1) (iv)
<lr+1](4+2+1) (v)
=Tz + 1] (vi)
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<76 (vii)
<e. (viii
U

REMARK. How did we know to choose 6 = min{1,¢/7}7 As scratch work we do steps (i)—(iv),
a purely algebraic process, and obtain
|f(z) = f(a)] < |z +1|(2* + |z] + 1)

Now how do we guarantee that the quantity in parentheses doesn’t get “too large”. The answer is
to require that = be “close to” @ = —1. What do we mean by close? Almost anything will work.
Here it was decided, arbitrarily, that x should be no more than 1 unit from —1. In other words, we
wish & to be no larger than 1. Then |z| < 2 and consequently 22 + || +1 < 7; so we arrive at step

(vi)
[f(x) = fla)] < T7le+1].
Since we assume that |z — (—1)| = |z + 1| < J, we have (vii)
[f(x) = fla)| <76
What we want is |f(x) — f(a)| < e. This can be achieved by choosing § to be no greater than /7.
Notice that we have required two things of 4:
<1 and §<¢€/T7.

The easiest way to arrange that § be no larger than each of two numbers is to make it the smaller
of the two. Thus our choice is 6 = min{1,¢/7}.

A good exercise is to repeat the preceding argument, but at (iv) require z to be within 2 units
of —1 (rather than 1 unit as above). This will change some things in the proof, but should not
create any difficulty.

Q.3.3. SOLUTION TO 3.2.6.
Let a € R. Given € > 0, choose 6 = min{1, (4|a| +2)~'e}. If |x — a| < §, then
|z| < |z —a|+|a| <1+ |al.
Therefore

|f(2) = f(a)] = |(22° = 5) — (24 - 5)|
= 2|z — a?|
= 2|z —al|x + a
< 2|z — al (=] + [a)
< 2|z —a|(1+ |a| + |a])
< (4]al +2)[z — a
< (4|la|] + 2)0
<e. O
Q.3.4. SOLUTION TO 3.2.12.
Suppose f is continuous. Let V' be an open subset of R. To show that f~ (V') is open it suffices
to prove that each point of (V') is an interior point of that set. (Notice that if f (V') is empty,
then there is nothing to prove. The null set is open.) If a € f~(V), then V is a neighborhood of

f(a). Since f is continuous at a, the set f (V') contains a neighborhood of a, from which we infer
that a is an interior point of f (V).

Conversely, suppose that [ (V) QO R whenever V Qo R. To see that f is continuous at an

arbitrary point a in R, notice that if V' is a neighborhood of f(a), then a € f— (V) ¢ R. That is,
f(V) is a neighborhood of a. So f is continuous at a. O
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Q.4. Exercises in chapter 04

Q.4.1. SOLUTION TO 4.1.11.
Let € > 0. Notice that x,, € J(0) if and only if |z,| € J.(0). Thus (z,) is eventually in J.(0) if
and only if (|z,|) is eventually in J¢(0). O

Q.4.2. SOLUTION TO 4.3.7.
Let z,, — a where (z,) is a sequence of real numbers. Then by problem 4.1.7(a) there exists
ng € N such that n > ng implies |z, — a| < 1. Then by J.4.7(c)

Hxn\ — ]aH <l|ax,—al <1

for all n > ng. Thus, in particular,
|| < la| +1
for all n > ng. If M = max{|z1], |z2|,...,|Tne—1l,|a|] + 1}, then |z,| < M for all n € N. O

Q.4.3. SOLUTION TO 4.4.3.
Let (a,) be a sequence in R. As suggested in the hint, consider two cases. First, suppose that
there is a subsequence (ay, ) consisting of peak terms. Then for each k,

Upy, = Oy -

That is, the subsequence (ay, ) is decreasing.

Now consider the second possibility: there exists a term a, beyond which there are no peak
terms. Let n; = p 4+ 1. Since a,, is not a peak term, there exists ng > n; such that a,, > ay,.
Since ay, is not a peak term, there exists n3 > ng such that a,, > a,. Proceeding in this way we
choose an increasing (in fact, strictly increasing) subsequence (ay, ) of the sequence (ay,).

In both of the preceding cases we have found a monotone subsequence of the original sequence.

O

Q.4.4. SOLUTION TO 4.4.11.

Suppose that b € A. There are two possibilities; b € A or b € A’. If b € A, then the constant
sequence (b, b,b,...) is a sequence in A which converges to b. On the other hand, if b € A’, then
for every n € N there is a point a,, € Jy/,(b) such that a, € A and a,, # b. Then (a,) is a sequence
in A which converges to b.

Conversely, suppose there exists a sequence (a,,) in A such that a, — b. Either a,, = b for some
n (in which case b € A) or else a,, is different from b for all n. In the latter case every neighborhood
of b contains points of A—namely, the a,’s for n sufficiently large—other than . Thus in either
case b € A. O d

Q.4.5. SOLUTION TO 4.4.17.
If ¢ = lim,,— o @, exists, then taking limits as n — oo of both sides of the expression 4z, 11 = x,>
yields 4¢ = ¢3. That is,
G40 =000-2)(L+2)=0.
Thus if ¢ exists, it must be —2, 0, or 2. Next notice that

_ 1 3
Tntl — Tn = 41/‘71 L,
1
= an(:zn —2)(zn +2).
Therefore
Tyl > Tp iz € (—2,0) U(2,00) (Q.1)
and
Tpy1 < zp if xy € (—00,—2)U(0,2). (Q.2)
Now consider the seven cases mentioned in the hint. Three of these are trivial: if z1 = —2, 0,

or 2, then the resulting sequence is constant (therefore certainly convergent).
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Next suppose 1 < —2. Then z,, < —2 for every n. [The verification is an easy induction: If
T, < —2, then 2, < —8; 50 Ty 41 = ixn?) < —2.] From this and (Q.2) we see that z,+1 < z,, for
every n. That is, the sequence (z,) decreases. Since the only possible limits are —2, 0, and 2, the
sequence cannot converge. (It must, in fact, be unbounded.)

The case x1 > 2 is similar. We see easily that z, > 2 for all n and therefore [by (Q.1)] the
sequence () is increasing. Thus it diverges (and is unbounded).

If -2 < z1 <0, then —2 < z,, < 0 for every n. [Again an easy inductive proof: If —2 < z,, < 0,
then —8 < x,% < 0; s0 =2 < %xng’ = Zp+1 < 0.] From (Q.1) we conclude that (x,) is increasing.
Being bounded above it must converge [see proposition 4.3.3] to some real number ¢. The only
available candidate is £ = 0.

Similarly, if 0 < 21 < 2, then 0 < x,, < 2 for all n and (z,) is decreasing. Again the limit is
£=0.

We have shown that the sequence (z,) converges if and only if z; € [-2,2]. If 1 € (—2,2),
then lim x,, = 0; if z;1 = —2, then lim z,, = —2; and if 1 = 2, then lim z, = 2. ]

Q.5. Exercises in chapter 05

Q.5.1. SOLUTION TO 5.1.2.

Suppose there exists a nonempty set U which is properly contained in A and which is both
open and closed in A. Then, clearly, the sets U and U (both open in A) disconnect A. Conversely,
suppose that A is disconnected by sets U and V' (both open in A). Then the set U is not the null
set, is not equal to A (because V, its complement with respect to A, is nonempty), is open in A,
and is closed in A (because V is open in A). O

Q.5.2. SOLUTION TO 5.2.1.

Let A be a subset of R and f: A — R be continuous. Suppose that ran f is disconnected. Then
there exist disjoint nonempty sets U and V' both open in ran f whose union is ran f. By 3.3.11
the sets f(U) and f— (V) are open subsets of A. Clearly these two sets are nonempty, they are
disjoint, and their union is A. This shows that A is disconnected. O

Q.5.3. SOLUTION TO 5.2.3.

The continuous image of an interval is an interval (by theorem 5.2.2). Thus the range of f (that
is, f(J)) is an interval. So a point belongs to the range of f if it lies between two other points
which belong to the range of f. That is, if a, b € ran f and z lies between a and b, then there exists
a point z in the domain of f such that z = f(x). O

Q.5.4. SOLUTION TO 5.2.4.

Let
2

V14 32?2

for all z € R. The function f is defined on an interval (the real line), and it is easy, using the results
of chapter 3, to show that f is continuous. Notice that f(0) = —2 and that f(1) = 4. Since —2
and 4 are in the range of f and 0 lies between —2 and 4, we conclude from the intermediate value
theorem that 0 is in the range of f. In fact, there exists an x such that 0 < z < 1 and f(z) = 0.
Such a number z is a solution to (5.3). Notice that we have not only shown the existence of a
solution to (5.3) but also located it between consecutive integers. O

f@) =% + 528 o — 23 — 25 —

Q.5.5. SOLUTION TO 5.2.5.

Let f: [a,b] — [a,b] be continuous. If f(a) = a or f(b) = b, then the result is obvious; so
we suppose that f(a) > a and f(b) < b. Define g(z) = x — f(x). The function g is continuous
on the interval [a,b]. (Verify the last assertion.) Notice that g(a) = a — f(a) < 0 and that
g(b) =b— f(b) > 0. Since g(a) < 0 < g(b), we may conclude from the intermediate value theorem
that 0 € rang. That is, there exists z in (a,b) such that g(z) = z — f(z) = 0. Thus z is a fixed
point of f. O
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Q.6. Exercises in chapter 06

Q.6.1. SOLUTION TO 6.2.3.

Let A be a compact subset of R. To show that A is closed, prove that A¢ is open. Let y be a
point of A¢. For each € A choose numbers r; > 0 and s, > 0 such that the open intervals J,_ (z)
and Js, (y) are disjoint. The family {J, (x): x € A} is an open cover for A. Since A is compact
there exist z1,...,z, € A such that {J;, (z;): 1 <i <n} covers A. It is easy to see that if

t =min{sz,,..., Sz, }

then J;(y) is disjoint from (Ji_; J;, (i) and hence from A. This shows that y € A®. Since y was
arbitrary, A€ is open.

To prove that A is bounded, we need consider only the case where A is nonempty. Let a be
any point in A. Then {.J,(a): n € N} covers A (it covers all of R!). Since A is compact a finite
subcollection of these open intervals will cover A. In this finite collection there is a largest open
interval; it contains A. O

Q.6.2. SOLUTION TO 6.3.2.
Let U be a family of open subsets of R which covers f~(A). The family

U:={f"(V): V€ U}

is a family of open sets which covers A (see 3.2.12). Since A is compact we may choose sets
Vi,...,V, € U such that [J;_, fT(Vk) 2 A. We complete the proof by showing that f—(A) is
covered by the finite subfamily {Vi,...,V,} of U. If y € f7(A), then y = f(z) for some = € A.
This element x belongs to at least one set f~(Vj); so (by proposition M.1.22)

y=[f(@)e (" (Vi) C V.
Thus £~ (4) € U'_, Vk. O

Q.6.3. SOLUTION TO 6.3.3.

We prove that f assumes a maximum on A. (To see that f has a minimum apply the present
result to the function —f.) By theorem 6.3.2 the image of f is a compact subset of R and is
therefore (see 6.2.3) closed and bounded. Since it is bounded the image of f has a least upper
bound, say [. By example 2.2.7 the number [ is in the closure of ran f. Since the range of f is
closed, [ € ran f. Thus there exists a point a in A such that f(a) =1 > f(z) for all x € A. O

Q.7. Exercises in chapter 07

Q.7.1. SOLUTION TO 7.1.3.

Argue by contradiction. If b # ¢, then € := |b — ¢| > 0. Thus there exists 4; > 0 such
that |f(z) — b < €¢/2 whenever x € A and 0 < |z — a| < d; and there exists d2 > 0 such that
|f(z) — ¢| < €/2 whenever z € A and 0 < |z — a|] < §3. Let § = min{dq,d2}. Since a € A, the set
AN Js(a) is nonempty. Choose a point x in this set. Then

e=[b—cl<[b—flx)[+|f(x) —c| <e/2+€/2=¢.

This is a contradiction.

It is worth noticing that the preceding proof cannot be made to work if a is not required to be an
accumulation point of A. To obtain a contradiction we must know that the condition 0 < |z—a| < ¢
is satisfied for at least one x in the domain of f. O

Q.7.2. SOLUTION TO 7.2.3.
Both halves of the proof make use of the fact that in A the open interval about a of radius § is
just Js(a) N A where Js(a) denotes the corresponding open interval in R.

Suppose f is continuous at a. Given € > 0 choose 6 > 0 so that z € Js(a) N A implies
f(z) € J(f(a)). Ifx € Aand 0 < |z —a| < 6, then |f(z) — f(a)| < e. That is, lim, ., f(z) = f(a).
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Conversely, suppose that lim,_., f(z) = f(a). Given € > 0 choose § > 0 so that |f(z)— f(a)| <€
whenever z € A and 0 < |z —a| < 6. If x = a, then |f(z) — f(a)] =0 <e. Thus z € Js(a) N A
implies f(x) € Je(f(a)). This shows that f is continuous at a. O

Q.7.3. SOLUTION TO 7.2.4.
Let g: h— f(a+ h). Notice that h € dom g if and only if a + h € dom f;

dom f =a+domg. (Q.3)

That is, dom f = {a+ h: h € dom g}.
First we suppose that

[:=1 h) =1 h ists. 4
lim g(h) = lim f(a + h) exists (Q4)

We show that lim,_,, f(z) exists and equals . Given e > 0 there exists (by (Q.4)) a number § > 0
such that

lg(h) — | < € whenever h € dom g and 0 < |h| < 4. (Q.5)
Now suppose that z € dom f and 0 < |x — a| < . Then by (Q.3)

z—a €domg

and by (Q.5)
[f(@) =1 = lg(z —a) =1 <e.

Thus given ¢ > 0 we have found 0 > 0 such that |f(x) — | < ¢ whenever z € dom f and 0 <
|x —a| < d. That is, lim,_,, f(z) = L.

The converse argument is similar. Suppose [ := lim,_,, f(x) exists. Given € > 0 there exists
d > 0 such that |f(z)—I| < e whenever z € dom f and 0 < |[zr—a| < . If h € domg and 0 < |h| < 6,
then a+h € dom f and 0 < |(a+ h) —a| < 0. Therefore |g(h) — 1| = |f(a+h)—1| < €, which shows
that limy_.g g(h) = 1. O

Q.8. Exercises in chapter 08

Q.8.1. SOLUTION TO 8.1.9.

Suppose that 7€ £No. Let € > 0. Since T' € o, there exists § > 0 so that |T'y| < e|y| whenever
ly| < 9. Since T' € £ there exists m € R such that Tz = max for all z (see example 8.1.7). Now,
suppose 0 < |y| < . Then

im| [yl = |Ty| < ey

so |m| < e. Since € was arbitrary, we conclude that m = 0. That is, T is the constant function 0. [

Q.8.2. SOLUTION TO 8.1.10.

Let f, g € ©. Then there exist positive numbers M, N, ¢, and n such that |f(z)] < M|x|
whenever |z| < ¢ and |g(x)| < N|x| whenever |z| < n. Then |f(x) + g(x)| < (M + N)|z| whenever
|| is less than the smaller of § and 7. So f+ g € O.

If ¢ is a constant, then |cf(x)| = |¢||f(2z)| < |¢| M |z| whenever |z| < §; so ¢f € O. O

Q.8.3. SOLUTION TO 8.1.13.

(The domain of fog is taken to be the set of all numbers x such that g(x) belongs to the domain
of f; that is, dom(f o g) = ¢~ (dom f).) Since f € O there exist M, > 0 such that |f(y)| < M|y|
whenever |y| < 8. Let € > 0. Since g € o there exists 7 > 0 such that |g(z)| < eM~!|z| whenever
2| <.

Now if |z| is less than the smaller of n and Me~16, then |g(z)| < eM~!|x| < 4, so that

[(fog)(x)] < Mlg(x)] < e|x].
Thus fog € o. g
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Q.8.4. SOLUTION TO 8.1.14.

Since ¢ and f belong to O, there exist positive numbers M, N, d, and 1 such that |¢(z)| < M|x|
whenever |z| < § and |f(x)| < N|x| whenever |z| < 7. Suppose € > 0. If || is less than the smallest
of eM~'N~1, §, and 7, then

(6f) (@) = |¢(x)| |f(z)| < MNz® < ela]. O

Q.8.5. SOLUTION TO 8.2.3.

Clearly f(0) — g(0) = 0. Showing that lirrb f@) = 9(@) = 0 is a routine computation:
xr— €T
limM:liml x2—4x—1—;
z—0 x 2—0 X 3x?2 +4r —1

3zt — 823 — 202
= lim
x—0 37(3.%2 +4x — 1)

=0. O

Q.8.6. SOLUTION TO 8.2.4.

Reflexivity is obvious. Symmetry: if f ~ g, then f —g € 0;s0 g — f = (—=1)(f —g) € o (by
proposition 8.1.11). Thus g ~ f. Transitivity: if f ~ g and g ~ h, then ¢ — f € 0 and h — g € o;
soh—f=(h—g)+(g— f) €0 (again by 8.1.11). Thus f ~ h. O

Q.8.7. SOLUTION TO 8.2.5.
Since S ~ f and T ~ f, we conclude from proposition 8.2.4 that S ~7T. Then S —T € £No
and thus S — T = 0 by proposition 8.1.9. U

Q.8.8. SOLUTION TO 8.3.4.
For each h in the domain of A(f + g), we have
A(f+g)a(h) = (f +g)a+h) = (f+g)a)
= fla+h)+gla+h) - f(a) —g(a)
= Afa(h) + Aga(h)
= (Afa+ Aga)(h). U

Q.8.9. SOLUTION TO 8.3.6.
For every h in the domain of A(g o f), we have

A(go fla(h) = g(f(a+h)) —g(f(a))

=9(f(a) + fla+h) = f(a)) — g(f(a))

= g(f(a) + Afa(h)) — g(f(a))

= (Ags(a) © Afa)(h). O
Q.8.10. SOLUTION TO 8.4.8.
If f is differentiable at a, then

Afo=(Afa—dfe) +dfa€0o+LCO+OCO. .

Q.8.11. SOLUTION TO 8.4.9.
If feD,,then Af, € 9D C Cy. Since Af, is continuous at 0, f is continuous at a. O

Q.8.12. SOLUTION TO 8.4.10.
Since f is differentiable at a, its differential exists and A f, ~ df,. Then

Alaf)e = aAfa = adf,

by propositions 8.3.3 and 8.2.6. Since adf, is a linear function which is tangent to A(af),, we
conclude that it must be the differential of af at a (see proposition 8.4.2). That is, adf, =

d(af)g. O
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Q.8.13. SOLUTION TO 8.4.12.

289

It is easy to check that ¢(a)df, + f(a)dp, is a linear function. From Af, ~ df, we infer that
d(a)Afy ~ ¢(a)df, (by proposition 8.2.6), and from A¢, ~ dp, we infer that f(a)A¢, ~ f(a)do,

(also by 8.2.6). From propositions 8.4.8 and 8.1.14 we see that
Apg - Afa €O-O Co;
that is, A¢, - Af, ~ 0. Thus by propositions 8.3.5 and 8.2.6
A(¢f)a = ¢(a)Afa+ f(a)Adq + Agq - Afa
~ ¢(a)dfa + f(a)dq + 0
= ¢(a)dfa + f(a)deq.
Q.8.14. SOLUTION TO 8.4.13.

O

By hypothesis Af, ~ df, and Agyq) =~ dgsa). By proposition 8.4.8 Af, € O. Then by

proposition 8.2.8
Agray 0 Afa = dgsay o Afa;
and by proposition 8.2.7
dgta) © Afa = dgya) o dfa -
According to proposition 8.3.6
A(go fla= Agfa) 0 Afa-
From (Q.6), (Q.7) , and (Q.8), and proposition 8.2.4 we conclude that

A(go fla = dgf) o dfa-

(Q.6)
(Q.7)

(Q-8)

Since dgy(q) © dfq is a linear function, the desired conclusion is an immediate consequence of propo-

sition 8.4.2.

Q.9. Exercises in chapter 09

Q.9.1. SOLUTION TO 9.1.2.
If x, y € M, then
0=d(z,z) <d(z,y) +d(y,z) =2d(z,y).

Q.9.2. SOLUTION TO 9.3.2.

O

0

It is clear that max{a,b} < a + b. Expanding the right side of 0 < (a & b)? we see that

2|ab| < a® + b%. Thus
(a+b)? < a? + 2|ab| + b
<2(a* +b?).
Taking square roots we get a + b < v/2v/a2 + b2. Finally,

V2V/a2 + 12 < V2 \/2(max{a, b})?

= 2max{a, b} .

We have established the claim made in the hint. Now if z = (x1,22) and y = (y1,y2) are points in

R?, then
max{|z1 — y1], |22 — y2|} < |21 — y1] + |22 — vo
<V2V/(21 — )2+ (22 — 12)?

< 2max{|z1 — y1l, |z2 — y2|} .

In other words
dy(z,y) < di(z,y) < V2d(z,y) < 2dy(z,y).
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Q.10. Exercises in chapter 10

Q.10.1. SOLUTION TO 10.1.3.
The three open balls are Bi(—1) = {—1}, B1(0) = [0,1), and By(0) = {—1} U0, 2). O

Q.10.2. SOLUTION TO 10.1.14.
(a) A°=0; A/ ={0}; A=0A={0}UA.
(b) A°=0; A/ =A=0A=][0,00).
(c) A°=A; A/ =A=AU{0}; 04 ={0}.
O

Q.10.3. SOLUTION TO 10.2.1.

Let t = r—d(a,c). (Notethatt > 0.) If z € B(c), then d(a,z) < d(a,c)+d(c,x) < (r—t)+t =r;
so x € By(a). (Easier solution: This is just a special case of proposition 9.2.19. Take b = a and
s = r there.) O

Q.10.4. SOLUTION TO 10.2.2.

(a) If x € A°, then there exists r > 0 such that B,(x) C A C B. So x € B°.

(b) Since A° C A we may conclude from (a) that A°° C A°. For the reverse inclusion take
a € A°. Then there exists r > 0 such that B,(a) C A. By lemma 10.2.1, about each point b in
the open ball B,(a) we can find an open ball B;(b) contained in B, (a) and hence in A. This shows
that B,(a) C A°. Since some open ball about a lies inside A°, we conclude that a € A°°. O

Q.10.5. SOLUTION TO 10.2.4.

(a) Since A C [J for every A € 2, we can conclude from proposition 10.2.2(a) that A° C
(UR)° for every A € 2. Thus [J{4°: A€ A} C (UY)°".

(b) Let R be the metric space and A = {4, B} where A = Q and B = Q°. Then A°UB° =)
while (AU B)° = R. O

Q.11. Exercises in chapter 11

Q.11.1. SOLUTION TO 11.1.6.
Since A° is an open set contained in A (by 10.2.2(b)), it is contained in the union of all such
sets. That is,

A° CH{U:U C Aand U is open}.
On the other hand, if U is an open subset of A, then (by 10.2.2(a)) U = U°® C A°. Thus
U{U: U C A and U is open} C A°. O

Q.11.2. SOLUTION TO 11.1.9.
Let A be a subset of a metric space. Using problem 10.3.6 we see that

Ais open iff A= A°
iff A¢= (AO)C = Ac
iff A¢ is closed. O
Q.11.3. SOLUTION TO 11.1.22.

Suppose that D is dense in M. Argue by contradiction. If there is an open ball B which
contains no point of D (that is, B C D¢), then

B=B°C (D)’ = (D) =M=,

which is not possible.

Conversely, suppose that D is not dense in M. Then D is a proper closed subset of M, making
(E)C a nonempty open set. Choose an open ball B C (E)c. Since (ﬁ)c C D¢, the ball B
contains no point of D. O
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Q.11.4. SOLUTION TO 11.2.3.

It is enough to show that T; C ¥y. Thus we suppose that U is an open subset of (M,d;) and
prove that it is an open subset of (M,ds). For a € M, r > 0, and k = 1,2 let B¥(a) be the open
ball about a of radius r in the space (M, dy); that is,

Bra) ={z e M : di(z,a) <7}.

To show that U is an open subset of (M, dz2) choose an arbitrary point z in U and find an open ball
B2(x) about = contained in U. Since U is assumed to be open in (M, d;) there exists s > 0 such
that Bl(z) C U. The metrics di and dy are equivalent, so, in particular, there is a constant a > 0
such that dy(u,v) < ada(u,v) for all u,v € M. Let r = sa~!. Then if y € B?(x), we see that

di(y,z) < ada(y,xz) <ar=s.
Thus B?(x) C Bl(z) C U. O

Q.12. Exercises in chapter 12

Q.12.1. SOLUTION TO 12.2.2.

Suppose that A is closed in M. Let (a,) be a sequence in A which converges to a point b in
M. If b is in A€ then, since A€ is a neighborhood of b, the sequence (a,) is eventually in A€, which
is not possible. Therefore b € A.

Conversely, if A is not closed, there exists an accumulation point b of A which does not belong
to A. Then for every n € N we may choose a point a,, in By /n(b) N A. The sequence (a,) lies in A
and converges to b; but b ¢ A. U

Q.12.2. SOLUTION TO 12.3.2.
Asin 12.3.1, let p; be the metric on M; and po be the metric on Ms. Use the inequalities given
in the hint to 9.3.2 with a = p1(x1,y1) and b = pa(x2,y2) to obtain

dy(z,y) < di(z,y) < V2d(z,y) < 2du(z,y). O

Q.13. Exercises in chapter 13

Q.13.1. SOLUTION TO 13.1.6.
Let C be the set of all functions defined on [0, 1] such that 0 < g(x) < 2 for all z € [0,1]. It is
clear that Bi(f) C C. The reverse inclusion, however, is not correct. For example, let

() 1, ifz=0
€Tr) =
g z, if0<zx<1.

Then g belongs to C; but it does not belong to B;(f) since
du(f,g) =sup{|f(z) —g(z)]: 0 <z <1} =1. .

Q.13.2. SOLUTION TO 13.1.10.

Let f, g, h € B(S). There exist positive constants M, N, and P such that |f(z)| < M,
lg(x)] < N, and |h(z)| < P for all z in S.

First show that d,, is real valued. (That is, show that d,, is never infinite.) This is easy:

du(f, ) = sup{|f(z) — g()|: = € S}
< sup{|f(z)| + |g(z)|: z € S}
< M+ N.

Now verify conditions (1)—(3) of the definition of “metric” in 9.1.1. Condition (1) follows from the
observation that

|f(x) = g(x)] = |g(x) — f(x)] forall z € S.
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To establish condition (2) notice that for every = € S
[f(z) = h(x)] < |f(z) = g(2)| + 9(x) = h(z)]
< du(f,9) + dulg; h);
and therefore
du(f,h) = sup{|f(z) — h(z)|: & € S} < du(f,9) + dulg; ) .
Finally, condition (3) holds since
du(f,g9) =0iff |f(z) —g(x)| =0 forallz € S
iff f(z) = g(x) forallz € S
iff f=g. O
Q.13.3. SOLUTION TO 13.2.2.
Let (fy) be a sequence of functions in F(5,R) and suppose that f,, — g (unif) in F(S,R). Then
for every x € S
|[f(2) = g(@)] < sup{[fu(y) —g(y)]: y € S} =0 asn— oo

Thus f, — g (ptws).
On the other hand, if we define for each n € N a function f,, on R by

1, ifz>n
Julz) = {0, if x <n,

then it is easy to see that the sequence (f,) converges pointwise to the zero function 0; but since
dy(fn,0) =1 for every n, the sequence does not converge uniformly to 0. O

Q.13.4. SOLUTION TO 13.2.4.
(a) Since f, — g (unif), there exists m € N such that

| fu(x) — g(x)] < sup{|fuly) —9(y)|: vy € S} <1

whenever n > m and x € S. Thus, in particular,

9(@)] < [fm(2) = g(@)| + | fm ()] <1+ K
where K is a number satisfying |fp,(z)] < K for all x € S.

(b) Let
z, if|z] <n
€Tr) =
Jl@) {0, if || >n
and g(z) = z for all z in R. Then f, — g (ptws), each f, is bounded, but g is not. O
Q.13.5. SOLUTION TO 13.2.5.

If 0 <z <1, then
falz) =2™ —2®" — 0 as n — 00.

This and the obvious fact that f,(1) = 0 for every n tell us that

fn — 0 (ptws).

Observe that 22" < 2™ whenever 0 < x < 1 and n € N. Thus fn = 0 for each n. Use techniques
from beginning calculus to find the maximum value of each f,. Differentiating we see that

fr(z) =na"t —2ng® 1 = na" (1 - 227)

for n > 1. Thus the function f,, has a critical point, in fact assumes a maximum, when 1 —2z" = 0;
that is, when z = 271/ But then

sup{|fu(z) —0[: 0<z <1} = f,27 Yy =1 -1=1

for all n > 1. Since sup{|fn(z) —0|: 0 <z <1} - 0 as n — oo, the convergence is not uniform.
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Is it possible that the sequence f,, converges uniformly to some function g other than the
zero function? The answer is no. According to proposition 13.2.2 if f, — g # 0 (unif), then
fn — g (ptws). But this contradicts what we have already shown, namely, f,, — 0 (ptws).

Note: Since each of the functions f, belongs to B([0, 1]), it is permissible, and probably desirable,
in the preceding proof to replace each occurrence of the rather cumbersome expression sup{|f(z)—
0]: 0 <z <1} by dy(fn,0).

Q.14. Exercises in chapter 14

Q.14.1. SOLUTION TO 14.1.5.

Suppose f is continuous. Let U ¢ My. To show that f(U) is an open subset of My, it suffices
to prove that each point of f~(U) is an interior point of f—(U). If a € f~(U), then f(a) € U.
Since f is continuous at a, the set U, which is a neighborhood of f(a), must contain the image
under f of a neighborhood V' of a. But then

acVCf(f7(V)crf ()

which shows that a lies in the interior of f(U).
Conversely, suppose that [ (U) ¢ M; whenever U € M,. To see that f is continuous at an

arbitrary point a in Mj, notice that if V' is a neighborhood of f(a), then a € f~ (V) € M. Thus
(V) is a neighborhood of a whose image f~(f(V)) is contained in V. Thus f is continuous
at a. U

Q.14.2. SOLUTION TO 14.1.9.

Show that M is continuous at an arbitrary point (a,b) in R2. Since the metric d; (defined
in 9.2.10) is equivalent to the usual metric on R?, proposition 14.1.8 assures us that it is enough
to establish continuity of the function M with respect to the metric di. Let K = |a| + |b] + 1.
Given ¢ > 0, choose 6 = min{e/K,1}. If (x,y) is a point in R? such that |z —a| + |y — b] =
di((z,y), (a,b)) < d, then

lz| <la|+ |z —a| <|a|+0 <|a| +1< K.
Thus for all such points (x,y)
|M(z,y) — M(a,b)| = |zy — xb+ xb — ab
< |2ly = bl + |z — al[b]
< Kly = b + Kz — af
< Ké
<e. O

Q.14.3. SOLUTION TO 14.1.26.

Suppose that f is continuous at a. Let x,, — a and By be a neighborhood of f(a). There exists
a neighborhood Bj of a such that f~(By) C B2. Choose ny € N so that x,, € B; whenever n > ny.
Then f(x,) € f~(B1) C By whenever n > ngy. That is, the sequence (f(xn)) is eventually in the
neighborhood Bs. Since By was arbitrary, f(x,) — f(a).

Conversely, suppose that f is not continuous at a. Then there exists € > 0 such that the image
under f of Bs(a) contains points which do not belong to B((f(a)), no matter how small 6 > 0 is
chosen. Thus for every n € N there exists ¥, € By/,(a) such that f(z,) ¢ Be(f(a)). Then clearly
Tn — a but f(x,) > f(a). O

Q.14.4. SOLUTION TO 14.2.1.

Let (a,b) be an arbitrary point in My x Ms. If (z,,,y,) — (a,b) in My X Ms, then proposition
12.3.4 tells us that 71 (xp,yn) = xn — a = m(a,b). This shows that 7 is continuous at (a,b).
Similarly, 7o is continuous at (a,b). O
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Q.14.5. SOLUTION TO 14.2.3.

Suppose f is continuous. Then the components f' = o f and f2 = m o f, being composites
of continuous functions, are continuous. Conversely, suppose that f! and f? are continuous. Let
a be an arbitrary point in N. If 2, — a, then (by proposition 14.1.26) f!(z,) — f(a) and
f?(z,) — f?(a). From proposition 12.3.4 we conclude that

fl@n) = (fH(@n), f2(z0)) — (f1(a), f2(a) = fla);
so f is continuous at a. O

Q.14.6. SOLUTION TO 14.2.4.

(a) The function fg is the composite of continuous functions (that is, fg = M o (f, g)); so it
is continuous by corollary 14.1.4.

(b) This is just a special case of (a) where f is the constant function whose value is . O

Q.14.7. SOLUTION TO 14.2.12.

For each a € M let j,: My — My x My be defined by j,(y) = (a,y). Then j, is continuous.
(Proof: If y, — ¢, then jo(yn) = (a,yn) — (a,¢) = jo(c).) Since f(a, ) = f o ju, it too is
continuous. The continuity of each f(-b) is established in a similar manner. O

Q.14.8. SOLUTION TO 14.2.15.
Show that g is continuous at an arbitrary point a in M. Let € > 0. Since f,, — g (unif) there
exists n € N such that

| fm () — g(@)| < sup{[fn(y) —9(y)|: y € M} <¢€/3

whenever m > n and x € M. Since f, is continuous at a, there exists § > 0 such that

’fn(m) - fn(a)| < 6/3

whenever d(z,a) < 6. Thus for z € Bs(a)

l9(z) = g(a)| < |g(x) = fu(@)] + |fu(2) = fula)| + [fn(a) — g(a)]
<ft+s+§=c¢.
This shows that g is continuous at a. O

Q.14.9. SOLUTION TO 14.3.3.

Argue by contradiction. If b # ¢, then € = d(b,c) > 0. Thus there exists 6; > 0 such
that d(f(x),b) < €/2 whenever z € A and 0 < d(z,a) < d1, and there exists d2 > 0 such that
d(f(x),c) < €/2 whenever z € A and 0 < d(z,a) < d3. Let § = min{dy,d2}. Since a € A’, the set
AN Bs(a) is nonempty. Choose a point z in this set. Then

e =d(b,c) < d(b, f(x)) +d(f(x),c) < §+§=c.
This is a contradiction. 0

It is worth noticing that the preceding proof cannot be made to work if a is not required
to be an accumulation point of A. To obtain a contradiction we must know that the condition
0 < d(z,a) < ¢ is satisfied for at least one x in the domain of f.

Q.14.10. SOLUTION TO 14.3.8.

Let g(z) = limy_, f(z,y) for all z € R. It is enough to show that limg—q(limy_;, f(z,y)) =
limg—.q g(x) = I. Given e > 0, choose § > 0o that | f(z,y)—l| < €/2 whenever 0 < d((z,y), (a,b)) <
d. (This is possible because | = lim(, y)_(4p) f(7,%).) Suppose that 0 < [z —a| < §/v/2. Then (by
the definition of g) there exists 1, > 0 such that |g(z)—f(x, y)| < €/2 whenever 0 < |y—b| < 1. Now
choose any y such that 0 < |y —b| < min{6/v/2,7,}. Then (still supposing that 0 < |z —a| < §/v/2)
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we see that
d((z,y), (a,b))
= ((w—a)’+@y—b?""
< ((62/2+62/2)"
)

S0
|f(z,y) — 1] <¢/2
and therefore

lg(x) =1 < |g(x) — flz,y)| + | f(z,y) =]

That is, limg_, g(z) = [. O

Q.14.11. SOLUTION TO 14.3.9.

By the remarks preceding this exercise, we need only find two distinct values which the function
f assumes in every neighborhood of the origin. This is easy. Every neighborhood of the origin
contains points (z,0) distinct from (0,0) on the z-axis. At every such point f(z,y) = f(x,0) = 0.
Also, every neighborhood of the origin contains points (z,z) distinct from (0,0) which lie on the
line y = z. At each such point f(z,y) = f(x,x) = 1/17. Thus f has no limit at the origin since
in every neighborhood of (0,0) it assumes both the values 0 and 1/17. (Notice, incidentally, that
both iterated limits, lim,_.g (limyao f(z, y)) and limy,_g (limz_@ f(z, y)) exist and equal 0.) O

Q.15. Exercises in chapter 15

Q.15.1. SOLUTION TO 15.1.2.
Suppose that A is compact. Let U be a family of open subsets of M which covers A. Then

W:={VNA:V eU}

is a family of open subsets of A which covers A. Since A is compact we may choose a subfamily
{U1,...,Up} C U which covers A. For 1 < k < n choose V; € U so that Uy = Vj, N A. Then
{Vi,...,V,,} is a finite subfamily of U which covers A.

Conversely, Suppose every cover of A by open subsets of M has a finite subcover. Let U be a
family of open subsets of A which covers A. According to proposition 11.2.1 there is for each U
in 4 a set V7 open in M such that U = Viy N A. Let U be {Viy: U € U}. This is a cover for A
by open subsets of M. By hypothesis there is a finite subfamily {V1,...,V,} of U which covers A.
For 1 <k <mnlet U, =VyNA. Then {Uy,...,U,} is a finite subfamily of { which covers A. Thus
A is compact. O

Q.16. Exercises in chapter 16

Q.16.1. SOLUTION TO 16.1.7.

If a metric space M is not totally bounded then there exists a positive number e such that for
every finite subset F' of M there is a point a in M such that F N B.(a) = (. Starting with an
arbitrary point x; in M, construct a sequence (z) inductively as follows: having chosen x1, ..., z,
no two of which are closer together than ¢, choose z,11 € M so that

Be(zp+1) N{x1,...,xn} =10.

Since no two terms of the resulting sequence are closer together than ¢, it has no convergent
subsequence. ]
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Q.16.2. SOLUTION TO 16.2.1.

(1) = (2): Suppose that there exists an infinite subset A of M which has no accumulation point
in M. Then A = A, so that A is closed. Each point @ € A has a neighborhood B, which contains no
point of A other than a. Thus {B,: a € A} is a cover for A by open subsets of M no finite subfamily
of which covers A. This shows that A is not compact. We conclude from proposition 15.1.3 that
M is not compact.

(2) = (3): Suppose that (2) holds. Let a be a sequence in M. If the range of a is finite, then a
has a constant (therefore convergent) subsequence. Thus we assume that the image of a is infinite.
By hypothesis rana has an accumulation point m € M. We define n: N — N inductively: let
n(l) = 1;if n(1),...,n(k) have been defined, let n(k+ 1) be an integer greater than n(k) such that
any,yy € B1jgg1y(m). (This is possible since By /(41)(m) contains infinitely many distinct points of
the range of a.) It is clear that a o n is a subsequence of a and that a,, — m as k — oo.

(3) = (1): Let U be an open cover for M. By corollary 16.1.13 the space M is separable.
Let A be a countable dense subset of M and B be the family of all open balls B(a;r) such that

(i) a€A;
(i) 7€ Q and;
(ili) By(a) is contained in at least one member of 4L
Then for each B € 8 choose a set Ug in Y which contains B. Let
Y={Upel:BeB}.

It is clear that U is countable; we show that V covers M.
Let x € M. There exist Uy in 4 and r > 0 such that B,.(z) C Uy. Since A is dense in M,
proposition 11.1.22 allows us to select a point a in AN Bi,(z). Next let s be any rational number
3

such that 3r < s < 2r. Then z € B;(a) C B,(x) C Up. [Proof: if y € B,(a), then
1
d(y,z) <d(y,a) +d(a,z) < s+ FURNCE

so y € By(x).] This shows that Bs(a) belongs to B and that v € Up, ;) € Y. Thus U covers M.
Now enumerate the members of U as a sequence (Vi,Va,Va,...) and let W,, = U}_,V}, for each
n € N. To complete the proof it suffices to find an index n such that W,, = M. Assume there is no
such n. Then for every k we may choose a point xj in Wj¢. The sequence (z) has, by hypothesis,
a convergent subsequence (z,, ). Let b be the limit of this sequence. Then for some m in N we have
beV,, CW,. Thus W, is an open set which contains b but only finitely many of the points z,,, .
(W), contains at most the points z1,...,2Zy—1.) Since x,, — b, this is not possible. O

Q.16.3. SOLUTION TO 16.4.1.

A compact subset of any metric space is closed and bounded (by problem 15.1.5). It is the
converse we are concerned with here.

Let A be a closed and bounded subset of R™. Since it is bounded, there exist closed bounded
intervals Ji,...,J, in R such that

ACJ=Jy x - % J,.

Each Ji is compact by example 6.3.5. Their product J is compact by corollary 16.3.2. Since J
is a compact subset of R"™ under the product metric, it is a compact subset of R™ under its usual
Euclidean metric (see proposition 11.2.3 and the remarks preceding it). Since A is a closed subset
of J, it is compact by proposition 15.1.3. (|

Q.17. Exercises in chapter 17
Q.17.1. SOLUTION TO 17.1.6.
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Suppose there exists a nonempty set U which is properly contained in M and which is both
open and closed. Then, clearly, the open sets U and U®¢ disconnect M. Conversely, suppose that
the space M is disconnected by sets U and V. Then the set U is not the null set, is not equal to
M (because its complement V' is nonempty), is open, and is closed (because V' is open). O

Q.17.2. SOLUTION TO 17.1.8.

If N is disconnected, it can be written as the union of two disjoint nonempty sets U and V'
which are open in N. (These sets need not, of course, be open in M.) We show that U and V are
mutually separated. It suffices to prove that U NV is empty, that is, that U C V°. To this end
suppose that v € U. Since U is open in N, there exists § > 0 such that

NN Bs(u)={r € N:d(x,u) <d} CU C V.

Clearly Bjs(u) is the union of two sets: N N Bs(u) and N¢N Bs(u). We have just shown that the
first of these is contained in V¢. The second contains no points of N and therefore no points of V.
Thus Bs(u) € V¢. This shows that u does not belong to the closure (in M) of the set V;sou € V.
Since u was an arbitrary point of U, we conclude that U C V°.

Conversely, suppose that N = U UV where U and V are nonempty sets mutually separated
in M. To show that the sets U and V disconnect N, we need only show that they are open in N,
since they are obviously disjoint.

We prove that U is open in N. Let v € U and notice that since U NV is empty, u cannot
belong to V. Thus there exists § > 0 such that Bgs(u) is disjoint from V. Then certainly N N Bj(u)
is disjoint from V. Thus N N Bs(u) is contained in U. Conclusion: U is open in N. O

Q.17.3. SOLUTION TO 17.1.11.
Let G = {(z,y): y = sinz}. The function z — (z,sinz) is a continuous surjection from R
(which is connected by proposition 5.1.9) onto G C R2. Thus G is connected by theorem 17.1.10. [

Q.17.4. SOLUTION TO 17.1.13.

Let the metric space M be the union of a family € of connected subsets of M and suppose that
(€ # (. Argue by contradiction. Suppose that M is disconnected by disjoint nonempty open sets
U and V. Choose an element p in [ €. Without loss of generality suppose that p € U. Choose
v € V. There is at least one set C in € such that v € C. We reach a contradiction by showing that
the sets U N C and V N C disconnect C. These sets are nonempty [p belongs to C N U and v to
C' N V] and open in C. They are disjoint because U and V are, and their union is C, since

UNC)U(VNO)=UUV)NC=MNC=C. 0

Q.17.5. SOLUTION TO 17.1.15.

Between an arbitrary point x in the unit square and the origin there is a straight line segment,
denote it by [0, z]. Line segments are connected because they are continuous images of (in fact,
homeomorphic to) intervals in R. The union of all the segments [0, z] where x is in the unit square
is the square itself. The intersection of all these segments is the origin. Thus by proposition 17.1.13
the square is connected. ]

Q.17.6. SOLUTION TO 17.2.7.

The set B = {(x,sinz™!): 0 < z < 1} is a connected subset of R? since it is the continuous
image of the connected set (0, 1] (see theorem 17.1.10). Then by proposition 17.1.9 the set M := B
is also connected. Notice that M = AU B where A = {(0,y): |y| < 1}.

To show that M is not arcwise connected, argue by contradiction. Assume that there exists a
continuous function f: [0,1] — M such that f(0) € A and f(1) € B. We arrive at a contradiction
by showing that the component function f? = 750 f is not continuous at the point tg = sup f~(A).

To this end notice first that, since A is closed in M and f is continuous, the set f(A) is
closed in [0, 1]. By example 2.2.7 the point ¢y belongs to f(A). Without loss of generality we may
suppose that f2(tg) < 0. We need only show that for every § > 0 there exists a number ¢ € [0, 1]
such that [t —to| < & and |f2(t) — f2(to)| > 1.
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Let 6 > 0. Choose a point ¢ in (tg,to + d) N [0, 1]. By proposition 5.1.9 the interval [to,#1] is
connected, so its image ( f 1)_)[750, t1] under the continuous function f! = 71 o f is also a connected
subset of [0, 1] (by theorem 17.1.10) and therefore itself an interval. Let ¢ = fl(¢1). From t; > to
infer that ¢; € f~(B) and that therefore ¢ > 0. Since ¢ty € f~(A) it is clear that f!(tg) = 0. Thus
the interval [0, ¢ is not a single point and it is contained in ( f 1)_)[150, t1]. Choose n € N sufficiently
large that

2
T = dn+ )7 <c.
Since x belongs to (f!) ™ [to, t1], there exists t € [to, 1] such that = f!(¢). And since = > 0 the
point f(t) belongs to B. This implies that

f&) = (f1@), f2(t)) = (z,sinz™) = (z,sin(dn + 1)3) = (z,1).
But then (since f2(tp) < 0)
[F2(t) = f2(to)| = [1 = f2(to)] = 1. m

Q.17.7. SOLUTION TO 17.2.8.

Let A be a connected open subset of R™. If A is empty the result is obvious, so suppose that
it is not. Choose a € A. Let U be the set of all points x in A for which there exists a continuous
function f: [0,1] — A such that f(0) = a and f(1) = z. The set U is nonempty [it contains a].
Let V.= A\ U. We wish to show that V is empty. Since A is connected it suffices to show that
both U and V' are open.

To show that U is open let u € U and let f: [0,1] — A be a continuous function such that
f(0) =a and f(1) = u. Since A is an open subset of R™ there exists § > 0 such that Bs(u) C A.
Every point b in Bs(u) can be joined to w by the parametrized line segment ¢: [0,1] — A defined
by

0(t) = (1= tyuy + thr, ..., (1 — t)up + tby) .
It is easy to see that since b can be joined to w and u to a, the point b can be joined to a. [Proof:
If f:]0,1] - A and ¢: [0,1] — A are continuous functions satisfying f(0) = a, f(1) = u, £(0) = u,
and £(1) = b, then the function g: [0,1] — A defined by

g(t):{f(2t)’ for 0 <t

<
02t —1), for 3 <t<

is continuous, ¢(0) = a, and g(1) = b.] This shows that Bs(u) C U.

To see that V' is open let v € V' and choose € > 0 so that B.(v) C A. If some point y in B¢(v)
could be joined to a by an arc in A, then v could be so joined to a (via y). Since this is not possible,
we have that B.(v) C V. O

Q.18. Exercises in chapter 18

Q.18.1. SOLUTION TO 18.1.4.

Suppose (x,) is a convergent sequence in a metric space and a is its limit. Given € > 0 choose
no € N so that d(zy,,a) < 1€ whenever n > ng. Then d(zm, n) < d(Tm,a) +d(a,z,) < e+ 1e=¢
whenever m,n > ng. This shows that (x,) is Cauchy. O

Q.18.2. SOLUTION TO 18.1.5.

Suppose that (x,, ) is a convergent subsequence of a Cauchy sequence (z,) and that z,, — a.
Given € > 0 choose ng such that d(x,, x,) < %e whenever m, n > ng. Next choose k£ € N such that
ng > no and d (T, ,a) < %e. Then for all m > ng

d(Tm,a) < d(Tp, Tn,) + d(Tn,,a) < e+ 2e=c. O
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Q.18.3. SOLUTION TO 18.1.6.
A sequence in a metric space M, being a function, is said to be bounded if its range is a bounded
subset of M. If (z,,) is a Cauchy sequence in M, then there exists ng € N such that d(xm,, z,) <1

whenever m,n > ng. For 1 < k <mng—1, let dp = d(zk,zn,); and let » = max{di,...,dn,—1,1}.
Then for every k € N it is clear that xj belongs to C; (zy,) (the closed ball about x,, of radius r).
Thus the range of the sequence (z,,) is bounded. O

Q.18.4. SOLUTION TO 18.2.9.

Let (M,d) and (N, p) be complete metric spaces. Let d; be the usual product metric on M x N
(see 12.3.3). If ((@n,yn)),—; is a Cauchy sequence in M x N, then (x,) is a Cauchy sequence in M
since

d(Tm, Tn) < d(Tm, Tn) + p(Ym, Yn)
=d ((xmaym) ) (xn7yn)) —0

as m, n — 00.

Similarly, (y,) is a Cauchy sequence in N. Since M and N are complete, there are points a and
bin M and N respectively such that x,, — a and y,, — b. By proposition 12.3.4, (x,,y,) — (a,b).
Thus M x N is complete. O

Q.18.5. SOLUTION TO 18.2.10.

It suffices to show that if (M,d) is complete, then (M, p) is. There exist «, 3 > 0 such that
d(z,y) < ap(x,y) and p(z,y) < Bd(x,y) for all z,y € M. Let (x,) be a Cauchy sequence in
(M, p). Then since

AT, ) < ap(Xm,xn) — 0 as m, n — 0o,

the sequence (x,) is Cauchy in (M, d). By hypothesis (M, d) is complete; so there is a point a in
M such that x,, — a in (M,d). But then z,, — a in (M, p) since

p(zp,a) < fd(x,,a) — 0 asn — 0o.
This shows that (M, p) is complete. [l

Q.18.6. SOLUTION TO 18.2.12.
Let (f») be a Cauchy sequence in B(S,R). Since for every x € S

|[fm (%) — fo(®)] < dul(fm, fn) — 0 as m, n — oo,

it is clear that ( fn(x)) is a Cauchy sequence in R for each x € S. Since R is complete, there exists,
for each x € S, a real number g(z) such that f,(z) — g(x) as n — oco. Consider the function g
defined by

g: S —R:zw— g(x).

We show that g is bounded and that f,, — ¢ (unif). Given € > 0 choose ng € N so that d,(fp, frn) < €
whenever m, n > ng. Then for each such m and n

| fm(x) — fn(x)| < € whenever z € S.
Take the limit as m — oo and obtain

l9(x) = ful(z)] <€

for every n > ng and = € S. This shows that g — f,, is bounded and that d,(g, f,) < €. Therefore
the function

9= (g - fn) + fn
is bounded and dy(g, fn) — 0 as n — oo. O
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Q.19. Exercises in chapter 19

Q.19.1. SOLUTION TO 19.1.2.
19.1.2 Let f: M — N be a contraction and let a € M. We show f is continuous at a. Given
e > 0, choose § = €. If d(z,a) < § then d(f(x), f(a)) < cd(z,a) < d(x,a) < 6 = €, where ¢ is a
contraction constant for f. O

Q.19.2. SOLUTION TO 19.1.3.
If (x,7) and (u,v) are points in R?, then

A(f(2, ), F,0)) = 3 [(w=22+ (y =) + (2 =y —u+v)] "
=12 —u)?+2(y—v)? -2z —u)(y—v)]"?
< % [2(:0—u)2+2(y v) + 2|z — ul ]y—v\]lﬂ
<iR2@—-w’+2y -0+ (—u’+(y—v)? 1/2
= @ —u?+—v)?"
= %d((x,y , (u,v)) O
Q.19.3. SOLUTION TO 19.1.5.

Let M be a complete metric space and f: M — M be contractive. Since f is contractive, there
exists ¢ € (0,1) such that

d(f(x), f(y)) < cd(z,y) (Q9)

for all x, y € M. First we establish the existence of a fixed point. Define inductively a sequence
(f'?n)zozo of points in M as follows: Let xy be an arbitrary point in M. Having chosen xg, ..., T,
let x,41 = f(x,,). We show that (z,,) is Cauchy. Notice that for each k € N

d(zg, pp1) < Fd(zo, 1) . (Q.10)

El(f( 0), f(z1)) < cd(xo,x1). Suppose that (Q.10

[Inductive proof: If k = 1, then d(z1,z2)
:cn+1)) < cd(xn,an) < c-c”d(:co,azl) =

holds for k = n. Then d(mn+1,mn+2) = (
¢"*td(zo,x1).) Thus whenever m < n

d(l’m,ﬂ?n) < Z d(l'kaxk—ﬁ—l)

k=m

o0
< d xo,xl Z F
k=m

Cm

d(xo,l'l)l _ (Q.ll)

Since ™ — 0 as m — oo, we see that
d(xpm, xn) — 0 as m, n — oo.

That is, the sequence (z,,) is Cauchy. Since M is complete there exists a point p in M such that
x, — p. The point p is fixed under f since f is continuous and therefore

f(p) = f(limzy,) = lim f(z,) = limz,41 = p.
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Finally, to show that there is at most one point fixed by f, argue by contradiction. Assume
that f(p) =p, f(¢) = ¢, and p # q. Then

d(p,q) = d(f(p), f(q))
<cd(p,q)
<d(p,q)

which certainly cannot be true. (|

Q.19.4. SOLUTION TO 19.1.9.
(a) In inequality (19.5) of example 19.1.6 we found that ¢ = 0.4 is a contraction constant for
the mapping 7'. Thus, according to 19.1.7,

C4

1—c
= (0.7 + 1.1)M

1-04
= 0.0768.

di(z4,p) < di(zo, 1)

(b) The d; distance between x4 and p is
di(z4,p) = [1.0071 — 1.0000| + 0.9987 — 1.0000]
— 0.0084. 0

(c) We wish to choose n sufficiently large that di(z,,p) < 10~*. According to corollary 19.1.7
it suffices to find n such that

7

c _
dl(xg,xl) 1_c S 10 4 .
This is equivalent to requiring
1074(0.6)
0.4)" < ———— = 1107,
(04" < 1.8 3

For this, n = 12 suffices.

Q.19.5. SOLUTION TO 19.2.1.
Define T' on C([0,1],R) as in the hint. The space C([0,1],R) is a complete metric space by
example 18.2.13. To see that T is contractive, notice that for f,g € C([0,1],R) and 0 <z <1

1)~ Tolo)] = | [ "2 f)dr - / " 2g(1) dt\
- |[ uw —g(t))dt]

0

T 5 B
< / 2(£(t) — g(t)] dt
0

= %333 du(f7 g) :
Thus
du(Tf,Tg) =sup{|T f(z) — Tg(x)| : 0 <z <1}
< 3du(f.9).
This shows that T is contractive.

Theorem 19.1.5 tells us that the mapping 7" has a unique fixed point in C([0,1],R). That is,
there is a unique continuous function on [0, 1] which satisfies (19.6).
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To find this function we start, for convenience, with the function go = 0 and let g,+1 = T'g,, for
all n > 0. Compute g1, g2, g3, and g4.

91(30) = Tg()(l') - %xS’
g2(z) = Tgr(x)
€T
= 1a? +/ t* (3%) dt
0
= %x?’ + %x()‘ )
g3(x) = Tgz(x)
x
= 1a? +/ t* (3t° + 552°) dt
0
_ 1.3, 1 .6 1 9
—-gx *‘gg% +'§g§$ s

It should now be clear that for every n € N

n n

k
B I 1 (23
90(2) = D g _Zk!<3)

k=1 k=1

and that the uniform limit of the sequence (g,) is the function f represented by the power series

i (5)
7' - .
P E'\ 3

Recall from elementary calculus that the power series expansion for e¥ (also written exp(y)) is
DY

for all y in R; that is,

Thus

Finally we check that this function satisfies (19.6) for all z in R.

1z? +/ () dt = 22 +/ t* (exp (3t%) — 1) at
0 0
= 52"+ (exp (5¢) = 5t°) g
= exp (%xg) -1
= f(). O

Q.20. Exercises in chapter 20

Q.20.1. SOLUTION TO 20.1.2.
Suppose that 0 and 0’ are vectors in V such that x +0 = x and z +0' = z for all x € V. Then

0=0+0=0+0=0. O
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Q.20.2. SOLUTION TO 20.1.4.
The proof takes one line:

r=x4+0=z+(z+(—2))=(r+2)+(—z) =2+ (—z) =0. O

Q.20.3. SOLUTION TO 20.1.5.
Establish (a), (b), and (c) of the hint.
(a) Since a0 + a0 = a(0 + 0) = a0, we conclude from 20.1.4 that o0 = 0.
(b) Use the same technique as in (a): since 0z + 0z = (0 4+ 0)z = Oz, we deduce from 20.1.4
that 0z = 0.
(c) We suppose that a # 0 and that ax = 0. We prove that = = 0. Since the real number «
is not zero, its reciprocal a~! exists. Then

r=1-x= (oz_la)x =a Y azr)=a"l0=0.
(The last equality uses part (a).) O

Q.20.4. SOLUTION TO 20.1.6.
Notice that (—z) + 2 = x + (—x) = 0. According to 20.1.3, the vector x must be the (unique)
additive inverse of —x. That is, z = —(—x). O

Q.20.5. SOLUTION TO 20.1.13.

The set W is closed under addition and scalar multiplication; so vector space axioms (1) and (4)
through (8) hold in W because they do in V. Choose an arbitrary vector = in W. Then using (c)
we see that the zero vector 0 of V' belongs to W because it is just the result of multiplying x by the
scalar 0 (see exercise 20.1.5). To show that (3) holds we need only verify that if x € W, then its
additive inverse —z in V' also belongs to W. But this is clear from problem 20.1.7 since the vector
—x is obtained by multiplying x by the scalar —1. ([l

Q.20.6. SOLUTION TO 20.1.19.

Use proposition 20.1.13.

(a) The zero vector belongs to every member of & and thus to (| &. Therefore (S # (.

(b) Let x, y € (1S. Then z, y € S for every S € &. Since each member of & is a subspace,
x + y belongs to S for every S € &. Thus z +y € (6.

(c) Let x € (16 and o € R. Then z € S for every S € &. Since each member of & is closed
under scalar multiplication, az belongs to S for every S € &. Thus ax € [ 6. g

Q.20.7. SOLUTION TO 20.2.2.
We wish to find scalars «, (3, v, and J such that

«(1,0,0) + £(1,0,1) +~(1,1,1) + 6(1,1,0) = (0,0,0).
This equation is equivalent to
(@+B+y+0d,7+4,8+7) =(0,0,0).

Thus we wish to find a (not necessarily unique) solution to the system of equations:

a+B+y+6 =0
+y+0 =0
B+y+ =0
One solutionisa=vy=1, =90 = —1. O

Q.20.8. SOLUTION TO 20.3.2.
We must find scalars «, 3, v > 0 such that a + 4+~ =1 and

a(1,0) + B(0,1) +(3,0) = (2,1/4) .
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This last vector equation is equivalent to the system of scalar equations
a+3y=2
1

Froma+i—|—’y:1anda+3'7:2, we conclude that o = g and v = ([l

Q.20.9. SOLUTION TO 20.3.10.

In order to say that the intersection of the family of all convex sets which contain A is the
“smallest convex set containing A”, we must know that this intersection is indeed a convex set.
This is an immediate consequence of the fact that the intersection of any family of convex sets is
convex. (Proof. Let 2 be a family of convex subsets of a vector space and let z,y € (2. Then
x,y € A for every A € . Since each A in 2 is convex, the segment [z, y] belongs to A for every A.
Thus [z,y] € N 2.) O

Q.21. Exercises in chapter 21

Q.21.1. SOLUTION TO 21.1.2.
If z, y € R? and « € R, then
T(x+y)=T(x1+y1, 72 + Y2, 23 + y3)
= (z1+y1 + 23 +y3, 21 +y1 — 222 — 2y2)
= (z1+ 23,201 — 222) + (Y1 + ¥3, 11 — 292)
=Tx+Ty

and

T(ax) = T(axy, azxy, axs)
= (ax1 + axs, axr] — 20x2)
= a(x] + x3, 21 — 2x2)
=alz. g
Q.21.2. SOLUTION TO 21.1.4.
Write (2,1,5) as 2e! + €2 + 5e3. Use the linearity of 7' to see that
T(2,1,5) = T(2e + % + 5¢3)
=2Te' + Te® + 5T’
=2(1,0,1) + (0,2,—-1) + 5(—4,-1,3)
= (2,0,2) + (0,2, —1) + (—20, -5, 15)
= (~18,-3,16). O
Q.21.3. SOLUTION TO 21.1.6.
(a) Let = be any vector in V; then (by proposition 20.1.5) 0z = 0. Thus 7(0) = T(0z) =
0Tz =0.
(b) By proposition 20.1.7
T(z—y)=T(z+(-y))
=T(z+(-1)y)
=Tz + (-1)Ty
=Tz —-Ty. ]

Q.21.4. SOLUTION TO 21.1.13.
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First we determine where T' takes an arbitrary vector (z,y, z) in its domain.
T(x,y,2) = T(ze' + ye? + ze?)
= aTe' +yTe® + 2T¢?
= 2(1,-2,3) +4(0,0,0) + 2(—2,4, —6)
= (x — 2z, —2x + 42,3z — 62).

A vector (z,y, z) belongs to the kernel of T if and only if T'(z,y, 2) = (0,0,0); that is, if and
only if z — 2z = 0. (Notice that the two remaining equations, —2z + 4z = 0 and 3z — 6z = 0,
have exactly the same solutions.) Thus the kernel of T is the set of points (x,v,2) in R3 such that
x = 2z. This is a plane in R which contains the y-axis. A vector (u,v,w) belongs to the range of
T if an only if there exists a vector (z,y,2) € R? such that (u,v,w) = T(z,y, z). This happens if
an only if

(u,v,w) = (x — 2z, -2z + 42,3z — 62) ;
that is, if an only if

u=x— 2z
v=—-2x+4z = —2u

w = 3x — 6z = 3u.

Consequently, only points of the form (u, —2u,3u) = u(1,—2,3) belong to ranT. Thus the range
of T is the straight line in R? through the origin which contains the point (1,2, 3). ([l

Q.21.5. SOLUTION TO 21.1.17.

According to proposition 20.1.13 we must show that ranT is nonempty and that it is closed
under addition and scalar multiplication. That it is nonempty is clear from proposition 21.1.6(a):
0 =70 € ranT. Suppose that u,v € ranT. Then there exist z,y € V such that u = Tz and
v =Ty. Thus

utv=Te+Ty=T(z+y);
so u+v belongs to ranT'. This shows that ran T is closed under addition. Finally, to show that it is
closed under scalar multiplication let © € ranT and « € R. There exists x € V such that u = T'x;
SO
ou = oTzx =T (ax)

which shows that au belongs to ranT. O

Q.21.6. SOLUTION TO 21.2.1.

Recall from example 20.1.11 that under pointwise operations of addition and scalar multipli-
cation F(V, W) is a vector space. To prove that £(V, W) is a vector space it suffices to show that
it is a vector subspace of F(V,W). This may be accomplished by invoking proposition 20.1.13,
according to which we need only verify that £(V, W) is nonempty and is closed under addition and
scalar multiplication. Since the zero transformation (the one which takes every x in V' to the zero
vector in W) is certainly linear, £(V, W) is not empty. To prove that it is closed under addition
we verify that the sum of two linear transformations is itself linear. To this end let S and T be
members of £(V, W). Then for all z and y in V'

S+T)z+y)=Sx+y) +T(x+y)
=S+ Sy+Tx+Ty (Q.12)
=(S+T)x+ (S+T1T)y.

(It is important to be cognizant of the reason for each of these steps. There is no “distributive law”
ate work here. The first and last use the definition of addition as a pointwise operation, while the



306 Q. SOLUTIONS TO EXERCISES

middle one uses the linearity of S and T'.) Similarly, for all z in V' and « in R
(S+T)(ax) = S(azx) + T(ax)
=aSr+alx
= oSz + Tx)
=a(S+7T)x.
Equations (Q).12) and (Q.13) show that S 4 T is linear and therefore belongs to £(V, W).

We must also prove that £(V, W) is closed under scalar multiplication. Let T € £(V, W) and
a € R, and show that the function o is linear. For all z,y € V

(@T)(x+y) = a(T(z +y))
=Tz +Ty)
= a(Tz) + a(Ty)
= (aD)zx + (aT)y.

(Q13)

(Q.14)

Finally, for all z in V and 3 in R
(aT)(Bz) = (T (B))

(Q.15)

Equations (Q.14) and (Q.15) show that T belongs to £(V, W). O

Q.21.7. SOLUTION TO 21.2.2.
Since T is bijective there exists a function T-': W — V satisfying 7' oT = Iy and To T ! =
Iy. We must show that this function is linear. To this end let u,v € W. Then

T(T~ (u+v)) = Iw (u +v)
=u+v
= Iw(u) + Iy (v)
=T(T ' (w) + T(T"*(v)
=T(T 'u+T v).
Since T is injective the preceding computation implies that
T Hu+v)=T u+T o

Similarly, from
TT Yazx) = ax = oTT 'z = T(aT 'z)
we infer that

T az) = aT . O
Q.21.8. SOLUTION TO 21.3.1.
5 -3 3 -2 12 6 0 -3 2 12 -6 1
a+b:[2 2 1 4]3a :[—3 9 3 15]“‘21’:[—7 5 1 7]' -
Q.21.9. SOLUTION TO 21.3.3.
ab:[2(1) 3(2) + (=11 2(0) +3(=1) + (=1)(= )]:[7 —1] 0
0(1) +1(2) +4(1) 0(0) + 1(—1) + 4(-2) 6 —9
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Q.21.10. SOLUTION TO 21.3.8.
ar = (1,4,1). O

Q.21.11. SOLUTION TO 21.3.10(A).

To show that the vectors a(z + y) and ax + ay are equal show that (a(z +y)); (that is, the j*8
component of a(x + y)) is equal to (az + ay); (the j® component of az + ay) for each j in N,,.
This is straight forward

(alz+y)); =D ap(x+y)

k=1

n
= Z ai(mk + Yk)
k=1

n
= (alzr + alyr)
P

n n
_E : J J
= Tk + E LYk
k=1 k=1

= (az); + (ay);

= (az + ay);. O
Q.21.12. SOLUTION TO 21.3.13.
1 3 —1] [3
xay:[l -2 O] 0 2 4 0
1 -1 1 1
2
=[1 -2 0] |4] =-6 O
4

Q.21.13. SOLUTION TO 21.3.17.
Suppose a is an n X n-matrix with inverses b and c. Then ab = ba = I,, and ac = ca = I,,. Thus

b=bl, = blac) = (ba)c = Ic = c. O

Q.21.14. SOLUTION TO 21.3.18.
Multiply a and b to obtain ab = I3 and ba = Is. By the uniqueness of inverses (proposi-
tion 21.3.17) b is the inverse of a. O

Q.21.15. SOLUTION TO 21.4.9.
Expanding the determinant of a along the first row (fact 5) we obtain

3
deta = Z arCh
k=1

=1-(=1)""det [
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Since det a # 0, the matrix a is invertible. Furthermore,

¢l '
a b= (deta)"t |C} CZ C2

c;cs Y
L[er ¢ e’
=——|C; C3 C3
el 2 3
-3 3 3
[2 —2 —6
:—i -1 -1 1
3 1 3
_1 1 3
2 % 2
1 1
= - - — = . D
T |
4 4 4

Q.21.16. SOLUTION TO 21.5.4

Since Te! = T(1,0) = (1,0,2,—4) and Te? = T(0,1) = (—3,7,1,5) the matrix representation
of T is given by

Q.21.17. SOLUTION TO 21.5.5.
Let a = [T]. Then aj, = (T€*); for each j and k. Notice that the map

S:R*" = R™: z— ax

is linear by proposition 21.3.10 (a) and (b). We wish to show that S = T. According to prob-
lem 21.1.19 (b) it suffices to show that Sek = TeF for 1 < k < n. But this is essentially obvious:
for each j € N,,,

(Se¥); = (ae®); = afef = af, = (Te");.
=1

To prove the last assertion of the proposition, suppose that Tx = ax for all x in R"™. By the
first part of the proposition [T]z = azx for all z in R™. But then proposition 21.3.11 implies that

[T] = a. O

Q.21.18. SOLUTION TO 21.5.6.

First we show that the map T +— [T is surjective. Given an m x n-matrix a we wish to find a
linear map T such that a = [T']. This is easy: let T: R” — R™: z — ax. By proposition 21.3.10
(a) and (b) the map T is linear. By proposition 21.5.5

[Tz =Tz = ax for all z € R".

Then proposition 21.3.11 tells us that [T] = a.
Next we show that the map T — [T] is injective. If [T'] = [S], then by proposition 21.5.5

Tx = [Tz = [S|lz = Sz for all z € R™.
This shows that T'= 5. O

Q.21.19. SOLUTION TO 21.5.7.

By proposition 21.3.11 it suffices to show that [S + Tz = ([S] + [T])x for all z in R". By
proposition 21.5.5

[S+ Tz = (S +T)z = Sz + Ta =[Sz + [Tz = ([S] + [T])z.



Q.22. EXERCISES IN CHAPTER 22 309

The last step uses proposition 21.3.10(c).
(b) Show that [aT|x = (a[T])z for all  in R™.
[aT)x = (aT)z = o(Tz) = a([T]z) = (a[T))x.
The last step uses proposition 21.3.10(d). O

Q.22. Exercises in chapter 22

Q.22.1. SOLUTION TO 22.1.6.
Here of course we use the usual norm on R?.

£ ot M) = £ ({42, —4) + ()2 4, ~4)]

= [1£(3,0,-2)]|
= 1(-6,9,3,-3v2)|
=3[(-2)?+3° + 1% + (—\/5)2]1/2
=12 ]
Q.22.2. SOLUTION TO 22.1.7.
Since
6 0 o]|™
f(a+h)—f(a)—mh:f(1+h1,h2,—2+h3)—f(l,O,—Q)—[0 1 _1:| h2
hs3

= (3(1 4 2hy + h1?), ha + hiha + 2 — h3) — (3,2) — (6h1, ho — h3)
= (3h12, hihy),
we have
| f(a+h) = f(a) —mh| = (9h* + h12ha®)Y/? = |he| (9012 + hy®)Y/? O

Q.22.3. SOLUTION TO 22.1.10.

Using the second derivative test from beginning calculus (and checking the value of f + g at
the endpoints of the interval) we see that f(z) 4 ¢g(z) assumes a maximum value of v/2 at z = /4
and a minimum value of —v/2 at x = 57/4. So

1 + gllu = sup{| f(z) + g(2)|: 0 < & < 27} = V2. .

Q.22.4. SOLUTION TO 22.1.12.
Let x € V. Then

(a) [|0] = [|0 - z[| = |0] [}[| = 0.
(b) ==l = [(=D)z|| = [=1[ [|=[| = =[]
(©) 0=0] = [[z + (=2)[| < [|=[| + | == = 2[|=|- u

Q.22.5. SOLUTION TO 22.2.2(A).
By proposition 22.1.12(b) it is clear that ||z| < r if and only if |—z| < r. That is, d(z,0) < r
if and only d(—x,0) < r. Therefore, x € B,(0) if and only if —z € B,(0), which in turn holds if

and only if x = —(—z) € —B,(0). O
Q.22.6. SOLUTION TO 22.3.2.
Suppose || |[1 and || |2 are equivalent norms on V. Let d; and d2 be the metrics induced by

|| |1 and | |2, respectively. (That is, di(x,y) = |[[z—yl|}1 and da(z,y) = ||t —y||2 for all z, y € V.)
Then d; and dy are equivalent metrics. Thus there exist a, 3 > 0 such that di(z,y) < ada(z,y)
and dy(z,y) < Bdi(z,y) for all z, y € V. Then in particular

2]y = [l = 0]}y = di(x,0) < adz(z,0) = afz - Of]s = a|z[|
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and similarly
[z[|2 = da(z,0) < Bdi(x,0) = Bl
for all  in V. Conversely, suppose there exist «, § > 0 such that ||z|}; < ajz|2 and [|z||2 < B]|z]1
for all  in V. Then for all z, y € V
di(z,y) = llz -yl < allz —yll2 = adz(z, y)
and similarly
d2($ay) < ﬁdl(xvy) :

Thus d; and ds are equivalent metrics. O

Q.22.7. SOLUTION TO 22.3.5.

Let f: RxV — V: (f8,x) — px. We show that f is continuous at an arbitrary point (o, a) in
RxV. Given e > 0let M be any number larger than both || and ||a||+1. Choose 6 = min{1,e/M}.
Notice that

68 —al+ |z —all = [|(6 —a,z —a)llr
=B, z) = (a,a)].
Thus whenever ||(8,z) — (a,a)|l1 < § we have
2]l < llall + [z —all <[lafl + 0 < [la| +1 < M
so that
1£(B,2) = fla,a)|| = [|Bz — aal]
< [|Bz — azx| + |laz — aal|
=18 —al =]l + [a [z — al
< M(|8 = af + |z —al])
<M5é
<e. ([l
Q.22.8. SOLUTION TO 22.3.6.

If 6, - ain R and z,, — a in V, then (G,,x,) — (a,a) in R x V by proposition 12.3.4).
According to the previous proposition

[RXxV =V (6,z)— fx
is continuous. Thus it follows immediately from proposition 14.1.26 that

Bnxn = f(Bn,xn) — fla,a) = aa.
O

Q.22.9. SOLUTION TO 22.4.2.

We know from example 20.1.11 that F(S,V) is a vector space. We show that B(S,V) is a
vector space by showing that it is a subspace of F(S,V'). Since B(S,V) is nonempty (it contains
every constant function), we need only verify that f + ¢ and af are bounded when f, g € B(S,V)
and o € R. There exist constants M, N > 0 such that ||f(z)| < M and ||g(x)| < N for all z in S.
But then

1(f+ @) < [If(@) + 9@ < [If @)+ llg(@)]| <M+ N
and

[(@f) (@) = llaf(@)| = lal |f ()] < |af M.
Thus the functions f + g and af are bounded. O
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Q.23. Exercises in chapter 23

Q.23.1. SOLUTION TO 23.1.4.
(a) = (b): Obvious.
(b) = (c): Suppose T is continuous at a point a in V. Given € > 0 choose § > 0 so that
|Tx — Ta| < € whenever ||z —al| < 6. If |h — 0| = ||h|| < ¢ then [[(a + h) —al < § and
|Th —T0O| = ||Th| = ||T(a+ h) —Tal| < e Thus T is continuous at 0.
(¢) = (d): Argue by contradiction. Assume that 7" is continuous at 0 but is not bounded. Then
for each n € N there is a vector x,, in V' such that ||Tz,|| > n||z,||. Let y, = (n||xn||)_1mn Then
lynll = n~1; so y, — 0. Since T is continuous at 0 we conclude that Ty, — 0 as n — co. On the
other hand

-1
ITynll = (Pllznll) [Tzl > 1
for every n. This shows that Ty, /4 0 as n — oo, which contradicts the preceding assertion.
(d) = (a): If T is bounded, there exists M > 0 such that | Tz| < M]|z| for all z in V. It is

easy to see that 7' is continuous at an arbitrary point a in V. Given € > 0 choose § = ¢/M. If
|z —al| <9, then

|Tx —Ta| = |[T(x —a)|| < M|z —al|| < Md=ce.

O
Q.23.2. SOLUTION TO 23.1.6.
The first equality is an easy computation.
sup{||z|| ! | Tz||: 2 # 0} = inf{M > 0: M > ||z| || Tz||for all z # 0}
= inf{M > 0: ||Tz| < M]|z|/for all x}
=T
The second is even easier.
sup{||z|| =" | Tz[|: @ # 0} = sup{||T(||=(|~")[}
= sup{||Tul|: [Jul| = 1}.
To obtain the last equality notice that since
{ITull: flull =13 € {1 Tx]): flo]l < 1}
it is obvious that
sup{|[Tul|: [lu]| = 1} < sup{[|Tz|: [[=]] < 1}.
On the other hand, if ||z]| < 1 and x # 0, then v := ||z| "'z is a unit vector, and so
T < |||~ 7]
= [Tl
< sup{[|Tull: flull = 1}
Therefore
sup{||Tz[|: [« <1} < sup{[|Tul: [[ul =1}. O

Q.23.3. SOLUTION TO 23.1.11.
(a) Let I: V — V: z +— x. Then (by lemma 23.1.6)

]| = sup{[|Tz|: [[z]| = 1} = sup{|[=|: [z =1} =1.
(b) Let 0: V. — W: 2 — 0. Then [|0]| = sup{[|0z|: ||| = 1} = sup{0} = 0.
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(c) We suppose k = 1. (The case kK = 2 is similar.) Let = be a nonzero vector in V; and
u = |||~ z. Since ||(u,0)||; = ||ul| + [|0]| = |lul| = 1, we see (from lemma 23.1.6) that

[|71]] = sup{|[|71(z1, z2)||: [[(z1, 22)]] = 1}

2 [l (u, 0)]]

= [Jul

=1
On the other hand since |71 (21, z2)|| = ||z1]] < ||(21, z2)]||1 for all (z1,x2) in V} x Vs, it follows from
the definition of the norm of a transformation that ||| < 1. O

Q.23.4. SOLUTION TO 23.1.12.
Let f, g € C and o € R. Then

b

o) = [ '(f() + ga) do = / ' fla)do+ [ otwrin =g+ 35
and ’ \ ' , ’
J(af) :/a of(z) da :a/a f@)da = af.
Thus J is linear. If f € C, then

b b b
IJf|=|/ f(x)dwé/ If(ar)\d:rﬁ/ 1l de = (b — )|l

This shows that J is bounded and that ||J|| < b — a. Let g(x) =1 for all z in [a,b]. Then g is a

unit vector in C (that is, ||g|l, = 1) and Jg = ffg(:n) dx = b — a. From lemma 23.1.6 we conclude
that ||.J|| > b — a. This and the preceding inequality prove that ||.J|| = b — a. O

Q.23.5. SOLUTION TO 23.1.14.

It was shown in proposition 21.2.1 that £(V, W) is a vector space. Since B(V, W) is a nonempty
subset of £(V, W) [it contains the zero transformation|, we need only show that sums and scalar
multiples of bounded linear maps are bounded in order to establish that B(V, W) is a vector space.
This is done below in the process of showing that the map 7" +— ||T’|| is a norm.

Let S, T € B(V,W) and o € R. To show that ||S + T'|| < [|S|| + |T|| and ||aT|| = |a|||T|| we
make use of the characterization ||T'|| = sup{||Tu||: ||u|| = 1} given in lemma 23.1.6. If v is a unit
vector in V', then

IS+ T)vll = [|Sv + T

< [1Svf| + T

< sup{[|Sull: [lul = 1} + sup{[|Tv[|: [lv]| = 1}

= IS+ 171]-
This shows that S + T is bounded and that

15+ T = sup{[[(S + T)ol|: o] = 1}
< IS+ 117l
Also
sup{[|aTv[|: [v] = 1} = [o sup{|[Tv[|: [[o] = 1}
= |ef[[ T,

which shows that o7 is bounded and that ||oT'|| = |af||T||.

Finally, if sup{||z||~Y|Tx||:  # 0} = ||T|| = 0, then ||z||~!|Tz|| = 0 for all x in V, so that
Tz = 0 for all z and therefore T' = 0. O
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Q.23.6. SOLUTION TO 23.1.15.
The composite of linear maps is linear by proposition 21.1.11. From corollary 23.1.7 we have

[T Szl| < TN Szl < IS
for all z in U. Thus T'S is bounded and ||T°S|| < ||T|| |S]]- O

Q.23.7. SOLUTION TO 23.2.1.

First deal with the case |[f|l, < 1. Let (p,) be a sequence of polynomials on [0, 1] which
converges uniformly to the square root function (see 15.3.5). Given € > 0, choose ng € N so that
n > ng implies |p,((t) — Vt| < € for all t € [0,1]. Since ||f|l. <1

pa(F@)) = 1£@)| = [pa((£@)?) - VIF@R| < e

whenever * € M and n > ng. Thus p, o f2 — |f| (unif). For every n € N the function p, oiz
belongs to A. Consequently, |f| is the uniform limit of functions in A and therefore belongs to A.
If || f|l. > 1 replace f in the argument above by g = f/|fll.- O

Q.23.8. SOLUTION TO 23.2.5.
Let f € C(M,R), a € M, and € > 0. According to proposition 23.2.4 we can choose, for each
y # a in M, a function ¢, € A such that

py(a) = f(a) and oy(y) = f(y)-

And for y = a let ¢, be the constant function whose value is f(a). Since in either case ¢, and f
are continuous functions which agree at y, there exists a neighborhood U, of y such that

Py() < f(z) +e

for all © € Uy. Clearly {U,: y € M} covers M. Since M is compact there exist points y1, ...,y in
M such that the family {U,,,...,Uy, } covers M. Let g = ¢, A--- A ¢y,. By corollary 23.2.2 the
function g belongs to A. Now g(a) = ¢y, (a) A+ A ¢y, (a) = f(a). Furthermore, given any z in M
there is an index k such that z € Uy, . Thus

g(z) < ¢y (2) < fz) +e.

Q.23.9. SOLUTION TO 23.3.6.
Let (T},) be a Cauchy sequence in the normed linear space B(V, W). For each x in V

[T = T < [T = Tl ] — 0

as m, n — oo. Thus (T,z) is a Cauchy sequence in W for each x. Since W is complete, there exists
a vector Sz in W such that T,z — Sx. Define the map

S:V—-W:2— Sz.

It is easy to see that S is linear: S(z +y) = lim T, (z +y) = lim(T,,x + Ty) = lim T, x + lim T,y =
Sz + Sy; S(ax) = 1limT,(ax) = alimT,x = aSx. For every ¢ > 0 there exists N € N such that
| T, — Tn|| < 3€ whenever m, n > N. Then for all such m and n and for all z in V
1S = Tn)x|| = || Sz — Th||

< ||Sz — Tx|| + | Tz — Tz

< |18z = Tzl + T — Tollll]]

< |18z = Tnz|| + gell]l.
Taking limits as m — oo we obtain

IS = To)z|| < gell|l



314 Q. SOLUTIONS TO EXERCISES

for all n > N and = € V. This shows that S — T, is bounded and that [|S — T},|| < e < € for
n > N. Therefore the transformation

S=(S-Tn+1T,
is bounded and
IS —Tn|| —0

as n — o00. Since the Cauchy sequence (7,) converges in the space B(V, W), that space is complete.
]

Q.23.10. SOLUTION TO 23.4.5.
We wish to show that if g € W*, then T*g € V*. First we check linearity: if z, y € V and
a € R, then
(T"g)(x +y) = gT(z +y)
=g(Tx+ Ty)
=gTz+ gTy
= (T"g)(z) + (T"9)(y)
and
(T*g)(a) = gT(aw) = g(aTx) = agTa = a(T*g)(x).
To see that T*g is bounded use corollary 23.1.7. For every x in V'
[(T*g) ()| = |gTx| < gl |1 Tzl < gl 1Tl |||

Thus T%¢ is bounded and || T*g|| < ||T|| ||g]|- O

Q.24. Exercises in chapter 24

Q.24.1. SOLUTION TO 24.1.4.
Given € > 0 choose 0 = €. Assume |z — y| < §. Then

1 1 |y—=
z oyl | ay

Q.24.2. SOLUTION TO 24.1.5.
‘We must show that

(e > 0)(Vo > 0)(3z,y € (0,1])|z —y| < d and |f(x) — f(y)| > €.
Let € = 1. Suppose 6 > 0. Let 9 = min{l,d0}, = = %50, and y = 0. Then z, y € (0,1],
@ —yl = 300 < 36 <8, and | f(2) — f(W)| = |5 — | = 5,2 1. B

Q.24.3. SOLUTION TO 24.1.10.
Since M is compact it is sequentially compact (by theorem 16.2.1). Thus the sequence (x,,) has
a convergent subsequence (z, ). Let a be the limit of this subsequence. Since for each k

d(ynkya) < d(ynkyajnk) + d(SUnkva)

and since both sequences on the right converge to zero, it follows that y,, — a as k — oc. ]

<lz—-y|<d=e. O

_|xZY
==

Q.24.4. SOLUTION TO 24.1.11.

Assume that f is not uniformly continuous. Then there is a number € > 0 such that for every
n in N there correspond points z,, and y,, in My such that d(z,,y,) < 1/n but d(f(xn), f(yn)) >
e. By lemma 24.1.10 there exist subsequences (zn,) of (z,) and (yn,) of (yn) both of which
converge to some point a in M;. It follows from the continuity of f that for some integer k
sufficiently large, d(f(zy,), f(a)) < €/2 and d(f(yn,), f(a)) < €/2. This contradicts the assertion

that d(f(zy), f(yn)) > € for every n in N. O
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Q.24.5. SOLUTION TO 24.1.14.

By hypothesis there exists a point a in M7 such that z,, — a and y,, — a. It is easy to see that
the “interlaced” sequence (z,) = (x1,y1, T2, Y2, 3,Y3, . .. ) also converges to a. By proposition 18.1.4
the sequence (z,) is Cauchy (in M; and therefore) in S, and by proposition 24.1.12 (applied to the
metric space S) the sequence ( f (zn)) is Cauchy in M,. The sequence ( f (l‘n)) is a subsequence of
( f (zn)) and is, by hypothesis, convergent. Therefore, according to proposition 18.1.5, the sequence
(f(zn)) converges and

lim f(zy,) = lim f(2,) = im f(yn) . O

Q.24.6. SOLUTION TO 24.2.2.
Just take the union of the sets of points in P and @ and put them in increasing order. Thus

_ 1111235
P\/Q_(07§7Z)§7§7§7176)1)' 0

Q.24.7. SOLUTION TO 24.2.5.
(a) Either sketch the graph of o or reduce the function algebraically to obtain
7= Xy T Xy T Xy

Then the partition associated with o is P = (0,2, 3,5).
(b) o = (0,0, —-2,0,0). 0

Q.24.8. SOLUTION TO 24.2.7.
The values of o on the subintervals of P are given by op = (0,—2,0). Multiply each of these
by the length of the corresponding subinterval:

/%a:@—nxm+43—mpay+@—3mn:—z. 0
0

Q.24.9. SOLUTION TO 24.2.9.
Perhaps the simplest way to go about this is to observe first that we can get from the partition
associated with o to the refinement ) one point at a time. That is, there exist partitions

PXP=--=2P=Q

where P is the partition associated with o and Pj;; contains exactly one point more than P; (for
1<j<r—1).

Thus it suffices to prove the following: If o is a step function on [a,b], if P = (sg,...,s,) is a
refinement of the partition associated with o, and if P < Q = (to,...,tn+1), then
n+1 n
Z(Atk)yk = Z(Ask)ajk
k=1 k=1
where op = (z1,...,2y) and 69 = (Y1, .- ., Yn+1)-

To prove this assertion, notice that since the partition () contains exactly one point more than
P, it must be of the form

Q= (50,---+8p—1,U, Sp,y--.,5n)
for some p such that 1 < p < n. Thus

INET for 1<k<p
Yk = Tp_1, forp4+1<k<n+1.
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Therefore,
n+1 p—1 n+1
D (Atye =Y (Ate)yr + (Atp)yp + (Atpi)ypr + > (Ati)yi
k=1 k=1 k=p+2
p—1 n+1
= Z(Ask)xk + (u—sp-1)zp + (sp — u)zp + Z (Asg—1)zK—1
k=1 k=p+2
p—1 n
= Z(Ask)xk + (sp — Sp—1)xp + Z (Asg)xg
k=1 k=p+1
n
= Z(Ask)xk O
k=1
Q.24.10. SOLUTION TO 24.2.13.
That o is an E valued step function on [a,b] is obvious. Let @ = (ug,...,un) and R =
(vo, . .. ,vp) be the partitions associated with 7 and p, respectively; and suppose that 7o = (y1,. .., Ym)

and pp = (21,...,2n). For 1 <k <m+n, let

o Uk, for0<k<m
B Vpem, form—+1<k<m+n

and P = (to,...,tm+n). Also define

Yk, for1<k<m
Tr =
b Zk—m, form+1<k<m-+n.

Then P is a partition of [a,b] and op = (21,..., ZTmtn). Furthermore,
b m
/ o= Z +n(Atg)xy
@ k=1
m+n

(Atp)ag+ Y (Aty)zy
k=m+1

m—+n

(Aupye + Y (AVkm)zk—m
k=m+1

(Aup)yr + > (Avg)z,

k=1
b
T+/p.
c

(The third equality requires the observation that At,,+1 = v; — Uy, = v1 — ¢ = v] — vp.) O

I
M= T14: T

X
o =

a

Q.24.11. SOLUTION TO 24.3.2.

Let f: [a,b] — E be continuous. Given € > 0 we find a step function ¢ such that || f — ||, < €.
Since the domain of f is compact, proposition 24.1.11 guarantees that f is uniformly continuous.
Thus there exists § > 0 such that || f(u) — f(v)|| < €¢/2 whenever u and v are points in [a, b] such
that |u —v| < d. Choose a partition (to,...,t,) of [a,b] so that ¢ —tx_1 < d for each k =1,...,n.

Define o: [a,b] — E by o(s) = f(tx—1) if tx—1 < s <t (1 <k <n) and define o(b) = f(b). It
is easy to see that || f(s) — o (s)|| < €/2 for every s in [a,b]. Thus ||f — 0|, < € so f belongs to the
closure of the family of step functions. O
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Q.24.12. SOLUTION TO 24.3.6.

Let S be the closure of S([a,b], E) in the space B([a,b],E). If g,h € S, then there exist
sequences (oy,) and (7,) of step functions which converge uniformly to g and h, respectively. Then
(on + 7o) is a sequence of step functions and o, + 7, — g + h (unif); so g + h € S. Thus

/@+h%:mg/wn+m)
zlim</an+/7'n>
—lim/an+lim/7n
z/g+/h.

Similarly, if & € R, then (aoy,) is a sequence of step functions which converges to ag. Thus ag € S

and
(a9 =1im [ (@g,) = tm <a/an> —atim [0, =a [ 4.

The map [ S — E is bounded since it is both linear and uniformly continuous (see 24.1.15
and 24.1.9). O

Q.24.13. SOLUTION TO 24.3.18.
The function f, being regulated, is the uniform limit in B([a,b], E) of a sequence (o) of step
functions. Since [0, — [ fin E and T is continuous, we see that

(1) -wr(f)

By problem 24.2.14 each T o 0, is an F' valued step function and

‘/@omJ:T(/JO for each n. (Q.17)

(T'o f =T oom) @)
= T((f = on)®)]
< T = o)D)
<7 = onllu

For every t in [a, b]

SO

[Tof—=Toonllu <[TIIf—0onllu-
Since || f — onllu — 0, we conclude that
T o0, — T o f(unif)
in B([a,b], F'). Thus T o f is regulated and

/(Tof) = lim/(Toan). (Q.18)

The desired conclusion follows immediately from (Q.16), (Q.17), and (Q.18). O
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Q.25. Exercises in chapter 25

Q.25.1. SOLUTION TO 25.1.5.

Suppose that 7' € B No. Then given ¢ > 0, we may choose § > 0 so that | Ty| < €|ly||
whenever ||y|| < . Let x be an arbitrary unit vector. Choose 0 < ¢t < §. Then ||tz| =t < J; so
|Tz|| = || T(+tz)|| = +||T(tz)|| < %e|tz|| = €. Since this last inequality holds for every unit vector
z, ||T|| < e. And since € was arbitrary, ||T|| = 0. That is, T' = 0. O

Q.25.2. SOLUTION TO 25.1.6.

If f, g € O, then there exist positive numbers M, N, ¢, and n such that ||f(x)| < M||x||
whenever ||z| < § and ||g(z)|| < N||z|| whenever ||z|| < n. Then | f(z) + g(z)|| < (M + N)|z||
whenever ||z|| < min{d,n}. So f+g € O.

If & € R, then [|af(x)| < |a|M||z|| whenever ||z| < 0; so af € O. O

Q.25.3. SOLUTION TO 25.1.9.

The domain of f og is taken to be the set of all x in V' such that g(x) belongs to the domain of
f; that is, dom(f o g) = g~ (dom f). Since f € O there exist M, § > 0 such that || f(y)|| < M|y||
whenever |ly|| < 0. Given € > 0, choose > 0 so that |g(z)|| < ||=|| whenever ||z|| < n. If
lz]| < min{n, £6}, then |lg(2)|| < §7llz]l < 4, so that [|(f o g)(@)[[[| < Mllg(x)]| < e]|]. m

Q.25.4. SOLUTION TO 25.1.11.
Suppose w # 0. If € > 0, then there exists 0 > 0 such that |¢(x)| < meH whenever ||z]| < 6.

Thus [|(pw)(2)[| = |p(2)||lw]| < ellz] when [lz] < 4. O

Q.25.5. SOLUTION TO 25.1.12.

There exist positive numbers M, N, §, and 7 such that ||¢(z)| < M||z| whenever ||z|| < ¢ and
| f(z)|| < N|jz|| whenever ||z|| < 7. Suppose that e > 0. If z € V and ||z|| < min{e(MN)"!,4,n},
then

1) (@)l = [o()Illf ()] < MN]|z|* < ell]|. m

Q.25.6. SOLUTION TO 25.2.2.
Reflexivity is obvious. Symmetry: If f ~ ¢, then f —g € 0;s0 g — f = (=1)(f — g) € 0 by
proposition 25.1.7. This proves g ~ f. Transitivity: If f ~ g and g ~ h, then both f —g and g—h

belong to o; thus f ~ h, since f —h = (f —¢g)+ (g —h) € 0+ 0 C o (again by 25.1.7). O
Q.25.7. SOLUTION TO 25.2.3.
By the preceding proposition S ~ 7. Thus S — T € B No = {0} by proposition 25.1.5. O
Q.25.8. SOLUTION TO 25.2.5.
This requires only a simple computation: ¢w — Ypw = (¢ — YP)w € o(V,R) - W C o(V, W) by
proposition 25.1.11. O

Q.25.9. SOLUTION TO 25.3.10.
The map (z,y) — Tz — 9y is clearly continuous and linear. So all that needs to be verified is
condition (iii) of remark 25.3:
lim Af(l,fl)(x7y) — (72 — 9y)
(z,y)—(0,0) Va? +y?
— m 3r+1)—(z+1D)(y—1)+4(y—1)2-8—Tz+ 9y
(z,y)—(0,0) Va? 4 y?
. 322 — xy + 4y?
= lim ——— =

(z.y)—(0,0) /22 4 y?

(The equation z = 7Tz — 9y represents a plane through the origin.) U

0. (See problem 14.3.15(a).)
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Q.25.10. SOLUTION TO 25.3.11.

Since
Afa-10(h, g k) = f(h+1,j—1,k) — f(1,-1,0)
=((h+1)*(i -1 —=7,3(h+ 1k +4( — 1)) — (-8,—-4)
= (h*(j — 1) +2hj — 2h + j, 3hk + 4j + 3k)
and
M(h, j,k) = [2 . w] (hy . )

= (rh+ sj + tk,uh + vj + wk),
we find that the first coordinate of the Newton quotient
Afa,-10)(h,j, k) = M(h, j, k)
[1(h, 4, Bl

turns out to be
R2(j — 1) +2hj — (2+7)h+ (1 —5)j — tk

Vh?+ 5%+ k2
If we choose r = —2, s = 1, and t = 0, then the preceding expression approaches zero as (h, j, k) —
(0,0,0). (See problem 14.3.15(a).) Similarly, the second coordinate of the Newton quotient is
3hk —uh+ (4 —v)j + (3 —w)k
VI + 52 + k2 ’
which approaches zero as (h, j, k) — (0,0,0) if we choose u = 0, v = 4, and w = 3. We conclude
from the uniqueness of differentials (proposition 25.3.9) that

-2 10
[df(1,—1,0,)] = |:O 4 3:|

Equivalently we may write
df(l,—l,O)(h7j7 k) = <_2h+j74.] +3k> U

Q.25.11. SOLUTION TO 25.3.16.

It is easy to check that ¢(a)df, + do, - f(a) is bounded and linear. From our hypotheses
Af, ~ df, and A¢, ~ d¢, we infer (using propositions 25.2.4 and 25.2.5) that ¢(a)Af, ~ ¢(a)df,
and that A¢, - f(a) ~ ddg - f(a). Then from corollary 25.3.13 and proposition 25.1.12 we conclude
that A¢g Af, belongs to O(V,R) - O(V, W) and therefore to o(V, W). That is, A¢y Af, ~ 0. Thus
by propositions 25.3.4 and 25.2.4

A(df)a = ¢(a)  Afa+ A¢q - f(a) + Aga - Afa
¢(a)dfa + dda - f(a) +0
¢(a)dfa + dda - f(a). O
Q.25.12. SOLUTION TO 25.3.17.
Our hypotheses are A f, ~ df, and Agy(,) =~ dgy,)- By proposition 25.3.12 Af, € O. Then by
proposition 25.2.7

1

Agf OAfa—dgf OAfa (ng)
and by proposition 25.2.6

dgs(a) © Afa = dgsay © dfa- (Q.20)
According to proposition 25.3.5

A(go fla~AgsayoAfa- (Q.21)
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From (Q.19), (Q.20),(Q.21), and proposition 25.2.2 it is clear that

A(go fa =~ dgf(ay © dfa -

Since dgy(q) © dfq is a bounded linear transformation, the desired conclusion is an immediate con-
sequence of proposition 25.3.9. g

Q.25.13. SOLUTION TO 25.4.6.

(a) De(/3) = (—sin(r/3), cos(m/3)) = (—v/3/2,1/2).

(b) 1(t) = (1/2,v/3/2) + 1(=V/3/2,1/2) = 5(1 = V3t, V3 + 1).

(c)  ++/3y = 2. O

Q.25.14. SOLUTION TO 25.4.7.

If ¢ is differentiable at a, then there exists a bounded linear transformation dc,: R — V' which
is tangent to Ac, at 0. Then

Acq(h)

Dc(a) = ilzli%

— i Acq(h) — deg(h) + deq(h)
h—0 h
~ lim Acq(h) — dcg(h) hde,(1)
h—0 h h
= deg(1). O

+ lim
h—0

Q.25.15. SOLUTION TO 25.4.12.
Let € > 0. Since f is continuous at ¢ and the interval J is open, we may choose d > 0 so that
c+h e Jand ||[Afc(h)|| < e whenever |h| < §. Thus if 0 < |h| < 4,

c+h c
JAF(R) — h f(e)]| = / f—/mf—hﬂd
. +h ‘ c+h

| [ s [ o

c+h
- / Afu(t — ) dtH

ct+h
< / 1AL — o) dt‘ (by 24.3.10)
< e€lh|.
It follows immediately that
AF,.(h) 1
_  elhl =
|25 - s < e =
whenever 0 < |h| < d; that is,
. AF(h)
DF(c)=1 = . ]
() = lim — f(c)
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Q.25.16. SOLUTION TO 25.5.2.
If [(t) = a + tv, then

D(f 0 1)(0) = lim < A(f o Do(?)

Q.25.17. SOLUTION TO 25.5.3. Let I(t) = a + tv. Then

It follows that D(f o 1)(t) = (3 +26) (2 + 2t +12) 7", so that D, f(a) = D(fol)(0) = . O

Q.25.18. SOLUTION TO 25.5.5.
As usual let [(t) = a + tv. Then

w/2
(pol)(t) :/ (cosz + Da(x) + tDv(x))* dz

0
w/2

:/ (2cosz + tsinz)? dzx
0
w/2 w/2 /2

:/ 4cos2mdaf+4t/ sinxcosxdm+t2/ sin’ z dz .
0 0 0

Differentiating we obtain

w/2 /2
D(¢ol)(t):4/ sinxcosxd:v+2t/ sin? z da ;
0 0
SO

/2
Dy¢(a) = D(¢pol)(0) = 4/0 sinzcoszdr =2. O

Q.25.19. SOLUTION TO 25.5.9.
If | = a + tv, then, since [(0) = a and DI(0) = v, we have
Dy f(a) = D(f o 1)(0)
= dfy(0)(DI(0)) (by 25.4.11)
= df,(v).
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Q.25.20. SOLUTION TO 25.6.1.
If 2 € dom f! Ndom f?, then

((Gro Y+ (oo ) (x) = ji(f 133))+]2(f2 (x))

= (1(2),0) + (0, f2(x))
= (f'(x), f*(2))
= f(z).

Being the sum of composites of differentiable functions, f is differentiable, and

dfa =d((jro f1) + (j2o %)),

=d(jiof'), +d(jao f?), (by 25.3.15)
= d(jl)fl(a) od(f), + d(jQ)fz(a) od(f*), (by25.3.17)
=jiod(f"), +i20d(f?), (by 25.3.24)

= (A@(f): d(f),) -

O

Q.25.21. SOLUTION TO 25.6.3.
By propositions 25.4.7 and 25.4.8 a curve has a derivative at t if and only if it is differentiable
at t. Thus the desired result is an immediate consequence of the following easy computation:

De(t) = de(1)

= (d(cl)t(l)’ d(c2)t(1))
= (Dcl(t), D)) - O

Q.26. Exercises in chapter 26

Q.26.1. SOLUTION TO 26.1.5.

Let f:[0,27] — R2: t + (cost,sint). Then f is continuous on [0,27] and differentiable on
(0,27). Notice that f(27) — f(0) = (1,0) — (1,0) = (0,0). But Df(t) = (—sint, cost). Certainly
there is no number ¢ such that 27 (—sine, cosc) = (0,0). O

Q.26.2. SOLUTION TO 26.1.6.

Given € > 0, define h(t) = ||f(t) — f(a)|| = (t — a)(M + €) for a <t < b. Since f is continuous
on [a,b], sois h. Let A = h"(—o0,¢€]. The set A is nonempty (it contains a) and is bounded above
(by b). By the least upper bound axiom J.3.1 it has a supremum, say [. Clearly a <1 < b. Since
h is continuous and h(a) = 0, there exists n > 0 such that a« <t < a + 1 implies h(t) < e. Thus
[a,a+n) C A and ! > a. Notice that since h is continuous the set A is closed (proposition 14.1.13);
and since [ € A (see example 2.2.7), [ belongs to A.

We show that | = b. Assume to the contrary that I < b. Since f is differentiable at [, there
exists § > 0 such that if ¢ € (1,1 +6) then ||(t — 1)~ (f(t) — f(I))|| < M + e. Choose any point ¢ in
(I,1+9). Then

h(t) = [If(t) = fa)l = (t — a)(M +¢)
< f@) = FON+ @) = fla)ll = E =DM +€) — (I — a)(M +€)
<(t—D(M+e) +h(l) — (t—1)(M+e)
= h(l)
<e.

This says that t € A, which contradicts the fact that [ is an upper bound for A. Thus [ = b and
h(b) < e. That is,
1F(b) = fla)l| < (M +€)(b—a)+e.
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Since € was arbitrary,
1£(b) = fla) < M(b—a). O
Q.26.3. SOLUTION TO 26.2.1.
(a) For every z in Vj
(1 0 j, )(x) = m(0,...,0,2,0,...,0) = .

(b) For every x in V

n

Z . © ) ij €

k=1
:(xl,O,...,O)—}----—i—(O,...,O,:cn)
= (T1,...,Tp)
=z. ]

Q.26.4. SOLUTION TO 26.2.5.
For every h in By,
(Afao g, )(h) = Afa(d,(h))
= fla+j,(h) — f(a)
= g(h) — g(0)
= Ago(h). O

Q.26.5. SOLUTION TO 26.2.10.
Fix a point (a,b) in U. We make two observations about the notation introduced in the hint.
First,

d(h"), = dlf(a-f—z,b—l—v) : (Q-22)
[Proof: Since f(a+z+s,b+v) =h(z+s) = (h? oT})(s), we see that di f(ayzp4v) = d(h 0 T)o =
d(h?)r.(0) 0 d(T2)o = d(h"); o I = d(h"). ]
Second,
Aoy (1,0) = Ao () + Ago(v) (Q.23)
[Proof:
Af(a,b)(uv U) = f(a—l—u,b—i—v) - f(a> b)
= fla+u,b+v)— f(a,b+v)+ f(a,b+v) — f(a,b)
= h’(u) = h*(0) + g(v) — 9(0)
= A(h)o(u) + Ago(v) ]
Let € > 0. By hypothesis the second partial differential of f exists at (a,b). That is, the
function g is differentiable at 0 and
Ago >~ dgo = daf(ap) =T
Thus there exists §; > 0 such that
Ago(0) = Tl < el (Q24)

whenever [|v]| < d;.
Since d; f is assumed to (exist and) be continuous on U, there exists do > 0 such that

ld1 flatsprt) — difiapll < € (Q.25)

whenever ||(s,t)||1 < d2. Suppose then that (u,v) is a point in U such that ||(u,v)||1 < d2. For each
z in the segment [0, u]

1z o)l = [lzll + lloll < flull + ol = l[(u, v)][1 < d2
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so by (Q.22) and (Q.25)
1d(h?)z = S|l = lld1 flaz40) — drfapll <€
Thus according to the version of the mean value theorem given in corollary 26.1.8
AR )o(u) = Sul| < €f|ull (Q.26)
whenever [|(u,v)|1 < d2.
Now let § = min{d1,d2}. Suppose ||(u,v)|1 < §. Then since ||v|| < [Jul] + [[v] = |[(uw,v)]1 <

d < 61 inequality (Q.24) holds, and since [|(u,v)|1 < d < d2 inequality (Q.26) holds. Making use
of these two inequalities and (Q.23) we obtain

1A fap) (w, v) = R(u, v)[| = [|A(R")o(u) + Ago(v) — Su—Twv||
< [JA(R")o(u) — Sul + [|Ago(v) — T||
< ellull +€fvll
= €ll(w, v)]|1-
Thus Afi,p) =~ R showing that f is differentiable at (a,b) and that its differential is given by
df (ap) = R = d1flap) 071+ dofiap) 02 (Q-27)
That df is continuous is clear from (Q).27) and the hypothesis that di f and daf are continuously
differentiable. m
Q.26.6. SOLUTION TO 26.2.12.
First we compute df,. A straightforward calculation gives
Afa(h)  h14+2hy —3h3+6hy + ho? + 2hihy + h1ho? + 3 hshy
Ialle 17211 '
From this it is clear that the desired differential is given by
dfa(h) =h1 +2hy —3hg + 6hy

for then ) )
Afy(h) —dfy(h h 2hihe + hih hsh
fa(h) —dfa(h) _ ho” + tho + haho” +3hshs 0
[12]]1 17211
Note. In the preceding computation the use of the product norm || ||; for R* rather than the

usual Euclidean norm is both arbitrary and harmless (see problem 22.3.21.
(a) Compose df, with the injection

JR=RXxRxRxR:z~ (2,0,0,0).
Then
difo(x) = dfa(jl (z)) = dfa(2,0,0,0) =z
for all z in R.
(b) This has exactly the same answer as part (a)—although the rationale is slightly different.
The appropriate injection map is
Jy R — R3: z+— (z,0)

(where 0 is the zero vector in R3). We may rewrite (26.12) in this case as

f(a,y) = 2pn® + 312y
for all x € R and y € R3. Also write a = (b,c) where b=1 € R and ¢ = (1,2, —1) € R3, and write
h = (r,s) where r € R and s € R®. Then
dfa(h) = df p,)(r,8) =7+ 251 — 352+ 653
so that
dif(z) = dfa(jl (7)) = dfa(x,0) = x
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for all z in R.
(c) Here the appropriate injection is

j i R* = R* xR?: z — (z,0)
where 0 is the zero vector in R%. Rewrite (26.12) as

flz,y) = 2122> + 3y130

for all z, y € R Let a = (b,c) where b= (1,1) and ¢ = (2, —1); and let h = (r, s) where r, s € R2.
Then

dfa(h) = df(b,c)(ra s)=r1+2ry — 351+ 652
so that
dlfa(x) = dfa(]l(l')) = dfa(JUao) =z1+ 222

for all 2 in R2.
(d) As far as the partial differential d; is concerned, this is essentially the same problem as (c).
However, in this case the injection j, is given by

j iR > R* xR xR: 2z — (2,0,0).
Equation (26.12) may be written
f(x7y7 Z) = xleQ + Syz

forallz € RZ2and y, 2 € R. Let a = (b,c,d) where b= (1,1), c=2,and d = —1; and let h = (¢, 7, s)
where ¢ € R? and r, s € R. Then

dfa(h) = df(p.ca)(@:m,8) =y +2q, =37 +6s
so that
difa(x) = dfa(d, (%)) = df(p,ca)(%,0,0) = 1 + 2 5.
(¢) Here j, : R®* — R? x R: 2 — (z,0). Rewrite (26.12) as

f(z,y) = T122° + 3x3y

for all z € R and y € R. Let a = (b,c) with b = (1,1,2) and ¢ = —1; and let h = (r,s) where
r € R3 and s € R. Then

dfa(h) = df(b,c)(r, s)=r1+2rg—3r3+6s
so that
di fa(z) = dfa(j, (%)) = df p,¢)(2,0) = 21 + 222 — 3 3. O

Q.26.7. SOLUTION TO 26.2.17.
Just do what you have always done: hold two of the variables constant and differentiate with
respect to the other. (See the paragraph after equation (26.13).)

fi(z,y,2) = (32%y*sinz,22); so fi(a) = (12,2).
fQ(:L‘ayaZ) = (2£U3ySiIlZ,COSZ); S0 f2(a) = (7470)
fa(z,y,z) = (z3y? cos z, —ysin 2); so fz(a) = (0,2). O

Q.26.8. SOLUTION TO 26.3.2.
Let € > 0. Since [a, b] X [c, d] is compact, the continuous function f must be uniformly continuous
(see proposition 24.1.11). Thus there exists 6 > 0 such that ||(z,y) — (u,v)|1 < J implies || f(z,y) —



326 Q. SOLUTIONS TO EXERCISES

f(u,v)|| < e(b—a)~t. Suppose that y and v lie in [c, d] and that |[y—v| < 6. Then ||(z,y)—(z,v)|1 <
§ for all x in [a,b]; so ||f(x,y) — f(z,v)|| < e(b— a)~! from which it follows that

lg(y) — g(v)ll = fy f”

= (f - 1)
/ I7(@) - £l do
- [ 15 - sl
b
< / e(b—a)tdx
=e€.
Thus ¢ is uniformly continuous. g

Q.26.9. SOLUTION TO 26.3.4.

Let h(y) = ff fa(x,y) dx. By lemma 26.3.2 the function h is continuous and therefore integrable
on every interval of the form [c, z] where ¢ < z < d. Then by proposition 26.3.3 we have

/:hz/:/:f2<x,y>dxdy
—/b/zf2<x,y>dydx
// T F ) dyda

Differentiating we obtain
h(z) = ¢'(2)

for ¢ < z < d. This shows that g is continuously differentiable on (¢, d) and that

b
jy/ f(x,y)dr = g'(y)

=y
b
_/ f2(x7y)dx

= f( y)de. =

~J. Oy
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Q.27. Exercises in chapter 27

Q.27.1. SOLUTION TO 27.1.4.
If z, y, and z € R" and « € R, then

(T, y+2)=(y+21) (by (c))

and

0

Q.27.2. SOLUTION TO 27.1.8.
The domain of the arccosine function is the closed interval [—1,1]. According to the Schwarz
inequality |(z,y)| < [|lz[/||yl[; equivalently,
(z,y)
eIl

for nonzero vectors z and y. This shows that (z,y)||z||!|ly]|~! is in the domain of arccosine. [J

<1

Q.27.3. SOLUTION TO 27.1.10.
If z = (1,0,1) and y = (0, —1,1), then (z,y) = 1 and ||z| = ||y|| = V2. So

3

(z,y) 1
£(x,y) = arccos ( = arccos - = —. O
[l 1y 2 3

Q.27.4. SOLUTION TO 27.2.1.
The computations
by (@ +y) = (2 +y,b) = (2,0) + (y,0) = ¢, () + 4, (¥)
and
¢b(a$) = <OLZL‘,b> = Oé(:l,‘,b> = CM,ZJb(JL')
show that ¢, is linear. Since
|9 ()] = [C, )] < [[o]][|]]
for every z in R, we conclude that 1, is bounded and that [[¢, || < [|b[|. On the other hand, if
b # 0, then ||b]|~'b is a unit vector, and since
[, (1BI70)| = ([[6] =6, 0) = [[b]~*(b,0) = [|b]
we conclude (from lemma 23.1.6) that [[¢, || > [|b]]. O
Q.27.5. SOLUTION TO 27.2.6.
By proposition 25.5.9 we have for every unit vector v in R"
Du¢(a) = d¢a(u)
= (u, Vo(a))
= [[Vé(a)] cos 6
where 0 = £L(u,V¢(a)). Since ¢ and a are fixed we maximize the directional derivative Dy, ¢(a)

by maximizing cosf. But cos§ = 1 when 6§ = 0; that is, when v and V¢(a) point in the same
direction. Similarly, to minimize D,¢(a) choose § = 7 so that cosf = —1. U
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Q.27.6. SOLUTION TO 27.2.13.
It suffices, by proposition 26.1.9, to show that the derivative of the total energy T'E is zero.
D(TE)= D(KE)+ D(PE)
= imD(v,v) + D(¢ o z)
= im(2(v, Dv)) + (Dz, (V) o x)
=m(v,a) + (v,—F o x)
=m(v,a) — m(v,a)
=0.
(The third equality uses 27.1.17 and 27.2.7; the second last uses Newton’s second law.) O

Q.27.7. SOLUTION TO 27.2.14.
Using the hint we compute

= or(a)e*
k=1
O
Q.27.8. SOLUTION TO 27.2.15.
By proposition 25.5.9
Dyg(a) = dda(u) = (u, Vo(a)) .
Since
4
Vo(w,z,y,z) = Z(Z)k(w,x, y, z)e”
k=1
= (Z¢ —Y, =, w)
we see that
Vo(a) = (4,-3,-2,1)
Thus
Dug(a) = (3. 3,3 —3): (4, —3,-2,1)) = 2. O

Q.27.9. SOLUTION TO 27.2.16.
As suggested in the hint, let c: ¢t — (z(t),y(t)) be the desired curve and set

c¢(0) = (2(0),9(0)) = a = (2,-1).
At each point ¢(t) on the curve set the tangent vector Dc(t) equal to —(V¢)(c(t)). Then for every
t we have

(Da(t), Dy(t)) = — (V) (x(t), y(t))
= (—4ax(t), —12y(t)).
The two resulting equations
Dx(t) = —4x(t) and  Dy(t) = —12y(t)
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have as their only nonzero solutions

and

Eliminating the parameter we obtain

_ a3 1 3 1 3

(O) = =% = () = ~(Ga(0)" = ~5 o0
Thus the path of steepest descent (in the xy-plane) follows the curve y = —%373 from z = 2 to
x = 0 (where ¢ obviously assumes its minimum). O

Q.27.10. SOLUTION TO 27.3.2.
By proposition 21.3.11 it suffices to show that

[dfale’ = [fl(a)]e!

for 1 <1 < mn. Since the it? coordinate (1 < i <m) of the vector which results from the action of
the matrix [f}(a)] on the vector e’ is

we see that

=1
= fi(a) (by proposition 26.2.15)
= dfa(e")
= [dfa)e!
U
Q.27.11. SOLUTION TO 27.3.3.
(a) By proposition 27.3.2
Tz wz 0 wT
[df(w,z,y,z)] = 0 2x 4y 6z
yarctanz 0 warctanz wy(1+ 22)7!
Therefore
1 1 0 1
dfsJ=10 2 4 6
/4 0 7w/4 1/2
(b)
dfa(v) = [dfa]v
1 1 0 1 (2)
=10 2 4 6|5
/4 0 7w/4 1/2 1
= (3,-2,3(2—3m)). O



330 Q. SOLUTIONS TO EXERCISES
Q.27.12. SOLUTION TO 27.4.3.
Let
g: R* = R?: (u,v,w,z) — (y(u,v,w,x),z(u,v,w,:n))
and
f:R2 - R*: (s,t) — (u(s,t),v(s,t),w(s,t),z(s,t)).

Here it is appropriate to think of the variables and functions as being arranged in the following
fashion.

H
8 & e &
S

The expression % is then taken to represent the function f}. The expression % appearing in the

statement of the exercise represents g7 o f. [One’s first impulse might be to let % be just g?. But
this cannot be correct. The product of 3 az and 8“ is defined only at points where both are defined.
The product of g7 (whose domain hes in R4) and f3 (whose domain is in R?) is never defined.]
On the left side of the equation the expression 8t is the partial derivative with respect to ¢ of the
composite function f o g. Thus it is expressed functionally as (g o f)3.

Using proposition 27.4.1 we obtain

0z

2
T = (g0 f);

Z Offz

_:ou 0zov 0sow 0200
COudt  Ovdt Ow ot Ox Ot
This equation is understood to hold at all points a in R? such that f is differentiable at a and g is

differentiable at f(a). O
Q.27.13. SOLUTION TO 27.4.5.
Since
y? 2zy 0
3 0 -2z
[df@yn] = vz 22wy
2z 2y 0
4z 0 4x
we see that
0 0 0
3 0 2
[dfa] =10 -1 0
2 0 0
-4 0 4

And since
d | 2s 0 2u  2v 0
[99(s tauv)] = 250 —2w? 0 s2 —dtw

we see that

0 0 02 O
[495(@)] = d90201.0)] = [() —2 0 0 —8]'
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Thus by equation (27.1)

[d(g o f)a] — [dgf(a)] [dfa]
0 0 0
_[o 0 0 2 0] g _013
0 =200 =8|, , §
—4 0 4
(4 0 0
126 0 —36}' -

Q.27.14. SOLUTION TO 27.4.8.

Use formula (27.6). It is understood that % and % must be evaluated at the point (1,1); and
since z(1,1) = 2 and y(1,1) = /4, the partials %—‘;, %—Z, and (%—%’)x’y are to be evaluated at the
point (2,7/4,1). Calculate the terms appearing on the right hand side of (27.6):

Zf:zt; 50 29;(1,1):2,

oy s dy _

ot 1 505(171)—1/27

ow 2y ow

G o O gD ==/,

ZwZQ; SO gw(2,71'/471):17 and
y z Y

ow 9 ow
— = 3t°; —— 2,7/4,1) =3.
(%), = (%), @mmy=

ow T 1 7
—) 1,1)=—=-241-=+3==—
<8t>8(’) g °T 2+3 2

Q.27.15. SOLUTION TO 27.4.9.
We proceed through steps (a)—(g) of the hint.

(a) Define g(x,y) = y/x and compute its differential

Therefore

N

[dg(a)] = [91(z,y)  g2(2,9)]
= [~yz 2 x_l}.
(b) Then compute the differential of ¢ o g
[d(¢ 0 9) ()] = [dDg(a)] [d9(a.)]
= ¢'(9(2.9)) [d9(z,y)]
= ¢ (yz ) [—yx> 27!
= [y ¢ (yx™") 2 ()]

(c) Let G(z,y) = (z,¢(y/x)) and use (b) to calculate [dG(m’y)]

. N
el = [G2) S0 o]

- [-yz_zg’(yw_l) x—1¢'(()ya:—1)}
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(d) Let m(x,y) = xy and compute its differential
[dmg ] = [mi(z,y)  ma(z,y)] =y z.
(e) Since h(z,y) = x¢(yz~) = m(G(z,y)) we see that h = m o G and therefore

[dhzy)] = [d(m 0 G) s y)]
= [dmg m][ (z.9))
= [G*(x G (2,y)] [dG 2 y)
1 0
=l ety e
= [pya™" =y ¢ (ya") ¢ yah)].

(f) Since j(x,y) = zy + zo(yz~') = m(z,y) + h(x,y), we see that
[diwy] = [dmey] + [dhy)]
=[y+olya ! —ya Pzt w+d(yah)].
(g) Then finally,
w1 (z,y) + yia(z,y) = o (y + dlyz ™" —ya ¢ (ya ™)) + y(x + ¢'(y2 ™))

=xy+ xqﬁ(ya:_l) + yx
=xy+j(z,y) O

Q.27.16. SOLUTION TO 27.4.10.

Let h be as in the hint. Then
20 —2y
[dhzy] = <2y 2% >

[dg(ay] = [d(f 0 1) )]
= [df(oy)] [ z9)]
— [l hiba )] 5 3]
[290f1 ) + 2y fa(h(z,y)) —2yf1(h(z,y)) + 2z f2(h(z,y))] .
Therefore

yg1(z,y) — xga(x,y) = 2xyf1(h(z,y)) + 22 fa(h(x,y)) + 2xy f1(h(z,y)) — 22° fa(h(x,y))
= dzyfi(h(z,y)) — 2(2* — y?) f2(h(,y))
= 21%(2,y) f1(h(2,y)) — 2k (2,9) fa(h(z, 1))

This computation, incidentally, gives one indication of the attractiveness of notation which omits
evaluation of partial derivatives. If one is able to keep in mind the points at which the partials are
being evaluated, less writing is required. O

Q.28. Exercises in chapter 28

Q.28.1. SOLUTION TO 28.1.2.
If n is odd then the n'" partial sum s, is 1; if n is even then s,, = 0. O
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Q.28.2. SOLUTION TO 28.1.3.
Use problem 28.1.8. The n'! partial sum of the sequence (%, %, %, . ) is

I
|
—_

=1-2"" U

Q.28.3. SOLUTION TO 28.1.5.
For the sequence given in exercise 28.1.2, the corresponding series Y ;- aj is the sequence
(1,0,1,0, 1,1. . )7(0f partial sums). For the sequence in exercise 28.1.3, the series Y, aj is the

sequence (5, %, § - ) (of partial sums). O

Q.28.4. SOLUTION TO 28.1.7.

For the sequence (ay) given in 28.1.2 the corresponding sequence of partial sums (1,0,1,0,1,...)
does not converge. Thus the sequence (1,—1,1,—1,...) is not summable. Equivalently, the series
S0 (—1)**! diverges.

For the sequence (ay,) of 28.1.3, the n'" partial sum is 1 — 27" (see 28.1.3). Since lim, oo 8, =
limy, o (1 —27™) =1 (see proposition 4.3.8), we conclude that the sequence (1/2,1/4,1/8,...) is
summable; in other words, the series Y po 27F converges. The sum of this series is 1; that is

D
22—"? =1. 0
k=1

Q.28.5. SOLUTION TO 28.1.10.
Suppose that > 72, ap =b. If s, = > a, then it is easy to see that for each n we may write
an as Sp — Sp—1 (where we let sp = 0). Take limits as n — oo to obtain

ap = Sp, —Sn_1 —b—0=0. ]

Q.28.6. SOLUTION TO 28.1.11.

Assume that the series > 7o, k™1 converges. Let s, = > 7_, k~!. Since the sequence (s;) of
partial sums is assumed to converge, it is Cauchy (by proposition 18.1.4). Thus there exists an
index p such that |s, — s,| < % whenever n > p. We obtain a contradiction by noting that

2p 1

|s2p — sp| = Z 7

k=p+1

2p 1

=D
P+

P

12p

k=
p
2p
1
2
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Q.28.7. SOLUTION TO 28.1.17.

Let > aj, be a convergent series in the normed linear space V. For each n in Nlet s, = Y, a.
Then (s,) is a convergent sequence. By proposition 18.1.4 it is Cauchy. Thus given € > 0 we may
choose ng in N so that n > m > ng implies
n

>

k=m+1

= [lsn — smll <e. (Q.28)

For the second assertion of the proposition, suppose that V is complete. Suppose further that
(ak) is a sequence in V for which there exists ng € N such that (Q.28) holds whenever n > m > ny.
(As above, s, = Y ,_, ax.) This says that the sequence (sy) of partial sums is Cauchy, and since
V' is complete, the sequence (s,) converges. That is, the series ) aj converges. ]

Q.28.8. SOLUTION TO 28.1.19.
Let fy(z) = 2"(1+ x”)fl for every n € N and z € [~4,6]. Also let M, = §"(1 —6)~!. Since
0 < & < 1, the series Y. M,, = >_6"(1 — §)~! converges (by problem 28.1.8). For |z| < §, we have
—z" < |z|* <" <d;sox™ > —0and 14+ 2" > 1— 4. Thus
|z[" o"

o)l = T < s =,

Thus
[ fallu = sup{|fn(z)]: [z] < 6} < My
By the Weierstrass M-test (proposition 28.1.18), the series > ;- f converges uniformly. O

Q.28.9. SOLUTION TO 28.2.3.

As was remarked after proposition 28.1.17, the convergence of a series is not affected by altering
any finite number of terms. Thus without loss of generality we suppose that a1 < day for
all k. Notice that ap < dai, a3 < dag < 6%a1, as < 8%a1, etc. In general, a5 < 6k—1ay for
all k. The geometric series > 6*~! converges by problem 28.1.8. Thus by the comparison test
(proposition 28.2.2), the series Y aj converges. The second conclusion follows similarly from the
observations that a; > M*1qy and that > Mk-1 diverges. O

Q.28.10. SOLUTION TO 28.3.2.

Suppose that V' is complete and that (ay) is an absolutely summable sequence in V.. We wish
to show that (ax) is summable. Let € > 0. Since »_||ax|| converges in R and R is complete, we
may invoke the Cauchy criterion (proposition 28.1.17) to find an integer ng such that n > m > ng
implies > ;.. . |lax|| < e. But for all such m and n

n
< Z lag| < €.

k=m+1

n

D,

k=m-+1

This, together with the fact that V' is complete, allows us to apply for a second time the Cauchy
criterion and to conclude that > aj converges. That is, the sequence (ay) is summable.

For the converse suppose that every absolutely summable sequence in V' is summable. Let
(ar) be a Cauchy sequence in V. In order to prove that V' is complete we must show that (ax)
converges. For each k in N we may choose a natural number pj, such that ||a, —a,| < 27* whenever
n > m > pi. Choose inductively a sequence (ng) in N as follows. Let n; be any integer such that
n1 > p1. Having chosen integers n; < np < --- < ng in N so that n; > p; for 1 < j < £k, choose
niy1 to be the larger of pr1 and ng + 1. Clearly, ngi1 > ng and ngs1 > pgr1. Thus (ank) is a
subsequence of (a,) and (since ngy1 > ny > pi for each k) Hank+1 — ankH < 27F for each k in N.
Let yp = any,, — an, for each k. Then (y,) is absolutely summable since Y[yl < > 27%F = 1.
Consequently (y) is summable in V. That is, there exists b in V such that > 7 _; yx — b as j — oc.
However, since > ]| yr = an, ., — Gn,, We see that

Apjpy — Ay +0 as j — 00.
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This shows that (ank) converges. Since (a,) is a Cauchy sequence having a convergent subsequence
it too converges (proposition 18.1.5). But this is what we wanted to show. O

Q.28.11. SOLUTION TO 28.4.4.
(a) It follows immediately from

[(F9) @) = f@)llg@)] < [ fllullglla  for every z € S

that

1£9llu = sup{|(f9)(@)[: © € S} <[ fllullgll -

(b) Define f and g on [0,2] by

f<m):{1 ifo<z<l,

0 fl<az<?2

and g(x) = 1 — f(z). Then [|f]lu = [lgllu = 1, but || fg[l. = 0. O

Q.28.12. SOLUTION TO 28.4.11.

Since ||z|| < 1, the series > 72, ||z||¥ converges by problem 28.1.8. Condition (e) in the definition
of normed algebras is that ||zy|| < ||z|||ly|]|. An easy inductive argument shows that ||z"| < ||z|™
for all » in N. We know that ||z||* — 0 (by proposition 4.3.8); so ||z"|| — 0 also. Thus (by
proposition 22.2.3(d)) " — 0 as n — oo. Furthermore, comparing > °||z*| with the series
S|k shows that the former converges (see proposition 28.2.2). But this says just that the
series > o° xk converges absolutely. It then follows from proposition 28.3.2 that Y ° x¥ converges.
Letting s, = > p_, " we see that

o0
(1-—=x) Zxk (1 —=z)lims,

k=0 = =1lim((1 — z)sy)
=lim(1 — 2"*1)
=1.
Similarly, (3°0°#*)(1 — z) = 1. This shows that 1 — z is invertible and that its inverse (1 — z)~*!

is the geometrlc series >_0° x¥. O
Q.28.13. SOLUTION TO 28.4.14.
Let a € Inv A. We show that r is continuous at a. Given € > 0 choose ¢ to be the smaller of
the numbers 3|la~|| 7! and 1||a~!(|~2e. Suppose that ||y —al| < § and prove that ||r(y) —r(a)| < e.
Let x =1 —a~'y. Since

Izl = lla™ a — a™tyll < la™ llly = all < la™ 6 < a5l = 5

we conclude from 28.4.11 and 28.4.12 that 1 — x is invertible and that

- - < @29)
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Thus
Ir(y) —r(a)]| = lly(a — y)a™}| (by 28.4.10(e))
<llyta—1f|[la”|
= [[(a™y) " = 1| lla” ] (by 28.4.10(d))
=1 —a)"" = 1| [la”"|

]

= m"a_l\‘ (by inequality (Q.29))
< 2 [la™| (because [lz] < 1)
<2fa”|?

<e.
]

Q.28.14. SOLUTION TO 28.4.17.

Throughout the proof we use the notation introduced in the hint. To avoid triviality we suppose
that (aj) is not identically zero. Since w, is defined to be Y ) (e = > 1, Z?:o ajby—; it is clear
that u, can be obtained by finding the sum of each column of the matrix [djk] and then adding
these sums. On the other hand the expression

n n k
Z gty = Z Z ap—kbj
k=0

k=0 j=0

is obtained by finding the sum of each row of the matrix [d;;] and then adding the sums. It is
conceivable that someone might find the preceding argument too “pictorial”, depending as it does
on looking at a “sketch” of the matrix [d;;]. It is, of course, possible to carry out the proof in a
purely algebraic fashion. And having done so, it is also quite conceivable that one might conclude
that the algebraic approach adds more to the amount of paper used than to the clarity of the
argument. In any event, here, for those who feel more comfortable with it, is a formal verification
of the same result.

I

)
<.

S
-
d
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3
3
d

Il
S
<
(=
3

= Zan—ktk-

k=0
Now that equation (28.10) has been established we see that

Up = Z an—kb + Z an—k(tk - b)
k=0 k=0

= spb+ Z an—k(ty — b).
k=0

Since sp,b — ab, it remains only to show that the last term on the right approaches 0 as n — oo.
Since
n

> an_p(ty — b)

k=0

< > llan—k(tr = )]
k=0

<D llan—ll I (tx = )]
k=0

n
= kB
k=0

it is sufficient to prove that given any € > 0 the quantity » ;' a,—x/S is less than € whenever n is
sufficiently large.

Let @ = > 72 ollax|. Then a > 0. Since 3, — 0 there exists n; in N such that £ > n; implies
Br < €/(2a). Choose § > > 1 B. Since o — 0, there exists ny in N such that k& > ny implies
ap < €/<2ﬁ)

Now suppose that n > nj+ng. If 0 < k < ny, then n—k > n—n; > no, so that a,— < €/(20).
This shows that

ni
P=_ on kb
k=0

<e(28)7" ) B
k=0

< €/2.

Furthermore,

o
<e(2a)7' ) llay]
=0
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=€/2.
Thus
n
Zan_kﬂk:p+q<e. O
k=0
Q.28.15. SOLUTION TO 28.4.25.
Let 0 < s < 7, let M > 0 be such that ||ag||r* < M for every k in N, and let p = s/r. Let
fx(x) = apx® for each k in N and z in B,(0). For each such k and
k k k
[fx(@) | = llanz™[| < llarllll=]* < llaxls
= Jlak|lr*p* < Mp*.
Thus || fx|l. < Mp* for each k. Since 0 < p < 1, the series Y. Mp* converges. Then, according
to the Weierstrass M-test (proposition 28.1.18), the series > apz® = 3 fr(x) converges uniformly
on Bs(0). The parenthetical comment in the statement of the proposition is essentially obvious:

For a € B,(0) choose s such that |la|]] < s < r. Since > apz* converges uniformly on Bg(0), it
converges at a (see problem 22.4.7). O

Q.28.16. SOLUTION TO 28.4.26.

Let a be an arbitrary point of U. Let ¢ = lim, o d(f,). We show that AF, ~ T where
T = ¢(a). We are supposing that d(f,) — ¢ (unif) on U. Thus given € > 0 we may choose N in N
so that

sup [a(), o) - 2 € U} < ke

whenever z € U and n > N. Let g, = f, — fn for all n > N. Then for all such n and all x € U
we have

[d(gn), || < [|d(fn), = @) +[|é(x) — d(fn), || < g€
Also it is clear that
Hd(gn)m - d(gn)aH < Hd(gn)g:H + Hd(gn)aH < %6
for x € U and n > N. According to corollary 26.1.8
A (gn),(h) —d(gn) ,(R)]| < Fell]
whenever n > N and h is a vector such that a + h € U. Thus
|A(fn),(h) —d(fn),(h) — A(fN),(h) +d(fn),(R)]| < Fellnl

when n > N and a + h € U. Taking the limit as n — oo we obtain
1
[(AFL () = Th) = (A(fw) () = d(fx) (W) | < 5ell2l (Q.30)

for h such that a + h € U. Since fy is differentiable, A(fN)a ~ d(fN)a; thus there exists § > 0
such that Bs(a) C U and

[A(FN),(P) = d(fx) ()] < zelnl (Q-31)
for all A such that [|h]] < J. From (Q.30) and (Q.31) it is clear that

|AF(h) = Th| < e[|
whenever ||h]| < . Thus AF, ~ T, which shows that F' is differentiable at a and
dF, =T = lim d(fn),. O
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Q.29. Exercises in chapter 29

Q.29.1. SOLUTION TO 29.1.2.
Let U =V = R and f(z) = 23 for all z in R. Although f is continuously differentiable and does

have an inverse, it is not Cl-invertible. The inverse function z — 23 is not differentiable at 0. [

Q.29.2. SOLUTION TO 29.1.4.
Set y = 22 — 62 + 5 and solve for z in terms of y. After completing the square and taking

square roots we have
|l —3|=+y+4.

Thus there are two solutions x = 3+ /y + 4 and x = 3—/y + 4. The first of these produces values
of x no smaller than 3 and the second produces values no larger than 3. Thus for z = 1 we choose
the latter. A local Cl-inverse of f is given on the interval f—(0,2) = (-3,5) by

fly) =3y +4. O
Q.29.3. SOLUTION TO 29.1.7.

In order to apply the chain rule to the composite function flgcl o f we need to know that both

f and flgcl are differentiable. But differentiability of flgcl was not a hypothesis. Indeed, the major

difficulty in proving the inverse function theorem is showing that a local C'-inverse of a C!-function
is in fact differentiable (at points where its differential does not vanish). Once that is known, the

argument presented in 29.1.7 correctly derives the formula for D fl;j(b) O

Q.29.4. SOLUTION TO 29.2.2.
Let f(x,y) = 2%y + sin(gny) — 2 for all x and y in R.
(a) There exist a neighborhood V of 1 and a function h: V' — R which satisfy
(i) h(l)=2; and
(ii)) f(z,h(z))=0 forall zin V.
(b) Let G(z,y) = (x, f(z,y)) for all z,y € R. Then G is continuously differentiable and

1 0
[4Ga2)] = [4 +2r 1+ 274 :

Thus dG(j ) is invertible, so by the inverse function theorem G has a local Cl-inverse, say
H, defined on some neighborhood W of (1,0) = G(1,2). Let V = {z : (z,0) € W} and
h(z) = H?(x,0) for all z in V. The function h is in C* because H is. Condition (i) is
satisfied by h since

and (ii) holds because
(z,0) = G(H(x,0))
= G(H(2,0), H*(x,0))
= (H'(z,0), f(H'(z,0), H*(z,0)))
= (z, f(z,h(z)))

for all z in V.
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(c) Let G, H, and h be as in (b). By the inverse function theorem

Then % at (1,2) is just A/(1) and

4+ 27
1427

K (1) = H¥(1,0) = —

Q.29.5. SOLUTION TO 29.2.4.
Let f(x,y,2) = 2?2 + yz? — 323 —8 for all z, y, z € R.

(a) There exist a neighborhood V of (3,2) and a function h: V' — R which satisfy

(i) h(3,2)=1; and
(i) f(z,y,h(z,y)) =0 forallz, yeV.

(b) Let G(z,y,z2) := (z,y, f(x,y,2)) for all z, y, z € R. Then

[dG(3.2,1)] =

SO =

0
1
1

= O O

so dG 3,1y is invertible. By the inverse function theorem G has a local Cl-inverse H
defined on some neighborhood W of (3,2;0) = G(3,2,1). Write H = (H', H?) where
ran H! C R? and ran H?> C R. Let V = {(z,y) : (z,9,0) € W} and h(z,y) = H%(z,y;0).
The function h belongs to C! because H does. Now condition (i) holds because

(3,2;1) = H(G(3,2;1))
2; f(3 2,1))

H (3,

H (3,
= (H! (3 2;0); H%(3,2;0))
= (H'(3,2;0); h(3,2))

—~

and condition (ii) follows by equating the third components of the first and last terms of
the following computation

(z,y;0) = G(H(z,y;0))
= G(H(z,y;0); H(z,y;0))
= (H'(z,y;0); f(H"(2,y;0); H*(z,9;0)))
= (z,y; f(z,y; h(2,y))) -
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(c) We wish to find (%)y and (2—2) at (3,2,1); that is, h1(3,2) and ha(3,2), respectively.

The inverse function theorem tells us that
[dH(520)] = [dHez2.0)]
-1
= [dG2)]

[1
= |0
6

= O O

Thus at (3,2,1)

Ox ox 2
and ,
0z oH 1
ve _ — S— O
(52) =mis2 = -m2 =

Q.29.6. SOLUTION TO 29.2.13.
Let f = (f', f?) where
fHu, vy 2, y) = 2udva® + v2ady? — 3u?y?
and
A (u,v;z,y) = 2uv’y® — wvz® + udzy — 2.
(a) There exist a neighborhood V' of (a,b) in R? and a function h: V — R? which satisfy
() h(a,b)=(c,d); and
(ii) f(u,v;h(u,v)) =(0,0) forall u,veV.
(b) Let G(u,v;z,y) = (u,v; f(u,v;x,y)) for all u, v, z, y € R. Then G is continuously
differentiable and

10 0 0
01 0 0
[4Gan] = 0 4 7 —10
4 3 -1 3

Since det [dG(1,1)] =11 # 0, we know from the inverse function theorem that G is locally
Cl-invertible at (1,1). That is, there exist a neighborhood W of G(1,1;1,1) = (1,1;0,0)
in R* and a local Cl-inverse H : W — R* of G. Write H in terms of its component
functions, H = (H', H?) where ran H' and ran H? are contained in R?, and set h(u,v) =
H?(u,v;0,0) for all (u,v) in V := {(u,v) : (u,v;0,0) € W}. Then V is a neighborhood of
(1,1) in R? and the function & is continuously differentiable because H is. We conclude
that h(1,1) = (1,1) from the following computation.
(1,1:1,1) = H(G(1,151,1))

— H(1L 1 £(1, 151, 1))

= (H'(L, 1 f(1,151,1))5 H* (L, 13 f(1,1;1,1)))

= (1,1; H*(1,1;0,0))

= (L,1; h(1,1)).



342 Q. SOLUTIONS TO EXERCISES

And from
(u,v;0,0) = G(H (u,v;0,0))

= G(H (u,v;0,0); H(u,v;0,0))

= (H'(u,v;0,0); f(H'(u,v;0,0); H*(u,v;0,0)))

= (u,v; fu, v;h(u,v)))
we conclude that (ii) holds; that is,

f(u, 05 h(u,v)) = (0,0)

for all u, v € V. O

Q.30. Exercises in appendix D
Q.30.1. SoLuTION TO D.1.1.

SICESRENEY
CRERCRER
| >

0

Q.30.2. SOLUTION TO D.3.2.

First observe that the operation A is commutative and associative. (The former is obvious
and the latter may be easily checked by means of a truth table.) Therefore if A, B, and C are
propositions

ANBANC)iff (ANB)ANC
iff (BAA)AC (Q.32)
iff BA(ANAC).

It then follows that

Bz e S)FyeT)P(z,y) iff (Tx € S)3Fy)((yeT) A P(x,y))
iff (3z)((z € S) A Fy)((y € T) A P(z,y)))
iff (32)(3y)((x € S) A ((y € T) A P(z,y)))
iff (32)(3y)((y € T) A ((z € S) A P(z,y)))  (by (Q-32))
iff 3y)(3z)((y € T) A ((x € S) A P(z,y)))
iff (3y)((y € T) A Bz)((w € S) A P(x,y)))
it (3y)((y € T) A 3z € 5) P(z,y))

iff (Jy € T)(3x € S) P(x,y).

Notice that at the third and sixth steps we used the remark made in the last paragraph of sec-
tion D.1. ]

Q.30.3. SOLUTION TO D.4.4.
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P Q P=0qQ ~ P QV(~P)
T T T F T
T F F F F
F T T T T
F F T T T
The third and fifth columns have the same truth values. O

Q.31. Exercises in appendix F
Q.31.1. SOLUTION TO F.2.4. If S, T, and U are sets, then
xeSU(TNU) if xeSorxeTnNU
ifft xe€eSor(reTandxelU)
iff (reSorxzeT)and (xreSorxel)
iff reSUT andxe SUU
iff xe(SUuT)N(SUU).
Problem D.1.4 was used to get the third line. O
Q.31.2. SOLUTION TO F.2.9.
If T is a set and & is a family of sets, then
xETU(ﬂG) iff xGTor:vEﬂG
if zeTor(VSeB)zels
iff (VSe&)(zeTorzel)
iff VSe®)zeTuUS

iff ze({TuS:Se6)

To obtain the third line we used the principle mentioned in the last paragraph of section D.1 of
chapter D. 0

Q.31.3. SOLUTION TO F.3.3.

Here is one proof: A necessary and sufficient condition for an element x to belong to the
complement of S UT is that it not belong to S or to T'. This is the equivalent to its belonging to
both S¢ and T¢, that is, to the intersection of the complements of S and T

A second more “formalistic” proof looks like this :

re(SuT) iff z¢SUT

iff ~(xeSuT)

if ~(rxeSorxzeT)

iff ~(xeS)and ~(zeT)

iff z¢Sandag¢T

iff zeS°andxeT*

ifft zesS°NnTe.
This second proof is not entirely without merit: at each step only one definition or fact is used.
(For example, the result presented in example D.4.1 justifies the fourth “iff”.) But on balance most
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readers, unless they are very unfamiliar with the material, would probably prefer the first version.
After all, it’s easier to read English than to translate code. O

Q.31.4. SOLUTION TO F.3.5. Here is another formalistic proof. It is a good idea to try
and rewrite it in ordinary English.

:UE(UG)C iff a:géUG

iff ~(xe€ U S)

iff ~((3Se€6)(zeld)

iff (VSe6)~(zelh)

iff (VS e&)(x¢S)

iff (VS € 6)(xz e S

iff 2e(){s°:S5e6) O
Q.31.5. SOLUTION TO F.3.9.
To see that S\ T' and T are disjoint, notice that

S\T)NT=5SNnT°NT

=S5nN0
= 0.
Furthermore,
(S\THuT =(SNTHUT
=(SuT)N(T°UT)
=SUT.
As usual S and T are regarded as belonging to some universal set, say U. Then T°UT is all of U
and its intersection with S UT (which is contained in U) is just SUT. O

Q.31.6. SOLUTION TO F.3.10.
We know from proposition F.1.2 (e) that SUT = S if and only if ' C S. But proposition F.3.9
tells us that SUT = (S\T)UT. Thus (S\T)UT =S if and only if T C S. O

Q.32. Exercises in appendix G

Q.32.1. SoLuTION TO G.1.10.
If z + 2 =z, then

r=x+0
=+ (24 ()
= (z+z)+ (-2
— o+ (-a)
=0. O

Q.32.2. SOLUTION TO GG.1.12.
Use associativity and commutativity of addition.

(wta)+(y+2)=(w+tz)+y

~—
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The first, second, and last equalities use associativity of addition; steps 3 and 4 use its commuta-
tivity. ]

Q.33. Exercises in appendix H

Q.33.1. SoLuTioN TO H.1.5.

By definition x > 0 holds if and only if 0 < z, and this holds (again by definition) if and only
if x —0 € P. Since —0 = 0 (which is obvious from 0+ 0 = 0 and the fact that the additive identity
is unique), we conclude that x > 0 if and only if

r=24+0=2+(-0)=2-0€P. O

Q.33.2. SOLUTION TO H.1.6.

By the preceding exercise > 0 implies that x € P; and y < z implies z — y € P. Since P is
closed under multiplication, z(z — y) belongs to P. Thus

xz —xy = xzz + (—(xy))
=zz+z(—y) by problem G.4.4
= (2 + (-y))
=z(z—y) eP.
This shows that zy < zz. g

Q.33.3. SOLUTION TO H.1.12.

Since 0 < w < x and y > 0, we may infer from exercise H.1.6 that yw < yx. Similarly, we
obtain xy < zz from the conditions 0 < y < z and z > 0 (which holds by the transitivity of <,
proposition H.1.3). Then

wy =yw < yr =y < 2.
Thus the desired inequality wy < zz follows (again by transitivity of <). O

Q.34. Exercises in appendix I

Q.34.1. SOLUTION TO 1.1.3.
Since 1 belongs to A for every A € 2, it is clear that 1 € NA. If x € N2, then = € A for every
A € 2. Since each set A in 2 is inductive, x + 1 € A for every A € 2. That is, x +1 € N2. O

Q.34.2. SoLuTIioN TO [.1.10.
Let S be the set of all natural numbers for which the assertion is true. Certainly 1 belongs to
S.Ifn €S, then Y}, k = 3n(n+1). Therefore

n+1 n
k= E)]+(n+1)
2 ()
:%n(n—i-l)—i-(n—i-l)

= 1(n + 1)(n + 2),

2
which shows that n + 1 € S. Thus S is an inductive subset of N. We conclude from corollary 1.1.8
that S = N. In other words, the assertion holds for all n € N. O

Q.34.3. SOLUTION TO 1.1.18.
Let K be a subset of N which has no smallest member. We show K = (). Let

J={neN:n<kforalkeK}.

Certainly 1 belongs to J. [If not, there would exist ¢ € K such that 1 > ¢. From proposition I.1.6 we
see that ¢ = 1. Thus 1 belongs to K and is the smallest member of K, contrary to our assumption. ]
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Now suppose that n € J and prove that n +1 € J. If n+ 1 ¢ J, then there exists k € K
such that n 4+ 1 > k. By the inductive hypothesis n < k. Thus n < k < n + 1. We conclude from
problem [.1.16(b) that k£ = n + 1. But, since n is smaller than every member of K, this implies
that n + 1 is the smallest member of K. But K has no smallest member. Therefore we conclude
that n+1 € J.

We have shown that J is an inductive subset of N. Then J = N (by theorem 1.1.7). If K
contains any element at all, say j, then j € J; so in particular j < j. Since this is not possible, we
conclude that K = (). O

Q.35. Exercises in appendix J

Q.35.1. SOLUTION TO J.2.7.

(a) A number z belongs to the set A if 2% — 4z + 3 < 3; that is, if z(z — 4) < 0. This occurs if
and only if x > 0 and x < 4. Thus A = (0,4); so supA =4 and inf A = 0.

(b) Use beginning calculus to see that f/(x) = 2x—4. Conclude that the function f is decreasing
on the interval (—oo,2) and is increasing on (2,3). Thus f assumes a minimum at = = 2. Since
f(2) = —1, we see that B = [—1,00). Thus sup B does not exist and inf B = —1. O

Q.35.2. SOLUTION TO J.3.7.

As in the hint let £ = sup A and m = sup B, and suppose that ¢, m > 0. If x € AB, then there
exist a € A and b € B such that x = ab. From a < ¢ and b < m it is clear that z < fm; so ¢m is
an upper bound for AB.

Since AB is bounded above it must have a least upper bound, say c¢. Clearly ¢ < ¢m; we show
that ¢m < c¢. Assume, to the contrary, that ¢ < fm. Let e = fm — c¢. Since € > 0 and £ is the least
upper bound for A we may choose an element a of A such that a > £ —¢(2m)~!. Similarly, we may
choose b € B so that b > m — €(2¢)~1. Then

ab> (¢ — e(2m)™1) (m — 6(28)_1)
= Im — e+ €2 (40m) ™!
>/Im—e€

=c.

This is a contradiction, since ab belongs to AB and c is an upper bound of AB. We have shown
sup(AB) = ¢ = ¢m = (sup A)(sup B)

as required. O

REMARK. It is not particularly difficult to follow the details of the preceding proof. But that
is not the same thing as understanding the proof! It is easy to see, for example, that if we choose
a>{—e2m)~! and b > m — ¢(20)7!, then ab > c. But that still leaves room to be puzzled.
You might reasonably say when shown this proof, “Well, that certainly is a proof. And it looks
very clever. But what I don’t understand is how did you know to choose a and b in just that
particular (or should I say ‘peculiar’?) way? Do you operate by fits of inspiration, or a crystal ball,
or divination of entrails, or what?” The question deserves an answer. Once we have assumed c to
be an upper bound smaller than /m (and set € = ¢m — ¢), our hope is to choose a € A close to £ and
b € B close to m in such a way that their product ab exceeds c. It is difficult to say immediately
how close a should be to ¢ (and b to m). Let’s just say that a > ¢ — ¢; and b > m — Jy, where
01 and Jo are small positive numbers. We will figure out how small they should be in a moment.
Then

ab > (6 — (51)(771 — 52) ={m — m51 — 552 + (51(52 .
Since 0165 is positive, we can simplify the preceding inequality and write

ab > tm — méy — £dy . (Q.33)
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What we want to get at the end of our computation is
ab>c=/I{m —e. (Q.34)

Now comparing what we have (Q.33) with what we want (Q.34), we see that all we need to do is
choose 1 and 5 in such a way that

moy + oy < € (Q35)

(for then ¢m — (mdy + €d2) > fm — € = ¢, and we are done). To guarantee that the sum of two
numbers is less than e it suffices to choose both of them to be less than €¢/2. Clearly, we have
mdy < €/2 if we choose d; < €(2m)~!; and we have £dy < €/2 if we choose dy < €(2¢)~!. And that’s
all we need.

Q.35.3. SOLUTION TO J.4.2.

Let A= {t > 0:1? < a}. The set A is not empty since it contains a(1+ a)~!. [a®(1 +a)"2 <
a(l+a)~! < a.] It is easy to see that A is bounded above by M := max{1,a}. [Ift € Aand t < 1,
then t < M; on the other hand, if t € A and ¢t > 1, then t < t> < a < M.] By the least upper
bound axiom (J.3.1) A has a supremum, say x. It follows from the aziom of trichotomy (H.1.2)
that exactly one of three things must be true: z? < a, 2 > a, or 22 = a. We show that 22 = a by
eliminating the first two alternatives.

First assume that 22 < a. Choose € in (0,1) so that € < 37'272(a — 22). Then

(1+€)2=1+2¢+ ¢ (Q.36)
<1+ 3e (Q.37)

so that
2214 €)? < 2*(1+3¢) < a.

Thus z(1 + €) belongs to A. But this is impossible since z(1 + €) > x and x is the supremum of A.
Now assume x2 > a. Choose € in (0, 1) so that € < (3a)~!(22 — a). Then by (Q.36)

a<z?(1+3e) 7 <a2?(1+¢) 2. (Q.-38)
Now since # = sup A and z(1+¢)~! < z, there must exist ¢ € A such that x(1+¢)"! <t < z. But
then
(1+e) 2 <t?* <a,

which contradicts (Q.38). Thus we have demonstrated the existence of a number z > 0 such that

22 = a. That there is only one such number has already been proved: see problem H.1.16. ([l

Q.36. Exercises in appendix K

Q.36.1. SOLUTION TO K.1.2.
Suppose that (z,y) = (u,v). Then

{{z, v} A=t} = {{uw, v} {u}}.

We consider two cases.
Case 1:  {z,y} = {u,v} and {x} = {u}. The second equality implies that 2 = u. Then from
the first equality we infer that y = v.
Case 2:  {z,y} = {u} and {2} = {u,v}. We derive x = u = y from the first
equality and © = x = v from the second. Thus z = y = u = v. In either case z = v and y = v.
The converse is obvious. O]

Q.36.2.  SOLUTION TO K.3.7. (a) f(3)=3;
(b) Notice that (1 — z)~! does not exist if z = 1, (1 + (1 — 2)~!)~! does not exist if z = 2,
and (1 —2(1+ (1 —2)~1)~1)~! does not exist if z = 0; so dom f = R\ {0, 1, 2}. O
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Q.36.3. SoLuTIioN TO K.3.8.

We can take the square root of g(x) = —x —4x — 1 only when g(x) > 0, and since we take its
reciprocal, it should not be zero. But g(x) > 0 if and only if 2% +42+1 < 0 if and only if (z+2)? < 3
if and only if [z +2| < v/3 if and only if —2—+/3 < 2 < —2++/3. Sodom f = (-2—/3,-2++/3). O

2

Q.37. Exercises in appendix L

Q.37.1. SOLUTION TO L.1.2.
We may write A as the union of three intervals

A= (—4,4) = (—4,-2)U[-2,1) U[1,4).
Then
(This step is justified in the next section by M.1.25.) Since f is constant on the interval (—4, —2)
we see that f~((—4,-2)) = {—1}. On the interval [—2,1) the function increases from f(-2) =3
to f(0) = 7 and then decreases to f(1) = 6 so that f~([-2,1)) = [3,7]. (This interval is closed
because both —2 and 0 belong to [—2,1).) Finally, since f is decreasing on [1,4) we see that
f7([1,4)) = (f(4), f(1)] = (5,1]. Thus from equation (Q.39) we conclude that

F7(A) = {-1}U(5,1]U[3,7]. O

Q.37.2. SOLUTION TO L..1.3.

Use techniques from beginning calculus. The function is a fourth degree polynomial, so f(x) —
oo as & — —oo and as * — oo. Thus the range of f is not bounded above. The minimum value
of the range will occur at a critical point, that is, at a point where f’(x) = 0. But this occurs at
x= -3,z =0, and z = 2. The values of f at these points are, respectively —188, 0, and —63. We

conclude that ran f = [—188,00). O
Q.37.3. SOLUTION TO L.1.5.
Notice that the arctangent function is strictly increasing (its derivative at each z is (1 +2)~1).
Its range is (—7/2,7/2). Thus f~(B) = f~((7/4,2)) = [~ ((x/4,7/2)) = (1, 0). O

Q.37.4. SOLUTION TO L.1.6.
For —v/9 — 22 to lie between 1 and 3, we would need —3 < v/9 — 22 < —1. But since the square
root function on R takes on only positive values, this is not possible. So f<(B) = (. O

Q.37.5. SOLUTION TO L.2.2. For z < %, f(x) < 1 which implies g(f(z)) = —1. For
z € (3,1), f(z) € (1,3), 50 g(f(x)) =922 For 1 <z <2, f(z) =2, s0 g(f(x)) = —1. Finally, for

x > 2, f(z) = 2 and therefore g(f(x)) = 4.

o
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Q.37.6. SOLUTION TO [..2.3.
Associativity: for every x

(ho(gof))(x)=h((ge f)(x)) =h(g(f(x)) = (hog)(f(x)) = ((hog)e f)(x);
soho(gof)=(hog)of. )

To see that composition is not commutative take, for example, f(z) = z + 1 and g(x) = z°.
Since (go f)(1) =4 and (f o g)(1) = 2, the functions g o f and f o g cannot be equal. O

Q.38. Exercises in appendix M

Q.38.1. SOLUTION TO M.1.2.
If f(x) = f(y), then (z+2)(3y — 5) = (y + 2)(3z — 5). Thus 6y — 52 = 62 — 5y, which implies
Tr=y. O

Q.38.2. SOLUTION TO M.1.3.
Suppose that m and n are positive integers with no common prime factors. Let f (%) =2m3".
Then f is injective by the unique factorization theorem (see, for example, [2], page 21). O

Q.38.3. SOLUTION TO M.1.10.
Let f(z) =1 —1for z # 0 and f(0) = 3. O

Q.38.4. SOLUTION TO M.1.12.
Define f: Z — N by

2n+1, forn>0
J(n) = {—271, for n < 0. =
Q.38.5. SOLUTION TO M.1.13.
Define f: R — (0,1) by f(z) = 3 + % arctan . O
Q.38.6. SOLUTION TO M.1.14.
Let S! be {(z,y): 22 + y? = 1}. Define f: [0,1) — S! by f(t) = (cos(2nt), sin(27t)). O
Q.38.7. SOLUTION TO M.1.15.
Let
3 — 2z, for0<z<1
g(x) =< f(x), for1 <ax<2 O
3(3—1), for2<z<3.
Q.38.8. SOLUTION TO M.1.16.
RETEAE O
Q.38.9. SOLUTION TO M.1.22.

(a) We show that if y € f~(f(B)), then y € B. Suppose that y € f~(f(B)). Then (by the
definition of f7) there exists z € f~ (B) such that y = f(z). From x € f*(B) we infer (using the
definition of f) that f(z) € B. That is, y € B.

(b) Tet f(z) =2 and B = {~1}. Then f~(f~(B)) = f~(f~{~1}) = f~(0) =0 # B.

(c) Suppose that f is surjective. Show that B C f~(f“(B)) by showing that y € B implies
y € f7(f7(B)). If y € B, then (since f is surjective) there exists z € S such that y = f(x).
Since f(x) € B, we see that x € f~(B) (by the definition of f7). From this it follows (using the
definition of f7) that y = f(z) € f~(f(B)). O

Q.38.10. SOLUTION TO M.1.25.
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This requires nothing other than the definitions of U and f—:

y € f7 (AU B) iff there exists x € AU B such that y = f(x)
iff there exists x € A such that y = f(z) or
there exists © € B such that y = f(z)
iff ye f7(A) ory e f7(B)
iffye f7(A)U f~(B). O

Q.38.11. SOLUTION TO M.1.27.
Here the definitions of N and f are used:

ze f~(CnD)iff f(z) eCND
iff f(x) € C and f(z) € D
iff x € f7(C)and x € f~ (D)
if € f~(C)Nn f(D). O

Q.38.12. SoLuTiON TO M.1.31.

(a) Show that if y € f~(N2A), then y € N{f~(A): A € A}. Suppose that y € f~((A). Then
there exists x € (2 such that y = f(x). Since = belongs to the intersection of the family 2 it must
belong to every member of 2. That is, z € A for every A € 2. Thus y = f(z) belongs to f—(A)
for every A€ 2; and soy € {f~(A): A e A}

(b) Suppose f is injective. If y € N{f7(A4): A € A}, then y € f~(A) for every A € 2. Choose
a set Ag € A. Since y € f(Ap), there exists xg € Ap such that y = f(xg). The point z¢ belongs
to every member of 2. To see this, let A be an arbitrary set belonging to . Since y € f~(A),
there exists x € A such that y = f(x); and since f(z) =y = f(xo) and f is injective, we conclude
that o = = € A. Thus we have shown that zg € [ and therefore that y = f(zo) € f7 ().

(c) Ify € f~(UA), then there exists x € |J such that y = f(z). Since z € |JU there exists
A € A such that x € A. Then y = f(z) € f7(A) and so y € J{f7(4) : A € A}. Conversely,
if y belongs to |J{f7(A4) : A € 2}, then it must be a member of f~(A) for some A € A. Then
y = f(z) for some z € A C |J2 and therefore y = f(z) € f~(UA). O

Q.38.13. SOLUTION TO M.2.1.
Let f: S — T and suppose that g and h are inverses of f. Then

g=golr=go(foh)=(gof)oh=Igoh=nh. ([l

Q.38.14. SOLUTION TO M.2.3.

Arcsine is the inverse of the restriction of the sine function to the interval [-5, 5

]. The arccosine

T 202
is the inverse of the restriction of cosine to [0,7]. And arctangent is the inverse of the restriction
of tangent to (=3, 5). O

Q.38.15. SOLUTION TO M.2.4.

Suppose that f has a right inverse f.. For each y € T it is clear that y = Ir(y) = f(fr(y)) €
ran f; soran f =T and f is surjective.

Conversely, suppose that f is surjective. Then for every y € T the set f< ({y}) is nonempty.
For each y € T let x, be a member of f~({y}) and define

friT — Sty ay.

Then f ( Ir (y)) = f(zy) = y, showing that f, is a right inverse of f. (The reader who has studied a
bit of set theory will likely have noticed the unadvertised use of the axiom of choice in this proof.
It is used in this fashion throughout the text.) 0
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Q.39. Exercises in appendix N

Q.39.1. SOLUTION TO N.1.4.

The existence of the function has already been demonstrated: if f = (f!, f2), then (70 f)(t) =
T (f1(t), f2(t)) = fR(t) for k=1,2 and t € T.

To prove uniqueness suppose that there is a function g € F(T,S; x Sy) such that m, o g = f*
for k = 1,2. Then g(t) = (m1(g(?)), m2(9(t))) = (f1(2), f2()) = (f*, f?)(t) for k=1,2 and t € T
So g = (' f?). O

Q.40. Exercises in appendix O

Q.40.1. SOLUTION TO O.1.4.

We wish to demonstrate that for all natural numbers m and n if there is a bijection from
{1,...,m} onto {1,...,n}, then m = n. To accomplish this use induction on n.

First, suppose that for an arbitrary natural number m we have {1,...,m} ~ {1}. That is, we
suppose that there exists a bijection f from {1,...,m} onto {1}. Then since f(1) =1 = f(m) and
f is injective, we conclude that m = 1. This establishes the proposition in the case n = 1.

Next, we assume the truth of the result for some particular n € N: for every m € N if
{1,...,m} ~{1,...,n}, then m = n. This is our inductive hypothesis. What we wish to show is
that for an arbitrary natural number m if {1,...,m} ~ {1,...,n + 1}, then m = n + 1. Suppose
then that m € Nand {1,...,m} ~ {1,...,n+1}. Then there is a bijection f from {1,...,m} onto
{1,...,n+1}. Let k = f~Y(n+1). The restriction of f to theset {1,...,k—1,k + 1,...,m}is
a bijection from that set onto {1,...,n}. Thus

{1,...;k—=1Lk+1,....m}~{1,...,n}. (Q.40)
Furthermore, it is easy to see that
{1,...om—=1} ~{1,...; k=1L k+1,...,m}. (Q.41)
(The required bijection is defined by ¢g(j) =jif 1 <j<k—1landg(j)=j+1ifk<j<m-—1.)
From (Q.40), (Q.41), and proposition O.1.2 we conclude that
{1,....m—=1} ~{1,...,n}.
By our inductive hypothesis, m — 1 = n. This yields the desired conclusion m = n + 1. O
Q.40.2. SoLuTIiON TO O.1.7.

The result is trivial if S or T is empty; so we suppose they are not. Let m = cardS and
n=cardT. Then S ~ {1,...,m} and T ~ {1,...,n}. It is clear that

{1,...;n} ~{m+1,... m+n}.

(Use themap j— j+mfor1 <j<mn.) ThusT ~{m+1,...,m+n}. Let f: S —{1,...,m}
and g: T'— {m+1,...,m + n} be bijections. Define h: SUT — {1,...,m+n} by

) fx), forxeS
h(x)_{g(x), forzeT.

Then clearly h is a bijection. So S UT is finite and card(SUT) = m +n = card S + card T'. O

Q.40.3. SoLuTION TO O.1.8.

Proceed by mathematical induction. If C' C {1}, then either C' = (), in which case card C' = 0,
or else C' = {1}, in which case card C'= 1. Thus the lemma is true if n = 1.

Suppose then that the lemma holds for some particular n € N. We prove its correctness for
n+ 1. So we assume that C' C {1,...,n + 1} and prove that C is finite and that cardC' < n + 1.
It is clear that C'\ {n + 1} C {1,...,n}. By the inductive hypothesis C'\ {n + 1} is finite and
card(C \ {n + 1}) < n. There are two possibilities: n+1 ¢ C and n+1 € C. In case n + 1 does
not belong to C, then C'= C'\ {n + 1}; so C is finite and card C' < n < n+ 1. In the other case,
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where n + 1 does belong to C, it is clear that C' is finite (because C'\ {n + 1} is) and we have (by
proposition 0.1.7)

cardC = card((C'\ {n+1}) U{n + 1})
= card(C' \ {n+ 1}) + card({n + 1})
<n-+1. O

Q.40.4. SOLUTION TO O.1.11.

Suppose that S is infinite. We prove that there exists a proper subset T" of S and a bijection
f from S onto T'. We choose a sequence of distinct elements a in S, one for each &k € N. Let ay
be an arbitrary member of S. Then S\ {a1} # 0. (Otherwise S ~ {a1} and S is finite.) Choose
ag € S\ {ai}. Then S\ {ai,a2} # 0. (Otherwise S ~ {a1,a2} and S is finite.) In general, if
distinct elements ay, ..., a, have been chosen, then S\ {ay,...,a,} cannot be empty; so we may
choose ant+1 € S\ {a1,...,an}. Let T =S\ {a1}, and define f: S — T by

ap+1, if x = ay for some k
flx) = :
x, otherwise.

Then f is a bijection from S onto the proper subset T of S.

For the converse construct a proof by contradiction. Suppose that S ~ T for some proper
subset T'C S, and assume further that S is finite, so that S ~ {1,...,n} for some n € N. Then by
proposition 0.1.9 the set S\ T is finite and, since it is nonempty, is therefore cardinally equivalent
to {1,...,p} for some p € N. Thus

n = card S
=cardT
=card(S\ (S\T))
=card S —card(S\ T) (by problem O.1.10)
=n—p.
Therefore p = 0, which contradicts the earlier assertion that p € N. O

Q.40.5. SOLUTION TO O.1.13.
The map x — %x is a bijection from the interval (0, 1) onto the interval (0, %), which is a proper

subset of (0,1). O

Q.40.6. SOLUTION TO O.1.15.

Since f is surjective it has a right inverse f, (see proposition M.2.4). This right inverse is
injective, since it has a left inverse (see proposition M.2.5). Let A = ran f,. The function f,
establishes a bijection between T and A. Thus T~ A C S. If S is finite, so is A (by proposition
0.1.9) and therefore so is T'. O

Q.40.7. SOLUTION TO O.1.16.
Let B=ran f. Then S ~ B C T. If T is finite, so is B (by proposition O.1.9) and therefore so
is S. g

Q.41. Exercises in appendix P

Q.41.1. SOLUTION TO P.1.4.

If S is finite there is nothing to prove; so we suppose that .S is an infinite subset of 7. Then
T is countably infinite. Let f: N — T be an enumeration of the members of T. The restriction
of f to the set f(5) C N is a bijection between f~(S) and S; so we may conclude that S is
countable provided we can prove that f(S) is. Therefore it suffices to show that every subset of
N is countable.
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Let A be an infinite subset of N. Define inductively elements a; < ag < ... in A. (Let a; be the
smallest member of A. Having chosen a1 < ag < --- < a,, in A, notice that the set A\ {a1,...,a,}
is not empty and choose a,,+1 to be the smallest element of that set.) Let a: N — A be the function
n — ay. It is clear that ap > k for all k£ and, since ay < ag41 for all k, that a is injective. To
see that a is surjective, assume that it is not and derive a contradiction. If a is not surjective,
then the range of a is a proper subset of A. Let p be the smallest element of A \ rana. Since
p € A\rana C A\ {ai,...,a,}, we see from the definition of ap;1 that apy1 < p. On the other
hand we know that a,11 > p+1 > p. This contradiction shows that a is a surjection. Thus A ~ N
proving that A is countable. O

Q.41.2. SOLUTION TO P.1.7.
To see that the map
f:NxN—=N: (m,n)—2""12n - 1)
is a bijection, we construct its inverse (see propositions M.2.4 and M.2.5). If p € N let m be the
largest member of N such that 2™~! divides p. (If p is odd, then m = 1.) Then p/2™~! is odd and

can be written in the form 2n — 1 for some n € N. The map g: p — (m,n) is clearly the inverse
of f. O

Q.41.3. SOLUTION TO P.1.11.
If 2 is infinite let
A= (A1, Ay, As,... };

while if 2 is finite, say card 2 = m, let
A={A,...,An}
and let A, = A,, for all n > m. For each j € N the set A; is either infinite, in which case we write
Aj ={aji,a52, 053, 1,
or else it is finite, say card A; = p, in which case we write
Aj={aj1,..., a5}

and let aj, = a;p for all ¢ > p. Then the map
a: NxN— | J2: (4, k) — ajn

o0
is surjective. Thus (J2A = |J A;; = rana is countable by lemma P.1.7 and proposition P.1.6. [
Jk=1
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Index

< (logical equivalence), 229

= (implies), 228

A (and, conjunction), 227

V (or, disjunction), 227

~ P (negation of P), 230

1-norm, 129

(a,b) (open interval), 225

(to,t1,...,tn) (partition of an interval), 147

(z,y) (ordered pair), 259

(I17$27 .., Zn) (n-tuples), 260

:= (equality by definition), 223

= (equals), 223

A’ (derived set of A, set of accumulation points), 7,
57

AT (positive elements of a set A), 225

A° (interior of A), 2, 57

Dy f (K™ partial derivative of f), 176

J* (deleted neighborhood), 39

Je(a) (e-neighborhood about a), 1

P Vv @ (smallest common refinement of partitions),
147

S¢ (complement of a set S), 240

S™ (n-fold Cartesian product), 260

Sy % -+- x S, (n-fold Cartesian product), 260

TS (composite of linear maps), 115

T, (translation by a), 133

V @ W (direct sum of vector spaces), 111

V* (dual of a Banach space), 144

[T] (matrix representation of a linear map), 125

[a,b] (closed interval), 225

[a%], [ai;] (matrix notation), 120

[x,y] (closed segment in a vector space), 112

AF,, 46, 160

R™ (n-space), 260

R™F™ (R™ x R™), 175

|z| (absolute value of ), 256

aA (scalar multiple of a subset of a vector space), 108

aa (scalar multiple of a matrix), 121

[f,g (a)] (Jacobian matrix), 188

N (intersection), 239

X 4 (characteristic function of a set), 147

(composition), 264

(closure of A), 7

(union), 237

(empty set, null set), 222

(there exists), 219

(

o
A
@]
0
3
Y (for all, for every), 219

357

® & (integral of a step function), 148

SR

(&

o
f (integral of a regulated function), 150
(f (z,y dz:) dy (iterated integrals), 177

z,y) (dot product, inner product), 181
an, ) (subsequence of a sequence), 23
£(z,y) (angle between two vectors), 182
V¢(a) (gradient of ¢ at a), 184

IT|| (norm of a linear transformation), 138
I fllw (uniform norm on B(S,V)), 134

I |l (uniform norm on B(S,R)), 130

lz|]| (norm of a vector), 129

lz]|1 (the 1-norm on R™), 129

|z]|« (uniform norm on R™), 129

¢ (open subset of), 5, 61

A (closure of A), 57

8A (boundary of A), 58

8% (k*" partial derivative of f), 176

7 (coordinate projection), 271

p (Greek airline metric), 54

~ (cardinal equivalence), 273

~ (tangency), 45, 159

C (subset of), 222

S (proper subset of ), 222

Y re; ax (infinite series), 196

Y req ok (rearrangement of a series), 201

x (Cartesian product), 259

0 (zero vector), 107

a~* (inverse of a matrix), 124

ab (product of matrices), 121

az (action of a matrix on a vector), 122

d fa (K™ partial differential), 174

f A g (infimum of two functions), 78

fV g (supremum of two functions), 78

f' (derivative of f), 48

f(a7 ')7 f('ab)v 78

f(z) — 1 as x — a (limit of a function at a point), 39,
79

FYTF 178

f+A— B:z~ f(z) (function notation), 261

f 14 (restriction of f to A), 265

£ (k™ partial derivative of j*" component), 177

f% (k™ component of a function), 78

f~! (inverse of a function f), 269

f~(B) (inverse image of a set B under a function f),
263

f7(A) (image of a set A under a function f), 263

Py
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fr (k™" partial derivative of f), 176
fn — g (ptws) (pointwise convergence), 70
fr. — g (unif) (uniform convergence), 70

fn — g (ptws) (pointwise convergence), 135

fn — g (unif) (uniform convergence), 135
fiol (local C*-inverse of f), 210

I, (k*" canonical injection), 173

z L y (perpendicular, orthogonal), 182

x~! (inverse of an element of an algebra, 203
Zn — a as n — oo (limit of a sequence), 17, 65
A + B (sum of subsets of a vector space), 108

a + b (sum of matrices), 121

absolute
convergence, 200
maximum, 36, 49
minimum, 36
summability, 200
value, 256
accumulation point, 7, 57
action of a matrix, 122
additive inverse, 107, 243
adjoint, 144
algebra, 120
Banach, 202
normed, 202
unital, 120
algebraic number, 279
V (for all, for every), 219
alternating series, 198
alternating series test, 199
generalized, 198
angle, 182
antiderivative, 172
antisymmetric, 222
approximation theorem
Weierstrass, 143, 155
arc, 94
Archimedean property, 256
arcwise connected, 94
arithmetic, 243
associative, 243
average value, 170
axiom
least upper bound, 255
of choice, 350
of trichotomy, 247
order completeness, 255
axioms
categorical, 248
consistent, 248

ball
closed, 62
deleted, 79
open, 52
B, (a) (open ball of radius r about a), 52
By (a) (deleted open ball), 79
Banach
algebra, 202
space, 143

basis
standard, 111
bijection, 267
bijective, 267
binary operation, 243
binomial theorem, 251
Bolzano-Weierstrass theorem, 91
bound
greatest lower, 253
least upper, 253
lower, 253
upper, 253
boundary, 58
bounded
above, 253
below, 253
function, 69
interval, 225
linear functionals, 144
linear map, 137
sequence, 21
subset of R, 225, 253
subset of a metric space, 83
totally, 87
vector valued function, 134
B(S), B(S,R) (bounded real valued functions on a
set), 69
B(S,V)(bounded vector valued functions on a set),
134
B(V,W) (bounded linear maps between normed
linear spaces), 137

C'-inverse

local, 210
C'-invertible, 210

locally, 210
C'-isomorphism, 210

local, 210
C'(A, W) (continuously differentiable functions), 169
canonical injection maps, 173
Cantor intersection theorem, 91
cardinal number, 273
card S (cardinal number of S), 273
Cartesian product, 260
categorical, 248
Cauchy

criterion, 197

integral, 150

product, 204

sequence, 97
chain rule, 48, 49, 162, 190
change of variables, 173
characteristic function, 147
choice, axiom of, 350
closed, 7, 62

ball, 62

interval, 225

mapping, 173

segment, 112
closure, 7, 57
codomain, 260



cofactor, 124

column
index, 121
vector, 122

commutative, 243

Banach algebra, 202

normed algebra, 202
commute, 265
commuting

diagram, 265

family, 141
compact, 34

metric space, 83

sequentially, 87

subset, 83
comparison test, 200
complement

relative, 241
complete, 97
complex numbers, 248
components

of a function, 78, 271

of a metric space, 95
composite

function, 264

number, 250

of linear maps, 115
conditionally convergent, 201
conjunction, 227
connected

arcwise, 94

metric space, 93

path, 94

subset, 93

subset of R, 27
conservation of energy, 185
conservative, 185
consistent, 248
contains, 222
continuous, 10, 14, 73

at a point, 9, 14, 73

piecewise, 150

uniformly, 145
C(M), C(M,R) (continuous real valued function on

M, 84

C(M,N)

family of continuous functions from M into N, 79
Co (functions continuous at 0), 44
Co (functions continuous at 0), 158
continuously differentiable, 118, 169
contraction, 101

constant, 101
contraction mapping, 101
contractive mapping theorem, 101
contradiction, proof by, 233
contrapositive, 231, 233
convergence

absolute, 200

conditional, 201

of a sequence, 17, 65

INDEX

of a series, 196

pointwise, 70, 135

uniform, 70, 135
converse, 229
convex

combination, 112

hull, 113

set, 112

coordinate projections, 77

countable, 277

countably infinite, 277

cover, 34, 83, 241
open, 34, 83

covering, 241

covers, 241

Cr(a) (closed ball of radius r about a), 62

criterion
Cauchy, 197
curve, 94, 163, 170
at a point, 163
derivative of, 164
parametrized, 163

di fo (K™ partial differential), 174
d(A, B) (distance between two sets, 66
Dc (derivative of a curve c¢), 164

De Morgan’s laws
for sets, 240
in logic, 230
decreasing
sequence, 21
deleted
neighborhood, 39
open ball, 79
AF,, 46, 160
denial, 230
dense, 63
denumerable, 277
dependent
linearly, 112
derivative
directional, 165

in Banach algebras, 208

of a curve, 164

of a function from R into R, 49

partial, 176
derived set, 7, 57

det a (determinant of a matrix), 124
dfa (differential of f at a), 47, 160

diagonal
main, 123
principal, 123

diam A (diameter of a set), 98

differentiable
at a point, 47, 160

continuously, 118, 169

on a set, 169
differential, 47, 160
Gateaux, 165

partial, 174
Dini’s theorem, 85
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direct proof, 233 expansion
direct sum of a determinant, 125
external, 111 exponential function, 208
directional derivative, 165 extension, 265
disconnected from closed sets, 199
metric space, 93 external direct sum, 111
subset, 93 extreme
subset of R, 27 value, 36, 84
discrete metric, 54 extreme value theorem, 84
disjoint, 240
family, 240 F(S,V) (vector valued functions on a set S, 109
pairwise, 240 Fao (functions defined in a neighborhood of a), 43
disjunction, 227 Fo(V, W) (functions defined in a neighborhood of a),
distance 157
between real numbers, 1 factor, 250
between sets, 66 trivial, 250
function, 51 family
distributive law, 243 commuting, 141
generalized, 239 separating, 141
in logic, 228 field, 243
left, 244 vector, 170
right, 244 finite, 273
divergence intersection property, 85
of a sequence, 18 fixed point, 30, 101
of a series, 196 function, 260
domain, 260 E valued step, 147
dom f (domain of a function f), 260 bounded, 69
di1 (taxicab metric, product metric), 53, 66, 67 characteristic, 147
dot product, 121, 181 exponential, 208
of functions, 183 linear, 115
double limit, 80 of a real variable, 261
dy (uniform metric), 54, 66, 69 functionals
dual space, 144 bounded linear, 144
D, f (directional derivative), 165 functions
d(z,y) (distance between two points), 51 regulated, 150
F(S), F(S,R) (real valued functions on a set), 261
E valued step function, 147 F(S,T) (functions from S into T'), 261
e',...,e" (standard basis vectors), 111 fundamental theorem of calculus, 165, 172
element, 221
empty set, 222 Gateaux
0 (empty set, null set), 222 differential, 165
enumeration, 277 variation, 165
e-neighborhood, 1 generalized distributive law, 239
equality, 223 geometric
by deﬁnition, 223 Series’ 196
equivalent global
cardinally, 273 maximum, 36, 49, 84
logically, 227, 229 minimum, 36, 84
metrics, 64 property, 11
norms, 131 gradient
strongly, 55 at a point, 184
topologically, 76 on an open set, 184
error, 103 graph, 260
Euclidean greatest, 253
norm, 129 lower bound, 253
Euclidean metric, 53 Greek airline metric, 54
evaluation map, 140
eventually, 65 Heine-Borel theorem, 90
eventually in, 17 homeomorphic, 30, 76
existential quantifier, 219 homeomorphism, 30, 76

3 (there exists), 219 class, 31



homogeneous, 193

idempotent, 95
identity

elements, 243
I, I (identity matrix, 123
1 (multiplicative identity in an algebra), 202
identity matrix, 123
Is (identity function on a set S), 264
iff (logical equivalence), 229
image

of a function, 263

of a point, 260
implication, 228
ta,s (inclusion map of A into S), 264
increasing

sequence, 21
independent

linearly, 112
indirect proof, 233
induced metric, 57
induction

mathematical, 249
inductive set, 249
inequality

Minkowski, 52

Schwarz, 52, 182

triangle, 129
infimum, 253

of two functions, 78
inf A (infimum of A), 253
infinite, 273

countably, 277

series, 196
injection, 267
injection maps

canonical, 173
injective, 267
inner product, 121, 181

of functions, 183
input space, 260
integers, 225, 249
integral

Cauchy, 150

iterated, 177

of a step function, 148
integral test, 200
integration by parts, 173
interior, 2, 57

point, 2, 57
intermediate value theorem, 29
intersection, 239
interval, 28

bounded, 225

closed, 225

open, 225
inverse

additive, 107, 243

function theorem, 209

left, 269

local C!-, 210

INDEX

multiplicative, 203, 243

of a matrix, 124

of an element of an algebra, 203

right, 269
inverse function theorem, 213
invertible, 269

cl-, 210

element of an algebra, 203

function, 119

linear mapping, 119

locally C*-, 210
Inv A (invertible elements of an algebra), 203
isometric isomorphism, 184
isometric spaces, 76
isometry, 76
isomorphic, 119
isomorphism, 119

cl-, 210

isometric, 184

local C1-, 210

topological, 30
iterated integrals, 177
iterated limits, 80

J* (deleted neighborhood), 39
Je(a) (e-neighborhood about a), 1
j, (k" canonical injection), 173
Jacobian

matrix, 188

kernel, 117
ker T' (kernel of a linear map), 117
kinetic energy, 185

L£(V, W) (linear maps between vector spaces), 115

Laplace expansion, 125
largest, 253
law of cosines, 182
least, 253

upper bound, 253

axiom, 255

left inverse, 269
Leibniz’s formula, 179
Leibniz’s rule, 48, 161
length, 129
limit

double, 80

iterated, 80

of a function, 39, 79

of a sequence, 18, 65

pointwise, 70, 135

uniform, 70, 135
lim s ) —(a,p) f(2,y) (double limits), 80
limy,— o0 T (limit of a sequence), 18, 65
limg . (limy—p f(2,y)) (iterated limits), 80
limz—q f(z) (limit of a function at a point), 39, 79
line

parametrized, 163

tangent, 164
linear, 44, 115

combination, 111
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dependence, independence, 112
function, 115

mapping, 115

invertible, 119

operator, 115

subspace, 109

transformation, 115
transformation, norm of a, 138

£ (linear functions from R into R), 44

linearity
of the inner product, 181
local
C'-inverse, 210
C'-isomorphism, 210
maximum, 36, 49
minimum, 36, 49
property, 11
locally C!-invertible, 210
logical equivalence, 227, 229
lower bound, 253

M-test, 198
main diagonal, 123
map, 260
mapping, 260

linear, 115

invertible, 119

mathematical induction, 249
M,, (square matrices), 121
Mynxn (m by n matrices), 121
matrix, 120

identity, 123

inverse of a, 124

Jacobian, 188

representation, 125

zero, 123
maximum, 36, 49, 84, 253

absolute, 36, 49

global, 36, 49, 84

local, 36, 49

of two functions, 78

relative, 36, 49

value, 36, 84
max A (maximum of A), 253
mean

value, 170
mean value theorem, 50, 171, 172

for curves, 171

for scalar fields, 186

for vector fields, 171, 172
member, 221
Mertens’ theorem, 205
method of steepest descent, 186
metric, 51

discrete, 54

Euclidean, 53

Greek airline, 54

induced, 57

induced by a norm, 130

product, “the”, 67

space, 51

taxicab, 53
uniform, 69, 134
on R", 54

usual, 53
metrics

equivalent, 64

strongly, 55

on products, 66
minimum, 36, 84, 253

absolute, 36

global, 36, 84

local, 36, 49

of two functions, 78

relative, 36, 49

value, 36, 84
min A (minimum of A), 253
Minkowski inequality, 52
minor, 124
modus ponens, 233
monotone

sequence, 21
multiplicative inverse, 203, 243
mutually separated, 28, 93

natural numbers, 225, 249
N (the natural numbers), 225
negation, 230
neighborhood
deleted, 39
of a point, 1, 8, 65
of a set, 169
relative, 13
nested sequence of sets, 24
Newton quotient, 161
Newton’s second law, 185
nilpotent, 202
norm, 129
1- (on R™), 129
Euclidean, 129
of a linear transformation, 138
preserving, 133
product, 132
uniform
on R", 129
on B(S,R), 130
uniform ___on B(S,V), 134
usual
on B(S,V), 134
on R™ 129
normed
algebra, 202
linear space, 129
norms
equivalent, 131
n-space, 260
n-tuple, 260
null set, 222
null space, 117
0 (empty set, null set), 222
number
composite, 250



prime, 250

numbers
integers, 225
natural, 225, 249
rational, 225
real, 225
strictly positive, 247

9 functions, 43
O(V, W) functions, 157
o functions, 43
o(V, W) functions, 157
one-to-one, 267
one-to-one correspondence, 267
onto, 267
open, 5

ball, 52

cover, 34, 83

in a subset, 13

interval, 225

mapping, 173

sentence, 219

subset of a metric space, 61
operator

linear, 115

unilateral shift, 119
order completeness axiom, 255
ordered

n-tuple, 260

pair, 259
orthogonal, 182
output space, 260

pairwise disjoint, 240
parallelogram law, 182
parameter, 163
interval, 163
parametrization, 163
parametrized
curve, 163
line, 163
partial
derivative, 176
differential, 174
sum, 195
partition, 147
associated with a step function, 148
path, 94
path connected, 94
peak term, 23
perpendicular, 182
7% (coordinate projection), 271
piecewise continuous, 150
point
accumulation, 57
interior, 57
pointwise
addition, 109
convergence, 70, 135
limit, 70, 135
positive

INDEX

elements of a set, 225
strictly, 225, 247

P (the strictly positive real numbers), 225

positive definite, 181
potential
energy, 185
function, 185
power series, 206
B (power set), 222
prime number, 250
principal diagonal, 123
principle
of mathematical induction, 249
of well-ordering, 251
product
Cartesian, 259, 260
Cauchy, 204
dot, 121, 181
inner, 121, 181
metric, “the”, 67
metrics, 66
norm, 132
of matrices, 121
of metric spaces, 67
of vector spaces, 111
projections
coordinate, 77, 271
proof
by contradiction, 233
direct, 233
indirect, 233
proofs, 233
proper subset, 222
properly contains, 222
property
Archimedean, 256
Pythagorean theorem, 183

Q (the rational numbers, 225
quantifier

existential, 219

restricted, 222

universal, 219
quotient

Newton, 161

ran f (range of a function f), 263
ratio test, 200
rational numbers, 225
real valued function, 261
R (the real numbers), 225
R™ (n-space), 260
R™H™ (R™ x R™), 175
rearrangement of a series, 201
recursive definition, 20
refinement, 147

smallest common, 147
reflexive, 222
regulated functions, 150
relation, 260
relative
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e-neighborhood, 13
complement, 241
maximum, 36, 49
minimum, 36, 49
neighborhood, 13
topology, 13, 64
relatively open, 13
representation
matrix, 125
restricted quantifiers, 222, 230
Riesz-Fréchet theorem, 184
right inverse, 269
Rolle’s theorem, 50
root test, 200

row
index, 121
vector, 123

rule of inference, 233

s (sequences of real numbers), 109
sandwich theorem, 20
scalar, 107

field, 170
Schwarz inequality, 52, 182
self-adjoint, 185
separable, 88
separated

by open sets, 77

mutually, 28, 93
separating

family of functions, 141
sequence, 17, 65

Cauchy, 97

summable, 196
sequentially compact, 87
series

alternating, 198

convergent, 196

divergent, 196

geometric, 196

infinite, 196

power, 206

rearrangement of a, 201

sum of a, 196
set, 221

membership in a, 221

subtraction, 241
shift

unilateral, 119
smallest, 253

common refinement, 147
space

Banach, 143

dual, 144

input, 260

metric, 51

normed linear, 129

output, 260

product, 67

target, 260
span, 112

INDEX

sphere, 62
square matrix, 123
square summable, 202

Sr(a) (sphere or radius r about a), 62

standard basis, 111
steepest descent, method of, 186
step function, 147
integral of, 148
Stone-Weierstrass theorem, 142
strictly decreasing
sequence, 21
strictly increasing
sequence, 21
strongly equivalent metrics, 55
subalgebra, 120, 203
unital, 120
subcover, 34, 83
submultiplicative, 202
subsequence, 23, 87
subset, 222
proper, 222
C (subset of), 222
G (proper subset of), 222
subspace
of a metric space, 57
vector, 109
successive approximation, 103
sufficiently large, 200
sum
external direct, 111
of a geometric series, 25
of an infinite series, 196
partial, 195
summable
absolutely, 200
sequence, 196
square, 202
supremum, 253
of two functions, 78
sup A (supremum of A), 253
surjective, 267
symmetric, 181

T, (translation by a), 133
tangent
at 0, 45
at points other than 0, 46
at zero, 159
line, 164
vector, 164
target space, 260
tautology, 229
taxicab metric, 53
term
of a sequence, 17, 65
peak, 23
Tietze extension theorem, 199
topological
equivalence, 76
isomorphism, 30
property, 11



topology, 6, 64

relative, 13, 64
total

energy, 185
totally bounded, 87
transformation, 260

linear, 115
transitive, 222
translation, 46, 133
transpose, 122
triangle inequality, 129
trichotomy, 247
trivial

factor, 250

uncountable, 277
uniform
continuity, 145
convergence, 70, 135
limit, 70, 135
metric, 69, 134
on R", 54
norm
on B(S,R), 130
on B(S,V), 134
on R", 129
unilateral shift, 119
union, 238
unit vector, 129
unital
algebra, 120
Banach algebra, 202
normed algebra, 202
subalgebra, 120
universal quantifier, 219
upper bound, 253
Urysohn’s lemma, 77
usual
metric on R", 53
norm
on B(S,V), 134
on R™, 129

value
average, 170
mean, 170
variation
Gateaux, 165
vector, 107
column, 122
field, 170
row, 123
space, 107
endomorphism, 115
subspace, 109
unit, 129
velocity, 164

Weierstrass approximation theorem, 143, 155
Weierstrass M-test, 198
well-ordering, 251

INDEX

Z (the integers), 225

Z€ero
matrix, 123
vector, 107

O xn (zero matrix), 123
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