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CHAPTER 1

INfroduction

Slow down there, hotshot. I know you’re smart—you might have always been good with
numbers, you might have aced calculus—but I want you to slow down. Real analysis is
an entirely different animal from calculus or even linear algebra. Besides the fact that
it’s just plain harder, the way you learn real analysis is not by memorizing formulas or
algorithms and plugging things in. Rather, you need to read and reread definitions and
proofs until you understand the larger concepts at work, so you can apply those concepts
in your own proofs. The best way to get good at this is to take your time; read slowly,
write slowly, and think carefully.

What follows is a short introduction about why I wrote this book and how you should
go about reading it.

Why [ Wrote This Book

Real analysis is hard. This topic is probably your introduction to proof-based mathemat-
ics, which makes it even harder. But I very much believe that anyone can learn anything,
as long as it is explained clearly enough.

I struggled with my first real analysis course. I constantly felt like I was my own
teacher and wished there was someone who could explain things to me in a clear,
linear fashion. The fact that I struggled—and eventually pulled through—makes me
an excellent candidate to be your guide. I easily recall what it was like to see this stuff
for the first time. I remember what confused me, what was never really clear, and what
stumped me. In this book, I hope I can preempt most of your questions by giving you
the explanations I would have most liked to have seen.

My course used the textbook Principles of Mathematical Analysis, 3rd edition, by
Walter Rudin (also known as Baby Rudin, or That Grueling Little Blue Book). It is
usually considered the classic, standard real analysis text. I appreciate Rudin now—his
book is well organized and concise. But I can tell you that when I used it to learn the
material for the first time, it was a slog. It never explains anything! Rudin lists definitions
without giving examples and writes polished proofs without telling you how he came
up with them.

Don’t get me wrong: having to figure things out for yourself can be of tremendous
value. Being challenged to understand why things work—without linear steps handed
to you on a silver platte—makes you a better thinker and a better learner. But I believe
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that as a pedagogical technique, “throwing you in the deep end” without teaching you
how to swim is only good in moderation. After all, your teachers want you to learn, not
drown. I think Rudin can provide all the throwing, and this book can be a lifesaver when
you need it.

I wrote this book because if you are an intelligent-but-not-a-genius student (like I
was), who genuinely wants to learn real analysis... you need it.

What Is Real Analysis?

Real analysis is what mathematicians would call the rigorous version of calculus. Being
“rigorous” means that every step we take and every formula we use must be proved. If
we start from a set of basic assumptions, called axioms or postulates, we can always
get to where we are now by taking one justified step after another.

In calculus, you might have proved some important results, but you also took many
things for granted. What exactly are limits, and how do you really know when an
infinite sum “converges” to one number? In an introductory real analysis course, you
are reintroduced to concepts you’ve seen before—continuity, differentiability, and so
on—but this time, their foundations will be clearly laid. And when you are done, you
will have basically proven that calculus works.

Real analysis is typically the first course in a pure math curriculum, because it
introduces you to the important ideas and methodologies of pure math in the context
of material you are already familiar with.

Once you are able to be rigorous with familiar ideas, you can apply that way of
thinking to unfamiliar territory. At the core of real analysis is the question: “how do we
expand our intuition for certain concepts—such as sums—to work in the infinite cases?”
Puzzles such as infinite sums cannot be properly understood without being rigorous.
Thus, you must build your hard-core proving skills to apply them to these new (not-
from-high-school-calculus), more interesting problems.

How to Read This Book

This book is not intended to be concise. Take a look at Chapter 7 as an example;
I spend several pages covering what Rudin does in just two. The definitions are followed
by examples in an attempt to make them less abstract. The proofs here are intended to
show you not just why the theorem is true but also zow you could go about proving it
yourself. I try to state every fact being used in an argument, instead of omitting the more
basic ones (as advanced mathematical literature would do).

If you are using Rudin, you’ll find that I’ve purposely tried to cover all the definitions
and theorems that he covers, mostly in the same order. There isn’t a one-to-one mapping
between this book and Rudin’s (Chapter 7 math joke!); for example, the next chapter
explains the basic theory of sets, whereas Rudin holds off on that until after covering
real numbers. I also include a few extra pieces of information for your enrichment. But
by following his structure and notations as closely as possible, you should be able to go
back and forth between this book and his with ease.

Unlike some other math books—which are meant to be glanced at, skimmed, or just
referenced—you should read this one linearly. The chapters here are deliberately short
and should contain the equivalent of an easily digestible one-hour lecture. Start at the
beginning of a chapter and don’t jump around until you make it to the end.
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Now for some advice: read actively. Fill in the blanks where I tell you to. (I purposely
didn’t include the answers to these; the temptation to peek would just be too great.) Make
notes even where I don’t tell you to. Copy definitions into your notebook if you learn by
repetition; draw lots of figures if you learn visually. Write any questions you may have
in the margins. If, after reading a chapter twice, you still have unanswered questions,
ask your study group, ask your TA, ask your professor (or ask all three; the more times
you hear something, the better you’ll learn it). Within each chapter, try to summarize its
main ideas or methods; you’ll find that almost every topic has one or two tricks that are
used to do most of the proofs.

If your time is limited or you are reviewing material you’ve already learned, you can
use the following icons to guide your skimming:

e Here begins an example or a proof that is figured out step by step.

e This is an important clarification or thing to keep in mind.

J% o Try this fill-in-the-blank exercise!
/

o This is a more complicated topic that is only mentioned briefly.

Extra resources never hurt. In fact, the more textbooks you read, the better your
chances of success in learning advanced mathematics. The best strategy is to have one
or two primary textbooks (for example, this one with Rudin) whose material you are
committed to learning. Complement those with a library of other books from which to
get extra practice and to look up an explanation if your primaries are not satisfactory.
If you choose to disregard this and try to learn a// the material in a// the real analysis
books out there. . . good luck to you!

This book covers most of a typical first-semester real analysis course, though it’s
possible your school covers more material. If this book ends before your course does,
don’t panic! Everything builds on what comes before it, so the most important factor
for success is an understanding of the fundamentals. We will cover those fundamentals
in detail, to make sure you have a solid foundation with which to swim onward (while
avoiding mixed metaphors, such as this one).

For a list of some recommended books, along with my comments and criticisms, see
the Bibliography.

Once you turn the page, we’ll begin learning by going over some basic mathematical
and logical concepts; they are critical background material for a rigorous study of
real analysis. (How many times have I used the word rigorous so far? This many:
limy o0 iy +7)
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Basic Math and Logic

If you’ve seen some of this stuff before, great! If not, don’t worry—we’ll take it nice
and slow.

Some Notation

What follows are some notational conventions which you should become comfortable
with.

The symbol V stands for “for all” or “for every” and can also be read “as long as.”
For example, the definition of even numbers tells us: # is divisible by 2 V¥ n even. Read:
“n is divisible by 2 for all even numbers n,” or “n is divisible by 2 as long as » is even.”

The symbol 3 stands for “there exists” or “there is some.” For example, one
definition of the number e tells us: da such that %a" = a*. That statement is true,
since such a number a does exist; itis e = 2.71828. ..

M Note that the following two statements have completely different meanings:
Vx, dy such that y > x
Jy such that y > x, Vx
The first means that given any x, there is some y greater than it. The second means that
there exists some y which is greater than every possible x. If x and y are real numbers,

then the first statement is true, since for any x we can set y = x + 1. The second is false,
since no matter how big a y we choose, there will always be another number bigger

than it.

A sequence is a list of numbers, indexed in order by integers. For example,
2,4,6,... 1s a sequence, and the...symbol “...” indicates that it extends infinitely
in a similar pattern. In the 2,4, 6, ... example, the 10th element of the sequence is
20. By definition, a sequence continues on forever (so just the numbers 2, 4, 6 is not a
sequence).

Sequences can also be made up of variables, such as xy, x;, x3, . ... We say that x; is

the ith element of the sequence, as long as i is a positive integer (so using the notation
from above, x; is the ith element of the sequence, Vi > 1). The integer subscript of a
particular x is the index of that element of the sequence.
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The sum of elements in a pattern can be concisely expressed in summation notation
using the Greek letter > (capital sigma). For example, the sum of the first » integers
can be written as y -_, i, which is read: “the sum from i = 1 until i = n of i.” As you
might have noticed, by convention, the index of the sum always takes on integer values,
starting at the subscript of the sigma and ending at the superscript of the sigma. Another
example is Y _;_, 1, which is read: “The sum from i = 1 until i = n of 1,” which is just
the sumof 1 + 1 4+ 1 4 ..., n times, which equals 7.

Summations can also be written over a sequence (which, remember, is always
infinite), and these are called infinite series, or just series. For example, the sum of

all the elements in the aforementioned sequence 2, 4, 6, .. ., can be written as the series
S22 =24+4+6+.... Another example is Y ;2 -, which actually equals the
number e.

There are certain groups of numbers that have their own symbols:

o N is the set of all natural numbers. These are the positive integers, not including 0.

e 7 is the set of all integers, including 0 and negative integers.

¢ Q is the set of all rational numbers These are defined as numbers of the form 7,
where m € Z and n € Z.

o R is the set of all real numbers. We will define what real numbers actually are
later.

You can remember these symbols by the following mnemonics: N is for Natural
numbers, R is for Real numbers, Q is for Quotients, and Z is for integerZ.

Through Chapter 4, we assume all the usual facts that let us perform algebra on
numbers in N, Z, and Q. In Chapter 5, we’ll take a closer look at these properties.

Formal Logic

What follows are some concepts from the study of logic, which we will use over and
over again in proofs.

A logical statement is equivalent to another statement whenever it is only possible
for them to be either both true or both false. For example, “I have been alive for 5 years”
is equivalent to “I am 5 years old”—since if one is true, then so is the other; if one is
false, then so is the other.

The symbol = stands for “implies.” For example, the following four statements
are equivalent to each other:

Statement 1. If n = 5, then n is in N.
Statement 2. nisinNifn = 5.
Statement 3. n = 5 onlyifnisin N.
Statement 4. n =5 —> nisinN.

Note that these are not equivalent to “n = 5 if n is in N.” (Also, that statement is clearly
not true, since there exist natural numbers that are not equal to 5—my personal favorite
being 246,734.)

The symbol <= stands for “if and only if”” (abbreviated iff'), and it is used to
state that both directions of an implication are true. For example, “n is even <= n
is divisible by 2.” The left statement implies the right statement, and vice versa. This
particular iff statement is true, since it is the definition of even numbers.
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Figure 2.1. The fact A is completely contained in B. If x is in A, then x is also in B.

There is a slightly confusing mathematical convention for writing definitions. Theoreti-
cally, all definitions should be written with “if and only if.” For example, “a number is
called even if and only if it is divisible by 2.” The “if ” goes both ways, since “even”
is just a name we assign to certain numbers. However, mathematicians are lazy; to save
time, they usually write definitions with just “if ” instead of “if and only if.” Don’t be
confused! If you see the following:

Definition (Even)
A number is called even if it is divisible by 2.

You should read:

Definition (Even)
A number is called even if and only if it is divisible by 2.

An arbitrary statement we might want to prove can be expressed as A = B, where A
and B are any facts.

The statement’s converse is B =—> A. Just because a statement A —> B is true,
does not mean its converse B = A is true. For example, we saw thatn =5 =— n
is in N, but n is in N does not imply n = 5.

The statement’s inverse is —A = —B (here, the symbol — means “not”). Again,
just because a statement A = B is true, does not mean its inverse —A =—> —Bis
true. For example, we saw thatn =5 = nisin N, but n # 5 does not imply » is not
in N (because n could, for instance, be the number 246,734).

If A = B s a statement, then =B = —A is its contrapositive. The statement
A = B is actually always equivalent to the statement =B = —A. If one of those
statements is true, so is the other; if one of them is false, so is the other.

Why is every statement equivalent to its contrapositive? It helps to think of
A = B as saying “if x is in A, then x is in B.” In that reading, we can represent
A as a set that is completely contained in B.

Figure 2.1 helps us visualize: if x is not in B, then it certainly cannot be in A.

Last, note that if 4 is some property the number x can have, then the following two
statements are equivalent:

Statement 1. — (¥x, x has property A).
Statement 2. 3x such that — (x has property 4).

The first statement says “it is not true that every x has property 4,” and the second
statement says “there is some x such that x does not have property A4.” Read these two
out loud, and it should be obvious why they are the same.
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Similarly, the following two statements are also equivalent to each other:

Statement 3. — (3x such that x has property A4).
Statement 4. ¥x, — (x has property 4).

Try to read the statements out loud, translating all the symbols into English.

Proof Techniques

There are many different ways to prove a theorem; sometimes, more than one method
will work. There are five main techniques used throughout this book:

Proof by counterexample.
Proof by contrapositive.
Proof by contradiction.
Proof by induction.
Direct proof, in two steps.

kW=

Proof by Counterexample. In some cases, a proof may just be one counterexample.
How would you prove the fact that not every integer is even? If I say “every integer is
even,” you just need to find one example of an integer that is not even, for instance, the
number 3, to prove me wrong. Proofs by counterexample work for any statement of the
form “Jx such that x has property 4,” or “—(Vx, x has property A4).” For the first, we
just need to find one x that has property 4; for the second, we just need to find one x
that does not have property A.

Example 2.1. (Proof by Counterexample)
Let’s try to prove the following statement: “Not every continuous function is differen-
tiable.” To do so, we just need one counterexample—any function that is continuous but
not differentiable will do—for instance, f(x) = |x]|.

Now we need to prove rigorously that |x| is continuous and that it is not differen-
tiable. You’ll learn how to do so later on in your study of real analysis.

This example shows us that thinking up a counterexample is only half the work; the hard
part is to prove rigorously that it indeed meets all the necessary conditions.

Proof by Contrapositive. As we understood earlier, =B = —A is equivalent to
A = B. So in order to prove A = B, we could alternatively assume B is false
and show that A is also false.

Example 2.2. (Proof by Contrapositive)

/) Let’s try to prove the following statement: For any two numbers x and y, x = y if
and only if Ve > 0, |x — y| < €. This asserts that two numbers are equal if they are
arbitrarily close (meaning we can choose an arbitrary distance €, and they will be
closer to each other than that distance). Since the statement has iff, the implication is

bidirectional, and we must prove both directions.

l.x=y = Ve>0,|x —y| <e.
Proving this direction is simple. Assume x = y. Thenx —y =0, so
|x — | = 0. Since any € we choose must be greater than 0, we have
[x —y| =0 < €. Thus Ve > 0, |[x — y| < €.
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2.Ve > 0,|x —y|<e = x=y.
This statement should make intuitive sense. It’s saying that if the distance
between x and y is less than every positive number, the distance between
them must equal 0.
To prove this direction, we’ll use the contrapositive. In this case, the statement
-B — —Ais

x#y = —(¥Ve >0, |x —y| <e).

Remember from our discussion of logic that we can simplify the right-hand
side to

x #y = 3Je > 0 such that =(|x — y| < €).

Well, if x # y, then x must equal y plus some number z, where z # 0. So

|x — y| = |z|. The absolute value of any non-zero number is always positive,
so if we let € = |z|, then € > 0 and |x — y| = €. We have shown that 3¢ > 0
such that —(|x — y| < €), so we’re done!

Proof by Contradiction. Not to be confused with a proof by contrapositive, a proof
by contradiction is something entirely different. Let’s say we are trying to show that
A = B. If we assume that A is true but B is false, then something should go horribly
wrong; we should end up with a contradiction, something that violates a fundamental
mathematical axiom or definition, such as “0 = 1” or “5.3 is an integer.” When this
happens, we have shown that if A is true, it is impossible for B nof to be true—otherwise
the definitions of math would break down.

/) Example 2.3. (Proof by Contradiction)

) Let’s try to prove the theorem “y/2 is not a rational number.” In this case, if we put

the theorem into the form A = B, the statement B is “4/2 is not a rational number.”
Notice that there really isn’t any statement A—since the theorem is claiming that it
is not necessary for anything besides the usual mathematical axioms to be true, in
order for B to be true. Thus proof by contrapositive won’t work. How about a proof by
contradiction? Assume that +/2 is in Q, and show that something goes horribly wrong.

Before getting started on the proof, here are some general facts about numbers that
will come in handy.

Fact 1. Any rational number ’+ can be simplified so that m or n (or both) are not
even. (If m and n are both even, we can just divide the top and bottom by
2 and obtain a more simplified version of the same rational number.)

Fact 2. If a = 2b for some integers a and b, then ¢ must be even, since it is
divisible by 2.

Fact 3. If a number a is odd, then a2 is also odd, since a? is an odd number
added to itself an odd number of times.

Now we can start. If +/2 is rational, then by Fact 1 it can be expressed as a simplified
fraction, so there exist integers m and n (not both even) such that (%)2 = 2. Then
m? = 2n?, so by Fact 2, m?> must be even. By Fact 3, if m were odd, m? would also
be odd, so m must be even.

We can express m as 2b for some number b, so m> = (2b)*> = 4b%, which implies
that m? is divisible by 4. Then 2x? is also divisible by 4, so n? is even. By Fact 3 again,
n must also be even.
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Wait! Fact 1 told us that if /2 is rational, we can express it as ', where m and n
are not both even. But we just showed that they both are even! We have contradicted
a basic axiom about fractions, so the only possible logical conclusion is that our main
assumption—that /2 is rational—must be false.

By the way, the same methodology of this argument also works for proving that the
square root of any prime number is not rational.

A proof by contradiction is generally considered to be a last-resort method. In many

M cases, if you prove something by contradiction, you can apply the same key steps to
casily prove the theorem directly. In the /2 example, that is not the case, but just be
aware: proof by contradiction is a good way to start thinking about a problem, but always
check to see if you can go further and prove it directly (for bonus mathematical etiquette
points).

Proof by Induction. Mathematical induction works the same way as dominoes: if we
/] set them all up, and then knock over just the first one, they will all fall down. Induction
works for any proof in which we need to prove an infinite number of cases (actually,
it must be a countably infinite number of cases—you’ll understand what this means in
Chapter 8).

Let’s say we’re able to set up the dominoes by proving the following: if we assume
the theorem is true for case 1, then it is also true for case 2, if we assume the theorem
is true for case 2, then it is also true for case 3; and so on. This can by summarized by
proving that if the theorem is true for n — 1, then it is also true for n. Now all we need
to do is knock down the first domino by proving that the theorem is true for case 1. They
all fall down, since our setup tells us that once case 1 is true, so is case 2; and now that
case 2 is true, so is case 3; and so on.

Knocking the first domino down is easier, so we usually do it first (this step is called
the base case). Then we assume the theorem is true for the n — 1 case (this assumption
is called the inductive hypothesis) and show that it is also true for the n case (this step is
called the inductive step).

Example 2.4. (Proof by Induction)

Let’s try to find a formula for the sum of the first » natural numbers, 1+ 2+ 3 +
...+ n. Using our notation from the previous section, this sum is equivalent to > " _, i.
If you play with this long enough, you might stumble on the answer:

n

Zi _ n(nz—i— 1).

i=1

Try plugging in a few values to convince yourself that the formula works. To prove it,
we’ll need to be more rigorous (a few examples isn’t a proof, since they don’t exclude
the possibility that a counterexample exists). We need to show that this formula works
for every possible choice of 7, which can be any positive integer. Therefore, induction
is probably the best technique.

1. Base Case. We just need to show that the formula holds for the case n = 1.
Well, Z}zl i=1= w, so the first step is done. Yay! (Base cases are
usually a breeze.)
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2. Inductive Step. The inductive hypothesis lets us assume that the formula is
true for n — 1, so we can assume that Z;:ll i= w Using this
assumption, we want to show that the formula holds for n, meaning
S i= @ By making a substitution and simplifying, we can write

n n—1
. . (n — 1)(n) n—n 2n n*4+n  nm+1)
ZH’:<Z’>+”: A A T T

i=1
and that’s it!

Although it seems almost too simple, remember, there’s no magic involved. We didn’t
“bootstrap” the proof or use circular logic. We just used the inductive step to say, “if it
works for 1, then it works for 2; if it works for 2, then it works for 3; and so on,” and
because the base case says, “it works for 1,” we have thus proved it for every possible
positive integer choice of # (in other words, for every z in N).

Direct Proof'in Two Steps. None of the tricks we have covered show how we can prove
A — B directly, by assuming A is true then taking logical steps to end up with B.

Coming up with a direct proof requires you to play around for a while, until you
figure out what the crux of the problem is and how to solve it. In many cases, the crux
will involve finding some magic function or variable that makes everything fall into
place. Unless you are writing a textbook, the reader of your proof does not care zow you
solved the crux, he or she just wants to see why the theorem is true. Once you have a
good idea of what key steps you’ll use to prove the theorem, the next step is to write it
cleanly in a linear fashion.

’” Remember from calculus that we define the /imit of a function as im f(x) = ¢ if and

xX—>p

only if for every € > 0, there is some § > 0 such that
Ix—pl<dé = |f/(x)—ql <e.

You’ll understand what this means in more detail when you study the topic of continuity.
For now, though, let’s just look at the following statement: “For f(x)=3x + 1,
lim f(x) =7 You know this should be true, since all polynomials are continuous—
and there are probably multiple ways to prove this particular statement—but let’s try to
do a direct proof, using only the definition we just saw.

First we do the scratchwork to figure out the key steps. For every possible choice of
€ > 0, we need to find the right § > 0 so that

x =2l <é§ = |f(x)—7| <e,
or equivalently

—$+2<x<d+2 — —€<3x—6<e.
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Thus our § needs to make

—€+6 €+6

<X <

so we just need

€+6 €
§+2="— = §=—-.
+ 3 3

Now that we have found our magic §, we can write up the proof concisely: For any

€ >0,letd = 5. Then § > 0, and

€
x —pl<dé = |x—2|<§

) € 2+e
—-<x< =
3 3

— —e€<3x—6<c¢
— |Bx+1)—T7 <€
= |f(x)—¢ql <e.

Thus we have lim (3x 4+ 1) = 7.

One more hint about writing proofs: if you get stuck, look at the facts you haven’t used
yet. In the previous example, the only real “fact” available was the definition of a limit
I gave you; but in later topics, you’ll have a host of definitions and theorems to call on.
Chances are, applying one you have forgotten will pull you out of the morass.

In the future, we will place the symbol U, which signifies Q.E.D., at the end of
every proof. It stands for the Latin quod erat demonstrandum, which basically means
(and here I paraphrase liberally), “we have proved what we said we would prove.”

And we’re off! Now you know everything you’ll need to start learning real analysis. As
promised, we’ll spend the next chapter learning about sets before we look at the real
numbers.
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Set Theory

Before we dive into real analysis, a basic knowledge of sets (and how to manipulate
them) will be useful. What are sets? Well, not all numbers are real numbers. In fact,
not all “things” we wish to consider are numbers at all. Sets are a useful abstraction.
They contain elements, which can be real numbers, imaginary numbers, dollars, people,
beluga whales, and so on.

In this chapter, we’ll go over the basic notation and theorems used to describe
abstract sets. When you think of operations on numbers, addition, subtraction, multi-
plication, and division usually come to mind. For sets, however, the basic operations we
will learn about are union, intersection, and complement.

Definition 3.1. (Sez)
A set is a collection of elements. A set with an infinite number of elements is called an
infinite set.

Example 3.2. (Sets)
Here are some examples of sets and their notation:

e {1,2, 3}
The set containing the numbers 1, 2, and 3. We write 1 € {1, 2, 3} to mean that 1
is an element of the set.
o 4
The set named 4.
e A=1{1,2,3}
The set named 4 which contains the numbers 1, 2, and 3.
e {a,b,c}
The set containing the elements named a, b, and c. (These elements are not
necessarily numbers.)
e {4,B,C}
The set containing the elements named A4, B, and C. In general, uppercase letters
are used to denote sets, so this set might contain three other sets.
e R
The set containing all the real numbers. For example, 7 € R. This is an
infinite set.
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e {xeR|x <3}
This notation reads: “the set of all x in R such that x is less than 3,” so this is the
set of all real numbers less than 3. This is also an infinite set.

e{ped|p#3}
The set of all elements in 4 which are not equal to 3. As we will see later, this set
could also be denoted as A \ {3}, the set A without the set comprising the single
element 3.

o
This set holds a special place in every mathematician’s heart. It is called the empty
set, and it is just that: the set with no elements. Any set that is not the empty set is
called nonempty.

e |4 =3
This notation means that the size of 4 is 3, so 4 contains 3 elements. Note that
[{A4}| is not necessarily equal to | A]. In the first case, the size of the set containing
only the set 4 is |[{4}| = 1, whereas if A contains 100 elements, | 4| = 100.

Definition 3.3. (Indexed Family)
Iffor eachi € I there corresponds a set A;, then o7 = {A; | i € I} is the indexed family
of sets A with index set I.

In some cases, we may write an indexed family of sets as {A,} when we want to
work with an arbitrary indexing set (which has elements o). This type of indexed family
is also called a collection of sets.

Example 3.4. (Indexed Families)
If 4, = {1,2,n%} forall n € N, then 43 = {1, 2, 9}. Thus if

o ={A4, |n e N,n <10},
then &7 is a set of sets, which looks like
o ={{1,2,1},{1,2,4},...,{1,2,100}}.
Note that an indexed family doesn’t need to be finite. In this example, if
B ={4, | neN},
then 4 is an infinite set of sets, which looks like
P =1{{1,2,1},{1,2,4},{1,2,9}, ...}.

Don’t be confused by the set {1, 2, 1}. It’s the same as the set {1, 2}—it’s just a more
redundant way of writing it. For example, if we had the set {1}, you could actually write

itas {1, 1, 1, 1}.
...But please don’t.

Definition 3.5. (Subset)
A set A is a subset of the set B, written A C B or B D A, if every element of A is also
an element of B. In this case, B is called a superset of A.
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A set A is equal to the set B, written A = B, if A and B have exactly the same
elements. (If two sets are equal, they are the same set.) This is the same as saying that
“both A C Band B C A.”

A set A is a proper subset of the set B, written A C B or B D A, if every element
of A is also an element of B, but B has some other elements outside of A. In symbols:

ACB < AC Band A # B.

Example 3.6. (Subsets)
If A ={1,2}and B = {1, 2, 3}, then A C B. Furthermore, A C B.

Using our notation from Example 3.2, we can write {x | x is real} = R. Also, since
every rational number is a real number, we can write Q C R. Furthermore, Q C R, since
we know that there are some real numbers that are not rational (such as v/2).

Weirdly imprecise mathematical convention. For some reason, the conventional notation
is to write 4 C B instead of 4 € B—even when 4 might be equal to B. I know this
contradicts what I wrote earlier; it’s just a convention I adopt so you can get used to the
way most mathematicians write it. So when you see 4 C B, do not assume that 4 is a
proper subset of B unless I explicitly say so.

Just to confuse you further. Note that there is a difference between writing 4 € B and
A C B. The first means that B is a set of sets and the set 4 is one of its elements,
whereas the latter means that B contains all the elements of A.

For example, take 4 = {1, 2}. To write 4 € B, B would have to be something like
{{1, 2}, {3, 4}, {1}, {100}} (so B is a set of sets). If 4 C B, then B would have to be
something like {1, 2, 3, 100}.

Theorem 3.7. (Every Set Contains the Empty Set)
For any set A, we have ¢ C A.

Note that we cannot say that “0J is a proper subset of 4 for all sets 4,” since 4 might
equal the empty set.

Proof. We must show that every element of ¢ is also an element of 4. But ¢ has no
elements, so all of its elements are in A. O

Definition 3.8. (Tntervals)
The open interval (a, b) is the set

(a,b)={x e R|a <x < b}.

The closed interval [a, b] is the set
[a,b]={x e R|a <x < b}.
The half-open interval is the set

[a,b)={x e R |a <x < b},

or the set

(a,b]={x eR|a <x <b}.
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Some people also call open intervals segments and closed intervals (just plain) intervals,
but this terminology is a bit old-fashioned (and more confusing). We’ll stick with the
terms open interval (a, b) and closed interval [a, b] for consistency.

Example 3.9. (Intervals)
(=3, 3) is an open interval and [0, 99.5] is a closed interval. Both are subsets of the real
numbers.

Definition 3.10. (Union and Intersection)
The union of two sets A and B is the set comprising all elements of A together with all
elements of B.

In symbols, the union of A and B is:

AUB ={x|x € Aorx € B}.

The intersection of two sets A and B is the set comprising all elements that are both in
A andin B.
In symbols, the intersection of A and B is:

ANB={x|x € Aandx € B}.
If AN B =, then A and B are disjoint. Otherwise, we say that A and B intersect.

Example 3.11. (Unions and Intersections)
The union {1, 2,3} U {3, 4, 5} is {1, 2, 3, 4, 5}, which we can also writeas {n e N | 1 <
n < 5}. The intersection {1, 2, 3} N {3, 4, 5} is the set {3}, which consists of the single
element 3.

Because intervals are sets, we can take their unions and intersections. For example,
[1,3]1U[2,4] =[1,4], and [1,3]N[2,4] =[2,3]. Note that (1,3)U(3,5) # (1, 5).
Rather,

(1L,3))u@B,9)={xeR|1l<x<3o0r3<x <5},

so (1,3)U(3,5) is actually the simplest way to write that union. On the other hand,
(1,3)N@3,5 =9

Remember that by definition, intervals only contain real numbers. When we want
to describe all the rational numbers between a and b, we write (a, b) N Q. Note that
QUR=R,andQNR =Q.

As a final example, here are some simple facts about unions and intersections.

Fact 1. For any set A4,
AUA=A4=A4ANA
Fact 2. Ifx isin 4 or x is in B, then we can also say x isin B or x is in 4 (we
just switched the order), which makes the following laws of

commutativity and associativity trivial:

AUB=BUAand(AUB)UC = AU(BUCQ),
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and
ANB=BNAand(ANB)NC=4N(BNC).
Fact3. AU@ = A,and A NP = @. Thus every set is disjoint from the empty set.

Theorem 3.12. (Properties of Unions and Intersections)
The following properties hold for any sets A and B.

Property 1. A C (AU B), and A D (AN B).
Property 2. A C B ifandonlyif AU B = B.
Property 3. A C Bifandonlyif AN B = A.
Property 4. Foranyn € N,

AUBINBN...NB)=(AUB)N(AUBy)N...N(AUB,)
Property 5. Foranyn € N,
ANBIUBU...UB)=ANB)HUMANB)U...U(4N By,

<\ Proof. These proofs are pretty straightforward; try filling in the blanks for Properties 3
/7 and 5.

1. Letx € A. Thenx € Aorx € B.

For the second half, letx € AN B. Thenx € Aandx € B,sox € A.

2. Assume 4 C B. If we can show that B C (4 U B) and B D (4 U B), then we
have shown 4 U B = B. The first fact, B C (4 U B), is true by that first
property we just proved. We assumed that 4 C B, so we can just union both
sides with B to get (4 U B) C (B U B) = B, and we are done.

To prove the converse, assume 4 U B = B. By the first property again,
AC(AUB),sowehave 4 C(AUB)=B,s0o A C B.
3. This proof is almost the same as the last one.

BOX 3.1

PROVING PROPERTY 3 OF THEOREM 3.12

Assume A4 C B. We want to show 4 C (4 N B) and . The first fact
is true: because 4 C B, if x € A4 then ,s0 if x € 4 then x € 4 and
x € B. The second fact is true by .

Conversely, assume . By the first property, B D , SO
we have 4 = C B.

4. Here’s some notation to abbreviate what we’re trying to prove:

AU (ﬂ Bi) = (n](A U By).
i=1

i=1
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Figure 3.1. The shaded regionis 4 U (B, N By) = (AU B;)N (AU By).

The big intersection sign works the same way as the summation notation
>-%_,. Let’s start by showing

AU (ﬁ&) cﬁ(AUBi),

i=1 i=1

then later prove

AU (ﬁB,») Dﬁ(AUB,-).
i=1

i=1

See Figure 3.1 for an illustration of this property. It’s often helpful if you
draw similar Venn diagrams when you’re trying to understand ideas related to
unions and intersections. Make sure your drawings account for every possible
intersection—if, for example, you drew another blob called B; that looks like
it only intersects with 4 (but not B} and B,), you might end up with false
conclusions about these sets.

Letx € AU(/_, Bi),soeitherx € Aorx € (\_, B;. If x € 4, then
x € AU B; forevery i (since A C (4 U B;), by the first property), so
x € (AUB).Ifx € (\_, B;, then x € B; forevery i, sox € AU B; for
every i,s0x € ()_;(4 U B).

To get the other direction of the subset equality, guess what we do? Pretty
much the same thing. Let x € ()'_;(4 U B;), sox € 4 U B; for every i. We
now break it down into two possible cases:

Case 1. x € A. Clearly x € AU ((_, B;). (Why? Because
A C AU, Bi). See how we keep using that first
property?)

Case 2. x ¢ A. Then x must belong to B; for every i (since x is in 4
or B; forevery i). Thus x € (\_, B;,sox € AU((._, B;).
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5. These arguments aren’t nearly as painful as they look. You just go for the
A C Band A D B = A = B trick; for each half of the proof, take an
element in the set and see where it naturally leads you. I’ve shortened this one
down to symbols and arrows, so you can fill it in quickly. But first, draw a
picture like Figure 3.1 so you can intuit why it should be true.

BOX 3.2

PROVING PROPERTY 5 OF THEOREM 3.12
AN (Ui, B)) c U/, (4N By), since:

xeAﬁ(UB,-) = and
i=1

= x € (for some 7)
= x € AN B, (for )
== orxe ANByor ... or

—— X € LnJ(A ﬂB,)

i=1

And , since:
n
X € U(A NnB) = (for some 7)
i=1
- and (for some i)
= or or ...or

== xeAanderBi
i=1

=

Definition 3.13. (Union and Intersection in Families)
We define \ J;.; A;, the union of the sets in the indexed family of = {A; |i € I}, as the
set of all elements which belong to A; for at leastone i € I.

We define (\;.; Ai. the intersection of the sets in the indexed family o =
{A4; | i € I}, as the set of all elements that belong to A; for everyi € I.

Note that this notation allows us to work with infinite unions and infinite intersections.
Properties 4 and 5 of Theorem 3.12 apply to infinite unions and infinite intersections
as well; in no part of the argument did we need to assume that the index i belongs to a
finite index set.

Example 3.14. (Unions and Intersections in Families)
In terms of notation, note that | ;| 4, = U, ey 4n> and (r—; 4y =(),cr 4n- OFf course,
the infinite union of all natural numbers is U;il {n} =N.
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For any «, let 4, = {a}. Then J, g 4« = R, and ﬂaeR Ay = 0. Actually, for any
indexing set /, we have |, ,{e} = 7, and ., {a} = 2.

Foranyn € N, let 4, = (=1, 1), Then |2, 4, = (—1., 1). Why? For each m > n,
we have 4,, C A,, so by Property 3 of Theorem 3.12, the union is just the biggest set
in the indexed family, which is the 4 with the smallest subscript. So

oo
Ay = A = (-1, 1).

n=1

Forany n e N, let 4, =1[0,2 — %]. Then J;2, 4, = [0, 2). (Note that this is a
half-open interval. It does not contain the number 2, since there is no n € N such
that 2 € 4,.) Why? We need to wait until Theorem 5.5 to see why this is true. Also,
ﬂflozl A, = [0, 1]. Why? For eachm > n, 4,, O A,, so by Property 3 of Theorem 3.12,
the intersection is just the smallest set in the indexed family, which is the 4 with the

smallest subscript. Thus
o0

A, = 4, = [0,1].

n=I

Definition 3.15. (Complement)
The complement of a set A in another set B, written A€ in B or B\ A, is the set of
elements that are in B but not A.

In symbols, the complement of A in B is:

B\A={xeB|x¢A.

Example 3.16. (Complements)
The complement of [—3, 3] in R is (—o0, —3) U (3, 00), and the complement of (—3, 3)
in R is (—oo, —3] U [3, 00). Note that Q€ in R is the set of all irrational numbers.

For any sets 4 and B, we have (AU B)\ B=A4\ B, and (ANB)\ B=0. If
A C B, then A\ B=10. (The (4N B)\ B = example is an instance of this one,
because (4 N B) C B.)

The complement of the complement of A is everything not in what’s not in 4, which
is just 4 itself. So we always have B \ (B \ 4) = 4.

We can also use complements to describe sets without some of their elements. For
example, if 4 = {1, 2, 100}, then A4 \ {100} is the complement of {100} in 4, meaning
everything in 4 except for the element 100, which is the set {1, 2}.

The next theorem is a standard result that is applied in almost every area of math. It is
named after Augustus De Morgan, who formalized its cognate in the field of logic: for
two statements A and B,

—(AorB) <= (—A)and (—B)
—(A and B) <= (—A) or (—B).
Theorem 3.17. (De Morgan’s Law)
Let E, be any collection of sets (finite or infinite), and let them all be subsets of the

set X. (In this theorem and the proof that follows, we will save space by writing “ES”
instead of the full “ES in X.”)
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Figure 3.2. The shaded region is (£, U E, U E3)¢ = Ef N EY N ES.

Then the following statements hold:

(L«JEa>C = (ES).

o

(mE) ~UE).

o

See how these two statements are similar to the two logic results presented before? A
union corresponds to the or logical operator, and an intersection corresponds to the and
logical operator. Then De Morgan’s law basically says that the negation of a union is
the same as the intersection of negations and vice versa. Take a look at Figure 3.2 to see
why the law makes sense.

Proof. How would you go about proving this? Maybe you would walk around the room
to refresh your mind, get distracted by the TV, realize you’re too tired for this so you go
get a cup of coffee, run into someone you met at the beginning of the year whose name
you’ve forgotten (so you give an awkward half-wave), sprint back to your room to see
if getting exercise will help, realize that was a terrible idea since now you’re even more
tired and all sweaty, then sit down and stare and stare and stare... then get an epiphany:
“Hey! I can just do what this author punk did for the last billion proofs!” That’s right:
justlet 4 = (U, Eo)€ and let B = " (ES), then show 4 C B and B C A.

Letx € 4, so by the definition of complement, x € X and x ¢ |, E,. Thenx ¢ E,
for any o, so x € ES for every a. Thus x € (), (ES) = B,so 4 C B.
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Now let x € B, so x € E(f for every o, so x € Xandx ¢ E, for any «. Then
x ¢ U, Eq,s0x € (U, Ea)¢ = 4,50 B C A.

Now, to get the second statement, we just take complements. Because {E,} are
arbitrary sets, we can apply the statement we proved to the indexed family {EC}
to get

(Use) =N =ne.

o

Take the complement of both sides to get what we wanted, namely, |J, ES =
(na E @ ) C'

When you look at a straightforward but dense proof like this, it’s easy to let your
eyes move forward while nodding your head like “yeah, that makes sense”—without
really understanding what’s going on. Just to make sure you’re paying attention (and
that you’ve truly become a set master), try copying this proof into your notebook. Then
try copying it again onto another page, this time without looking here.

... Done yet? Okay, now you can go to sleep. O

Starting soon, we’ll begin our study of real analysis with numbers (fill
in the blank!). The real numbers are actually an example of an ordered field, which is
a specific type of set whose properties we’ll explore in Chapter 5. But first, we’ll learn
everything there is to know about bounds.






REAL NUMBERS






CHAPTER 4

Least Upper Bounds

The natural numbers are the numbers you can count; the integers are the naturals with
their negatives and zero; the rationals are the integers with their quotients; the reals
are. .. . Actually, what are real numbers exactly? They’re a combination of rational and
irrational numbers, sure, but irrational just means “not rational”—we can’t define what
those numbers really are.

As we’ll see in the next theorem, the fact that /2 is missing from Q puts a “hole”
in the rational numbers, forming subsets with no smallest number and subsets with no
largest number. These holes prevent QQ from having something special called the least
upper bound property.

To fill in these holes, we’ll form R, a superset of Q that does have the least upper
bound property.

Theorem 4.1. (Q Has Holes)
There exist subsets of the rational numbers that have no smallest number, and there exist
others that have no largest number.

Proof. For this theorem, a proof by example will suffice—we just need to find one
subset of Q that has no smallest number, and another with no largest number. (If you
want to be technical, you’ll notice the theorem says “subsets,” plural, so we should
actually find fwo examples of each type of subset. If this really bothers you, how about
you find another example of each, as an exercise. Ha! That’s what you get for being
technical.)

By Example 2.3, we know +/2 ¢ Q. Let 4 be the set of all p € Q such that p? < 2
and p > 0. To show that 4 has no single largest number, we must show that for any
element of A, there is a greater element also in 4. In symbols, we must show:

ped = 3ge€A suchthatqg > p.

After fiddling around for a while, we might find that ¢ = 2;T+22 works. (In the proof

of Theorem 5.8, we’ll come up with a general formula for finding numbers like ¢.)
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We have
_2p+12

p+2
_2p42+p? - p?
B p+2
_pp+2)—p*42
B p+2

pr—2
Cop+2

=p

Remember that p? <2, so p> —2 <0; and p > 0, so p+2 > 0. Thus % <0,

S0 p — % > p. In other words, g > p.
We still need to show g2 < 2 (so that ¢ € 4). Well,

2 _(2P+2)2
T (p+2r
4P +8p+4)—2pP+4p+4)
B (p+2)7?
)
 (pF2?

Again, we use p? < 2,502(p* —2) < 0;and p > 0,50 (p +2)* > 0. Thus 2((;73)22) <0,
so indeed ¢g> — 2 < 0.

To find a subset of Q with no smallest number, let B be the set of all p € Q such
that p> > 2 and p > 0. Here we need to show p € B = 3q € B such that g < p.
It turns out that the same ¢ as above works for B! Fill in the blanks to show that

g < p and that g% > 2.

BOX 4.1
% PROVING THE SUBSET B OF @ HAS NO SMALLEST NUMBER
/ By the work from before, we know that
q9=p— .
Since p? > 2 for every p € , we know 2(p? — 2) 0; and since p > 0,
we know p + 2 > 0. Thus ¢ equals p minus some positive number, so ¢ < p.
We also know that
q2 —2= .
Since p? > 2, we know > 0; since p > 0, we know
> 0.Thus ¢> —2 >
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Later on, we’ll want to refer back to these sets 4 and B. We said
A={peQ|p*<2andp > 0},
B={peQ|p*>2andp > 0}.

In other words, we can write

A4=(0,~/2)nQ,
B = (¥2,00)NQ.

To prove the previous theorem, we took for granted that Q’s elements can be put in
an order, with every rational number sandwiched between two other rational numbers.
This property makes Q an ordered set, which we should define more formally.

Definition 4.2. (Ordered Set)
An order on a set S is a relation, symbolized by <, that has the following properties:

Property 1. For x,y € S, exactly one of the following is true:
X<y orx=yory<x.

Property 2. Forx,y,z€ S,ifx <yandy <z, then x < z.

If an order is defined on S, then S is an ordered set.

The statement x < y can also be written as y > x. The statement x < y or x = y can
also be written x < y. In symbols, this means:

X<y &= —(x>y),
and
x>y < —(x <)

If a set is ordered, we can have a meaningful conception of minima and maxima.

Definition 4.3. (Minimum and Maximum)
The minimum of an ordered set A is the smallest element in A. The maximum of an
ordered set A is the largest element in A.

Example 4.4. (Minima and Maxima)
We usually write min 4 or max 4. For example, min{l, 2, 100} = 1 and max{1, 2,
100} = 100.

Note that if 4 C B and A4 has a minimum, then min 4 > min B. Why? Since
|A] < |B]|, the smallest element b of B may or may not be in 4. If b € A4, then b is
also the smallest element of 4 (since it is smaller than everything in B, which includes
everything in 4), so min 4 = min B; if b ¢ A, then the smallest element of 4 must be
something bigger than b (otherwise it would be the minimum of B). Similarly, if 4 C B,
then max 4 < max B.
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We can also take the minimum of the sizes of sets in an indexed family, meaning
min, |4, |. Consider the size of each |4,| as an element of a set. Since each size is
a number, that set of sizes is ordered, and we can take its minimum over all possible
indexes «. For example, given any o € R, let

Ay ={neN|n <a}l.

Then min, |A4,| = 0, since there is an « € R with no natural numbers smaller than it.
For example, 495 = ¥ so |4p 5| = 0.

What about max,, |4,|? For any @ € R, A, has at least one more element than 4,,.
Thus given any potential maximum of |4,|, we can find some element greater than it.
When this happens, we say that the maximum does not exist.

There are more cases in which we cannot take the minimum or maximum of an
infinite set. For example, min(—3, 3) is undefined, because there is no smallest number
in that interval. (If you think you’ve got a smallest number a, we can always find some
b such that —3 < b < a.) On the other hand, min[—3, 3] = —3, even though [—3, 3] is
an infinite set. The rule is: we can always take the minimum and maximum of a finite
ordered set, but the minimum and maximum of an infinite ordered set may or may not
exist.

Definition 4.5. (Bounds)

Let E be a subset of an ordered set S. If there exists an a € S such that every element of

E is less than or equal to a, then « is an upper bound of E, and E is bounded above.
In symbols, E is bounded above if:

da € S such thatVx € E, x < a.

Similarly, if there exists a B € S such that every element of E is greater than or equal
to B, then B is a lower bound of E, and E is bounded below.
In symbols, E is bounded below if:

3B € S such thatVx € E, x > B.

Notice that unlike with minimums and maximums, the upper or lower bound of E
needn’t be an element of E, it just needs to be contained in the superset S.

Example 4.6. (Bounds)
In § = Q, the set E = (—oo, 3) N Q has no lower bound, since for any element 8 of Q,
we can find an element of £ that is less than . On the other hand, E is bounded above,
by any o € Q with « > 3. Notice that o ¢ E, which doesn’t matter as long as @ € S.
The infinite interval (—oo, 00), on the other hand, is bounded neither above nor below.

Referring to the proof of Theorem 4.1, if we consider 4 and B to be subsets of R,
then A is bounded above by +/2 (and also by anything > +/2). So the set of A’s
upper bounds contains {+/2} U B, and similarly the set of B’s lower bounds contains
V23U 4.

If we ignore R and just consider 4 and B within QQ, then both 4 and B are bounded
by the elements of each other, but not by V2 (since /2 ¢ Q).

To further illustrate this distinction, let £ = (0, 3), let S} = R, let S, = (-3, 3),
and let S; = E. If we consider £ C S, then clearly E is bounded above (by any
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number > 3) and below (by any number < 0). If we consider £ C S,, then E is not
bounded above, because any number greater than or equal to 3 is not in S. E is bounded
below, however, by any element in (—3, 0]. If we consider £ C S; (as a subset of itself),
then E is bounded neither above nor below.

It is usually more precise to write “E is bounded above/below in S,” instead of just
“E is bounded above/below.” In the case of the previous example, we would say that
FE is bounded above in S; but not in S, or in S3; and E is bounded below in S; and
in S, but not in S;.

Definition 4.7. (Supremum and Infimum)
Let E be a subset of an ordered set S. If there exists an upper bound o of E in S such
that anything in S that is less than « is not an upper bound of E, then o is the least
upper bound or supremum of E.

In symbols, « = sup E if:

aeS;xeE = x<a;andy €S,y <a = y not an upper bound of E.

Similarly, if there exists a lower bound B of E in S such that anything in S that is greater
than B is not a lower bound of E, then B is the greatest lower bound or infimum of E.
In symbols, B = inf E if:

BeS;xeE = x>B;andy €S,y > = y notalower bound of E.

The definition should make it apparent why the supremum is called the least upper
bound: anything less than it is not an upper bound at all. Notice that it is called the
supremum since it must be unique—if another one existed, one would have to be greater
than the other, so one would not be a least upper bound.

As with regular upper or lower bounds, the supremum or infimum of a set £ need not
be an element of £, it just needs to be contained in the superset S. Thus, although a set
like (—3, 3) has no minimum or maximum (see Example 4.4), it does have a supremum
and an infimum in @, namely, 3 and —3.

Example 4.8. (Suprema and Infima)
In § = Q, the set £ = (—o0, 3) N Q has no lower bound, but one of its upper bounds,
namely 3 € S, is in fact its supremum. To prove this, we must show that any number

y < 3 is not an upper bound of E. This is true since Y (the midpoint between y and

2
3)isin E, because it is a rational number which is less than 3. But VTH > Y, 80y is not

greater than or equal to every element of E.

Referring to the proof of Theorem 4.1, if we consider 4 and B to be subsets of R,
then 4 is bounded above by +/2. Any real number p < +/2 is not an upper bound of A
(since ¢ = 2;’%22 isin 4 and g > p), so sup A = +/2. Similarly, inf B = /2.

If we ignore R and just consider 4 and B within QQ, then 4 does not have a
supremum and B does not have an infimum, since Theorem 4.1 showed that B (the upper
bounds of 4) has no smallest element, and 4 (the lower bounds of B) has no largest
element.
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Try filling in the blanks in Box 4.2.

BOX 4.2
SUPREMUM AND INFIMUM OF {1 | n € N}
InS=Q,theset E = {% | n € N} has both a supremum and an infimum.
The supremum is o = , and we check that first « is an upper bound of E,
since a € S, and for every x € E. Second, for any y < «, y is not an
of E,since ¢ isin E buta > y.
The infimum is 8 = , and we check that first 8 is a lower bound of E,
since 8 € S, and x > B for every . Second, for any y > B, y is not
of E, since the number isin E butis < y.

Hint: To fill in that last blank, you need to find a number between 8 and y that is of the
form % for some natural number n. Obviously % is greater than 8, so we just need to

find a natural » such that % < y,meaning n > % Well, % may not be a natural number,

but if we round it up, it will be. We use the ceiling notation [x] to mean “x rounded up
to the nearest integer.” Then f%] € Nand (%] > % But we actually need n > %, not

n > L1 We can just add 1 to make n strictly greater, son = 1 + [51 works, giving us
the number we need:
1 1
n 14T

TR
J 1

Notice that the supremum in the previous example demonstrates the following: when-
ever an upper bound of E is an element of E, it is automatically E’s supremum. This
result is formalized in the following theorem.

Theorem 4.9. (Bounds Contained in a Set)

Let E be a subset of an ordered set S. If an upper bound of E is contained in E, then
it is a least upper bound. If a lower bound of E is contained in E, then it is a greatest
lower bound.

Proof. Let o be an upper bound of £, with« € E. Forany y < «, y cannot be an upper
bound of E, since there is an element of £ that is greater than y—namely, « € E. Thus
o is a supremum of E.

Similarly, let 8 be a lower bound of E, with 8 € E. For any y > B, y cannot be a
lower bound of E, since there is an element of £ which is less than y—namely, 8 € E.
Thus g is an infimum of E. O

Of course, when a subset does not contain any of its upper bounds, it may or may not
have a supremum.

Get excited! We’re about to define one of the most important concepts in real
analysis.

Definition 4.10. An ordered set S has the least upper bound property if, for every
nonempty subset E which is bounded above in S, sup E exists in S.
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L ' B

Figure 4.1. The subsets B and L, represented as intervals on the line S.

Example 4.11. Does Q have the least upper bound property? Referring to the proof
of Theorem 4.1, Example 4.8 demonstrated that A4 is a nonempty subset of Q which is
bounded above in @ (by all the elements of B). But 4 has no supremum in Q (since
V2 ¢ Q). Thus Q does not have the least upper bound property. Oh, well. (Actually,
the fact that Q is missing the least upper bound property is the main motivation for
defining R.)

“If there’s a least upper bound property, then shouldn’t there also be a greatest lower
bound property?”, you might ask? Well, yes—but as it turns out, the two are equivalent!

Theorem 4.12. (Supremum of Lower Bounds)
Let S be an ordered set with the least upper bound property. Then S also has the greatest
lower bound property—namely, for every nonempty subset B which is bounded below
in S, inf B exists in S.

Furthermore, if we denote L as the set of all lower bounds of B, then inf B = sup L.

This theorem actually goes beyond proving that one property implies the other—it tells
us that in a set with the least upper bound property, the infimum of any subset is just the
supremum of that subset’s lower bounds.

Proof. Take the set L of all lower bounds of B. We will start by showing that the number
sup L exists in S and then show that actually sup L = inf B.

To show sup L exists in S, we want to take advantage of the least upper bound
property, so we want to show that L is a nonempty subset which is bounded above in S.
The fact that B is bounded below in S tells us L has at least one element in S. How do
we show that L is bounded above in S? Every element of L is less than or equal to every
element of B, so every element of B is an upper bound of every element of L. Since B
is a nonempty subset of S, L has at least one upper bound in S. Now we apply the least
upper bound property to see that sup L exists in S; let’s call it c.

For the next part of the proof, refer to Figure 4.1.

For « to equal inf B, it must first be a lower bound of B. Because « is the supremum
of L, if any number y is less than «, then y is not an upper bound of L—meaning
y must be less than some element of L. Thus y is smaller than a lower bound of B,
so y cannot be in B. We have shown that any number less than « cannot be in B,
so a must be < x for every x € B, so « is a lower bound of B.

Now « is a lower bound of B, but if any number S is greater than «, 8 cannot belong
to L, since « is an upper bound of L. Meaning, any 8 > « is not a lower bound of B, so
indeed « = inf B. O

The converse of the previous theorem completes the proof that the least upper bound
property and the greatest lower bound property are equivalent.
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Theorem 4.13. (Infinum of Upper Bounds)

Let S be an ordered set with the greatest lower bound property. Then S also has the least

upper bound property—namely, for every nonempty subset B which is bounded above

in S, sup B exists in S.

Furthermore, if we denote U as the set of all upper bounds of B, then sup B = inf U.

Proof. This proof is just a mirror of the previous one. After filling in the blanks in

Box 4.3, draw a picture similar to Figure 4.1 before finishing the second paragraph.

BOX 4.3

PROVING THEOREM 4.13

To show infU exists in S, we want to take advantage of the

property. The fact that B is bounded above in S tells us U has at least one element in
S, so U is . Every element of U every
element of B, so every element of B is a of every
element of U. B is a nonempty subset of S, so U has at least one lower bound in
S. Now we apply the greatest lower bound property to see that inf U exists in S; let’s
call it «.

If y > «, then y is not a of U, meaning y must
be greater than some element of U, so y ¢ B. Thus o must be x for every
X € B, so« is an upper bound of B. If any number § is less than «, then S U,
since « is an upper bound of U. Meaning, any § < « is not an upper bound of B, so

indeed o =

Suprema and infima are constantly called on in real analysis. A bounded infinite set

O

may not have a minimum or maximum, but it will always have a supremum or infimum,

which is usually our best way of describing the narrowest possible bounds. Suprema and
infima will keep coming back, so it’s worth making the effort now to really understand
their definitions and how to manipulate them in proofs. (If you hate them and want them
to go away, trying saying “soupy” whenever you read sup £; it might help you feel

better.)

We want R to be an ordered superset of (Q with the least upper bound/greatest lower
bound property. We also want it to work with addition, multiplication, and more, which

are properties of a field—we’ll define what that means in the next chapter.
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The Real Field

After learning the definition of an ordered field, we can finally understand what the
real numbers are. As a field, R has three important characteristics: the Archimedean
property, the density of QQ, and the existence of roots. We will prove each of these, and
will frequently take advantage of them henceforth.

Definition 5.1. (Field)
Any set F with two operations, addition and multiplication, is a field if it satisfies the
following field axioms:

Al. (Closed under Addition) If x,y € F, thenx +y € F.

A2. (Commutative under Addition) x +y =y +x,Vx,y € F.

A3. (Associative under Addition) (x + y)+z=x+(y+2z), Vx,y,z € F.

A4. (Additive Identity) F contains an element 0 such that x +0 = x, Vx € F.

A5. (Additive Inverse) For every x € F there exists an element —x € F such
that x + (—x) = 0.

M1I. (Closed under Multiplication) If x, y € F, then xy € F.

M?2. (Commutative under Multiplication) xy = yx, Vx,y € F.

M3. (Associative under Multiplication) (xy)z = x(yz), Vx, y,z € F.

M4. (Multiplicative Identity) F contains an element 1 (with 1 # 0) such that
Ix =x,Vx e F.

M5. (Multiplicative Inverse) For every x € F with x # 0, there exists an element
;i € F such that (x)% =1

D. (Distributive Law) x(y +z) = xy +xz,Vx,y,z € F.

g If we take any set together with our conventional definitions of addition and mul-
tiplication, most of these axioms follow naturally. For example, we know that the
multiplicative identity is the number 1, since 1 times anything is itself. If we want,
we could define some new, different versions of addition and multiplication on a set and
try to get them to satisfy the field axioms, but we don’t really want to do that. Studying
structures such as fields in an abstract manner is the focus of algebra, an advanced area
of mathematics which has nothing to do with “if 3x + 2 = §, find x.”
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For our purposes, since every field we will consider contains ordinary numbers with
normal addition and multiplication, we can mostly take for granted the axioms 42—A45,
M?2—-M5, and D. However, the axioms of closure, A1 and D1, are not trivial in many
cases and must be proved explicitly if we want to show that something is a field.

Example 5.2. (Fields)

The rational numbers, along with normal addition and multiplication, constitute a field.
Let’s check that the axioms of closure hold. For any x, y € Q, we can write x = 7 and
y= § for some a, b, ¢, d € Z. Then

_ad+bc

L
d bd

X +y=

S

which is also a rational number, and

xyzﬁ,

which is also a rational number.

On the other hand, N is not a field—no element has an additive inverse, since N
does not contain negative integers. Z is also not a field—no element has a multiplicative
inverse, since Z does not contain fractions.

The set S = {0, 1, 2, 3, 4}, along with normal addition and multiplication, is not a
field. The numbers 2 and 3 are in S, but 2 + 3 = 5Sisnot in S, so S is not closed under
addition. Similarly, (2)(3) = 6 ¢ S, so S is not closed under multiplication either.

But let’s say we take T = S modulo 5, meaning S where we set the number 5 equal
to 0. Then 10 = 5 + 5 = 0 + 0, and likewise any multiple of 5 also equals 0. In this case,
2+4+3=5=0isin 7. So is any sum or product x of elements of 7, since if x > 5, we
can write it as x = 5n 4+ m = m for some m, n € N with m < 5. This strange field T is
usually denoted Zs.

Using only the field axioms, we can prove many basic properties of all fields, such as

—(—x)=x,0x=0,xy =1 = y=1if (x #£0), and so on. The proofs of these

X
properties just use the field axioms multiple times to rearrange terms.

Definition 5.3. (Ordered Field)
An ordered field is a field F that is also an ordered set, satisfying the following axioms:

Ol Ify<z,thenx+y<x+zVx,y,z€F.
02. Ifx >0andy > 0, thenxy > 0,Vx,y € F.

Go back to Definition 4.2 to review the meaning of an ordered set.

The axioms for ordered fields are pretty intuitive, and we could use them to prove
some basic properties, suchasx > 0,y <z => xy <xz,0<x <y = 0<1 <1,
and so on. (We’ll skip over these simple proofs, because time is money, and money can
buy you a blank notebook to try writing these proofs yourself.)

Now we are ready to define the real numbers!

Definition 5.4. (Real Numbers)
The set of real numbers R is an ordered field which has the least upper bound property
and contains Q.
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In other words, R satisfies all the axioms of an ordered field, and fills in all the “holes”
in the rational numbers.

g Just because we can define R, though, doesn’t mean it exists. Different methods
of teaching real analysis solve this problem in different ways. Some textbooks just
assume that this R exists, and call this assumption “the axiom of completeness”™—
here, completeness is just another word for the least upper bound/greatest lower bound
property. It is possible, though, to prove that this R exists (after assuming that QQ exists).
One (fairly laborious) proof, uses something called Dedekind cuts, which you can look
up if you’re interested.

In addition to being complete and containing @, the real numbers have some very
useful properties, which are explored in the following three theorems.

Theorem 5.5. (Archimedean Property of R)
Given any positive real number, we can find a natural number such that the product of
the two is as large as we want.

In symbols:

Vx,y € Rwithx > 0, 3n € N such that nx > y.

In other words, the Archimedean property asserts that you can always find a natural
number greater than any ratio of real numbers. A commonly used corollary is Vy € R,
Jdn € N such that n > y (which we get by setting x = 1 in the original theorem).

Of course, Q also has the Archimedean property. For any x, y € Q with x > 0, we
can write x = 7 and y =  where a, b, c,d € N. Let n = 2bc, so clearly n € N, and
we have

nx = (2bc)% — 2ac = (2ad)§ = 2ady > .

(Here we assumed y > 0. If y < 0, justletn = 1, so that nx = x > y since x > 0.)

Proving the Archimedean property for the real numbers is a little trickier, since most
real numbers don’t have a simple representation like fractions do. Instead, we’ll take
advantage of what makes R so special: the least upper bound property.

\\ Proof. Let’s take this opportunity to demonstrate the two-step proof process. First, we’ll

_/ break the proof down step-by-step by using the definitions to figure out what the crux of

the problem is. Second, we’ll take what we have and write it up in a nice, linear fashion.

Step 1. Let A be the set of each possible nx, for every natural number n. The
Archimedean property asserts that some element of A is greater than y. If we want
to apply the least upper bound property, the set A4 can’t really help us, since it is not
bounded above—unless we assume the Archimedean property is false. Then no element
of A is greater than y, meaning y is an upper bound of 4. This seems like a plausible
direction to go in, so let’s do a proof by contradiction.

Assuming the Archimedean property is false, 4 = {nx | n € N} is bounded above
by y. Now 4 is a nonempty subset of R, so by Definition 4.10, sup A4 exists in R; write
o = sup 4 for convenience. Now which available facts have we not used yet? Basically,
all we have left to apply is the definition of a supremum: if y < «, then y is not an upper
bound of 4. That means y is less than some element of A4, so there exists some natural
number m such that y < mx.
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Does that help? Sort of. It looks like a contradiction we might want to end up with
is “« is not an upper bound of 4.” So if we show that some natural number times x is
greater than o, we’ll be done (since this contradicts the fact that « = sup 4). We have
y < mx, so if we can put y in terms of «, that inequality will be more useful. The
restriction on y is that it must be less than «, so let’s write y = o — k for some k£ > 0.
Theny < mx = o <mx +k.

Now the goal is to put mx + k into the form of nx for some natural n. If k = cx
for any ¢ € N, then mx + k = mx + cx = (m + ¢)x, which is indeed a natural number
times x. Actually the simple case ¢ = 1 works, so k£ = x is exactly what we need. Now
a < (m+ 1x, so « is less than some element of A4, which contradicts the fact that
a = sup 4. Thus the Archimedean property for the real numbers must be true.

Step 2. After all that thinking, it didn’t take very many steps to prove the theorem. We
can now write it up formally.

Assume that R does not have the Archimedean property. Then 4 = {nx | n € N} is
bounded above by y, so because R has the least upper bound property, « = sup 4 exists
in R. Since x > 0, we have ¢ — x < «, so @ — x cannot be an upper bound of 4. Then
dm € N such that « — x < mx, so @ < (m + 1)x. However (m + 1)x € 4, so « is not
an upper bound of 4, which is a contradiction.

If we want, we could shorten the proof even more by putting almost everything in
symbols:

—(3n suchthatnx > y) = A={nx|neN}<y
= a=supd R
= Im € Nsuchthato —x < mx
= a<(m+ )x
= 1.

(In logic, the symbol L means “contradiction.”)

Theorem 5.6. (Q Is Dense in R)
Between every two real numbers, there is at least one rational number.
In symbols:

x,yeERwithx <y = 3Ap € Qsuchthatx < p < y.

This property of Q in R is known as density; we say that Q is dense in R.

We already know that R is dense in itself (we can always find a real number between
any two given real numbers). Why? For any x, y € R with x < y, let z = % (the
midpoint between x and y), so that x < z < y.

By this same logic, we see that QQ is dense in itself, since the midpoint p = % is
always between ¢ and r in Q. Similarly, Q is also dense in N (where p = "3 is the
rational midpoint between two natural numbers m and ).

On the other hand, N is not dense in itself, since there is no natural number between

2 and 3. Similarly, N is not dense in QQ, because there is no natural number between %

1
and 2-
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Figure 5.1. We must choose n large enough so that the increments % do not skip over the interval
(x, y). We must choose m to be the smallest integer greater than nx.

Note that density guarantees not only that there is one p between x and y but that there
are infinitely many rational numbers between x and y. Once we have x < p < y, we
can just apply the property again to find a ¢ € QQ such that x < ¢ < p and repeat this
step an infinite number of times.

One particular consequence of this theorem is that any open interval (a, b) or closed
interval [a, b] contains an infinite number of points, as do (a, b) N Q and [a, b] N Q.

\ Proof. We want to find a rational number p between x and y—meaning we want to
) find some m, n € Z such that x < %' < y. By applying the Archimedean property from
Theorem 5.5 a bunch of times, we hope to find the perfect m and n, as shown in

Figure 5.1.

Part 1. First, we need to make sure n € N is large enough so that at least one of the
123

fractions PRI falls between x and y. If n were too small, then the increment
between the fractions % %, % ... might be too large, making them skip over the interval

(x, »).

In other words, we need % to be less than y — x. If we rearrange the inequality to
look like n(y — x) > 1, we can apply the Archimedean property to find such an n € N.
This gives us ny > 1 + nx, which we will use later on.

Part 2. Second, we need to make sure m € Z is the smallest integer greater than nx,
so that nx < m < ny.

Since we want to “trap” nx between two consecutive integers, we need to show that
dm € Z such that m — 1 < nx < m. There are three possible cases.

Case 1. If nx > 0, then we can apply the Archimedean property to show that
there exists at least one m; € N such that m; > nx. (Here, the variable
names get a little confusing. We are applying Theorem 5.5, where
x €Risl,y e Risnx,and n € Nis m,.) Thus, the set
{m; € N|m; > nx} is nonempty.

There is an axiom from number theory called the well-ordering
principle, which states that every nonempty subset of N has a smallest
element. (This should make intuitive sense, because N is bounded
below by the number 1.) The well-ordering principle tells us that
{m; € N | m; > nx} has a smallest element m. Since m is the smallest
integer greater than nx, m — 1 mustbe < nx. Thusm — 1 < nx < m.

Case 2. If nx =0,then0 < nx < 1.Sowithm = 1,wehavem — 1 < nx < m.

Case 3. If nx < 0, then we apply Case 1 on —nx to yield a natural number m,
such that my — 1 < —nx < m,. Therefore m, < nx <1 —m,. If
nx =1 —my, thenm = 2 — m, satisfies m — 1 < nx < m. Otherwise,
nx <1 —my,som =1—m,satisfiesm — 1 < nx < m.
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Now we have an integer m such that nx < m and m < 1 4+ nx. If we combine this with
the inequality from Part 1, we get

nx <m<1+nx < ny.

Since n > 0, we can divide by n to get x < 7+ < y, which is exactly what we needed.

O

Corollary 5.7. (The Irrational Numbers Are Dense in R)
Between every two real numbers, there is at least one irrational number.
In symbols:

x,yeERwithx <y = 3Ap ¢ Qsuchthatx < p < y.

Proof. Leta = % and b = % By Theorem 5.6, there is a rational number ¢ such that

a <q <b.Thenx < +/2q < y,s0 p = +/2q is exactly what we needed. Note that p is
indeed irrational, since if it were rational then v/2 = 5 would be rational. O

The following theorem (the last of our terrific trio) deals with roots. You know what
these are: usually we write y = &/x or y = X,

Theorem 5.8. (Existence of Roots in R)
Every positive real number has a unique positive nth root, for any n € N.
In symbols:

Vx € Rwithx > 0,V¥n € N, 3y € R unique, such that y > 0 and y" = x.

Note that even-numbered roots (4/x, /x, &/x, etc.) signify two numbers in R, namely,
+y and —y. The theorem asserts that there is one and only one positive real root.

Y\ Proof. The uniqueness of y is the easiest part of the proof, so we’ll start there. For any

') two different positive real numbers, the fact that they are different means one must be

greater than the other. If there were two positive real roots y; and y, such that yj = x
and »J = x, we would have 0 < y; < y,. But then 0 < »{ < »J, meaning 0 < x < x,
which is impossible. Thus only one positive real root can exist.

To prove that ¢/x exists in R, let’s first figure out our game plan and then write it up
formally.

Step 1. We’ll use the least upper bound property of R. Remember the discussion of
Theorem 4.1 in Example 4.8? We ended up seeing that +/2 is the supremum of the set A
and the infimum of the set B. If we construct the more general set £ corresponding to
the numbers less than </x, we can apply the least upper bound property to show that
y = sup E exists in R. Since we don’t know that </x exists yet, we can’t use it when
defining E; so we define E this way:

E={teR|t>0and? < x}.

The crux of this problem, then, is to show that indeed y = /x. In Theorem 4.1,
we found the “magic number” g = 21%22 to demonstrate that any p < +/2 cannot be
an upper bound of A4 (since ¢ € 4 but ¢ > p). But for generic roots of positive real

numbers, how do we show that any number less than /x is not an upper bound of £?
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Our strategy will be to show that y = sup E cannot be less than </x and it cannot be
greater than /x, so it must equal &/x. If " < x, we should end up with the statement
“y is not an upper bound of E,” which contradicts the fact that y = sup £. If y" > x,
we should end up with the statement “some number less than y is an upper bound of E,”
which contradicts the fact that y = sup E.

First we need to show that E satisfies the requirements of the least upper bound
property. In other words, we need E to be nonempty and bounded above. To show
that there is at least one element in £, we want to find a ¢+ > 0 such that " < x. We
cannot simply pick ¢ = "T‘/’?, since we haven’t yet proved that &/x is a real number.
Instead, if we can find a ¢ that is less than x and with " < ¢, we’ll be set (since then
1" <t < x). Without too much effort, we can see that anything like 7 = 7 meets those
requirements.

To show that £ has an upper bound, we want to find au such thatt > u =— " >x.
Again, we cannot simply pick u = 2/x, so we’ll look for something with # > x and
u" > u(sothatt > n = " > u" > u > x). We can see that anything like v = x + 1
does the trick (remember x > 0).

Since R has the least upper bound property, y = sup E exists.

Now let’s see what happens when »" < x. To get our contradiction “y is not an
upper bound of £,” we want to find an element of E that is greater than y, meaning
some ¢ such that " < x but¢ > y. Letting t = y + h, we need to find a real # > 0 with
y+h)y <x.

When faced with a tough situation like this, we can appeal to the information we
have about powers in general. Using some good old-fashioned algebraic manipulation,
we can calculate

b-a)d b rd T =B - +b"Pa+ ... +ba" P +a")
k=1

=0B"+b" a4+ ... +b2ad" P+ ba"h)
— " la+ b2+ bd" T +a")

=b"—-ad".

Furthermore, when 0 < a < b, we have

n

kg1 — pn-1 ~ ray k-l
Soorta =y (7)
k=1 k=1
< bn—l Z(l)k—l
k=1
:nbnfl,
which gives us the inequality

' —a" < (b—a)nb" .
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If we substitute b = y + h and a = y (so indeed 0 < a < b), we have
(y+h)" —y" < hn(y +h)" L.

Because we are trying to show (y + 4)" < x, it will now be sufficient to show
hn(y + h)"~' < x — y" (you can chain the inequalities to confirm this).

Wait. Does pulling that inequality out of thin air seem like a cheap shot? Perhaps. In
complex proofs like these, I don’t think it’s possible to explain how you would come up
with each and every step on your own. My guess is that the mathematicians who figured
out this proof spent a long time playing around with power expansions and had to try
out many inequalities before chancing on the one that worked. Most of the time, pure
math is about exploring and trying new things until you manage to find the silver bullet.
On the other hand, I don’t think you would be expected to pull off something like this
on an assignment or an exam (at least not without an explicit hint).

Back to the proof. Remember we are trying to find a real # > 0 such that
hn(y +h)"~' < x —y". Our job is simplified if we choose & < 1, since then
hn(y +h)"~' < hn(y + 1)"~'. Now the inequality is satisfied as long as

n

xX—y
< —.
n(y + 1!

We still haven’t made use of the assumption y” < x, and here is where it finally comes
into play: the assumption y” < x guarantees that the fraction is positive, so that %
is a valid positive real number.

Thus for any real 4 with

0<h <min{l,x_y},
n(y + 1y—1

we have (y + /)" < x. Then y + h € E even though y is an upper bound, which is a
contradiction.

Next, let’s see what happens when y” > x. To get our contradiction “some number
less than y is an upper bound of E,” we want to find a real £ > 0 such that y — k
is an upper bound of E. Note that £ must also be less than y, since y — k should be
positive. So we want to prove that any number greater than y — k is not in £, meaning
t>y—k = t">x.

If we take t > y — k, we get

Y=t <y = (v = k),

whose right-hand side we want to show is < y” —x. Then we will have y" — " <
V" —x,s0x <t". As it turns out, we can use the same inequality as in the previous
part! Plugging » = y anda = y — k into b" — a" < (b — a)nb"~', we have

V' =y — k)" < kny"!
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(since 0 < a < b, as required). Then

n

yi—=Xx
nyn—l

k=
is exactly what we need, as long as we check that 0 < £ < y. We use the critical

assumption y” > x to see that k£ must be positive, and indeed & also satisfies

n

V' —x y

k
nynfl < nynfl

=y

NS

Thus we see that any number greater than y — k is not in £, so y — k is an upper
bound even though y is the supremum, which is a contradiction.

Step 2. Whew! That was a lot of figuring out, but the actual proof shouldn’t be too long.
As you read the following summary, refer to the text from Step 1 to make sure you
understand how each assertion follows from the previous one.

Let

E={teR|t>0and" < x}.

Then E is nonempty, since

t = = " <t(sincex <x+ 1,50t <1)

x+1
and t < x (since x < x + x?)

= 0<t"<t<x
— teck.

E is bounded above, since withu = x + 1,

t>u = t">t(sincex+1>x,s07>1)
= t">t>u>x
= t¢E
=— u is an upper bound.

So y = sup E exists in R by the least upper bound property.
Note that for any 0 < a < b, we have

p'—a"=(b-a)y b"Fd < (b—amb".
k=1

Assume )" < x, and choose

h < min l,i .
n(y+
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Then there exists such an /4 that is also positive, so that 0 < y < y + A, and thus

G+ =" <hn(y+hn)""!
< hn(y +1)"!

<x—=y"

Now (y + h)" < x, so y + h € E even though y is an upper bound of E. We have a
contradiction, so it must be the case that y” > x.
Assume )" > x, and choose

k=27
ny"—

Then 0 < k < y (as shown above), so for any ¢ > y — k, we have

V=t <y =y -k

n—1

< kny

=" —x.

Nowx < t",s0¢ ¢ E,soy — k is an upper bound of E even though y is the supremum
of E. We have a contradiction, so it must be the case that y" < x.
Therefore y" must equal x, meaning /x € R. O

Corollary 5.9. (The Root Operation Is Distributive)
Taking roots of positive real numbers distributes across multiplication.
In symbols:

Va,b € Rwitha,b>0,VYn €N, (ab)r =arb.

Why is this corollary not completely obvious? The field axiom M2 asserts that ab = ba,
which implies

(ab)" = (ab)(ab)...(ab)=(aa...a)bb...b)=a"b".

Keep in mind, though, that raising a number x to the nth power is completely different
from taking its nth root. The former is just shorthand for doing multiplication; the latter
represents finding a positive real y such that y” = x (which, until just now, we didn’t
know was possible).

Proof. By Theorem 5.8, v/a and /b exist, so we can write a = (/a)" and b = (/b)".
Then

ab = (Va)"(¥/b)" = (Va/bY',

by field axiom M?2.

Theorem 5.8 also asserts uniqueness. There can only be one positive real y such that
y" = ab, so the fact that («’/E\”/l;)" = ab implies Ja/b = ab. We can also write this
equality as (ab)i =anrbs. O
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We’ll finish our characterization of the field of real numbers with a clarification of how
to work with infinity. The elements 400 and —oo are not real numbers, but we can
introduce them as symbols to use.

Definition 5.10. (Extended Real Number System)
The extended real number system is R U {+00, —oo}. It has the same ordering as R,
with the additional rule —oo < x < 400 for every x € R.

The symbols 400 and —oo follow these conventions, for every x € R:

X+ 00 =400, X —00 = —00;

X X
+0o0 —0o0

x>0 = x(4+00) = +00, x(—00) = —00;
x <0 = x(4+00) = —00, x(—00) = +00.

Note that no conventions are given for computing

, o1 (00)(00);

0 oo
oo’ 0
these are all undefined quantities.

The extended real number system satisfies the ordered field axioms of Definition 5.3,
but it does not satisfy the field axioms of Definition 5.1 (since, for example, +o00 does
not have a multiplicative inverse). Again, the extended reals is not a field, but it will
nonetheless come in handy once in a while.

One interesting property is that every subset of the extended reals is bounded. If a
subset £ C R is not bounded above in R, it is bounded above in R U {+00, —oo}—that
is, it is bounded above by the element 4+-c0. Then, because R has the least upper bound
property, £ must have a supremum, and this supremum is +oco. Similarly, if £ C R is
not bounded below in R, its lower bound and its infimum in the extended reals is —oo.

This was an intense chapter! But it feels good to have a solid understanding of what the
real field is.

Coming up next, we’ll generalize R to the vector space R and explore its properties.
If you’ve always wondered what an “imaginary number” is, turn the page.... Or just
use your imagination.



CHAPTER 6

Complex Numibers and Euclidean Spaces

Why would we bother with complex numbers in real analysis? Don’t they involve
“imaginary” numbers, which are clearly not “real” numbers? Isn’t there a whole separate
field of study called “complex analysis™? That’s all true. But it’s also true that complex
numbers are just 2-dimensional real numbers (with some special operations tacked on).
We’ll start by defining complex numbers as real 2-vectors like (@, b) to prove that
they make up a field. Then we can show how these complex numbers are actually the
same as the imaginary numbers of the form a + bi, which you may have seen before.
After proving some properties of complex numbers, we’ll be able to discover similar
properties for real vectors of any size, which make up sets called Euclidean spaces.

Definition 6.1. (k-Vector)
A k-vector or k-dimensional vector is an ordered set of numbers denoted by (x1, x,,
..., Xt). The “order” matters since (x1, x2) # (x2, x1) unless x; = x;.

For example, a 2-dimensional vector of real numbers would be (a, b), where a, b € R.
Two 2-vectors x = (a, b) and y = (¢, d) are equal if and only ifa = cand b = d.

Definition 6.2. (Complex Number)
A complex number is a 2-vector of real numbers, with the operations addition and
multiplication as defined by:

x+y=(@a+c,b+d),
xy = (ac — bd, ad + bc).

The set of all complex numbers is denoted by C. The set of all complex numbers
without the complex addition and complex multiplication operations is just the set of
all 2-dimensional real numbers, denoted by R2.

Notice that like rational numbers, complex numbers are ordered pairs. But (a, b) =
(c,d) if and only if @ = ¢ and b = d, unlike rational numbers where 7 and 5 can be
equal if, for example, a = 2c and b = 2d.

Distinction. The complex number (—3, 3) is not the same as the open interval (-3, 3).
The former is a pair of two real numbers (—3 and 3), whereas the latter is the set of
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all real numbers between —3 and 3. This ambiguity seems needlessly confusing, but it
doesn’t usually pose a problem; you should be able to tell a complex number from an
open interval given the context.

Theorem 6.3. (C Is a Field)
The set of all complex numbers is a field.

Specifically, (0, 0) is the additive identity and (1, 0) is the multiplicative identity. For
any complex number x = (a, b), —x = (—a, —b) is its additive inverse, and if x # (0, 0)
then xl = (aZaW’ ﬁ) is its multiplicative inverse.

Proof. We want to show that each of the field axioms is true for C, using the identities
and inverses defined in the theorem. Note that in the proof of each axiom, we make use
of the fact that R satisfies that same axiom. Let x = (a, b), y = (¢, d), and z = (e, f)
be complex numbers.

Al. (Closed under Addition) x 4+ y = (a + ¢, b + d). Since R is closed under
addition, a +c € Rand b +d € R, so indeed

(a+c,b+d)eC.

A2. (Commutative under Addition)
x+y=(a+c,b+d)
=(c+4+a,d+b)=y+x.

A3. (Associative under Addition)
x+y)+tz=(@+c,b+d)+ (e, f)
=(a@a+co)+e,b+d)+ f)
=@+ (c+e),b+d+ )
=(@b)+(c+ed+ fy=x+ @ +2).

A4. (Additive Identity)
x+0=(a,b)+(0,0)
= (a,b) =x.

AS5. (Additive Inverse)
x+(=x)=(a+b)+(—a,-b)
=(0,0) =0.
M1. (Closed under Multiplication) xy = (ac — bd, ad + bc). Since R is closed

under addition and multiplication, ac — bd € R and ad + bc € R, so
indeed,

(ac — bd, ad + bc) € C.
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M2. (Commutative under Multiplication)
xy = (ac — bd, ad + bc)
= (ca —db,cb +da) = yx.

M3. (Associative under Multiplication)
(xy)z = (ac — bd, ad + bc)e, f)
= (ace — bde — adf — bcf,acf — bdf + ade + bce)
= (a, b)(ce — df, cf +de) = x(yz).
M4. (Multiplicative Identity)
Ix = (1, 0)(a, b)
=(@—0,b+0)=x.

MS5. (Multiplicative Inverse)

1
()= = ((a)

a
a’+b?

—b —b a
—( ’ n—t
O @ T )a2+b2)

_ a’+b* —ab+ab
T \a2+ b2 a?+ b2

=(1,0)=1.
D. (Distributive Law)
x(y+z)=(a.b)c+e.d+ f)
= (ac +ae — bd — bf,ad + af + bc + be)

= (ac — bd, ad + bc) + (ae — bf,af + be) = xy + xz.

For any a,b € R, we have (a, 0) + (b,0) = (a + b, 0) and (a, 0)(b, 0) = (ab, 0). So
a complex number of the form (a, 0) behaves the same with respect to addition and
multiplication as the corresponding real number a. If we associate (a, 0) € C with
a € R, we have the real field as a subfield of the complex field. (A subfield is a field

that is also a subset of another field.)

The complex field is not, however, an ordered field. It fails axiom 02, since for

x =(0,1),x # 0 but
x2=(0-1,0+0)

=(~1,0)
=0-1,0-0)
=0—1

=-1<0.
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It turns out that our definition of complex numbers (a, b) is exactly the same as
the more common a + bi, which uses the imaginary number i = +/—1. Along with
associating a = (a, 0) for any real a, let us define i = (0, 1). Then indeed,

i =(0,1)(0, 1)

Furthermore, we have
a+ bi = (a,0)+ (b, 0)0, 1)
=(a,0)+0—-0,b+0)=(a,b).

Now we can understand the motivation behind the complicated (or should I say,
complex?) multiplication rule: (a, b)(c, d) = (ac — bd, ad + bc). If we multiply two
complex numbers in the a + bi form, we get

(a + bi)(c + di) = ac + adi + bci + bd(i%)
=ac — bd + adi + bci = (ac — bd, ad + bc).

Definition 6.4. (Complex Conjugate)
Forany a,b € R, let z = a + bi (so z € C). We call a the real part of z, and we write
a = Re(z), we call b the imaginary part of z, and we write b = Im(z).

Define z = a — bi, so z is also a complex number, and we call it the complex
conjugate (or just conjugate) of z.

Theorem 6.5. (Properties of Conjugates)
Letz = a 4 bi and w = ¢ + di be complex numbers. The following properties hold:

Property 1. z+w =z +w.

Property 2. zw = (z)(w).

Property 3. z +z = 2Re(z), and z — z = 2i Im(z2).
Property 4. zz € R, and zz > 0 (except when z = ().

Proof. These should be a piece of cake. Notice that we only use the @ + bi form of the
complex numbers, but the calculations are the same as they would be using the (a, b)
form.

Property 1. Taking the conjugate distributes across addition, since

z+w=(@+c)+ b +d)i
=(a+c)—(b+d)i
=(a—bi)+(c—di)=z+w.

Property 2. Taking the conjugate distributes across multiplication, since

zw = (ac — bd) + (ad + bc)i
= (ac — bd) — (ad + bc)i
— (a - bi)c — di) = (2)(®).
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Property 3. We have
z4+zZ=a+bi+ (a—bi)=2a =2Re(z),
and similarly
z—z=a+ bi —(a — bi) =2bi = 2i Im(z).
Property 4. We see that
2z = (a + bi)(a — bi) = a® — ()b = a* + b,

which is a real number. Clearly it is positive as long as z # 0 (and it
is 0 when z = 0).

Definition 6.6. (4bsolute Value)
For any z € C, define the absolute value of z to be the positive square root of zz.
In symbols:

2| = +(z2)1.

The absolute value is, of course, always the positive square root of zz. Since the previous
theorem showed that zZ is a real number > 0, Theorem 5.8 guarantees the existence and
uniqueness of any complex number’s absolute value.

This definition of absolute value corresponds to the familiar one for real numbers.
For any x € R, we have x = X, so |x| = ++/x2. Thus

x ifx>0,
x| = .
—x ifx <0,

so that |x| = max{x, —x}.

Theorem 6.7. (Properties of Absolute Value)

Let z =a+ bi and w = c + di be complex numbers. Then the following properties
hold:

Property 1. |z| > 0ifz #0,and |z| =0 ifz = 0.
Property 2. |z| = |z|.

Property 3. |zw| = |z| |w].

Property 4. |Re(z)| < |z|, and |Im(z)| < |z|.
Property 5. |z + w| < |z| + |w].

Property 5 is called the triangle inequality. If you consider z, w, and z + w as sides of a
triangle, it asserts the main property of triangles—that any side is smaller than the sum
of the other two sides.

Proof- Most of these proofs make use of the properties of conjugates we looked at in
the last theorem.

Property 1. |z| is the positive square root of zz, so it is positive as long as z is
nonzero. If z = 0, then |z| = (06)% =0.
Property 2. In general,



Property 3.

Property 4.

Property 5.
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so we have
1

Izl = (zZ)®
= (z2)? = |z] .
By the field axiom M2 of C,
lzw| = Cwzw)? = (zZww)?.

Ifz=0o0rw =0, clearly |zw| = 0 = |z| |w|. Otherwise, Property 4
of Theorem 6.5 tells us zz and ww are both real and positive, so by
Corollary 5.9,

(zZww)? = (22) (w)?,

and we have |zw]| = |z| |w].
We have
[Re(z)| = |a
_Ja
<Va:+b? (since b*> > 0)
=2z =z,

and similarly
[Im(z)| = 1b]
_ VB
<Va+b? (sinced® > 0)

=+zz = |z].
Zw = Z W = zw, so zw is the conjugate of zw. By Property 3 of

Theorem 6.5, this tells us zw + zw = 2Re(zw). We use that fact in
the following inequality:

z+wl =E+wE+w)
= (z + w)Z + W)
=zz4+zw+zw + ww
= |z 4+ 2Re(zw) + |w|?
<|z|> +2zw| + |w|* (by Property 4)
= |z]*> + 2|z| |lw| + |w|* (by Properties 2 and 3)
= (Iz| + lw])*.

Now since both sides of the inequality are real and > 0, we can take
square roots to obtain |z + w| < |z| + |w]. 0
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Theorem 6.8. (Cauchy-Schwarz Inequality)
Foranyay,ay,...,a, € Cand by, by, ..., b, € C, the following inequality holds:

n . 2 n 2 n 2
Y oaby| < | > eyl NE
j=1 j=1 j=1

What does this inequality even mean?! Sometimes summation signs can be confusing,
and it’s helpful to write them out as sums instead:

By + asb; + ... + a,b,|

< (lail? +laal? + ...+ 1aul?) (1611 + B2 + ...+ 1bal?) .

Those conjugates in the left sum are a little confusing. We can simplify the inequality
by substituting b; for b; (since the a; and b;’s are arbitrary complex numbers), so we

have
2

’a1§+a2b:2+...~l—anbn

—12 2 —2
< (a1 +laal’ + ...+ laP)([B1|" + [B2| "+ ...+ [Ba] ),
which simplifies to
la1by + arby + . .. +a,,b,,|2

< (lail? +laal + ...+ 1al?) (16117 + B2 + ...+ 1bal?) .

This looks kind of like a mutant triangle inequality, doesn’t it? As we will soon see,
one of its many applications is that it can be used to prove the triangle inequality for real
vectors of any size.

\ Proof. Both sides of the Cauchy-Schwarz inequality are real numbers > 0. If

(Zj‘:l |aj|2)(Z;f:1 |bj}2) =0, then it must be that a; =a; =... =a, =0 and/or

by =b,=...=b, =0, so clearly |Z’}=1 a_,-bijl2 also = 0 and we are done. Now we
only need to prove the case in which both sides of the inequality are positive.

Since the sums range from 1 to some natural number n, we can use induction. First,
we show the inequality holds for Z}.:l; then we assume it holds for Z;’;i and prove it
holds for »7_,.

Base Case. For n = 1, we have

2

1 ! !
S oab;| =lab = 1wl Bl = Y ol | (|6
Jj=1 J=1

Jj=1
Inductive Step. The inductive hypothesis is

n—1 n—1 n—1
|

2
> ab;| < aj|22|bj|2~

j=1 j=1 j=1
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Remember, we only need to worry about the case in which both sides are positive, so
we can take the square root to obtain

n—1 n—1
PITENDS ja; [ > 1bs .
j=1 j=1
Thus

Y ab|=|(>_asb; | +anba
j=1

n—1

< chbj + |anbs|  (by the triangle inequality)
j=1
n—1 n—1
< 3 Ja; [P |65 * + |anba|  (by the inductive hypothesis)
j=1

J=1

n—1 n—1
=S\ Sl ¢ e
j=1 j=1

Here we’re a little stuck. We want to be able to square |a,| and |b,| and bring them
into their respective square-rooted sums. If we label

2
¢ =lay|,andd = |b,|,

n—1
> b
j=1

we want to be able to say

ab +cd < v a?+ 2/ b? + d2.
In fact, we can say it! That inequality is always true for any a, b, ¢, d € R, because

0 < (ad — be)* = a*d* — 2abed + b*?
— 2abed < a*d® + b*c?
= a*b? + 2abcd + *d* < a’b* 4 a*d* + b + Fd?
= (ab+cd)’ < (@ +A)b* +d%),

and since both sides are positive reals, we can take the square root.
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We use this inequality to obtain

n -1
Sab| < | Slaf Z\bl + lan| 1Bl
j=I =1
n—1 ) n—1 5
< D e P+ lanP | S (6 + 18P
Jj=1 j=1
= Z|a.f!2 z:|bj|2 ;
j=1 =1
and just square both sides to complete the inductive step. 0

We can now generalize some ideas about complex numbers to real vectors of any
size.

Definition 6.9. (The Vector Space R¥)
The set of all k-dimensional vectors of real numbers is denoted by R*. Each element—
also called apoint—oka is written as X = (x1, X2, ..., X;), where x1,x3, ..., x; € R
are called the coordinates of x.

Forx,y € RN and a € R, define vector addition as

X+y=@1+y,x2+ 2, ..o, Xk + Vi),
and scalar multiplication as
ox = (axy, axy, ..., 00Xg).

The vector 0 € RF is defined as 0 = (0,0, ..., 0).
We call the set of real numbers R the real line, and the set of 2-dimensional real
numbers R? the real plane.

Notice that we always have x +y € R* and ax € R¥, so R¥ is closed under vector
addition and scalar multiplication. The two operations are also associative, commutative,
and distributive. Any set with operations that satisfies these conditions is called a vector
space, another algebraic structure—not equivalent to a field—that is usually studied in
linear algebra. Thus R¥ is a vector space, over the real field. (But R¥ is not a field,
because there is no way to multiply two vectors.)

Definition 6.10. (Euclidean Space)
For any X,y € RX, define the inner product (or scalar product) of x and y as

k

X-y =Y Xy =Xyt xy X
i=1

Define the norm of x as

. 1
|X|:+<in2) =+\/xP+xF+... +x}
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The vector space R¥ together with the inner product and norm operations is a
k-dimensional Euclidean space.

Distinction. Note that the scalar product is not the same as scalar multiplication. In both
cases, scalar refers to a 1-dimensional vector (just a real number). The scalar product
x -y € Ris a way to multiply two vectors to yield a scalar; scalar multiplication ax € RF
is a way to multiply a scalar by a vector to yield a vector.

Also, for real 2-vectors, the scalar product is not the same as the complex product.
For complex numbers z = (a, b) and w = (¢, d), z - w = ac + bd is the scalar product,
whereas zw = (ac — bd, ad + bc) is the complex product. Note that we have not
defined a cognate of the complex product for real vectors of dimension higher than
2, so R¥ is not a field (we would need a way to multiply two vectors and get a vector).

The norm is, of course, always the positive square root of x - x. Since the scalar product
of x with itself is always a real number, Theorem 5.8 guarantees the existence and
uniqueness of any real vector’s norm.

Remember that the absolute value of (a, b) € C is defined as

(@, b)l = /(a, b)(a, —b) = Va* + b7,

So the norm of a complex number or a real number is just its absolute value.

Theorem 6.11. (Properties of the Norm)
Letx,y,z € R, and let « € R. Then the following properties hold:

Property 1. |X| > 0ifx # 0, and |x| =0ifx = 0.
Property 2. |ax| = |o| |x].

Property 3. |x-y| < [x]|y|.

Property 4. Ix +y| < x| + lyl.

Property 5. |x —z| < |x—y|+ |y —z|

Property 6. |x —y| > x| — |y|.

Although this theorem tells us that x| > 0, note that it doesn’t make sense to write
something like “x > 0,” since no order is defined for the elements in R¥,

Property 4 asserts the triangle inequality for Euclidean spaces. (Actually, Property 5
is more deserving of the name “triangle inequality,” because if we treat x, y, and z as the
three points of a triangle, |x — z|, |x — y|, and |y — z| represent the lengths of its three
sides.)

Proof. Most of these properties are similar, but not identical, to their cognates for
absolute value in Theorem 6.7.

Property 1. |x| is the positive square root of X - X, so it is positive as long as x is
nonzero. If x = 0, then

0/=0-0:=+v0+0+...+0=0.
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Property 2. We have
lax| = Vax - ax

= \/otlez+ot2x§+...~|—a2x,f

= Va2 Vx - x = |a| |x].

Property 3. Let
ay=x1,a=X2,...,ay =x,and by = y1, by = y2, ..., by = yy.

Since the coordinates of x and y are real numbers—which are just
complex numbers of the form (a, 0)—we know that every a; and b;
is a complex number.

Then by the Cauchy-Schwarz inequality,

P 2
E Xi Vi
i=1

x-y)* =

IA

(220) ()
(227) (5o

21912
= |x|"[yl".

Since both sides are > 0, we can take the square root.
Property 4. Using the previous property, we have

X+yP=x-y)(x-y)

k
=) (i@ +n)

i=1

k
= (7 + 200, + D)

i=1
=X-X+2Xx-y+y-y
< Ix-x[+2x-y[+ly-yl
< Ix| x| + 2 x| Iyl + [yl + |yl
= (Ix| + [y])*.

Because both sides are > 0, we can take the square root.

Property 5. This is actually the same as the previous property; just substitute
x —yforx,andy — z fory.
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Property 6. In the previous property, set z = 0 and subtract |y| from both
sides.
O

Why bother with imaginary numbers? As you learned, the complex numbers are just
R? with special addition and multiplication tacked on. Learning to manipulate new sets,
fields, and vector spaces is an important part of real analysis.

Soon we’ll begin our study of topology by introducing another important concept in
set theory: functions and an extra-special type of function called a bijection.
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CHAPTER 7

Bijections

At a basic level, the field of fopology is concerned with the properties of sets and their
elements. We’ll learn a host of topological definitions in Chapter 9, but first we want
to understand the notion of countability. To do so, we need to spend this chapter going
over some important properties that functions can have, with the goal of building toward
the definition of a bijection.

I’m sure you just let out a groan when you read the word functions. You’ve probably
seen them over and over, defined and redefined throughout years of math classes. But
we still need to define functions formally and make them consistent with our notation
for sets. You can’t have calculus—and thus real analysis—without functions.

Definition 7.1. (Function)

If, for each element x in the set A, there is a corresponding unique element f(x) in the
set B, then the relation f is a function (also called a mapping). We say f maps A to B,
and we write

f:4A— B, f:x+— f(x).
The set A is called the domain of f, and the set B is called the codomain of f.

Example 7.2. (Functions)
Figure 7.1 demonstrates a relation that is not a function.
The following is a function with domain 4 = R and codomain B = R:

fiR—>R, f:xr x%

For short, we can write this function as f(x) = x2. This does leave room for some
ambiguity, though, since we have not specified which sets are being mapped—we might
have f: Q — Q, or even f: {1, 2,3} — {1,4,9}. Whenever it is necessary to know
which sets are being mapped, we will write it out explicitly.

Another example is

fix—1, Vxel,
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Figure 7.1. The pictured relation is not a function 4 — B, since it maps the same element of A
to two different elements of B.

Figure 7.2. The function f acting on the set 4. Its range is f(4). It maps the element x to the
element f(x) and the set £ to the set f(£)—Dboth of which are, of course, contained
in the range f(A4).

which is a function with domain 4 = N. Here, the codomain is not specified.
On the other hand,

fix4/x, VxeR

is not a function, since the same x is mapped to multiple values—namely, to +./x and
—./x. Note that both f(x) = ++/x and g(x) = —/x are functions.

Definition 7.3. (Image and Range)
For any function f: A — B and any E C A, f(E) is the set of all elements in E that
can be mapped to by f from some element of A. The set f(E) is called the image of E
under f.

In symbols, the image of E under f is the set:

SE)={f(x)|x € E}.
The set f(A) is called the range of f.

Example 7.4. (Images and Ranges)
Figure 7.2 demonstrates the image of a set and the range of a function.
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Figure 7.3. The inverse image of G, B, and {y} under the function f.

IfE =(-3,3)and
fiR>R, f:xe x%

then the image of £ under f is the half-open interval f(£) = [0, 9). The range of f is
[0, 00), because every positive real number is the square of some real number.
If £ ={1,2,3}and

fix—>1, VxeN,

then the image of £ under f is the set f(E£) = {1}. In fact, the range of f is also the
set {1}.

Definition 7.5. (Inverse Image)
For any function f: A — B and any G C B, f~Y(G) is the set of all elements of A
whose image under f is contained in G. The set f~'(G) is called the inverse image
of G under f.

In symbols, the inverse image of G under [ is the set:

G ={xeA] f(x) € G).

Foranyy € B, f~!(y) is the set of all elements of A whose image is y.
In symbols, for any y € B:

o =edl fx)=y).

Example 7.6. (Inverse Images)
Figure 7.3 demonstrates a function f and the inverse image of a few sets.

The function f(x) = x?, Vx € Z maps Z — N U {0}. The inverse image under f of
the set N is the set of all integers whose square is a natural number, so f~'(N) = Z \ {0}.
The inverse image under f of the set containing the single number 16 is f~'({16}) =
{4, —4}. Note that this implies f~! is not a function (since it maps a single element to
two different elements).

Definition 7.7. (Inverse)
For any function f: A — B, if the relation f~': B — A is a function, then we call
[~ the inverse of f. If such an inverse exists, then f is said to be invertible.
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Figure 7.4. If B contains only the three pictured points, then this function is onto/surjective
(since every element of B is mapped to by at least one element of A).

Example 7.8. (Inverses)
The function

fiR—>R, f:x+ x?

is not invertible, since its inverse f~!(y) = 4/x is not a function (because it maps to

both +./x and —/x).

On the other hand, the function
fix—>2x, VxelR

is invertible, since its inverse is f’ ’l(y) = %

Note that we chose to write f~'(y) = 7 instead of f “(x) = 5. Although they mean
the same thing, we want to be clear that for /: 4 — B, f~! acts on elements y of B,
not on elements x of A.

In the previous example, if we restricted the domain of f to be the set N, then
f would not be invertible, since f~!(3) = % is not a natural number.

To understand which functions are invertible, we need to learn about two special types
of functions: onto and one-to-one.

Definition 7.9. (Onto Function)
For any function f: A — B, if f~'(y) contains at least one element of A for every
v € B, then f is an onto mapping of A into B. An onto function is also called a
surjective function or a surjection.

A function is surjective if every element of the codomain B can be mapped to by some
element of the domain 4. In other words, the range of f must be all of B, meaning

f(4) = B.
Example 7.10. (Onto Functions)

Figure 7.4 demonstrates an onto function.
If B = {1}, then the function

f*N—>B, f:ixr1
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Ny,

Figure 7.5. If A contains only the three pictured points, then this function is one-to-one/
injective (since every element of B is mapped to by at most one element of A4).

is onto. But if B # {1}, then f is not onto, since then there are elements of B that have
no inverse image under f.

Any function that is not onto cannot be invertible, since £~ is not defined for all
elements of B.

The converse, however, is not necessarily true: there do exist functions that are not
invertible but are onto. For example, the function

f{,2)—- {1}, fixe1,

is onto, since every element of B (i.e., its only element) is mapped to by f. But f is not
invertible, since £~'(1) maps to two different elements of 4.

Definition 7.11. (One-to-One Function)

For any function f: A — B, if f~'(y) contains at most one element of A for every
v € B, then f is a one-to-one mapping of A into B. A one-to-one function is also called
an injective function or an injection.

A function is injective if every element of the codomain B is mapped to by no more
than one element of the domain A. In other words, for every pair of distinct elements
X1, X3 € A (distinct meaning x; # x,), we must have f(x;) # f(x2).

Example 7.12. (One-to-One Functions)
Figure 7.5 demonstrates a one-to-one function.
The function

fixm—>2x, VxeR

is one-to-one, since x; # x, —> 2x1 # 2x;.
On the other hand, the function

fix—>x? VxeR

is not one-to-one, because, for example, the number 4 has two inverse images: —2 and 2.

As with a function that is not a surjection, any function that is not an injection is
also not invertible: if some element of B is mapped to by at least two elements of 4,
then f~! is not a function.
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Ny,

Figure 7.6. If 4 and B each contain only the three pictured points, then this function is a bijection
(since every element of B is mapped to by exactly one element of A).

The converse, again, is not necessarily true: there do exist functions that are not
invertible but are injective. For example, the function

{1} ={12}, f:xe1,

is injective, since no element of B is mapped to by more than one element of 4. But
is not invertible, since f~!(2) is not defined.

Definition 7.13. (Bijection)
A bijection is a function that is both onto and one-to-one.

Example 7.14. (Bijections)
Figure 7.6 demonstrates a bijection. Contrast it to Figure 7.4 and Figure 7.5, neither of
which exhibit a bijection.

Out of all the functions we have seen in examples so far, only

fixm—>2x, VxelR
is a bijection.

Theorem 7.15. (Bijection <= Invertible)
A function f: A — B is a bijection if and only if it is invertible.

Proof. Let’s start with showing that a bijection is invertible. For f~! to exist, it must
be defined for every element of B, and each element of B can only be mapped to one
element of A (if it were mapped to two different elements of 4, f~' wouldn’t be a
function). This proof'is just hiding in the definitions! Since f is surjective, every element
of B is mapped to from some element of 4, so /! is defined for every element of B.
Since f is injective, no two elements of B are mapped to from the same element of 4,
so each value of f(y) is unique Vy € B.

The other direction is very similar. If f is invertible, then f~! is defined for every
element of B, so f must map to every element of B from some elements of 4, so
f is surjective. Also, f~! is a function, so each element x € 4 has no more than
one f(x) € B, so f is injective.

O

Actually, not only does the inverse of a bijection exist, it’s also always a bijection itself!
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Theorem 7.16. (Inverse of a Bijection)
If f: A — B is a bijection, then f~': B — A is also a bijection.

Proof. You can do this one! Fill in the blanks in Box 7.1.

BOX 7.1

PROVING THEOREM 7.16

Since f is injective, each element of B is mapped to by f from at most one element
of 4,50 f~lisa . Since f must be defined for every element
of , the set A4 is the range of

Since f is surjective, every element of B is mapped to by f from at

one element of 4, so is the domain of £~

Since f is a function, each element of 4 can only map to one element of B,
so flis .

Thus f~! is an injective, surjective function, so it is a

Definition 7.17. (Function Composition)
The composition of two functions f: A — B and g: B — C, is the function

gof:4—C,go f:x g(f(x)).

Example 7.18. (Function Compositions)
Compositions are pretty straightforward; you just apply one function and then the other.
If we have f(x) = 2x and g(x) = x?, then

(g0 )x) = g(f(x)) = (2x)* = 4x’.

Always remember that to compose two functions f: 4 — B and g: B — C, the

codomain B of f must be the same as the domain B of g. If we want to reverse the
order of composition to calculate f o g, we must have C = 4.

Note that the composition of a function and its inverse function (in either order) is

just the identity mapping x — x, since

(o N =) =x = f(/T @) = (fo fTH).

In the next chapter, bijections will be used in trying to understand the meaning of an
infinite set better. There is more than one type of infinity, as you may have heard before,
and that makes our lives more complicated (but more firn too, amiright?!).
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Countability

As promised, we’ll take a look at two different types of infinite sets: countable and
uncountable. We’ll explore examples of each, and we’ll learn that QQ is countable while
R is not. These definitions are rooted in the measure of cardinality, which is a type of
equivalence relation.

Definition 8.1. (Equivalence Relation)
A relation = between two objects a and b is called an equivalence relation if it satisfies
the following three properties:

Property 1. (Reflexive) a = a.
Property 2. (Symmetric) If a = b, then b = a.
Property 3. (Transitive) If a = b and b = ¢, then a = c.

In this definition, = is used as a stand-in for the symbol of any arbitrary relation.

Example 8.2. (Equivalence Relations)

Clearly, the relation of equality, denoted =, is an equivalence relation for numbers and
elements of sets. It is also an equivalence relation for sets themselves, since for any
set A, we have

A=A, A=B — B=A; and A=B,B=C — A=C.

Definition 8.3. (Cardinality)
Let us define the relation ~ as follows: For any two sets A and B, A ~ B if and only if
there exists a bijection f: A — B.

If A ~ B, then we say that A and B can be put into one-to-one correspondence,
and that A and B have the same cardinal number (or cardinality for short).

Distinction. The phrase “one-to-one correspondence” is not the same as a one-to-one
function. One-to-one correspondence is used in this case for two sets that are related by
a function that is both one-to-one and onto.

Theorem 8.4. (Cardinality Is an Equivalence Relation)
The relation ~ is an equivalence relation.
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Proof. For each of the three properties of equivalence relations, we need to show that
there exists a bijection f that satisfies that property.

Property 1. A ~ A.
We need a function f that maps any set 4 to itself bijectively (is that
a word? I don’t think so). What do you guess the 4 — A bijection
is?

I guessit’s f: x — x.(And I’'m probably right, since I wrote this
book.) Let’s check: f maps every element in A to the same (single)
element in 4, so every element of the codomain is mapped by f
from a single element of the domain, so [ is a bijection that maps
A— A.

Property2. A ~B — B ~ A.
Assume f is a bijection 4 — B, so we need a bijection B — A.

Remember Theorem 7.16? It tells us that £~ is exactly what
we’re looking for.

Property3. A~B,B~C = A4~C.
Let f be the A — B bijection, and let g be the B — C bijection.

In general, the composition of two bijections is also a bijection,
since f and g are both injective, so each element in C comes from at
most one element in B (via g), which comes from at most one
element in 4 (via f), so g o f is also injective. Also, f and g are
both surjective, so each element in C comes from at /east one
element in B (via g), which comes from at least one element in 4
(via g), so g o f is also surjective.

Thus g o f is the bijection we need. O

Wait. 1 thought the statement “4 equals B” means that 4 and B have the exact same
elements, not that there exists a bijection between them! Remember the difference
between equivalence and equality: equality is one type of equivalence relation between
sets, and ~ is another type of equivalence relation.

It turns out that for finite sets, two sets with the same cardinality (i.e., being ~
equivalent) means they have the same number of elements.

Theorem 8.5. (Cardinality for Finite Sets)
Let A and B be finite sets. Then A ~ B if and only if A and B have the same number of
elements.

Proof. For finite sets 4 and B, we will prove both directions of the “if and only if.”

If A ~ B, then there exists a function that maps every element of A4 (since f is a
well-defined function) to at most one element of B (since f is injective), and every
element of B is mapped to by some element of A4 (since f is surjective). So for every
element of A4 there is a corresponding element of B, and all elements of B are covered
by this correspondence, so 4 and B must have the same number of elements.

If 4 and B have the same number n of elements, then we can write the sets as
A={ay,as,...,a,yand B ={by,by,...,b,}. Let f: A — B bedefinedas f: a; —
b;, for every 1 <i < n. Then f is a one-to-one, onto function, so f is a bijection. We

have found a bijection 4 — B,so A ~ B. -
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As we will soon see, this interpretation of one-to-one correspondence also (sort of)
translates to infinite sets. An infinite set cannot have the same “number” of elements as
another infinite set (since the number of elements they both have is infinite), but they
can have the same “type of infinity” number of elements.

Definition 8.6. (Countability)
For any set A, we say A is countable if A ~ N. A is at most countable if A is either
finite or countable. A is uncountable if A is both infinite and not countable.

To help us understand this definition, let’s reconsider what it means for a set to be
finite. We know A has a finite number of elements if and only if we can write them as
A ={ay, as, ..., a,} for some finite n € N. Really, this means that there is a bijection
between the set of numbers {1, 2, ..., n} and the set 4. This bijection looks like

filba,f: 2 a,..., [0 a,.

So
A is finite <= A4 ~ N,.

(Here N,, means the subset of the natural numbers constituting the first » numbers.)

Simply put, 4 being infinite but countable means you can “count” its elements with
the natural numbers. The elements of 4 can be laid out in some pattern, and this pattern
can be mapped via a bijection to the natural numbers.

Some infinite sets are countable, and others are not—just like some finite sets have
four elements, and others have three. It turns out that two sets with the same cardinality
means they both have the same “type” of number of elements (finite, countably infinite,
or uncountably infinite).

Theorem 8.7. (Cardinality and Countability)
For any two sets A and B, if A ~ B, then either A and B are finite with the same number
of elements, or A and B are both countable, or A and B are both uncountable.

Proof. We already proved the finite case (if 4, B finite, then 4 ~ B <= A4 and B
have the same number of elements) in Theorem 8.5, so we only need to consider the
case in which 4 and B are infinite.

Assume 4 ~ B. Then if A4 is countable, 4 ~ N, so by Property 2 of Theorem 8.4,
N ~ A4, so by Property 3 of Theorem 8.4, N ~ B, so B is also countable.

If A is uncountable, then B must be as well. Why? Assume B is countable, so
B ~N.Then N ~ B, so N ~ A, which is a contradiction (we said 4 is uncountable).

O

Of course, the converse of this theorem is only partially true. If 4 and B are both
countable, then 4 ~ N and B ~ N, so 4 ~ B. But if 4 and B are both uncountable,
all we have is 4 ~?, where ? is not N, but this tells us nothing about whether 4 and B
can be put in one-to-one correspondence. B could have an infinitely larger number of
infinite elements than 4.

What you should take away from this theorem is an understanding of what
cardinality really means: it is a measure of whether a set is finite, countable, or
uncountable.
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Example 8.8. (Z Is Countable)

If we can count forward, then we can also count backward—I claim that the set of all
integers, 7Z, is countable. We want to show that there exists a bijection f: N — Z. (By
Theorem 7.16, we could instead find one that maps the other way, but this direction will
be easier.)

However, we cannot just say, “map N to count forward to infinity, and map it again
to count backward to negative infinity, to cover all integers”—that would be a one-to-
two mapping (since each natural number is mapped to itself and its negative), which is
not a function.

Instead, we may just alternate between each integer as follows:

f 21 f:3> -1, f:142, f: 5> =2,...

If we are able to formalize the definition of this function, then we can easily prove it is
a bijection.

1 23 4 5 6 7
L
o1 -1 2 -2 3 =3
Forevery n € N, let

if n is even,

n)—=
T {—"21 if n is odd.

The function f is defined for every n € N, and every natural number is mapped to
exactly one integer, so f: N — Z is a well-defined function. No two natural numbers
map to the same integer, so 1" is injective. Every integer can be written either as 5 for

TR

some even n, or as — % for some odd n, so f is surjective. Thus f is indeed a bijection.

Notice that in this example, we showed N ~ Z, even though N is a proper subset of

Z. This proper-but-equivalent relationship is possible because both sets are infinite. If

either were finite, then by Theorem 8.5, they would both need to have the same number

of elements to have the same cardinality, so one could not be a proper subset of the other.
In fact, the formal definition of an infinite set is as follows.

Definition 8.9. (Infinite Set)

An infinite set is one that has the same cardinality as at least one of its proper subsets.

Of course, under the equivalence relation =, no set can be equivalent to one of its
proper subsets (even if both are infinite), since Definition 3.5 defines a proper subset
as a nonequal subset.

Example 8.10. (An Uncountable Set)
Here is what you’ve been waiting for: an example of an uncountable set. We’re going to
look at the set S of all real numbers between 0 and 1, which by Definition 3.8 we can
write as (0, 1).

How are we going to prove S is uncountable? Well if S is uncountable, then if we
take a countable subset £ of S, there should be some elements that are in S but not in
E, right?
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So, if we can show that every countable subset of S is a proper subset, then S
is uncountable. Because if every countable subset of S is a proper subset but S were
countable, then S itself would be a proper subset of itself, which is impossible.

Basically what all this means is that no matter how we try to count the elements of
S, some will always be left out of the counting.

We will take for granted the theorem from number theory which says that every
real number has an infinite decimal expansion—so we can write every number in S as
0.d'd?d*d* ... where each decimal d' is an integer between 0 and 9, inclusive.

In this case, d’ does not mean d raised to the ith power; it means the ith element of the
set {d',d? d3,...}. This ambiguous notation is definitely confusing, but unfortunately
it’s used all the time, so you better get used it. (You can usually tell from the context
when a superscript represents a power and when it represents an index.)

Note that some rational numbers have finite decimal expansions, but we can tack
on an infinite string of zeros at the end.

Now, take a countable subset £ C S. The elements of E can be numbered
er, ey, e3, eq, ..., SO we can arrange them in order.

ee=0. d d} d d}
e2=0. dy di d5 d
es=0. dy di di di

e, =0. d di d d

Let’s form the element s = 0.s's%s3s* ... as follows. If d! (the first decimal of ;)
is 0, let s! be 1. Otherwise, let s' = 0. Then s! # d, so s cannot equal e;. Repeat this
pattern for every decimal of 5. To make this more precise, we define the following rule

foreveryi € N:
A 1 if di =0,
st = _
0 if d} #0.

For example, if we have
ee=0. 3 2 0 8

e=0 9 0 6 6

e3=0.1 5 0 7

thens = 0.0110....
Thus, s differs from each e; by at least one decimal—specifically, the ith decimal—
so clearly, s cannot equal e; for any i € N. Remember that since £ is countable, every
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element of E can be written as e; for some i € N, so we have just shown that s ¢ E.
Buts € S, so £ must be a proper subset of S.

E was arbitrary, so we just proved that every countable subset of S is a proper
subset. Thus S is uncountable.

This argument is called the Cantor diagonal process, since Georg Cantor was
the first person to do this. Why is it called a “diagonal process”? Remember how we
constructed that extra element s by making it differ from one decimal of each e;? Well,
s differs from each e; on the ith decimal, which, if you notice, makes s differ from the
set £ by each decimal on the diagonal of the chart we used:

— 1 g2 43 4
er = 0 .Y & & af

e = 0
ey = 0
€4 = 0

The previous example serves us for two reasons. First, when combined with the
upcoming theorem, it will show that R is uncountable.

Second, it gives us a better sense of what it means to be uncountable. The set S failed
because we could not arrange its elements in an order. For any pattern we try, there will
always be some elements left out of the pattern. (Because if we could find a pattern that
included all the elements, we could find a bijection mapping the natural numbers to that
pattern, and so the set would be countable.)

Theorem 8.11. (Cardinality of Subsets and Supersets)
Let E be a subset of A. If A is at most countable, then E is also at most countable. If E
is uncountable, then A is also uncountable.

™\ Proof. The first few cases are simple. Let 4 be at most countable, so 4 is either finite or

") countably infinite. If 4 is finite, then clearly E is finite as well, so E is at most countable.
" If 4 is countably infinite, then either E is finite or infinite. If £ is finite, then again E is
at most countable.

The crux of the proof thus comes down to the case in which 4 is countably
infinite and E is infinite. Since 4 ~ N, we can arrange its elements in some order
{x1, x2, x3, ...}. Clearly, some of the elements in this sequence are in E and others are
not. Then our goal is to use this ordering we have for A’s elements and apply it to E’s
elements. We cannot just map the first element of A4 to the first element of £ and so on,
since each element in 4 might not also be in £. Instead, to come up with an ordering
for, say, 10 elements of £, we could just say, “look at the first 10 elements of A4 that are
in £, and make those the first 10 elements of £, in the same order.”
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Let’s formalize this. Let n; be the smallest natural number such that x,, isin E. Let
n, be the smallest natural number greater than n,, such that x,, is in £. Having chosen
k — 1 elements in this sequence of indexes, let the next element 7, be the smallest natural
number greater than n;_, such that x,, is in £. (For any & € N, n; will always exist,
since the sequence {x;} of elements of A4 is infinite, and an infinite number of these
elements are in the subset £.) Then we have a nice bijection f: N — N, f': k > n; for
any k € N.

Now we can write the elements of £ as those elements of 4 which are also in E, so
E = {xy,, Xn,, Xny, .. .}

This notation is used to describe a subsequence. We’ll get a lot of practice with
subsequences in Chapter 15, but for now just try to understand it at its face value: each
ny is just a natural number, so for any particular £ we could let i = ny. Then for that &,
Xn, = X;, which is a perfectly respectable element of the set 4.

This gives us another bijection

gif{ni,ny,ns, ...} > E, g ng— x,,Vk e N
Notice that

(g o Nk) = g(f (k) = g(ni) = xn

sogo f: N+ E.Both f and g are bijections, so g o f is a bijection (by the proof of
Property 3 in Theorem 8.4). Thus N ~ E, so E is countable.

To prove the second statement of the theorem, notice that the contrapositive of the
first reads: “If £ is not at most countable, then A is not at most countable.” By definition,
“not at most countable” just means uncountable, so if £ is uncountable, then so is 4.

O

Corollary 8.12. (R Is Uncountable)
The set of real numbers R is uncountable.

In Chapter 13, we will see a different proof of this theorem. For now, though, we just
need to apply Theorem 8.11 to Example 8.10.

Proof. By Example 8.10, the open interval (0, 1) is uncountable. But that open interval
is a subset of the real numbers, so by Theorem 8.11, R is also uncountable.
O

We’ll use countable sets pretty often, so it will be useful to establish some facts about
them while they’re fresh in your mind (before you get distracted by all the awesome
math in the next few chapters).

Theorem 8.13. (Countable Union of Countable Sets)
For everyn € N, let E, be a countable set. If S = U;il E,, then S is also countable.
Proof. Since E, is countable for any n € N, we can write it as E, = {x!, x2,x3,...}.
We’ll also take advantage of the fact that we can write the sets in the union in order:
Ei, Ey Es, ...

These facts give us a nice way to count the elements of S. Start with the first element
of the first set x|; then the second element of the first set x7 followed by the first element
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of the second set x1; then the third element of the first set x; followed by the second
element of the second set x5 and the first element of the third set x1; and so on.

If we write the elements of S on a grid, in which the nth row is a list of the elements
in E,, this ordering has a nice visual representation:

E2=

Notice that this diagonal ordering is the same as counting in the following way: first,
count all the elements x;/ of S such that i + j = 2, then count all elements such that
i+ j=3,then i+ j =4, and so on. (Within each set of all x/ such that i + j =
some number, we start with the elements with the smallest i, then the next smallest i,
and so on.)

We now have a bijection f: N — §, so S is countable, right?

1 2 3 4 5 6 7 & 9 10

R 2 2 2 R T T

1.2 1 .3 .2 1 .4 .3 .2 ]
Xp Xy Xy, X{ Xy X3 X] X3 X3 X,

Wrong! What if, say, x7 = x1? Then f maps two different natural numbers, 2 and 6,
to the same element of S, so f is not injective. Instead, let’s have the function g be the
same as f, except that it skips all duplicates in S—so if g(») would = g(m) for some
m < n, just don’t even define g for that n. Let T be the subset of N where g is defined.
Now we have g: T — §, and g is indeed a bijection.

By Theorem 8.11, any subset of N is at most countable, so T is at most countable.
Because g is a bijection, S ~ 7. Then by Theorem 8.7, S is also at most countable. Since
S cannot be finite (since it is the union of the infinite sets E;), S must be countable.

O

Note that in the previous theorem’s proof, we used the fact that the number of unions
is countable; in fact, the result is false for an uncountable union of countable sets (for
example, just take S = J,g{a}, so S =R is uncountable). The following corollary
will show that any countable union of countable sets is also countable (as opposed
to the previous theorem, which only showed it for a union indexed over the natural
numbers).

Corollary 8.14. (Indexed Countable Union of Countable Sets)
Let A be an at most countable set, and for each o € A, let E, be an at most countable

set. Then T =, 4 E is also at most countable.
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Proof. Let’s start with the case in which A4 is countably infinite, and every E,
is countably infinite. Then 4 and the natural numbers can be put in one-to-one
correspondence (remember Definition 8.3—this is just another way of saying 4 ~ N),
so to each o € A there corresponds an n € N. Then we might as well index the sets in
the union by their corresponding indexes in N, so

T:UE,X=UE,,=GE”,
n=1

a€A neN

which puts 7T in the same form as S from Theorem 8.13, so 7' is countable.

Now we can look at the case in which 4 and/or any of the sets E, are finite. We
can just tag on elements to E, to make it infinite: for each o € 4, if E, is finite,
let E/, = E,U{1,2,3,...}; if E, is infinite, just let E/, = E,. Then each E, C E,.
To show that each E, is countably infinite, we can apply Theorem 8.13. Let the set
Fi = Eg, and let F, = {1}, 5 = {2}, F;, ={3},.... So U2, F, = E/, is countable.
Now we have:

T=|JE.cJE,.

aed aecA

and we can just apply the same logic in the previous case to get | J,, £, = U,—, E,,.
Thus whether 4 is finite or countably infinite, 7" is a subset of something in the same
form as S from Theorem 8.13, so by Theorem 8.11, T is at most countable.

O

Theorem 8.15. (Tuples of Countable Sets)
Let A be a countable set, and let A" be the set of all n-tuples of A. Then A" is countable.

The notation 4” means the same thing it does for R”: every element a € 4" can be
written a = (ay, az, . . ., a,), where a; € A for every i between 1 and n.

Proof. Since the number of cases we want to prove—which is the number of possible
dimensions A" can have—is countably infinite (since n € N), we can prove this by
induction. Fill in the blanks in Box 8.1.

BOX 8.1

PROVING THEOREM 8.15 BY INDUCTION

Base Case. Assume n = 1. Then A! is countable because

Inductive Step. By the inductive hypothesis, we assume that is countable.
Every element of 4" can be written as a = (ay, az, ..., a,) where aj, as, ..., a, €
A, or equivalently as a = (b, a,) where b = (a1, az, .. ., ay—1).

If we fix b, then we can make a bijection

S , fra— (b, a,).
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So for every a"! € A"~!, we have 4 ~ {(b, a,) | a, € A}. By Theorem

, since A4 is countable, so is . We can write
A" as

A" = | (b.ay) | a, € 4},
beAr-!

which by the inductive hypothesis is a union of countable sets,
so by Corollary , A" is at most countable. Thus the fact that A4 is infinite
implies A" is

Theorem 8.16. (Q Is Countable)
The set of all rational numbers is countable.

) Proof. Since every rational number can be written %> where a, b € Z, we can make a

/ surjective function
FZxN=>Q,f:(a,b)r> %.

Here Z x N is the set of doubles of the form (a € Z, b € N). (We need to do this—
as opposed to using the more simple Z>—to avoid the possibility of » = 0 making an
invalid fraction.)

In this case once again, though, f is not one-to-one—since, for example, both
(1,2) e Z x N and (3, 6) € Z x N map to the same rational number.

How do we get around this? As in the proof of Theorem 8.11, we’ll define a
“bijective version” g of f that acts on a subset of Z x N. To make repetitive fractions
unique, we’ll use ged function, which means greatest common divisor. Let

Z,=lkeZ]| gcdk,n) =1}

So Z; = {1}, Z; is the set of all odd integers, Z3 is the set of all integers that are not
divisible by 3, and so on.

Let 7, ={(z,n) € Z x N | z € Z,}. In other words, T, is the set of all integers that
are not divisible by n, paired with n. If we set 7 = J, .y I», then T is the set of all
integer/natural pairs that are not divisible by each other. So the function

g:T— Q,(z,n)r—)i
n

is a bijection. Why? It is surjective because every fraction can be written as =, and it is
injective because each such fraction is unique (since z is not divisible by »).

Since Z is countable by Example 8.8, Theorem 8.15 says that Z? is also countable,
so by Theorem 8.11, any subset of Z? is countable. T is a subset of Z x N, which in
turn is a subset of Z?, so now we have a bijection between a countable subset of Z?
and Q. Thus Q is countable. O
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Figure 8.1. The set S is finite and thus at most countable.

Corollary 8.17. (The Irrational Numbers Are Uncountable)
The set of all irrational numbers is uncountable.

Proof. Let I be the set of all irrational numbers, so R = Q U /. We’ll do a short proof
by contradiction.
By Theorem 8.16, Q is countable. So if / were at most countable, then R would be
a finite union of two at most countable sets, so by Corollary 8.14 R would be countable.
But by Corollary 8.12, R is not countable, so we have a contradiction. Thus / cannot

be at most countable, so the set of irrational numbers must be uncountable.
O

Because these notions of countability are pretty abstract, I'm afraid this wasn’t a very
visual-friendly chapter—so I thought you might like a picture.

Figure 8.1 is a good example of how a set that is technically “at most countable”
may have a deceiving name; try to count all the dots in S.

On second thought, why don’t you go do something productive instead.

Coming up next, we’ll jump into the field of topology, starting with metric spaces
and then moving on to plenty of other definitions. In a few chapters, we’ll see the ways
such definitions can help us learn even more about whether sets are countable.
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Topological Definifions

As we saw in Chapter 6, Euclidean spaces are not fields. Fields are all about operations
(like addition and multiplication), whereas Euclidean spaces are all about space. We
want to be able to work with spaces more abstract than R*, but that still have a way of
relating any two elements to each other. In this chapter, we will describe metric spaces
for that purpose.

To extract what we really need from topology—the theory of compactness and
connectedness (in later chapters)—we first need to understand the properties that
elements and subsets of metric spaces can have. This chapter is filled with many new
definitions, which are listed here for convenience:

9.1 Metric Space | 9.9 Limit Point | 9.19 Interior Point
9.3 Bounded Set 9.13 Closed Set | 9.21 Open Set
9.7 Neighborhood | 9.16 Dense Set 9.24 Perfect Set

Definition 9.1. (Metric Space)
A metric space is a set X together with a function d: X x X — R such that for any
elements p, q, and r of X, the following properties hold:

Property 1. (Distance) d(p, q) > 0 if p # q, while d(p, p) = 0.
Property 2. (Symmetry) d(p, q) = d(q, p).
Property 3. (Triangle Inequality) d(p, q) < d(p,r)+ d(r, q).

The elements of X are called points, and d is called the distance function or metric.

Example 9.2. (Metric Spaces)
We can use what we learned in Chapter 6 to verify that the set RF with the distance
function d(p, q) = |p — q| is a metric space:

Property 1. d(p, q) = |p — q| is a real number, by Definition 6.10. If p # q,
then |p — q| > 0 by Property 1 of Theorem 6.11, and

dip,p)=1Ip—pl=10=0.
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Property 2. We have

d(p,q)=1p—dl
=[(=1)(q—p)l
=|—1]|q — p| (by Property 2 of Theorem 6.11)
=d(q, p).

Property 3. We apply the triangle inequality from Property 5 of Theorem 6.11 to
see that

dip,r)=Ilp—ql<Ilp—-rl+Ir—ql=d(p,r)+dr q).

When we set k£ = 1, we see that R can be a metric space. In general, when we say “the
metric space R,” we really mean “the ordered field R together with the distance function

dp.q)=Ip—ql”

Any subset Y of a metric space X with the same distance function d is also a metric
space. Why? Well, p, g € Y implies p, ¢ € X, which implies that d(p, ¢) satisfies the
three properties of a metric.

Definition 9.3. (Bounded Set)
A subset E of a metric space X is bounded if there is some point q in X such that the
distance between q and any point of E is less than some fixed, finite real number M.

In symbols, E C X is bounded if:

dg € X, IM € R such thatVp € E, d(p,q) < M.
A set that is not bounded is called unbounded.

Distinction. This meaning of bounded is different from the one used in Definition 4.5.
Being bounded above or below is a property of subsets of ordered fields, whereas being
bounded in the sense of the current definition is a property of subsets of metric spaces.

Of course, any ordered field is also a metric space if we use the distance function
d(p,q) = |p — ql|. In R—which is an ordered field and a metric space—for example,
the set (00, 3] is bounded above (by anything > 3), but it is nof bounded in the sense of
the current definition, as we will see in the following example. In Theorem 9.6, we will
give a concrete way of relating the two different definitions.

Example 9.4. (Bounded Sets)
The set [—3, 3] in the metric space R—and similarly the set [—3, 3] N Q in the metric
space Q—is bounded by the point ¢ = 3 and the number M = 6, since no point in
[—3, 3] is a distance of more than 6 away from 3. We could also say it is bounded by
the point ¢ = 3 and the number M = 100, but it is usually more helpful to choose M as
small as possible. [—3, 3] is also bounded by the point ¢ = —3 with the same M = 6,
by the point ¢ = 0 with M = 3, and many other options.

As you might be able to tell, boundedness is just a question of whether the set
stretches on to infinity. The set [—3, 3] is bounded because no number in that set is
greater than 3, and no number in the set is less than —3. However, (—o0, 3] is not
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bounded, since there is no number ¢ € R that bounds it: for any M we choose, we will
always be able to find some p € (—o0, 3] such that d(p, g) > M. Basically, because
(—00, 3] goes on to infinity, there will always be a point that is far away from g.

The set (—3, 3) in the metric space R—and similarly the set (—3,3) N Q in the
metric space Q—is bounded by the point ¢ = 3 and the number M = 6. Remember: ¢
must be in X (the metric space), but it need not be in £ (the subset).

The set Q in the metric space R, on the other hand, is unbounded, since for any
point g of R with a distance of M away from some rational number, we can always find
another rational number that is further than M away from ¢.

Theorem 9.5. (Union of Bounded Sets)
For any collection of subsets {A;} of a metric space X, if A; is bounded for each i
between 1 and n, then the finite union | J;_, A; is also bounded.

Proof. We can use the finiteness of the union to show that for any ¢ € X, d(p, q) is less

_ ') than the distance of the furthest away p;, which is bounded by ;.

For each 4;, there is a point ¢; € X and a number M; € R such that d(p;, ¢;) < M;
for each p; € A;. For any point p of | J/_, 4;, we know p € 4; for some i between 1
and n, so

d(p,q1) <d(p,q) +d(qi, q1)
< M; +d(q1,q:)
< max {Ml’ M, ..., Mn} -+ max {d(‘Ih q1),d(q1,q2), ..., d(q1, ‘]n)}-

If we let
q = q1,and M = max M; + max d(qi, g;),
1<i<n 1<i<n
then we have d(p, g) < M for every p € J;_, 4. O

Notice that this proof would not work if we had an infinite union | J;-, 4;, since we
cannot necessarily take the maximum of an infinite set like {M;, M,, M3, .. .}.

Theorem 9.6. (Bounded <= Bounded Above and Below)
For any subset E of an ordered field F, E is bounded if and only if it is bounded above
and below.

It is understood from the statement of this theorem that the ordered field F is also a
metric space, with the distance function d(p, ¢) = |p — ¢q/|.

=\ Proof. If E is bounded, there exists g € F and M € R such that for every p € E, we

/) have

lp—qgl <M — —-M<p—q=<M

Thus ¢ — M is a lower bound of £, and ¢ + M is an upper bound of E.
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If E is bounded above and below, then there exist «, 8 € F such that for every
p € E,wehave 8 < p < «. Choose

M = max {|«|, B},

so that M > |a| > o, and —M < —|B| < B. Because F is an ordered field, it has the
additive identity element 0. Letg = 0,s0g — M <p <g+ M,so|lp—q|l <M. O

Definition 9.7. (Neighborhood)
A neighborhood N,(p) of radius r > 0 around a point p in a metric space X is the set
of all points in X whose distance from p is less than r.

In symbols:

Nr(P)Z{q eX|d(p,q) <r}.

Example 9.8. (Neighborhoods)

In the metric space R, the set (—3, 3) is a neighborhood of radius 3 around the point 0.
The set (99, 100) is a neighborhood of radius 0.5 around the point 99.5. The sets [—3, 3],
[—3, 3), and (—3, 3] are not neighborhoods, since the points —3 and 3 are a distance of
3 (equal to the radius) away from 0.

In R?, the interior of any circle is a neighborhood around its center. The interior
of any k-dimensional sphere is a neighborhood around its center in R. (These sets are
known as open balls.)

Note that all neighborhoods are bounded by the number M = r, since no point in
the neighborhood can be further than » away from the center.

Definition 9.9. (Limit Point)
A point p is a limit point of a subset E of a metric space X if every neighborhood of p
contains at least one point of E (other than possibly p itself).

In symbols, p is a limit point of E C X if:

Vr >0, N\(p)NE # {p}and #0.

Limit points are also called cluster points or accumulation points. Every non—limit
point that is in E is called an isolated point of E.

Example 9.10. (Limit Points)

Every point in the sets [—3, 3] and (-3, 3) is a limit point of that set. Why? By the
density property of Q in R, for every p € R and every r > 0, we can find a point
q such that p —r <q < p+r. Thus g is in N,(p). Now we just need a way to
guarantee that ¢ € (—3, 3). Let’s use the density property to instead find a ¢; with
max(p —r, —3) < ¢q1 < min(p +r, 3). Then q; € N,(p) since

-3 <max(p —r,—3) < q; <min(p +r,3) <3,
and also ¢; € (-3, 3) since —3 < g < 3.

Notice that by the same logic, —3 and 3 are limit points of the open interval (-3, 3)
(even though they are not elements of that interval).
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By definition, every neighborhood of a limit point p € E contains at least one other
point of E. It turns out that we can actually say more: every neighborhood of p contains
an infinite number of points of E. That seems like a pretty big jump, doesn’t it? We go
from knowing there is one point of E to knowing there are infinitely many points of
E. But the key here is that every neighborhood of p contains a point of E; there are
infinitely many neighborhoods, so each one should have infinitely many points.

Theorem 9.11. (Infinite Neighborhoods of Limit Points)
If p is a limit point of a subset E of a metric space X, then for anyr > 0, N,(p) contains
infinitely many points of E.

Proof. Let’s do a proof by contrapositive: Instead of showing A = B, we will show
—B =— —A. In this case, B is “every neighborhood of p contains infinitely many
points of £, so =B is “some neighborhood of p contains finitely many points of £.”
The basic idea is that if the number of points is finite, we can choose the one with
minimum distance, and the neighborhood of radius less than that distance will only
contain p and nothing else.

Fill in the blanks in Box 9.1.

BOX 9.1

PROVING THE CONTRAPOSITIVE OF THEOREM 9.11

Assume Jr > 0 such that N,(p) N E contains a number of points
of E. Then Q = (N,(p)N E)\{p} (the neighborhood without the point p) also
contains a finite number of points. If Q is empty, then we are done (we can skip to the
last line of this proof). Otherwise, we can label all the points of Q as {q1, ¢2, - . ., qn},
and let the set

D= {d(p’ 41)» d(p’ Q2)» L) d(pr Qn)}

Since Q is finite, so is D, and we can take the minimum.
Leth = % . Every element of D is positive, so % is also
. Now N,(p)N Q = .

Since & < r, we know N,(p) C N,(p), so

Ny(p) N E = (Ny(p) N N:(p)) N E=Ny(p) N (N(p) NE)=Ny(p)N Q=

We have found a neighborhood of p that contains no points of £ (except for possibly
p itself), so p cannot be a of E.

Corollary 9.12. (Finite Sets Have No Limit Points)
A finite subset of a metric space has no limit points.

Proof. If a finite £ C X had a limit point p, then by Theorem 9.11, for any r > 0,
N,(p) would contain infinitely many points of £. Then £ must have an infinite number
of points, which is a contradiction. O
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Definition 9.13. (Closed Set)
A subset of a metric space is closed if it contains all of its limit points.
In symbols, E C X is closed if:

{p € X | pisalimit point of E} C E.

Distinction. This meaning of closed is different from the one used in Definition 5.1. A
field can be closed under addition and/or multiplication; only a subset of a metric space
can be closed because it contains all of its limit points.

Example 9.14. (Closed Sets)

The closed interval [—3, 3] is closed. (Now you finally know why we call it a “closed
interval”!) There aren’t any points p outside of [—3, 3] that are limit points of [—3, 3],
because with

__min{|=3—pl. 13— pl}
_ / ,

N,(p) doesn’t contain any points of [—3, 3].
However, (—3, 3) is not closed. By Example 9.10, we know that the points —3 and
3 are limit points of the open interval (—3, 3). But —3 and 3 do not belong to that set.

Corollary 9.15. (Finite Subsets Are Closed)
A finite subset of a metric space is closed.

Proof. By Corollary 9.12, a finite set £ C X has no limit points. Thus £ contains all of
its limit points, so it is closed. O

Definition 9.16. (Dense Set)
A subset E of a metric space X is dense in X if every point of X is a point of E and/or
a limit point of E.

In symbols, E C X is dense in X if:

Vx € X, x € E and/or x is a limit point of E .

Note that density is a relative property. A set cannot be just plain “dense”; it only makes
sense to talk about a set being dense in some metric space.

Example 9.17. (Dense Sets)
Notice that every metric space is dense in itself.

If a set £ in a metric space X is closed, then £ contains all of its limit points, so
saying E is dense in X is the same as saying that every point of X is a point of E,
meaning X C E. But £ C X, so we have the following rule: for any closed subset £ of
a metric space X, E is dense in X if and only if £ = X.

Distinction. This meaning of dense is different from the one used in Theorem 5.6. For
example, according to this definition, any set £ is dense in itself (which is not true of N
according to Theorem 5.6’s definition).
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However, it turns out that QQ is dense in R, in both the old and the new meaning of
the term.

Theorem 9.18. (Q Is Dense in R)

The set of rational numbers Q is dense in the metric space R.

Proof. We want to show that every real number is either a rational number, or a limit
point of the set of rational numbers (or both). Well, every real number that is not rational
is irrational, so all we need to show is that every irrational number is a limit point of Q.
In other words, if we let I be the set of all irrational numbers, we must show that

pel = Vr>0,N.(p)NQ # {p} and # Q.

Remember that on the real line, a neighborhood is just an open interval. Meaning
forany p € I, N,(p) = (p —r, p +r), so we need there to be some ¢ € Q such that
p —r <q < p+r.Notice that since p —r and p + r are real numbers, Theorem 5.6
guarantees that such a rational number ¢ exists. O

The following definition will help us introduce open sets, which are in a way the opposite
of closed sets.

Definition 9.19. (Interior Point)
A point p is an interior point of a subset E of a metric space X if some neighborhood
of p is contained in E.

In symbols, p is an interior point of E C X if:

Ir > 0 such that N,(p) C E.

Example 9.20. (Interior Points)
Every point of (—3, 3) is an interior point of that set. Why? For any p in (-3, 3), let

r=min{|=3 —p[, |3 - pl}.

Then N,(p) C (=3, 3).

Every point of [—3, 3] except for —3 and 3 is an interior point of that set. Why are
those two numbers not interior points? For every » > 0, N,(—3) contains a point less
than —3, so no neighborhood of —3 is a subset of (—3, 3). Similarly, every neighborhood
of 3 contains a point greater than 3.

Definition 9.21. (Open Set)
A subset of a metric space is open if all of its points are interior points of that set.
In symbols, E C X is open if:

Vp € E,3Ir > 0such that N.(p) C E.

Example 9.22. (Open Sets)
By the previous example, (—3, 3) is open, and [—3, 3] is not open.

We will next prove that all neighborhoods are open. Note that just because [—3, 3]
is closed but not open while (—3,3) is open but not closed, does not mean that
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open = not closed, or vice versa. We will see examples of sets that can be neither
open nor closed, and sets that are both open and closed.

Theorem 9.23. (Neighborhoods Are Open)
Every neighborhood N,(p) in a metric space X is an open set.

’J out what the crux of the problem is. Second, we’ll take what we have and write it up in

a nice, linear fashion.

Step 1. Let’s narrow down what we need to prove by applying definitions.
<> We want to prove that every neighborhood is an open set.
< Take a neighborhood £ = N, (p), and show that every
g € E is an interior point of .
<> Show that Vg € E, 3k > 0 such that the neighborhood
F = Ni(g) is contained in E.
< Show thatVs € F,s € E.
< Show that Vs € F,d(p,s) <r.
If we can find a radius k& for the neighborhood F that makes this last statement true, we
are done. (We can choose any & > 0 that works, because for ¢ to be an interior point,
we just need one neighborhood that fits inside E'.)
To get started, let’s consider the facts available to us that we haven’t yet used:

1. X is a metric space = we have the triangle inequality.
2. g€ E,sod(p,q) <r.

Thus d(p,s) <d(p,q)+d(q,s) <r +k.

k is an arbitrary real number, but it must be > 0. So we aren’t quite finished—just
because d(p, s) < r + anything that is bigger than 0, doesn’t mean d(p, s) < r.

Look at the second fact again. If d(p, q) < r, there must be an 4 > 0 such that
d(p,q)+h =r.Then

dp,s)<r—h+d(q,s) <r—h+k.

Now look at Figure 9.1, and it’s clear! Just let k = A, so that d(p, s) < r.

Step 2. Yes, we just proved the theorem, but notice that if we make use of that critical
step (letting k£ = h) at the beginning, we can write everything more cleanly. Here’s the
formal proof.

Let £ = N,(p), so for any ¢ € E, d(p,q) < r implies that there is some /4 > 0
such that d(p,q) +h =r.Let F = Ny(q), so forany s € F,we have d(q,s) < h. X is
a metric space, so by the triangle inequality, we have

d(p,s)<d(p,q)+d(g,s)=r—h+dq,s)<@r—h)+h=r,

so s € N,(p) = E. But s was arbitrary, so we can say that every point in Nj(g) isin E,
S0 ¢ is an interior point of £. But ¢ was arbitrary, too, so we can say that every point in
E is an interior point of £, and thus E is an open set.
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Figure 9.1. The point ¢ is an interior point of N,(p).

If we want, we could shorten the proof even more by putting almost everything in
symbols:

Vq € E,d(p,q) <r = 3h > Osuchthatd(p,q)=r —h,
and Vs € Ny(q),d(g,s) < h
= d(p.s)=d(p.q)+d(g.s) <r—h+h=r
— sek
= N;(q)CE
—> F open.

Definition 9.24. (Perfect Set)
A subset of a metric space is perfect if it is closed and if all of its points are limit points.

In other words, a subset of a metric space is perfect if its limit points are exactly all of

its points.

Example 9.25. (Perfect Sets)
Of the examples we have seen so far, only closed intervals such as [—3, 3] are perfect.

A set such as [—3, 3] U {100} is closed but not perfect, because 100 is not a limit point.

Example 9.26. (Properties of Different Sets)
For each subset £ of the metric space X, we’ll look at whether it is bounded and then at

its limit points and interior points to determine whether it is closed, open, and/or perfect.



88

Chapter 9

1. E=0.

Bounded? Yes, by any point ¢ € X and any number M.

Limit points? None, since £ has no points.

Interior points? None, since E has no points.

Closed? Yes. E has no limit points, so it contains all of them.

Open? Yes. E has no points, so all of its points are interior points.

Perfect? Yes. E is closed, and it has no points, so all of its points are
limit points.

. E={p}.

Bounded? Yes, by any point ¢ € X and the number M = d(p, ¢q). Because for
any g € X, the distance between ¢ and any point of E is actually d(p, q),
andd(p,q) < d(p,q) = M.

Limit points? None. Each neighborhood around p only contains one element
of E, which is p itself. For every other point ¢ € X, choose
0<r<d(p,q),soN(q)NE =0.

Interior points? It completely depends on what our metric space X is. If X
contains a finite number of points {q, q», - . . , ¢, }, then we set

1
r = Emm{ql,qz,...,%},

and N, (p) contains only p, so p is an interior point of E.

If X contains an infinite number of points, then this trick does not
work—we cannot find the point of X with the minimum distance to p, since it
is impossible to take the minimum of an infinite set (only the infimum, which
doesn’t help in this example). Here there are two possible cases.

Case 1. p is not an interior point of E: if, for example, X = R with the usual
metric, every neighborhood around p contains non-£ points of X.

Case 2. p is an interior point of E: if, for example, X C R with

X = (—o00,—1JU{0} U[1, o0) and p = 0, then Ny s5(p) contains only one
point in X, namely, p.

Closed? Yes. E has no limit points, so it contains all of them.

Open? Again, it depends on the metric space. If p is an interior point of E,

then E is open, since all of its points are interior points. Otherwise, E

is not open.

Perfect? No. E is closed, but its only point p is not a limit point.

As this example demonstrates, we usually need to be careful to specify

which metric space we are working in.

. E =[-3, 3], in the metric space X = R.

Bounded? Yes, by Example 9.4.

Limit points? By Example 9.10, every point of £ is a limit point.

Interior points? By Example 9.20, every point of £ except for —3 and 3 is
an interior point.

Closed? Yes. E contains all of its limit points.

Open? No. There are points of E—namely, —3 and 3—that are not interior
points, so £ cannot be open.

Perfect? Yes. E is closed and all of its points are limit points.

. E = (-3, 3), in the metric space X = R.

Bounded? Yes, by Example 9.4.
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Limit points? By Example 9.10, every point of E is a limit point. Also, —3
and 3 are limit points of E.

Interior points? By Example 9.20, every point of £ is an interior point.

Closed? No. There are two limit points of E—namely, —3 and 3—that are
not contained in £, so E cannot be closed.

Open? Yes. Every point of E is an interior point.

Perfect? No. E is not closed.

5. E = (-3, 3], in the metric space X = R.

Bounded? Yes, by Example 9.4.

Limit points? By Example 9.10, every point of E is a limit point. Also, —3
is a limit point of E.

Interior points? Every point of E is an interior point, except for 3.

Closed? No. There is a limit point of £—namely, —3—that is not contained
in E, so E cannot be closed.

Open? No. E contains a point—namely, 3—which is not an interior point.

Perfect? No. E is not closed.

Note that this last example is neither closed nor open.

In the next chapter, we’ll explore openness and closedness in more depth by proving
several theorems, defining the closure of a set, and learning about how a set can be open
relative to one set but not another. (I know you can’t wait to turn the page, but you should
probably go see your friends first. They miss you.)
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Closed and Open Sefs

Whereas the last chapter was mostly concerned with definitions, this chapter will present
some important theorems that should help us better understand how to work with open
and closed sets.

Theorem 10.1. (Complement of Open Sets)
A subset E of a metric space X is open if and only if its complement is closed.

If you think of open sets as having “dotted line” borders (i.e., not containing their
boundaries) and of closed sets as having “solid line” borders, then the theorem should
make sense. As in Figure 10.1, if a set has a dotted line border, then the points outside
of it include the points of that border.

N\ Proof. The proof can be very concise. If £ € is closed, then x € E implies x cannot be
*) a limit point of £, so some neighborhood around x contains only points of £, so E is
open. Conversely, 1f E is open, then for any limit point x of £€, no neighborhood of x
contains only points of £, so x cannot be in £, and thus £ is closed.

In case you’re still hazy on limit points and interior points, we’ll expand this proof
by filling in all the little steps.

To prove one direction of the theorem, assume E€ is closed. We want to show that £
is open, meaning some neighborhood around every point in £ is completely contained
in E. Well, E€ contains all of its limit points, so for any x € E, we have x ¢ EC,
so x cannot be a point of E€ nor a limit point of E€. Then the definition of a limit
point is false for x, so there must exist some 7 > 0 such that N,(x) N E€ = {x} or = #.
Because x ¢ EC, N,(x) N E€ cannot contain x, hence N,(x) N E€ must = ¢J. Because
N,.(x) shares no points with E€, it only contains points of E, so N,(x) C E. Thus x is
an interior point of E. And since x was arbitrary, we have that every point of £ is an
interior point, so £ is an open set.

To prove the other direction, assume E is open. We want to show that E€ is closed,
meaning E€ contains all of its limit points. If x is a limit point of £€, then for any
r > 0, N.(x) N E€ contains at least one point of £€. Thus N,(x) does not contain only
points of £, so every neighborhood of x is not entirely contained in £, so x cannot be
an interior point of £. But every point of £ must be an interior point, so x cannot be in
E,sox € EC. Since x was an arbitrary limit point of E€, we have that every limit point
of E€ is inside E€, so E€ is a closed set. O
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Figure 10.1. The open set £ is the shaded area on the left (which excludes the dotted border), and
the closed set E€ is the shaded area on the right (which includes the solid border).

Corollary 10.2. (Complement of Closed Sets)
A subset F of a metric space X is closed if and only if its complement is open.

Proof. If F€ is open, then by the previous theorem, the complement of F¢ must be

closed. But (F C)C is the same as F, so F is closed. Similarly, if F is closed, then the
set whose complement is F must be open, and this set is clearly F€. O

The previous theorem and corollary give us a good way of relating closedness to
openness, but don’t let your guard down. Always remember that open is not the opposite
of closed (since sets can be both open and closed, or neither—see Example 9.26).

Theorem 10.3. (Infinite Open Unions and Closed Intersections)
The union of any collection of open sets is also open.
In symbols:

G, open Voo —> U G, open.

o

Similarly, the intersection of any collection of closed sets is also closed.
In symbols:

F, closedVa =— n F, closed.

o

=\ Proof. Every point of |J, G, is an interior point of some G,, so it has some

) neighborhood completely contained in the union. Every neighborhood of every limit
point of (), F, intersects each F,, so it is a limit point of each Fy, so it is an element of
the intersection. Let’s formalize this argument.

For any x € |J, Go, we know x € G, for some a. Now G, is open, so x is an
interior point of G, so I > 0 such that N,(x) C G,. But G, C |J, G, s0 N.(x) is
also contained in | J, G, so x is also an interior point of | J, G,. Since x was arbitrary,
we have that every point of | J, G, is an interior point, so it is an open set.

Let x be a limit point of (), Fy, so for any » > 0,

N,(x)N (ﬂ Fa> # {x}and # f.
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This means that for every «, N,(x) N F, # {x} and # . (Why? If the intersection
of the neighborhood and a/l the F,’s contains something, then the intersection of the
neighborhood and any one F,, certainly contains something as well.) Since F}, is closed
for every «, we see that x € F, for every o, so x € (), F,. Since x was an arbitrary limit
point, we have that every limit point of (), Fy is a point of (), Fy, so it is a closed set.
Notice the similarity between the two arguments—we took an arbitrary point/limit
point and just applied the definitions of open/closed and union/intersection. Say,
though, you got stuck on proving the second part...You could have just applied
Corollary 10.2 and De Morgan’s law as follows: since F, is closed, Fac is open, so
by the proof of the first property, |, (£ ) is also open. We know by De Morgan’s law

that (), Fa) = U, (FS), so N, F. must be closed. O

Theorem 10.4. (Finite Open Intersections and Closed Unions)
The intersection of any finite collection of open sets is also open.
In symbols:

n
Giopenforl <i<n = ﬂ G, open.
i=1
Similarly, the union of any finite collection of closed sets is also closed.
In symbols:

F; closedfor1 <i<n — U F; closed.
i=1
The difference in this theorem (from the previous theorem) is that the collection of sets
must be finite.

As we saw in Example 3.14, if 4, = (—%, %) for any n € N, then ﬂzozl A, = {0}
Each 4, is an open set in R, but their infinite intersection is just a single point, which is
not open in R.

Similarly, we also saw in Example 3.14 that if 4, =[0,2 — %] for any n € N,
then | J;2, 4, = [0, 2). We never really proved this, though, so let’s do it now. For any
0 < x < 2, the Archimedean property provides an n € N such that n > ﬁ, so that

2n—1>nx = x<2—%.
Thus any x € [0,2) is in [0, 2 — 1] for some n € N, so that x € [J;2,[0,2 — 1]. (The
union does not, however, contain the number 2, since there is no » € N such that
2 € A,.) Each A4, is a closed set in R, but their infinite union is a half-open interval,
which is not closed in R (since 2 is a limit point of [0, 2) but is not contained in it).

It’s not that infinite intersections of open sets are never open; sometimes they are,
and sometimes they aren’t. For example, let 4, = (-3, 3) for any » € N. Then each
A, is an open set in R, and ('_; 4, = (—3, 3) is also open in R. The same comment
applies to infinite unions of closed sets.

X\ Proof. Because finiteness is such a key assumption of this theorem, of course some
) part of the proof will take advantage of it. Every point of ()_, G; is an interior point

of each G;, so the neighborhood with minimum radius is completely contained in the
intersection. Every limit point of |J'_; ; must be a limit point of some F;, so it is
contained in that F; and thus in the union. Let’s formalize this argument.



Closed and Open Sets » 93

Take x € (;_, G;. We want to show that x is an interior point of that intersection.
For each i between 1 and n, we have x € G;, and since each G; is open, there exists an
r; > 0 such that N,,(x) C G;. Because 7 is finite, we can take the minimum such radius,
so let ¥ = min{ry, r, ..., r,}. Then for each i between 1 and n,

N.(x) C Ny, (x) C G;.

Since N, (x) is a subset of every G;, we have N,(x) C (/_, G;, and thus x is indeed an
interior point of (/_; G;.

Let x be a limit point of J;_, ;. We want to show that x is an element of that union.
Well, if x is a limit point of some F;, then it is an element of that F;, so x € U:’zl F;.
We just need to show that x is a limit point of some F;, which we’ll do by contradiction.
Assume x is not a limit point of any F;, so for each i between 1 and #n, there is some
r; > 0 such that N,,(x) N F; = {x} or = @. Since n is finite, we can take the minimum
such radius, so let » = min{ry, 75, ..., r,}. Then for each i between 1 and n,

(N,(x)NF;) C (N, (x) N F;) = {x}or =0.

Thus N,(x) N (U'_, F;) = {x} or = @, which contradicts the fact that x is a limit point
of Ui_; Fr.

To prove the second statement, again we could have just applied Theorem 10.1 and
De Morgan’s law as in Box 10.1.

BOX 10.1

PROVING THAT THE UNION OF FINITELY MANY CLOSED SETS IS CLOSED

Since F; is closed, FC is , so by the proof of the first property,
N, (FF) is also . We know by De Morgan’s law that ()/_, (F) =
, S0 because its complement is s Ule F; must be closed.

O

Definition 10.5. (Closure)
The set of all limit points of a subset E of a metric space X is written E'. The closure of
E, written E, is the set EU E’.

Example 10.6. (Closures)

If E =(-3,3), then by Example 9.10 we have —3,3 € E’. Also, every point of
(=3, 3) is a limit point, so (=3, 3) C E’. Thus £’ = {-—3,3} U (-3, 3) = [-3, 3], and
E = (=3, 3)U[-3, 3], which is also the closed interval [—3, 3].

Theorem 10.7. (Any Closure Is Closed)
For any subset E of a metric space X, E is closed.

)\ Proof. By Theorem 10.1, we can instead prove that £ is open. For any p € FC, we

/ need to show that there is some » > 0 such that N,(p) is entirely contained in Fc; in
other words, we want N,(p) N E = @, meaning N,(p) N E = @ and N.(p) N E' = @.
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Figure 10.2. The set £ has limit points represented by the dashed line £’. If N, (p) N E’ contains
a point ¢, then N, (p) must contain at least one point of £.

Well, p € o implies p ¢ E and p is not a limit point of £, so there is some r > 0
such that NV, (p) N E = 0.

Now all we need to show is that N,(p) N E’ = @. We’ll do this by contradiction,
so assume there is a g such that ¢ € N.(p) N E’, as in Figure 10.2. This ¢ has two
properties: d(p, g) < r (since ¢ is in p’s neighborhood), and ¢ is a limit point of £
(since g € E’). Choose k < r — d(p, q), so that Ny(¢) C N,(p). Because ¢ is a limit
point of £, Ni(q) must contain at least one point of £, so N,(p) contains at least one
point of £, which contradicts what we just showed in the previous paragraph. O

Corollary 10.8. (Equal to Closure <= Closed)
For any subset E of a metric space X, E = E if and only if E is closed.

Proof. If E = E, then since (by the previous theorem) E is closed, so is E. If E is
closed, then E’ C E by the definition of closed, so E = EUE' = E. O]

Corollary 10.9. (The Closure Is a Subset of Every Closed Superset) B
For any subset E of a metric space X, if E C F for any closed set F C X, then E C F.

This corollary demonstrates that the closure of a set £ is the smallest possible closed set
containing E (since every closed superset of £ contains the closure E). That statement
should make intuitive sense, because if you want to build a closed set containing £, you
cannot leave out any limit points of £.

Proof. If E C F, then the limit points of /' must at least include the limit points of
E, meaning £’ C F'. If F is also closed, then /" C F, so E' C F, and thus F' D
(EUE)=E. O

The next theorem helps relate limit points to suprema in R, giving us a bridge between
the theory of ordered sets and the theory of metric spaces (at least for real numbers).
Remember that most metric spaces are not ordered fields (for example, R?).
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Theorem 10.10. (Real Suprema and Infima in Closures) B
For any nonempty subset E of R that is bounded above, sup E € E. If E is bounded
below, then infE € E.

Proof. Assume E is bounded above and let y = sup E. If y € E, then clearly y € E, so
we only need to worry about the case where y ¢ E. From the definition of supremum,
we know that every element of £ is < y, and that any number less than y is not an
upper bound of E. Thus for every 4 > 0, there is some x € E suchthaty —h <x <y
(otherwise y — & would be an upper bound of £). In other words, x € N,(y) N E. Since
h was arbitrary, this shows that y is a limit point of £. Thus y € E.

The proof for infima is basically the same. Try copying the above argument by filling
in the blanks in Box 10.2.

BOX 10.2

PROVING THEOREM 10.10 FOR INFIMA

Assume ,and let y=1infE. If y € E,
theny € . If not, then every element of E is v, and any number greater
than y is not a of . Thus for every & > 0, there is some
x € Esuchthaty < x < (otherwise would be a lower
bound of )- In other words, x € Nj(y) N E. Since h was arbitrary, this shows
that y isa of E. Thus e k.

O

Corollary 10.11. (Real Bounded Closed Sets Contain sup and inf)
For any nonempty subset E of R that is bounded above, if E is closed then sup E € E.
If E is bounded below and closed, then infE € E.

Note that the converse of this corollary (sup £ € E = F is closed) is not necessarily
true. For example, the set £ = [—3, 0) U (0, 3] in R contains its infimum and and its
supremum (—3 and 3, respectively), but is not closed, since 0 is a limit point.

Proof. By the previous theorem, we know sup E € E (if E is bounded above) and
inf £ € E (if E is bounded below). By Corollary 10.8, if E is closed, then E = E, so
indeed sup £ € E (if E is bounded above), and inf £ € E (if £ is bounded below). [J

Now is a good time to point out that most of our topological characteristics for sets
completely depend on which metric space the set is considered to be in. For example, as
we saw in Example 9.26, the open interval (—3, 3) is open in R—but it is nof open in R?,
since a neighborhood in R? is a disk, and any disk contains points with 2-dimensional
coordinates, which are not part of the 1-dimensional open interval (—3, 3). In order to
make a rule to solve this possible ambiguity, we should first formally define relative
openness.

Definition 10.12. (Relative Openness)
A set E is open relative to Y if, for each p € E, there is anr > 0 such that

qgeYandd(p,q) <r — g € E.
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Figure 10.3. The set £ is a pentagon in the 2-dimensional metric space Y. Each point of E
has a neighborhood that is completely contained in £, so we want to extend those
neighborhoods into spheres in the 3-dimensional metric space X.

This is basically the same as Definition 9.21. The only difference is that for every p € E,
instead of requiring N,(p) C E for some » > 0, we require N,(p) NY C E for some
r > 0.

Example 10.13. (Relative Openness)
In the previous example, we saw that £ = (=3, 3) is open relative to ¥ = R, but not
open relative to ¥ = R?.

Of course, for any subset £ of a metric space X, saying “FE is open relative to X is
the same as saying “E is open,” since X is the entire metric space.

Theorem 10.14. (Relative Openness)
For any metric spaces Y C X, a subset E of Y is open relative to Y if and only if
E =Y N G for some open subset G of X.

In other words, every relatively open subset £ of Y can be represented as the Y -part of
an open subset G of X.

)\ Proof. Let’s start with the easier direction, which says that if £ = Y N G for some set

) G that is open relative to X, then E is open relative to Y. We know that for every point

" p € G, there is some some neighborhood of p that is contained in G; since £ C G, the
same is true for every p € E. We’ll call this neighborhood ¥, (writing N,(p) might
be confusing—we want to be clear that it’s a neighborhood of points in X, rather
than a neighborhood of only points in Y). We just intersect ¥ with both sides to get
(V,NY) C(GNY)= E. Thus around each p € E, there is a neighborhood of points
in Y that is contained in E, so indeed E is open relative to Y.

To prove the other direction, we want to show that if £ is open relative to Y, then
we can build a set G that is open relative to X—where G must consist of £ plus some
other points of X. The basic idea is that we know every p € E has a neighborhood of
points in Y that is completely contained in E. To build a set that is open relative to X,
we need to “extend” those neighborhoods to include all points {x € X | d(p,x) <r},
rather than just {y € Y | d(p, y) < r} (see Figure 10.3). How do we guarantee that all
points in those extended neighborhoods are points of G? Easy—we just include them in
G. Since all neighborhoods are open by Theorem 9.23, G will be a union of open sets
in X, which Theorem 10.3 tells us is also open in X.

Let’s prove this direction formally. If £ is open relative to Y, then for each p € E,
there is an r, > 0 such that all points ¢ € ¥ with d(p, q) < r, are contained in E.
Let V, be the set of all points ¢ € X with d(p,q) <r, (so V, is the neighborhood
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“extended” to X), and let G = UPGE V,. Each V), is a neighborhood in X, so each V), is
open relative to X, so G is a union of open sets, so G is also open relative to X.

To prove that £ = Y N G, we will use the method from Chapter 3 of showing
ECYNG and E D YNG. For every element p of £, pe E = pe€Y, and
peV, = peG,sopeYNG. Thus E C Y NG. Also for every p € E, by our
construction of V,, ¥, N'Y is precisely the neighborhood of p in Y that is completely

contained in £.Thus £ 5 U, (Y 1 7,) = ¥ 11 (U, ¥, ), 50 YN G C E. O

I should point out that as with openness, closedness is a relative property. A set £ that
is closed relative to ¥ may not be closed relative to X (if £ has limit points that are in
X butnot ¥).

Definition 10.15. (Relative Closedness)
A set E is closed relative to Y if, for each p € Y where

Ni(p) N E # {#} and # {p},

then p € E.

Example 10.16. (Relative Closedness)

If X=Rand Y =[0,2), then E =1, 2) is closed in Y but not in X. (Because 2 is
certainly a limit point of £, but since 2 ¢ Y, we don’t need to have 2 € F for E to be
closed relative to Y.)

With a good understanding of open and closed sets under our belts, we can get into the
real meat of topology: compact sets. (You thought we were done with new definitions
for a while? Ha!)
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Compact sefs

Oh, compact sets. They can be very confusing for the first-timer, but they are an integral
part of real analysis. (Get it? Integral?!) They come up many times later on, in relation
to the properties of continuous functions.

We’ll start by devoting this chapter to “compact set appreciation,” in which we’ll
learn the definitions and get a sense of the cool properties that compact sets have. In
the next chapter, we’ll learn which types of sets in R are compact (and why all of this
matters).

Definition 11.1. (Open Cover)
For any subset E of a metric space X, an open cover of E in X is a collection of sets
{Gy} that are open relative to X and contain E in their union.

In symbols, {G,} is an open cover of E if:

Yo, G, open relative to X, and E C U Gy.

o

A finite subcover of an open cover {G,} of E is a subcollection of {G,} with a finite
number of sets, which still contain E in their union.

In symbols, {Gy,, Ga,, - .., Go,} is a finite subcover of {G} if:

n
neN, and E C UG%.

i=1

In the definition of a finite subcover, there are finitely many indexes «y, @y, ..., .
Each G,, is an element of the collection {G}. (To be completely formal, we should
be writing an open cover as {G, | « € A}, so a finite subcover has sets with indexes
a, o, ..., 0, €A)

Example 11.2. (Open Covers)
The set

{(z—2,z+2)|zeZ}
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is an open cover of the interval [—3, 3], since each open interval (z — 2,z + 2) (of
length 4) is an open set. The set {(—4, 0), (—1, 3), (2, 6)} is a finite subcover, along with
{(—5,-1),(=3,1),(=2, 2), (1, 5)}, and many other possible examples. As you can see,
a single open cover can have multiple possible finite subcovers.

For a subset £ of any metric space, choose any radius r,, for each p € E (the radii
can be different). Then the collection {N,,(p) | p € E} is an open cover of E. Why?
Obviously every point of E is included, and the union of neighborhoods is open by
Theorem 10.3. (The proof of Theorem 10.14 uses a similar collection of sets.)

Let’s say E contains a finite number of points. Then the open cover {N,,(p) | p € E}
has a finite number of sets, so it is actually also a finite subcover (of itself). (Note that
although each neighborhood could contain an infinite number of points, a finite subcover
needs to have a finite number of sets, not points.)

Let’s say E contains an infinite number of points, but we are told that
{N;,(p) | p € E} contains a finite subcover. Then we know there must be a finite number
of points py, ps, ..., py in E such that

Ec|JN, (p).

i=1

Definition 11.3. (Compact Set)
A subset K of a metric space X is compact if every open cover of K has a finite subcover.
In symbols, K is compact if:

Y open cover {Gy} of K, I{ay, oz, ..., o} such that K C U Gy, -

i=1

Compact sets are much more complex than open or closed sets. To show that a set is
compact, we must show that every possible open cover has a finite subcover, which
takes some major proving skills. Showing that a set is not compact is slightly easier,
since we just need one example of an infinite open cover that has no finite subcover (but
doing so can still be difficult).

Example 11.4. (Compact Sets)
The empty set is compact, since we can take one set G4, of any open cover {G,}, and
0 C Gy,

Take a set with one point, K = {p}. Then K is clearly compact, since every open
cover {G,} must have at least one set that contains the point p. Take one of those sets
that contains p, and we have found a finite subcover.

In fact, any set K with a finite number of points py, ps, ..., p, is compact. Why?
For any open cover {G,}, take a set Go, € {G,} that contains p;. Continue likewise: for
each p; € K, if p; is not contained in the sets we have taken so far, take a set G, € {G}
that contains p;. After at most n steps, we have a finite collection {Gy,, G, - . ., G, }
of open sets whose union contains K.

This next theorem serves as a good basic example of a noncompact set.

Theorem 11.5. (No Open Interval Is Compact)
Forany a, b € R with a < b, no open interval (a, b) (or (a, b) N Q) is compact.
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Figure 11.1. Given any x € (a, b), we can find an N such that x € (a + %, b— %). But given
(a+ % b— %), we can find an element y € (a, b) outside it.

\ Proof. To show that (a, b) is not compact, we just need one example of an open cover
/) that has no finite open subcover. We will use the cover

{Gn}={(a+1,b—1) neN}.
n n

(If this gives us an invalid interval such as (1, 0), we just ignore that element.)

The key idea is drawn in Figure 11.1. We see that {G,} is a cover since given any
element x € (a, b), we can use the Archimedean property to find an N large enough so
that x € (a + %, b— %). But {G,} has no finite subcover, since given an open interval
(a+ L, b— ﬁ), we can use the density property to find an element y outside that
interval but y € (a, b).

Formally, why does |J;2, G, cover (a, b)? Well, for any element x witha < x < b,
the Archimedean property provides an N € N such that

Feried
N > max s .
xX—a b—x

Then

Nx —Na>land Nb —Nx>1 = Na+1< Nx <Nb-1

E xe(a+%,b—%).

Thus every element of (a, b) is in G y for some N € N, so (a,b) C U2, G,
Formally, why does {G,} have no finite subcover? Well, for any m > n, we have

1 1
a+—<a+—-<b——-—<b——,
m n n m

so that G, D G,. Thus for any finite N € N,
N
UGi=Gy=(a+1.0-3).
n=1

But (a, b) ¢ Gy—since, for example, a + ﬁ € (a,b) but a + ﬁ ¢ (a+ ﬁ, b— ﬁ)
O

You might be asking, “if sets can be open and closed relative to some metric spaces
but not others, what about compact sets?” In fact, in the definition of compactness, we



Compact Sets 101

completely sidestepped the issue. We didn’t even specify whether we are dealing with
open covers of K that are in X or in some other metric space.

As the next theorem shows, it really doesn’t matter! A set K that is compact in one
metric space is compact in every metric space (as long as that metric space contains K,
of course).

Since a compact subset K of a metric space X is also a metric space and is compact
anywhere, we will often refer to K as a compact metric space. Of course, using the
phrase “closed metric space” or “open metric space” isn’t really useful. Any metric
space X is a closed subset of itself (since it contains all limit points in X') and an open
subset of itself (since all neighborhoods contain only points of X).

Theorem 11.6. (Relative Compactness)
For any metric spaces Y C X, a subset K of Y is compact relative to X if and only if it
is compact relative to Y.

Here, “K is compact relative to Y means that for any open cover {V,} with V,, C Y and
V, open relative to Y for each «, there is a finite subcover.

2\ Proof. Let’s start with the direction that assumes K is compact relative to X. The basic

') idea is that for any open cover of K in Y, we can expand it into an open cover of K in X
and take a finite subcover in X, then intersect that back with Y to get a finite subcover
inY.

We want to show that for any arbitrary open cover {V,} in Y there exists a finite
subcover {Vy,, Va,, ..., Vo, } in Y. How do we relate sets that are open relative to one
metric space, to those that are open relative to another? Use Theorem 10.14! So for every
possible V,,, there exists a G, C X that is open relative to X such that V, = Y N G,.
Thus

Kcl|Jn =U(YOGa)=Yﬂ<UGa>.

We already know K is a subset of Y, so the above line shows that {G,} is an
open cover of K. Because K is compact relative to X, there is a finite subcover
{Gy,s Gy, - - -, Ga,} C {Gq}. Each G, is an element of {G,}, so for every i between 1
and n, V,, = Y N G, where V,, € {V,}. Thus

KCYandKCUGai

i=1

= KcCYn (OGC,,) =LnJ(YmGa,.)=CJVm.

i=1 i=1 i=1

This shows that {V,} has a finite subcover of K, so K is compact relative to Y.
The other direction uses the same argument in reverse. Try filling in the blanks in
Box 11.1.
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BOX 11.1

PROVING THE SECOND DIRECTION OF THEOREM 11.6

Assume K is compact relative to Y, and let {G,} be an open cover of K in X. Let
Ve=7YN , so by Theorem 10.14, V,, is open .
Because K C |J, Go and K C Y, we have K C =, Va, so there is
a finite subcover {V,,} of K in Y. Then

n

KCOVQ,.:U = N ,
i=1

i=1

so {G,} s a finite subcover of K in

O

The next few theorems help us better characterize which sets are compact by relating
compactness to closedness.

Theorem 11.7. (Compact Subsets Are Closed)
For any compact subset K of a metric space X, K is closed in X.

Because a compact set K in X is compact in any metric space, this theorem implies that
any compact set is closed in every possible metric space (that it can be a subset of).

Notice that if we take the contrapositive of this theorem, we have “if K is not closed
relative to some metric space X, then K is not compact in any metric space.” We could
have used this to prove Theorem 11.5 more easily: (a, b) is not closed in R (since a and
b are limit points), so (a, b) is not compact.

\ Proof. Tt will be simpler to prove that K€ is an open subset of X (and then apply
/) Theorem 10.1). We want to show that there is a neighborhood around any point p of

K€ that is contained in K€. We can do this by covering K in neighborhoods around its
points (making sure the neighborhoods don’t contain p) and then taking a finite subcover
of K. Now a neighborhood around p of radius less than the distance to the nearest open
set of the cover will be contained in K €.

To make this explicit, take an arbitrary p € X with p ¢ K (so p € K€). We want to
show that there is some » > 0 such that N.(p) C K€.

We saw in Example 11.2 that the set of neighborhoods (of any radius) around each
point of K is an open cover of K. For any pointg € K, let

Wq = N%d(p,q)(Q)v

so that {W, | ¢ € K} is an open cover of K (see Figure 11.2). Because K is compact,
this open cover must have a finite subcover, so there must be finitely many points
41,92, -, qn suchthat K C J/_, W,,.

Because {g1, q2, . . - g»} is a finite set, we can choose the element that is closest to p.
Let

d = min {d(p,q1),d(p, q2). ---d(p. qn)},

andlet V = N%d(p).
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- J

Figure 11.2. The set K in this figure is covered by the neighborhoods of three points, each having
radius %d( P, q:). The number d is the smallest distance between p and any ¢;. The
neighborhood V' around p of radius %d does not intersect with a neighborhood of
any g;, so it is completely contained in K €.

Then for any i between 1 and n,
1 1 1
3d < 3d + 3d(p, q:)

= 3d(p. ) + 5 min {d(p.q1).d(p, ¢2). ...d(p, )}

IA

3d(p, qi) + 3d(p, qi)
d(pv qi)’

A

so V and W,, do not intersect.
Thus V' N (U, Wy,) =9, so ¥ N K = ¢. Since ¥ has no point in common with
K, it must be entirely contained in K€, so p is indeed an interior point of K. O

Notice that this proof hinges on the fact that a finite subcover of K exists—if it did not,
we would not be able to take the ¢; with minimum distance from p (since minimums
are not necessarily defined for infinite sets).

Also note that our open cover and finite subcover depended on p. Knowing a set is
compact lets us be manipulative in this way, since every open cover has a finite subcover,
so we can pick and choose according to our needs.

Theorem 11.8. (Closed Subsets of Compact Sets Are Compact)
For any metric spaces K C X, if K is compact and if a subset F of K is closed relative
to X, then F is also compact.
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Proof. The proof is actually pretty simple—the key point being that the complement of
F in K is open, so we can just adjoin it to an open cover of F to get an open cover of
K, then take a finite subcover and remove FC.

Let {V,} be an open (relative to K) cover of F. Since K = F U F€ (here F€ denotes
the complement of F' in K, not in X) and F' C |J,, Va, we have

KC (U Va> U FC.

o

Each 7, is open (relative to K), and so is F€, so {V,} U F€ is an open cover of K.
Because K is compact, there is a finite subcover {Vy,, Va,, ..., Va,, F C} (where F ¢
may or may not need to be an element of this finite subcover).

Then we have

FCKC (OV(X)UFC,

i=I

and since F N FC¢ =, this implies that {(Vars Vay» -+, Va,} 1s a finite subcover
of F. O]

Corollary 11.9. (Intersection of Closed Sets and Compact Sets)
For any metric spaces K C X, if K is compact and if a subset F of X is closed relative
to X, then F N K is also compact.

This corollary tells us that if a compact set K is embedded in any metric space, the
intersection of K and any closed set in that metric space is compact.

Proof. By Theorem 11.7, K is closed in X. Since the intersection of closed
sets is closed, we have that F N K is closed. Notice that FNK C K, so by
Theorem 11.8, F N K is compact. O

It’s important to understand that compactness is a universal property, whereas closedness
depends on the embedding metric space. Maybe some of these distinctions have become
muddled throughout the last few theorems, so here’s a little test: what is wrong with the
following paragraph? (We will later learn that any closed interval [a, b] is compact; take
this fact as a given for now.)

Let X be the metric space given by the open interval (—3, 3), and let ¥ = X. Then
F is closed in X (since p € X = p € F, so F contains all of its limit points). Let
K =[-5,5], so K is compact. Then by Corollary 11.9, F N K = (-3, 3) is compact,
which contradicts Theorem 11.5!

Did you find the error? This is a blatant abuse of Corollary 11.9. In the example,
we had F C X C Rand K C R. F was closed in X but not in R, so all Corollary 11.9
tells us is that for any compact set K in X, F N K is compact. But K = [—5, 5] isnot a
subset of X, so we cannot apply the corollary. (We could, however, take something like
K =[-2,2] to conclude that ¥ N K = [—2, 2] is compact.)

Theorem 11.10. (Compact Sets Are Bounded)
For any compact subset K of a metric space X, K is bounded in X.



Compact Sets 105

Proof. To show K compact => K bounded, we’ll do a proof by contrapositive (we’ll
show K not bounded —> K not compact). The definition of boundedness is

dg € X,3dM € Rsuchthatd(p,q) < M,Vp € K,
so the opposite is
Vg € X,VM € R,3p € K suchthatd(p,q) > M.

If K were compact, then the open cover {N|(p) | p € K} (neighborhoods of radius
1 around each point of K') would have a finite subcover {N;(p1), Ni(p2), - .., N1(pn)}.
Let’s take the furthest distance from p;, calling it

r=max{d(p1, pi)| 1 <i <n}.

Then N,11(p;) contains that finite subcover {Ni(p1), Ni(p2), ..., Ni(p»)}, since for
any i between 1 and N, d(p1, pi) + 1 <r 4+ 1,50 Ni(p;) C N,11(p1). Now because K
is not bounded, for ¢ = p; and M = r + 1, there is some p € K such that d(p, p;) >
r + 1, so that p ¢ N, 1(p1). Thus at least one element of K is not in a superset of the
finite subcover, so it is not in the finite subcover, so K cannot be compact. O

Theorem 11.11. (Intersection of Compact Sets)
Let {K,} be a collection of nonempty compact sets in a metric space X. If the
intersection of every finite subcollection of {K,} is nonempty, then so is [, Kq.

Isn’t this a trivial property? If the intersection of every possible combination of sets in
{K,} is nonempty, how could the intersection of all of the sets be empty?

This can happen because of the trickiness of infinite intersections. For example, let
Ay = (=1, 1), and take the the infinite collection of sets {4, | n € N}. We know that
Mz, Ax = {0} (because for any nonzero point p, there exists an open interval (—7, ;)
such that either p < —% orp > %)

Now define B, = 4, \ {0} = (—%, 0) U (0, %). Then ﬂ:ozl B, =, so there is no
element that belongs to every B,. But every finite collection of {B,} does have at least
one element in common. Why? For any m > n, B,, C B,, so

k
() B =Bi=(—1.0)U(0.7) #9.
n=1

Theorem 11.11 basically says that what happened with this collection {B,} cannot
happen with compact sets. (In this case, each B, is not closed in R and therefore not
compact.)

\ Proof. We’ll prove this by contradiction. If (), K, is empty, then one set K; can be

./

covered by a finite number of sets K<, but a finite intersection of sets K, is empty.
To make this more clear, we will use the following property of sets:

Am<ﬂ3a> =0 < Ac|JB.
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To prove one direction of the implication, take x € 4. Then x ¢ B, for at least one
a—otherwise x would be an element of every By, so 4N (ﬂa Ba) would contain x,
not be empty—so x € BS for at least one «. Thus every element of 4 is in some BS, so
4c\, BS.

To prove the other direction, we assume that if x € 4, then x € BE for some a. So
every element of 4 is missing from at least one B,,, so there cannot be anything in both
A and every By. Thus 4 N (), By) = 9.

Now pick a compact set K; from the collection. Assume that (), K, is empty, so

KN (ﬂw7é1 Ka) = (). By the property above, this means that K; C ﬂa# Kac. Also,

because Theorem 11.7 says that each K, is closed relative to X, each K must be open
relative to X. Thus {KS | @ # 1} is an open cover of K.

Well K is compact, so there is a finite subcover {KS,KS, ..., K} of K.
Remember K, C |J/_, K¢ implies

en(f1s) =
i=1

Thus a finite intersection of K,’s is empty, which contradicts an assumption of the
theorem. So (), K, cannot be empty. O

We will end our (seemingly endless) rambling of the awesome powers of compact sets
with one last corollary and one last theorem. Everything up to now has built on itself,
so we can finally come up with some results that you will (hopefully) find interesting
and useful.

Corollary 11.12. (Nested Compact Sets)
Let {K,} be a collection of nonempty compact sets such that foranyn € N, K, O K,41.
Then the intersection (-, K, # V.

These sets are called “nested” because each set in the sequence contains all subsequent
sets in the sequence. Think of the collection as a Russian nesting doll: you open up K
(Olga) to find a smaller doll K, (Galina) inside, which contains K3 (Anastasia), and
so forth. The corollary guarantees that this collection of dolls—which you can keep
cracking open to find a smaller doll, forever—has something inside of them. (The next
time you visit a souvenir shop in Russia, show off your math skills by talking about
compactness. “You know compact sets? You get half price!”)

Proof. For any m > n, we have K,, C K,,, so we know that

k
() Kn = Ki #10.
n=1

Thus the intersection of any finite subcollection of {K,} is nonempty, so by
Theorem 11.11, (), Kn # 9. O

Theorem 11.13. (Limits in Compact Sets)
For any infinite subset E of a compact set K, E has at least one limit point in K.
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The key prerequisite is that £ has an infinite number of points. (Of course, if £ were
finite, the theorem couldn’t possibly be true. £ would have no limit points at all, since
Theorem 9.11 tells us that any neighborhood around a limit point of £ contains an
infinite number of points of E£.)

Proof. Assume the result is false—namely, £ has no limit points in K. Then for every
q € K, there exists some r, > 0 such that N, (¢§) N E = {q} or = ¢. The collection
{N:,(q) | ¢ € K} is an open cover of K, and each set in the collection contains at most
one point of £.

Because K is compact, that open cover has a finite subcover

{qul (ql)v quz ((]2)7 cees Nr,,n (qn)} .

But that finite subcover only contains a finite number of points of E—specifically, it
contains {q, q2, - . ., ¢»} N E—while £ has an infinite number of points. Thus E is not
contained in that subcover, so neither is K, which is a contradiction. O

You’ll notice that except for a few examples early on, we haven’t considered which sets
are actually compact. We now know what they can do, we just don’t know how to find
them.

As promised, the next chapter will prove that every interval [a, b] is compact. We’ll
also go over the Heine-Borel theorem, a central result in real analysis that tells us how
to find compact sets in RX.
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The Heine-Borel Theorem

If you like surprises, then skip this paragraph; otherwise, spoiler alert! I’'m going to tell
you what the Heine-Borel theorem is: any subset of R¥ is compact if and only if it is
both closed and bounded. The last chapter showed us that every compact set (in any
metric space, not just R¥) is closed and bounded, so the real meat of the Heine-Borel
theorem is the reverse implication. It asserts that every closed and bounded set in R¥
is compact, which is not true in every metric space. For example, the set (—z, 7) N Q
is closed in QQ (since —m and 7 are not rational) and is bounded but it is not compact
(by Theorem 11.5).

Watch out! This chapter has a few lengthy proofs, which may look difficult to the
untrained eye. (But who are we kidding, your eye is definitely trained by now.) As you
read long passages, it can be very helpful to draw pictures in the margins to clarify what
is going on at each step.

The last chapter was concerned with compactness in arbitrary metric spaces X, but
this chapter cares about R¥. To discover which sets in R¥ are compact (remember from
Chapter 6 that R is the set of all k-dimensional vectors of real numbers), we’ll start by
looking at a common property of both intervals and compact sets.

Theorem 12.1. (Nested Closed Interval Property)
Let {1,,} be a collection of closed intervals in R such that foranyn € N, I, D I,,1. Then

Moy In # 0.

This theorem should look very familiar, since we proved the analogous property for
compact sets in Corollary 11.12. The nested closed interval property is an inherent
feature of R, which follows as an immediate consequence of the least upper bound
property.

Proof. Each interval is of the form I = [a,, b,]. We want to find a number x such that
x € [a,, b,] forall n € N. (If this is possible, we’ll have ﬂf,ozl I, O {x}.) The supremum
x of the set of all upper bounds a, seems like a good choice, since it should be > a, and
< b, for any n € N, as we can see in Figure 12.1.

Let £ ={a, | n € N}. Any b, is an upper bound of E—since if a, > b,, for
some n,m € N, then [, N I,, = (J, so neither interval can contain the other, which is
a contradiction. Thus E is a nonempty subset of R that is bounded above, so by the least
upper bound property of R, sup E exists in R. Let’s call it x.
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Figure 12.1. The point x = sup{a, | » € N} is > a, and < b, forany n € N.

Now for any n € N, x > a, since x is an upper bound of £. Moreover, x < b, since
b, is an upper bound of £, and x is the least upper bound. Thus x € [a,, b,].

Note that the same proof would have also worked if we had let x =
inf{b, | n € N}. O

In fact, this property holds not just for intervals in R but also for the equivalent idea of
intervals in R*, which we call &-cells.

Definition 12.2. (k-cells)
Ifa; < b; for every j between 1 and k, then the set of vectors in R* given by

{x:(xl,xz,...,xk)’xj €[a;,b;] V1 Sjik}

is called a k-cell.

We can visualize k-cells in Figure 12.2. In one dimension, we set k = 1, and see that
a 1-cell is just a closed interval. In two dimensions, a 2-cell is a rectangle, since it is
the set of all points that fall between two sets of bounds. In three dimensions, a 3-cell
is a box. In four dimensions—well, according to Einstein, the fourth dimension might
be time, so I guess a 4-cell is a box that forever remains in some fixed period of time
(to see an example, visit your grandparents’ attic).

Theorem 12.3. (Nested k-cell Property)
Let {1,} be a collection of k-cells in R* such that for any n € N, I, D I,41. Then

o, Iy # 0.

)\ Proof. This proof is pretty simple: we just apply the nested closed interval property to

’J each dimension of the collection of k-cells. The only reason it’s longer than two lines is

~ that we must keep track of both which k-cell we are talking about (whose index 7 can be
any natural number), and which dimension we are talking about (whose index j ranges
from 1 to k).

b2
a, /a3

a, i’
by by

a;

L ]
L |
a, b a;

1

Figure 12.2. A 1-cell, 2-cell, and 3-cell (make sure to put on your 3D glasses for the optimal
viewing experience).
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Each k-cell I, is the set of points x = (x, x3, . . ., xx) such that an, <x; < b,,j for
every j between 1 and k. Thus 7, is the set of vectors whose jth coordinate lies in the
closed interval I,, = [a,,, b,,]. Since each k-cell is contained in the previous one, we
have In; O Ity for every n € N and every j between 1 and £.

We want to show that there is some vector x = (x, x2, . . . , Xz ) that belongs to every
I,, meaning the vector’s coordinates satisfy x; € [,,, foreveryn € N, x;, € I, for every
neN,and...andx; € [,, foreveryn € N.

Well, by Theorem 12.1, the intersection ﬂ;’f:l I,, contains at least one point,

which we’ll call x§. Similarly, there is some xj € (-, I,, and ... and some x; €
Mo~ Iy, Thus the vector x* = (x{, x5, ..., x}) is in 1, for every n € N. O

We will be able to prove not only that every closed interval is compact but in fact that
every k-cell is compact.

The previous theorem will be useful for our proof, but note that it is not a proof in
and of itself. (Just because k-cells have one of the same properties as compact sets, does
not necessarily mean that all k-cells are compact.)

Theorem 12.4. (k-cells Are Compact)
For any k € N, every k-cell is a compact set.

)\ Proof. Although this might look like a complicated argument, the underlying logic isn’t

too bad. We’ll take it in two steps. First let’s figure out what we want to say, then write
it up formally.

Step 1. For a proof by contradiction, assume that a k-cell / is not compact, so some
open cover {G,} has no finite subcover. We then divide / into a finite number of smaller
k-cells. At least one of these sub-k-cells cannot be covered by any finite subcollection of
{G4} (otherwise {G,} would have a finite subcover for all of 7), so take that sub-k-cell
and divide it into smaller k-cells. Similarly, at least one of those sub-sub-k-cells cannot
be finitely covered. ... We keep splitting up, as in Figure 12.3, to obtain a collection of
nested k-cells, none of which can be finitely covered.

By Theorem 12.3, their intersection must contain at least one element x*. Since
x* € I, there must be some set G; in {G,} that contains it. But because G is open,
some neighborhood around x* is also contained in G. Since each of those nested sub-
k-cells contains a smaller sub-k-cell, we can find one arbitrarily small enough to fit
inside that neighborhood of x*. Thus one of the nested sub-k-cells is covered by G;—a
finite subcollection of {G,}—which gives us a contradiction.

For that last step of the argument to work, we must keep track of how big these
sub-k-cells are. Here’s how we’ll do the division: the k-cell  is given by an interval
in each dimension, so let’s divide each of those intervals in half, giving us 2 sub-k-
cells (as you can see in Figure 12.3, in two dimensions this means we divide / into
22 = 4 parts). At each step of the division process, we divide the sub-k-cell that cannot
be finitely covered into 2¥ more sub-k-cells, so after n steps, we have a sub-k-cell that
is (5¢) () - - (3) = 27" times the volume of the original k-cell /.

How big is /? We are concerned about the distance between two points in a k-cell
(remember, we want it to be less than the radius of the neighborhood around x* in
G ). This distance is limited by the largest possible distance within 7, which is given
by its diagonal. Let’s put the ends of the k closed intervals [a;, b;], which make up
I into coordinates of a vector, to get a = (aj,az,...,a,) and b= (b1, by, ..., by).



The Heine-Borel Theorem ¢ 111

a

a b,

Figure 12.3. An example for a 2-cell /, which we divide into four sub-2-cells at each step, then
select the sub-2-cell that is not finitely covered, which we divide again. Because this
is a sequence of nested 2-cells, their intersection contains at least one point x*.

The diagonal is then given by

1

k 2
Ib—a| =+ (Z(bj - a,)2>
i=1

(using Definition 6.10), which we label §. So the distance between any two points in the
nth sub-k-cell is < 27"6.

We want to find a sub-k-cell small enough to be contained in the neighborhood of
x* in Gy. So for N,(x*) C G, if we can show that 27"§ < r, then the distance between
x* and any point of the nth sub-k-cell is less than »—meaning the nth sub-k-cell is
contained in N, (x*) and thus also in G,. We want § < 2"r, meaning

log(2)
log(2)”

n >

Because § > 0 and » > 0, we also have log(%) € R. Then by the Archimedean property
of R, such an n € N does exist.

Step 2. Here is the formal proof.
Fix a dimension k and let / be a k-cell, so

I:{x:(xl,xz,...,xk)‘aj ijfbj,‘v’lfjfk},
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and let

k 3
i=l1

Then forany x,y € I, [x —y| <§é.
Assume [ is not compact, then choose an open cover {G,} of I which has no finite
subcover. Split / into 2% sub-k-cells Q; by splitting [a;, b;] into

4p 4p
{aj,aﬂ; "] and [aji_— ",bj},

so that Ulzk:1 Q; = I. There must be at least one set I; € {Q; | 1 <i < 2F} which is
not covered by any finite subcollection of {G,}. Then split ; into 2¥ sub-k-cells, and
continue the process to create a collection of k-cells {7,} with 7/ D Iy D I, D ..., where
no I, is finitely covered.

By Theorem 12.3, there is some x* € I, for every n € N. Also, x* € I, so there
must be some G| € {G,} such that x* € G;. Since G is open, there exists some r > 0
such that N, (x*) g G1. By the Archimedean property of R, there exists some n € N
log(¢
loi(é;’
so I, C N,(x*) C G;. Thus some finite subcollection of {G,} (namely, the one-element

subcollection consisting of G) covers /,,, which is a contradiction. Therefore, / must
be compact. O

such that n >

so that 27”8 < r. Note that for any y € [, |x* —y| <276 < r,

We are almost ready to prove the Heine-Borel theorem, which characterizes which sets
in R¥ are compact. First, though, we’ll prove the following result, which will come in
handy.

Theorem 12.5. (Bounded Sets in RY)
If a subset E of R is bounded, then it is contained in some k-cell.

Review Definition 9.3 to make sure you remember what being bounded in a metric space
means.

=\ P’roof. The basic idea is that if every point of £ is less than M away from some q € R,
’) we can build a k-cell based on that bound M and q. (In geometric terms, every circle
can be inscribed in a square, every sphere can be inscribed in a cube, etc.)
To make this precise, if £ is bounded, then there is some q € RF such that for
every point p of E, |p — q| < M for some M € R. If we write p = (p1, p2,---, Pr)
and q = (q1, g2, - - - » q1), this means

1

k 2
<Z(Pj - C]j)z) <M.
i=1
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Then for each j between 1 and k, we have
O+ +0+(pj =g’ +0+...+0<(p1 =g’ + (P2 — @2’ +. ..+ (pr — ) < M7,
sothatg; — M < p; < q; + M. Remember this is true for every p € £, so if we let
[={x= (12 ....5) | x; €[g; — M, q; + Ml,V1 < j <k},
then 7 is a k-cell, and E C I. O

Theorem 12.6. (The Heine-Borel Theorem)
A subset E of R* is compact if and only if it is closed and bounded.

Here “closed and bounded” means closed in R* and bounded in R¥.

Proof. We’ve already done most of the work with all the theorems we’ve been proving
in this chapter.

If E is compact, then by Theorem 11.7, E is closed in R¥, and by Theorem 11.10,
E is bounded in R¥.

To prove the other direction of the theorem, assume E is closed and bounded.
Because it is bounded, by Theorem 12.5, it must be contained in some k-cell /. By
Theorem 12.4, [ is compact. And since £ C I and E is closed, £ is compact by
Theorem 11.8. O

In addition to the Heine-Borel theorem, the following theorem also gives another way
of finding compact sets in R¥. Remember that Theorem 11.13 showed that every infinite
subset of a compact set has a limit point in the compact set. We will now prove the
converse in R¥.

Theorem 12.7. (Limits in Real Compact Sets)
A subset E of R* is compact if and only if every infinite subset of E has a limit point
inE.

<\ Proof. Assume E is compact. Then every infinite subset of £ has a limit point in £ by
/) Theorem 11.13.

Conversely, assume every infinite subset of £ has a limit point in £. We want to
show E is compact, so by the Heine-Borel theorem, we just need to show that £ is
closed and bounded. Let’s prove the contrapositive: if £ is not bounded, then some
infinite subset of £ has no limit point in £ similarly, if E is not closed, then some
infinite subset of £ has no limit point in .

If E is not bounded, we can construct an infinite subset S of £ with no limit point
in E.Forq=0and M =1, 2,3, ..., there are points x,, € £ such that |x, — q| > M.
So for every n € N, there is some x, € £ with |x,| > n. Let S={x, |n € N}, so
SCE.

Also, S is infinite. If S had a finite number of points {x;, X,, ..., Xy}, then we could
take

n = [max {[x|, [x2|, ..., [xy[}]+1
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| P | Xy Xy | XN+
L @ >
| | | R

N-1 N N+1

Figure 12.4. An example of points of S in k¥ = 1 dimension, where N is the smallest integer
> |p|. Notice that for example, x_; could be greater than x. But the important
thing is that forany n > N, |x, — p| > 1.

(using the ceiling notation as in Example 4.8 to mean “round up”). So there would be
no x, € E with |x,| > »n, which is a contradiction.

Furthermore, no point p € R¥ is a limit point of S. Why? See Figure 12.4. Given
any p € R%, let N be the smallest natural number > |p|. Then for any natural number n
greater than N, we have n > N + 1, so that

[x, — pl > |x,| — |p| (by Property 6 of Theorem 6.11)
>n—|pl

>N+1—|p|

>1 (since N > |p)).

Now there are two cases. If p ¢ S, then p # x,, for any n € N, so let

1.
r=Emm{lxl—pl,IXz—pI,--.,IxN—pI,l}.

Then for any n € N, if n < N we have |x, —p|>r, and if » > N, we have
X, —p|>1>r. So N,(p) does not contain x, for any n €N, so
N,(p) NS = @, so p is not a limit point of S.

If p € S, then there exists some i < N such that p = x; (since remember, N > |p|).
Let

I .
r =3 min{ xi = pl, % =l Ixim = Bl X1 — Pl ey =Bl 1)

(where we have removed p = x; from that minimum). By the same logic as in the first
case, N,(p) N S = {p}, so p is not a limit point of S.

No point p € RF is a limit point of S, and since E C R¥, we see that S has no limit
point in E.

For the other case, assume E is not closed. Then it has a limit point xo € R¥ with
Xo ¢ E. We can again construct an infinite subset S of £ whose only limit point is X, so
it has no limit point in E. For every » > 0, there is a point x € £ such that [x — x¢| < 7,
so for every n € N, there is some x,, € E with |x, — X¢| < % Let S ={x, | n € N}, so
SCE.

Also, S is infinite. Why? If S had a finite number of points {x;, X, ..., Xy}, then
there would exist a j (between 1 and N) where |x = XO’ is less than % for every integer
n > N. This would imply x; = x¢ (because otherwise, by the Archimedean property,
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there would be an »n such that n |x j— xo| > 1). Then we would have xy ¢ E, which is
a contradiction.

Clearly xg is a limit point of S. Why? For every r > 0, by the Archimedean property
there exists an n € N such that nr > 1. Then |xg — X,,| < % < r, so at least one x,
belongs to N,(xg) N S.

But for any y € R¥ with y # x,, we have

Ix, —y|l > |xo —y| — |x, —Xg| (by Property 6 of Theorem 6.11)
1
> [xo—yl— —
n

1 1
|xg —y| whenever — < — [xg —y|.
n 2

In other words, for » = % |xg —y|, every point of x, is a distance of at least » away
from y whenever % < % |xg — y|. Thus

NWNS={x |5 >7lx0—yl}.

_2

There are only finitely many » € N with n < so every neighborhood of y can

[xo—yl”
only contain a finite number of points of S. So by Theorem 9.11, y cannot be a limit
point of S.
Now no point of E is a limit point of S. O

Note that for any £ C R¥, the following three statements are equivalent:

Statement 1. E is closed and bounded.
Statement 2. E is compact.
Statement 3. Every infinite subset of £ has a limit point in E.

It turns out that the second two statements are equivalent in any metric space (not just
—— in R¥), but the proof of Statement 3 = Statement 2 is very complex and unnecessary
for our purposes.

It is interesting that we first discovered some properties that all compact sets have
(being closed and bounded, and containing the limit point of every infinite subset), and
then proved that those properties imply compactness in R¥. Not all properties of compact
sets imply such a converse statement, however. For example, the collection of nested sets
{4, = (—%, %)} has a non-empty infinite intersection (since (),_; 4, = {0}), but each
A, is not compact.

The following theorem is an example of why studying compact sets is helpful. Even
though compactness is nowhere to be seen in the statement of the theorem, we use
previous compactness theorems to prove a general (and quite useful) result.

Theorem 12.8. (The Weierstrass Theorem)
If an infinite subset E of R¥ is bounded, then E has a limit point in R¥.
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Proof. Piece of cake. Fill in the blanks in Box 12.1.

BOX 12.1

J% PROVING THE WEIERSTRASS THEOREM

By Theorem , E C I for some k-cell 1. By Theorem 12.4, [ is ,
so by Theorem 11.13, £ has a limit point in . Well, [ is a subset of R%, so
E hasa in R¥

O

This concludes our fun-filled, rollicking misadventures in the world of compact sets.
(Don’t worry, though—they’ll come back to visit us in Chapter 14!)

In the next chapter, we’ll study perfect sets in more detail and learn about connected
sets.



CHAPTER 13

Perfect and Connected Sefts

While exploring closed, open, and compact sets in detail, we have so far ignored perfect

sets. Poor perfect sets, all alone in the corner. Well, this chapter is their chance to shine!
We’ll then close our study of topology by introducing the idea of connected sets,

which, like compact sets, will play a big role in the theory of continuous functions.

Remember we saw in Example 9.25 that any closed interval [a, b] is perfect—since
not only does it contain all of its limit points, but in fact every one of its elements is a
limit point.

We learned in Example 8.10 that the open interval (0, 1) is uncountable, and using
that same Cantor diagonal process, we could have found that any interval [a, b] is
uncountable.

It turns out that not only are intervals uncountable, but in fact every real perfect set
is uncountable.

Theorem 13.1. (Real Perfect Sets Are Uncountable)
If a nonempty subset P of R* is perfect, then P is uncountable.

The statement “P is uncountable” really means “|P| is uncountable” (i.e., P has an
uncountable number of elements), in the same way we usually write “P is infinite” to
mean “| P| is infinite.”

Notice that instead of using the Cantor diagonal process, we could have first proved
this theorem to show that any interval [a, b] is uncountable (and therefore so is R, since
[a, b] C R).

\\ Proof. This proof will actually make use of—surprise!—compact sets. Because P is
nonempty, it contains at least one point x. And because P is perfect, x is a limit point,
so every neighborhood contains an infinite number of points of P, so P must be infinite.
This theorem asserts that P is uncountable; so if we assume P is countable, we can
number its points P = {x, X, X3, ...}, and we should get a contradiction.

We will make use of Corollary 11.12, so we want a sequence of nested compact
sets. We also want to take advantage of the fact that we have numbered P’s points,
and all of its points are limit points, so let’s work with neighborhoods of points in P.
Neighborhoods are already bounded, so in order for them to be compact, we want them
also to be closed. Thus, instead of making neighborhoods, we’ll take neighborhoods
whose closures are nested.
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Figure 13.1. Our choice of 7, guarantees that 7, C V; and that x; ¢ V5.

Choose a point x; € P and any radius ; > 0, and let V', = N, (x;). Note that
Vi={y eR [xi —yl <ri}.

Since x; is a limit point of P, V; must contain at least one other point x, € P with
X, # X;. Now, as seen in Figure 13.1, choose r, > 0 with

ry < min{|x1 e ¢ —Xz|},

and let V; = N,,(x2). Then we have V, C V;, and because the distance between X
and x, is greater than 7, also x| ¢ V5. Since x; is also a limit point of P, ¥, N P must
contain at least one other point x3 € P with X3 # X;, and since x3 € V3, also X3 # X.
We proceed as before to choose a new radius r3, and continue for an infinite number of
steps.

To make this construction more formal, let’s start with our definition of V;. We
now need a rule that says how to get to V4, from V,. Well, having defined V, as
the neighborhood of a point x,, € P, we construct V| as follows. Since x,, is a limit
point of P, V,, N P must contain at least one other point x,,.| € P with X,,4| # X,,. Now
choose 7,41 > 0 with

Fp4l < min{lxn _xn+l|a rpn — |Xn _Xn+l|}»

and let V41 = N,,,,(X,41). Then we have V,.| C V,, and since the distance between
X, and X, is greater than r,, .1, also x,, & V4.

Cool! Now let K, = V, N P. By the Heine-Borel theorem, V), is compact because it
is closed and bounded. And since P is closed, Corollary 11.9 implies that K, is compact.
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Figure 13.2. A computer-generated image of the first five steps in this process. The first row (just
a black line) corresponds to £y, and the black region of each subsequent nth row
corresponds to E,,_;.

For every n € N, we have
Vn+1 C Vn = Vn+1 C?n
= (VuuNP)C (V,NP)
- Kn-H C K.

Each 7, is a neighborhood of a limit point of P, so each V), contains at least one point
of P, so each K, has at least one element. We thus have a sequence of nested, nonempty
compact sets {K,}, so Corollary 11.12 implies (-, K, # @.

Wait a minute! Remember that for any n € N, x,, ¢ V, 1, s0 X, ¢ K, 41, S0 X,, ¢
Ni=, K;. This is where countability becomes an issue. For any given n, x, ¢ (-, K,
so no element of P is in the intersection, giving us a contradiction. Thus P must be
uncountable. O]

At this point, you’ve probably thought to yourself that closed intervals are the simplest
example of perfect sets in R. You might have assumed, therefore, that every perfect set
in R is a superset of some interval. But you would be wrong! The infamous Cantor set
is a great counterexample. It is real and perfect (just like you, you special snowflake),
but not only is it not a superset of any closed interval—in fact, it doesn’t even contain a
single open interval.

To construct the Cantor set, start with the set £y = [0, 1]. Then remove its middle
third to make F{ = Ej \ (%, %), so £, =0, %] U [%, 1]. To get E,, remove the middle
third of each of the intervals in £y, so £, = [0, %] U [%, %] U [g, %] @) [%, 1]. Continue
this process for an infinite number of steps (see Box 13.1). (The first five steps are shown
in Figure 13.2.)

BOX 13.1

STEP 3 OF CONSTRUCTING THE CANTOR SET

For example, the set E3 is the set E, without the open intervals ,
s , and .

Thus E3 = U U U U
U U @]

Notice that at every step of the process, we are splitting each closed interval of
E, into two closed intervals (by removing its middle third), so the number of closed
intervals in E,, is twice the number of closed intervals in E,_;, which is 2(2"~") = 2".
Also, the size of each closed interval of E, is one third the size of each closed interval
of E,_, meaning each closed interval of £, has length (%)n

The Cantor set is given by the infinite intersection of all the sets E,. We will
formalize this construction in a definition.
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First note that when anything—such as a set—is defined recursively (in terms of the
previous set), the construction must work something like a proof by induction. We must
have a “base case” that specifies what the first set looks like, and then an “inductive
step,” which says “given that set n looks like this, here is what set #n 4 1 looks like.” For
the construction to be valid, set # + 1 must end up satisfying the same assumptions that
set n did, so that set # 4+ 2 can be constructed in the same way, and so on.

Definition 13.2. (The Cantor Set)
Let Ey = [0, 1]. Then given

E, =[ag, bo]Ular, b1]U ... Ulay-1, by1],

let

En+1=En\{(a0+ 3 » 40 3

by —a 2(by — a
<a1+ 0= (03 0)>U

by —a 2(by — a
(az"—1 + 0 3 0,612"—1 + (030)>}

by —agp @+ 2(bo—ao)> U

The Cantor set is the set

We didn’t formally prove that E,,; is the union of 2"+1 intervals, and thus that the
onstruction is valid. If we wanted to prove it explicitly, it would require a few lines of
induction.

Theorem 13.3. (The Cantor Set Is Nonempty)
The Cantor set P contains at least one element.

Proof. Notice that each E, is a finite union of intervals (which are closed sets), so
by Theorem 10.4 each E, is also closed. Of course each E, is bounded, so by the
Heine-Borel theorem, each E, is compact. They are nested, because each £, is built
from E, without some of E,’s elements. Then by Corollary 11.12, ﬂ:ozl E, # @, so the
Cantor set P contains at least one element. O]

Also notice that P itself is closed (since it is an infinite intersection of closed sets), and
obviously P is bounded, so P is compact.
As promised, we’ll see that P contains no open interval, but is indeed perfect.

Theorem 13.4. (The Cantor Set Contains No Open Interval)
For any a, b € R with a < b, the open interval (a, b) is not a subset of the Cantor
set P.
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Proof. The closed interval [a, b] has length » — a. Remember that forany n € N, E,, is
the union of closed intervals, each of length 37", Because P = ﬂff:] E,, P is a subset
of every E,. So given any n € N, P contains no closed interval—and thus no open
interval—of length greater than 37",

By the Archimedean property of R, we can choose an # € N such that

log(b — a)
~ log3)

Then log(b — a) > —nlog(3),so b —a > 37". Thus P cannot contain (a, b). O

Isn’t this sort of cheap? I mean, we constructed the Cantor set by building unions of
closed intervals, and now we used the fact that these closed intervals get smaller and
smaller to show that the Cantor set cannot contain any open interval (or closed interval).
How can there be no open intervals (or closed intervals) if the Cantor set is supposedly
a union of closed intervals?

Note the key problem with this thinking: the Cantor set itself is not a union of closed
intervals; it is an infinite intersection of unions of closed intervals. As we’ve seen before,
infinite intersections of closed intervals could contain as little as a single point, as with

M [=5 5] = 10,

Theorem 13.5. (The Cantor Set Is Perfect)
The Cantor Set P is perfect in the metric space R.

Proof. We already know P is closed in R, so we just need to show that every point of
P is a limit point of P. Take any x € P, and for any » > 0, let

S=Nx)=x—-r,x+r).

We want to show that some other point of P is in the open interval S.

Well, x € ﬂ:O:I E,, soforeveryn € N, x € E,. We know E,, is a union of intervals,
so x must be in some interval [, C E,,.

The length of the open interval S is 2r, and by Definition 13.2, the length of the
interval 7, is 37". By the Archimedean property of R, we can choose an n € N such that

log(2r)
~ log(3)

Thus 37" < 2r, so I, C S. Take an endpoint x, of [, such that x, # x (meaning,
if I, = [a, x] take x, = a; if I, = [x, b] take x, = b; if I, = [a, b] take x, = a or
X, = b). Then x,, € I, so x, € S, so we have shown that some non-x point is in every
neighborhood of x.

Thus x is a limit point of P, and since x was arbitrary, P is perfect. O

Note that by Theorem 13.1, this theorem also implies that the Cantor set is uncountable.

We now shift our attention to connected sets, which can be a little tricky. To better
understand them, we’ll present two different definitions and then prove they are
equivalent. (In other words, we’ll connect them!) Then, we’ll prove a theorem that gives
a more intuitive characterization of connected sets on the real line.

We’ll start by defining separated sets, which are the basis for connectedness.
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Definition 13.6. (Separated Sets)
Two subsets A and B of a metric space X are separated if A does not intersect the
closure of B and B does not intersect the closure of A.

In symbols, A, B C X are separated if:

ANB=@and AN B = 0.

Example 13.7. (Separated Sets)
Remember that the point ¢ € R is a limit point of the half-open interval (a, b]. Thus
the sets 4 = [—3, 0) and B = (0, 3] are separated, since 4 = [—3, 0] does not intersect
B = (0, 3], and B = [0, 3] does not intersect 4 = [—3, 0).

As a further example, for any n € N, every pair of closed intervals in the set E,
(from our construction of the Cantor set) are separated.

Remember from Definition 3.10 that two sets are disjoint if they do not intersect. For
example, 4 = [—3, 0] and B = (0, 3] are disjoint. However, 4 and B are not separated,
since 4N B =[-3,0]N[0,3] = {0} # @. It is helpful to think of separatedness as a
stronger version of disjointedness.

This list should make the distinction more explicit:

[a, b) and (b, c] disjoint, separated
[a,b)and [b, c] disjoint, not separated
[a,b] and (b, c] disjoint, not separated
[a,b] and [b, c] not disjoint, not separated

Of course, the same properties hold if we replace [a with (a and/or if we replace c]
with ¢).

Theorem 13.8. (Separated Subsets)
For any two subsets A and B of a metric space X, let Ay C A and let By C B. If A and
B are separated, then A\ and B) are also separated.

Proof. Weknow AN B = AN B =@, and we want to show 4; N By = 4, N B, = 0.

Notice that 4| C A4 (and similarly B; C B). This is actually a general property of
closures. Why does it work? Take a; € A;.Ifa; € Ay, thena; € A (since 4; C A), so
a; € A (since A C A).Ifa; ¢ A, then a; is a limit point of 4, so every neighborhood
of a; intersects at least one other point of A4;. But every point of 4, is a point of 4, so
every neighborhood of a; intersects at least one other point of 4. Thus a; is a limit point
of 4,s0a, € 4.

Now we have

(4,NBy) C(ANBy) C (ANB) =9,
and similarly

(4inBy)Cc(4,nB)C(ANB)=4.

Definition 13.9. (Connected Set)
A subset E of a metric space X is disconnected if it is the union of two nonempty
separated sets.
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In symbols, E C X is disconnected if 34, B C X such that:

1. A#Wand B # .
2. E=AUB.
3. ANB=Wand ANB = .

A subset E of a metric space X is connected if it is not disconnected.

Example 13.10. (Connected Sets)
Since the definition of disconnectedness states that the separated sets 4 and B must be
nonempty, this implies that the empty set ¥ is connected.

The set £ = [—3, 0) U (0, 3] is disconnected, since we saw in Example 13.7 that
[—3,0) and (0, 3] are separated.

On the other hand, even though [—3, 0] and (0, 3] are not separated, we cannot say
for sure that £ = [—3, 0] U (0, 3] = [-3, 3] is connected—Dbecause how do we know
there are not two other sets 4 and B with 4 U B = [—3, 3] that are separated? (It turns
out that all open and closed intervals are in fact connected, but this requires an actual
proof, which we will do later.)

As a further example, the Cantor set P is disconnected. Why? Let 4 be the points
of P that are < %, so A = PN(—oo, %]; and let B be the points of P that are > 1, so
B=PnN (%, 00). Then P = AU B, and both 4 and B are nonempty. Since P C E|,
we have 4 C [0, %] and B C [%, 1]. Since [0, %] and [%, 1] are separated, so are 4 and
B by Theorem 13.8. Thus P is the union of two nonempty separated sets.

There is an alternate definition for disconnectedness, which you might find to be easier
to work with in some cases. In this theorem, we will prove that the two definitions are
equivalent.

Theorem 13.11. (dlternate Definition of Disconnectedness)
A subset E of a metric space X is disconnected if and only if U, V C X such that

1. U andV are open.

2 ECUUV.

33 ENU#@and ENV £ 0.
4. ENUNV =40.

= Proof. We’ll start with the first direction of the equivalence, in which we assume E

'/ is disconnected according to Definition 13.9, and prove it satisfies the conditions in
this theorem. We thus assume that there are nonempty sets 4 and B with £ = 4 U B,
ANB=@,and ANB =¢.

Let U = A€ (the complement of 4 in X), and let ¥ = B € (the complement of B
in X).

1. Since 4 and B are closed (relative to X) by Theorem 10.7, U and V are open
(relative to X) by Theorem 10.1. B B

2. Since ANB =W, wehave A C B€;since AN B =@, wehave B C AC.
Thus

E=(4UB)C (A°UB )=UUV.
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3. Since B C E and B # (J, we have
ENU=(ENA°)D>(ENB)=B#9,
and since 4 C E and 4 # ¢, we have
ENV=(ENB)D(ENA) =4+#9.
4. We can calculate
ENUNV=EN(4°NBC)
=EN(4U F)C (by De Morgan’s law)

CENE® (since EC AUB,s0 E€ D (ZUE)C)
={.

To prove the other direction of the equivalence, we assume E is disconnected according
to the conditions of this theorem and prove it satisfies Definition 13.9. We thus assume
that there are open sets U and V with E CUUV, ENU # @, and ENV # @, but
EnUNV =40.

Let A = ENU and let B = E N V. Proving the properties of connectedness is just
a matter of using logic and set theory. It’s always helpful to practice this stuff, so try
filling in the blanks in Box 13.2.

BOX 13.2

PROVING THE OTHER DIRECTION OF THEOREM 13.11

. A=ENU # and B = # 0.
2. AUB=(END)UENV)=EN = E, since
EcCcUUY/.

3.ANB=(ENU)NENY)C (ENU)N
=ENVNU=0@,and
ANB = NENV)C(ENU)N
=ENVnNuU=

Theorem 13.12. (Connected Sets on the Real Line)
A subset E of R is connected if and only if given any two points x,y € E and given
ze€Rsuchthatx <z <y, thenz € E.

Y Proof. We need to show both directions of the theorem:

connected = includes all middle points,

includes all middle points = connected.
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It will be easier to prove the contrapositives of each direction; namely,

excludes at least one middle point —> disconnected,

disconnected = excludes at least one middle point.

For this proof, it happens to be easier to use Definition 13.9 rather than Theorem 13.11.

We first assume there exist x, y € Eandz € Rwithx <z < y,butz ¢ E.Let 4 be
the set of all numbers in E that are less than z, so 4 = E N (—00, z); and let B be the
set of all numbers in £ which are greater than z, so B = £ N (z, 00). Then £ = A U B,
and both 4 and B are nonempty (since x € 4 and y € B). Notice that 4 C (—o0, z)
and B C (z, 00), and since (—o00, z) and (z, co) are separated, by Theorem 13.8 so are
A and B. Thus FE is the union of two nonempty separated sets.

Now we assume £ is disconnected, so there exist nonempty separated sets 4 and
B such that £ = 4 U B. There must be at least one element x € A4, and at least one
element y € B. We know x # y (otherwise 4 N B # J), so we can assume without
loss of generality that x < y. (If x > y, the same proof works—we just switch A
and B.) Let

z=supla € 4 |x <a <y} =sup(4N[x,y]).

We want to prove that this z is not an element of £. Basically, we will take advantage
of the separatedness of 4 and B to show that there is “stuff” in between those two sets
(so that stuff is outside E). It shouldn’t be too hard to prove that z ¢ B. Then, if z ¢ 4,
we’re good—otherwise, we just take an element z; that is close enough to z to not be in
Aor B.

To make this argument formal, we note that 4 N [x, y] is bounded above (by y),
so by Theorem 10.10, z € AN[x, y]= AN[x, y]. Then z € 4, so z cannot be an
element of B (otherwise A N B # ). We know x < z < y, and z # y (since z ¢ B),
sox <z<y.

We now have two possible cases.

Case l. Ifz ¢ A,thenz # x,sowe havex <z < y. Also,z ¢ B,soz ¢ E,
which is exactly what we wanted to prove.

Case 2. If z € A, then z ¢ B (otherwise 4 N B # (). Because z is not a limit
point of B, there must be some neighborhood of z that does not
intersect B, meaning there exists an » > 0 such that
(z—r,z+r)NB =0.Pickz; € (z,z+r),sothatz < z; < y (note
that z; # y since z; ¢ B), and we have x < z; < y. Also, z; is strictly
greater than any element of 4 N [x, y] (since z; > z =sup 4 N [x, y]),
so it cannot be in 4 N [x, y]. Of course z; € [x, y], meaning z; cannot
be an element of 4. Thusz; ¢ Aandz; ¢ B,soz; ¢ E.

O

Corollary 13.13. (Open and Closed Intervals Are Connected)
Every open interval (a, b) and every closed interval [a, b] is connected.

Proof. Open and closed intervals are subsets of R. By definition, they include all real
numbers between a and b. So given x and y in (a, b) or [a, b],any z € Rwithx <z < y
is included in the interval. Thus by Theorem 13.12, they are connected. O
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This chapter concludes our study of topology. You’ve survived a barrage of new
definitions, and hopefully along the way you’ve learned some techniques for dealing
with them. In the future, whenever you encounter a problem that uses a new definition,
you should first try to fully internalize the definition before applying it to the problem.
Write out what it means in both words and symbols, play with some basic examples,
understand how it works in R or R¥, and draw pictures.

You’ll notice that we had a good mix of material in generic metric spaces X and in
R or R specifically. Although real analysis is primarily concerned with real numbers,
the topology we learned for generic metric spaces will prove just as useful.

Coming up next: sequences! So exciting!



SEQUENCES






CHAPTER 14

Convergence

We’ll begin our study of sequences and series by exploring the notion of convergence,
which basically asks, “as a sequence continues to infinity, does it get arbitrarily close to
some point?”’

Though we introduced sequences in Chapter 2, we should first give a more formal
definition, which is based on what we learned about functions in Definition 8.3.

Definition 14.1. (Sequence)
A sequence in a metric space X is a function

f N> X, fines,

where p, € X,Vn € N. We denote the sequence as {p,} or as p1, pa, ...
The set of all possible values of the sequence is called the range of {p,}. The
sequence is bounded if its range is bounded in X (according to Definition 9.3).

Example 14.2. (Sequences)
By this definition, every countable set can be made into a sequence. In particular, Q can
be arranged into a sequence, but R cannot.
Remember that all sequences go on for an infinite number of steps, but the range
of a sequence might be finite if the sequence repeats. For example, the set {1} is not a
sequence in and of itself, but we can make it into a sequence by writing 1, 1, 1, ...
Let’s look at the following sequences in the metric space R:

1. Ifs, = % for every n € N, then the range of {s,} is the set {1, %, %, ...}. This
range is infinite and bounded (since the distance between any two elements is
< 1). Thus we say that {s,} is bounded.

2. Ifs, = n? for every n € N, then the range of {s,} is the set {1, 4, 9, ...}. This
range is infinite and unbounded (since the numbers get larger and larger).
Thus we say that {s,} is unbounded.

3. Ifs, =1+ % for every n € N, then the range of {s,} is the set
{0, %, %, 2, .U {%, %, %, ...}. This range is infinite and bounded (since
the distance between any two elements is < %). Thus we say that {s,} is
bounded.
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4. If' s, = 1 for every n € N, then the range of {s,} is the set {1}. This range is
finite and bounded (because the distance between any two elements is < 0).
Thus we say that {s,} is bounded.

5. For this example, we’ll use the metric space C instead of R. If s, = i” for
every n € N (where i> = —1 as in Chapter 6), then the range of {s,} is the set
{i, —1, —i, 1}. This range is finite and bounded (since the distance between
any two elements is < 2). Thus we say that {s,} is bounded.

Definition 14.3. (Convergence)
For any sequence {p,} in a metric space X, {p,} converges to the point p € X if for
every € > 0, d(p,, p) < € for every n greater than or equal to some natural number N.
We say p is the limit of {p,}.

In symbols, we write lim,_, o, p, = p (or p, — p for short) if:

Ve > 0, AN € Nsuch thatn > N = d(p,, p) < €.
A sequence {p,} diverges if it does not converge to any p € X.

Distinction. A limit is not a limit point. The former relates to sequences, while the latter
relates to topology. These ideas are connected, though, as we will see later on in this
chapter.

What’s all this business with with the Ye and AN? For {p,} to converge to p, we need
to be sure that the following is true: given any arbitrarily small distance €, there is some
step N past which every element of the sequence is closer than the distance of € to its
limit p. (Sometimes you’ll see N, to emphasize that this step number N depends on the
distance €.)

For example, if the sequence {p,} in R converges to the number 1, there is some
number N such that py, pyi1, pPysa, ... are all between 0.9 and 1.1. Similarly, there
is another number N such that py, py+1, py+2, - .. are all between 0.95 and 1.05, and
so on. Because this is true for every possible distance €, we are sure the sequence gets
infinitely close to the point 1 (even though it may not ever actually “touch” it).

The N, Challenge. Another way to think of this is as follows: to prove that a sequence
converges to p, you need to pass the N, challenge. Your friend comes to you and says “e
is 0.1.” You must respond by finding a natural number N such that py, py+1, py+2, - -
are all a distance of less than 0.1 away from p. Then your friend says, “Fine, that one
was easy. Now let € = 0.00456, ha!” You need to keep your cool and find another natural
number N such that py, py+1, Pn+2, - - . are all a distance of less than 0.00456 away
from p. Your friend keeps challenging you with different values of € > 0, over and over
again, and you keep parrying by finding an N that works.

Eventually your friend, ever the wily trickster, writes a computer program to keep
on dishing out random values of €: 3, 0.241, 100, ﬁ, and so on. There are an infinite
number of them, and your manual N-finding cannot keep up with the computer. Instead,
you must fight fire with fire.

You decide to write your own program, which will take any € > 0, and automatically
find a number N such that py, py+1, pPy+2, - .. are all a distance of less than € away
from p. To do this, you must provide instructions for how to find an N that works with
any possible €. You tell it how to find N,: a natural number that is a function of the
inputted €. For example, N = [5 + 6%'| might work for some sequence.
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If this is possible—meaning, if it is possible to have a rule for finding an N for any
given € > O0—then you have passed the N, challenge. Your friend, humbled by defeat,
promises to never bother you again (and to not forget your birthday again next year).
You smile euphorically, because nothing makes you smile like proving that a sequence
converges.

/7~ Example 14.4. (Convergence)
. 7 Let’s look at the sequences from the previous example, again in the metric space R:

1. Ifs, = % for every n € N, then {s,} converges to 0.
To prove this, we need to explicitly find an N for each € > 0 such that
d(s,, 0) < € for every n > N. Notice that d(s,, 0) = |s, — 0| = H , SO as
long as ne > 1, we’re good. We want n > é, so for example, let

N = El + 1. The ceiling function is there to guarantee that N is a natural

number, and the +1 is there to guarantee that ne > 1, rather than ne > 1.
The whole N = |'£'| + 1 business looks a lot more complicated than it

11

1 5 g’ e

.. are all

really is. What we are saying is that if € = %, take N = 3, since %,

take N = 102, since L

loie, L L
are all less than 5; if € = T02° 103° 104" -

less than ﬁ, and so on.
Note that we could also choose N = ET +2,0or N = [é} + 3, and so on. As
long as N is a natural number that is greater than é, it will work.

We can state this proof formally as follows. For every € > 0, choose

N = {é] + 1. Then for every n > N, we have

1L
100.5°

d(s,, 0) = "i

=

1
N

2. Ifs, = n? for every n € N, then {s,} diverges.
To prove this, we need to falsely assume that s, — p for some real number
p and then find a contradiction. If 5, — p, then for every € > 0, there is a
natural N such thatn > N = d(s,, p) < €. But then for everyn > N,
|n2‘ —Ipl < |n2 - p| < €, 80 |n2| < |p| + €. This means that the absolute
value of p (plus €) would have to be greater than the square of every natural
number, which is impossible (unless p were infinite, but infinity is not a valid
limit). The contradiction shows that there is no p € R with s, — p.
3. Ifs, =1+ % for every n € N, then {s,} converges to 1 (see Figures 14.1
and 14.2).
To prove this, we need to explicitly find an N for each € > 0 such that
d(s,, 1) < e foreveryn > N. Well,

1

n

=b"

n

d(sn, 1) = lsy — 1 = ‘

Then we choose N = (é} + 1 (asinthes, = % example), and we’re good.
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Figure 14.1. The first few elements of the sequence s, = 1 + #
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Figure 14.2. The first few elements of the sequence s, = 1 + %, this time plotted against .

Note that even though this sequence jumps to the left and right of its limit,
as you can see in Figures 14.1 and 14.2, the sequence still converges—since
the points to the left and right of 1 both approach 1.

4. Ifs, = 1 for every n € N, then {s,} converges to 1.
To prove this, we need to explicitly find an N for each € > 0 such that
d(s,, 0) < € foreveryn > N. Well, d(s,, 1) = |1 — 1| = 0 < € for every
€ > 0,s0 N = 1 works (or any N € N, for that matter).
5. Going back to C for this example, if s, = i" for every n € N, then {s,}
diverges.

This sequence does not converge because, as you can see in Figure 14.3,
each of its elements is further than € = 1 from each of its other elements.

To prove this formally: if {s,} had a limit p, then for every € > 0, there
would exist an N € N with d(s,, p) < € for every n > N. Since it is true for
every € > 0, then given such an € > 0 it is also true for £, so we can get

€ €
d(Sn, Sn+1) < d(sp, p) +d(p, Sus1) < 3 + ;=€

(This trick with 5 is used pretty often.)
However, because this sequence repeats, we know that for every N € N,
there is some n > N withs, = i. Then fore =1

d(sy, Spr1) =d(i, 1) > 1=¢,

which is a contradiction. Thus s, cannot have such a limit p.
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Figure 14.3. All four elements of the sequence s, = i". There are no other elements of s, within
a distance of € = 1 from i.

Note that in the metric space X = R, we know the sequence s, = % converges to 0. But
if we consider instead s, as a subset of the metric space X = R \ {0}, then s,, does not
converge to any point of X. Therefore, it is more precise to always write “s,, converges in
X instead of only “s,, converges” (but usually we are lazy and just write “s,, converges”
anyway).

The range of a sequence {p,} is a set—in fact, it is a subset of { p,,}’s metric space X.
In Chapter 9, we learned about the limit points of subsets of a metric space. In this
chapter, we learned about the limit of a sequence. This leads us to ask the following
natural question: what is the difference between the limit of a sequence {p, }, and a limit
point of the range of {p,}? (Recall from Definition 9.9 that a limit point of a set is a
point whose every neighborhood contains at least one other point of the set.) It turns out
that the two are similar but not equivalent, as the following examples will demonstrate.

First, p, — p does not imply p is a limit point of the range of { p,}. To see this, let
pn = 1 forevery n € N, so {p,} is the sequence 1, 1, 1, ..., whose range is the set {1}.
This sequence converges, as we saw in the previous example. But p = 1 is not a limit
point of the set {1}, since every neighborhood around p only contains one point from
the set {1}, which is itself.

Also, p is a limit point of {p,} does not imply p, — p To see this, let p, =

(=" + (G 1) foreveryn € N so {p,} is the sequence —2, ;, 3 Z, g, g, ..., whose
range is the set {—2, —3, 5, ... }uU {g, i, g, ...}. As we can see in Figures 14.4 and

14.5, this sequence does not converge. (Why? For any n € N, |p, — puy1| > 2, so we
can never have an N with |p — p,| < € for every n > N.) But p = 1 is a limit point of
the range of {p,}, since for every r > 0, we use the Archimedean property to find an
n e Nwithnr > 1. Then 1 —r < l+% < 14, and so the point 1 + % € N,(1). (We
need 7 to be even here, so if our Archimedean n with n7 > 1 is odd, just choose n + 1.)
Similarly, p = —1 (with n odd) is also a limit point of the range of {p,}.

This demonstrates that the limit of a sequence is different from a limit point of its
range. They still look similar—and as the next theorem shows, there is an alternate
definition for the limit of a sequence (which more closely resembles the property of
limit points that we saw in Theorem 9.11).
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Figure 14.4. The first few elements of the sequence p, = (—1)" + #

Sn

Figure 14.5. The first few elements of the sequence p, = (—1)" + #, this time plotted
against 7.

Theorem 14.5. (Alternate Definition of Convergence)

For any sequence {p,} in a metric space X, {p,} converges to p € X if and only if
for every neighborhood of p, there are only finitely many elements of {p,} outside that
neighborhood.

Proof. Assume p, — p. Then for every € > 0, there is some N € N such that
d(pn, p) < € whenever n > N. In other words, every p, for n > N is a distance of
less than € away from p, so p, € Nc(p) for every n > N. Then p, ¢ N.(p) implies
n < N. Since N is a fixed finite number, there are only finitely many natural numbers
less than N, so there are only finitely many elements of {p,} not in N¢(p). Since this is
true for every € > 0, it is true for every neighborhood of p.

Conversely, assume every neighborhood of p contains all of {p,} except for a finite
number of its elements. So given € > 0, there is a finite set {p;} of elements of {p,}
which are not in N.(p). Because {p;} is finite, we can take its greatest index N. Then
for every n > N + 1, p, € Nc(p), so d(p,, p) < €. Since this is true for every € > 0,
we have p, — p. O

The next theorem proves that if a sequence converges, then its limit is unique.
Theorem 14.6. (Limits Are Unique)

For any sequence {p,} in a metric space X, if p, converges to both p € X and p’ € X,
then p’ = p.
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' Proof. Here we’ll use an argument that you’ll see over and over again in real analysis.
N\ The basic idea is that if p, gets arbitrarily close to both p and p’, there is some step
past which p, is arbitrarily close to both of them. In that case, p and p’ must also be
arbitrarily close to each other.

For any € > 0, we can apply the definition of convergence to 5 to obtain two natural
numbers N and N’ such that

n=N = d(p,.p) <

n>N = d(p.p)<5.

Note that N is not necessarily the same as N’, so we cannot guarantee, for example, that
n>N' = d(p,, p) < 5. We can, however, just take the maximum of the two. So for
n > max{N, N'}, wehaven > N andn > N’, so

€ €
d(p,p) <d(p, pn) +d(pa. p') < ;T =e

(Notice that we chose § as the arbitrarily small distance for both limits, so that
in this step we end up with exactly €. If, for example, we were showing that three
limits are unique, we would have wanted to use § for each, so we could end up with
€ € €
3 + 3 + 3 = 6.)

Because this is true for every € > 0, it follows that d(p, p’) = 0. (See Example 2.2
for the proof of this statement for real numbers; the same argument works for any metric

space X.) Then by Definition 9.1, p’ = p. O

You might have noticed in Example 14.4 that every convergent sequence we looked
at was bounded. This turns out to be a general fact, which we will prove in the next
theorem.

The contrapositive should be particularly intuitive. If a sequence (such as s, = n?)
has an unbounded range, then surely it does not converge.

Note that the converse, however, is not true. As we saw before, the sequence s, = i"
is bounded but not convergent.

Theorem 14.7. (Convergent —> Bounded)
For any sequence {p,} in a metric space X, if {p,} converges, then it is bounded.

N\ Proof. To satisfy Definition 9.3, we need to find some point ¢ € X and some number
’/ M € R such that d(p,,q) < M for every n € N. Because {p,} converges, it gets
arbitrarily close to its limit p € X. Then the distance between p and any p, is small, so
it is natural to try using ¢ = p in our proof.
Letting € = 1, there is some N € N such that d(p,, p) < 1 foreveryn > N. All the
elements of {p,} for n < N are some distance away from p, and because there are only
finitely many of them, we can take the maximum distance. Let

r =max {d(p1, p).d(p2, p). ..., d(py-1. p). 1}.

Then forany n € N, d(p,, p) <r, so {p,} is bounded. O



136

Chapter 14

The following theorem concretely relates limit points of sets to limits of sequences. We
can then apply everything we learned about limit points in the previous few chapters to
get some interesting corollaries.

Theorem 14.8. (Converging to Limit Points)
If E C X and if p is a limit point of E, then there is a sequence {p,} in E that converges

to p.

Note that the limit point p may or may not be in E. If p ¢ E, we would say {p,}
converges in X, but not in £ (since its limit p is in X but not in £).

Proof. Every neighborhood of p contains at least one element of E. So for everyn € N,
there is some point p, of £ with p, € N1(p), meaning d(p,, p) < % We define the
sequence {p,} in this manner. '

Foranye > 0,let N = [51 + 1. Then for every n > N, we have

1 1
d ns < - S X7
(pnp) < =
1 1
== <|7|=lel=¢€
[c1+1 P
Because this is true for every € > 0, we have p, — p. O

This looks familiar, doesn’t it? We used the same N in Example 14.4 to prove that
Sy = % converges to 0. What’s going on? In this proof, we assembled a sequence {p,} of
points in E, for which the nth element’s distance from p is smaller than the nth element
of the sequence s, = % Ass, = % converges to 0, the distances between p, and p also

converge to 0.

Corollary 14.9. (Sequences in Infinite Subsets of Compact Sets)
Every infinite subset E of a compact set K contains a sequence that converges to a point
of K.

Again, note that the limit point p may not be in E. In that case we would say {p,}
converges in K, but not in E.

Proof. By Theorem 11.13, since K is compact, any infinite subset £ of K has some
limit point p € K. Then by Theorem 14.8, E contains a sequence that converges to that
peKk. O

Corollary 14.10. (Sequences in Infinite Bounded Real Sets)
Every bounded infinite subset E of R* contains a sequence that converges to a point
of R,
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Proof. By the Weierstrass theorem (Theorem 12.8), since E is bounded and infinite in
R¥, it has a limit point p € R¥. Then by Theorem 14.8, E contains a sequence that
converges to that p € R¥. O

As these last corollaries showed, sequences are hiding everywhere! They interact nicely
with the topology we studied, and sequences of sums (called series) will be involved in
the computation of integrals.

Although convergence might seem like a narrow topic at first, it turns out to be a rich
and widely applicable idea. In the next chapter, we’ll explore sequences in more detail.
(In fact, that’s what we’ll be doing for the next four chapters. Yay, so fun!)
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Limifs and Subseguences

In this chapter, we will first examine how limits of sequences interact with algebraic
operations, such as addition. Then, we will study subsequences, which are pretty much
what they sound like: the analog of subsets, but for sequences.

It turns out that when we add two convergent sequences together, the new sequence
still converges, and its limit is simply the sum of the two original limits. The same is
true for scalar multiplication, multiplication, and division.

Of course, we cannot apply these operations (addition, etc.) in an arbitrary metric
space X, since X may not support them (remember, the only operation a metric space
must have is a distance function d). So we will restrict these properties to R or C.

Actually, for the sake of simplicity, we’ll start by only proving them for R. (It will
be easy to generalize later.)

Theorem 15.1. (Aigebraic Operations on Limits in R)
For any sequences {s,} and {t,} in R, if lim,_, s, = s and lim,,_, o t,, = t, then

1. lim,_oo(s, +1,) =5+t

2. lim,_ o s, = cs and lim,_,o(c +5,) = c+s, forany c € R.
3. lim,_ o Sut, = st.

4. lim,_, Si =1 aslongass #0ands, # 0 foranyn € N.

s

2\ Proof. For each sequence, we want to prove that it converges to the correct limit.

1. We’ll use the same trick as in the proof of Theorem 14.6. Given any € > 0,
because {s,} and {#,} converge, there exist N;, N, € N such that

€
n=N = |Sn_S|<§»

€
n>N, — |t,,—t|<§.
Letting N = max{N;, N,}, we have that foralln > N,

[(sp + 1) — (s + )| = (sp —5)+ (t, — 1)
<lsw—sl+lt—t] <<+
Sp— S L —t < =4+ - =€
= 272

Since this is true for every € > 0, we have s, + 1, — s + 1.
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2. If ¢ = 0, we have it easy. ¢s, = 0 for any n > 0, so given an € > 0, we have
les, —es| =10—0] =0 <e.

Otherwise, given any € > 0, because {s,} converges, there exists N € N
such that

€
n>N — |sn—s|<ﬁ.
c

Then for all » > N, we have

€
lesn —cs| = el |sn — s| < |c] (> =€

Ic|
Since this is true for every € > 0, we have c¢s, — cs.
And given any € > 0, because {s,} converges, there exists N € N such that

nz=N = [c+s)—(c+s)=Ilc—c)+(n—5)=lsn —s| <e.

Since this is true for every € > 0, we have ¢ + s, — ¢ + 5. (Alternatively, we
could just apply Property 1 using the constant sequence ¢, = c.)

3. This one is a little trickier. We can make |s, — s| and |¢, — ¢| arbitrarily small,
so using /€, we could get |s, — 5| |t, — t]| < (V/€)(v/€) = €. What we really
need, though, is to show |[s,#, — st| < €.

By simplifying the first product, we derive the identity
sy —s| |ty —t| = |(Sn - s)(tn - t)|
= |s,t, — St, — ts, + st|
= |(Spt, — st) — (st, + ts, — 2st)|

> |spty — st| — |st, +ts, — 251,

so that
|spt, —st| <|s, —s||t, — t| + |st, + ts, — 2st].

This is exactly what we want—but there’s that pesky |st, 4 ts, — 2s¢| term
added on.

Well, by applying the previous two facts, we know that s#, — st and
ts, — ts (since s, t are constant numbers in R), so

st, +ts, —2st — st +ts — 2st = 0.

In other words, for every € > 0 and for n > some N € N, we have
|st, +ts, — 2st| < €.

Here is the formal proof. Given any € > 0, because {s,} and {#,} converge,
there exist Ny, N, € N such that

€
n>N = Isn—SI<\/;
€
n>N, = |tn—t|<\/;.
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Similarly, because st,, + ts, — 2st — st + ts — 2st = 0, there exists N3 € N
such that

€
n>Ny; = |st, +1ts, —2st] < 5
Letting N = max{N;, N>, N3}, we have that for alln > N,

|Suty — st| < |s, — s| |ty — t| + |st, +ts, — 2st|

(V) (5)+5-

Since this is true for every € > 0, we have s,,t, — st.
4. Speaking in nonprecise terms, we can use |s, — s| < €, and we need to show

é—%’ < €. Note that %
number that will be easy to eliminate, so we need a way to get rid of |s,|.
Notice that

= |s, — 5| ‘ﬁ‘ The limit s is just a constant

1 _
Sn

|S|_|Sn| =< |S_Sn| =|Sn_s <€,

so if we choose € = % |s|, then |s,| > % Is].
We end up with

11
— == =lsy — sl
Sn Ky

2
<€e—
Is|*’

SpS

so we want to choose € to actually be % Is|? €.
Here is the formal proof. Because {s,} converges, there exists N € N
such that

1
n>N = s, — sl <§|SI,
so that |s,| > % |s|. Similarly, given any € > 0, there exists NV, € N such that

1
n>N, = |s, — 5| < §|s|2e.

Letting N = max{N;, N,}, we have that foralln > N,

1 1

_‘:lsn_ﬂ
S

SpS

(e (3)-

1
5"

Sn

Since this is true for every € > 0, we have vi —
on
O

To generalize these results to R¥, we must first study the convergence of real vectors.
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Theorem 15.2. (Convergence of Real Vectors)
Let x, = (ay,,,,...,0r) be a vector in RF. Then {x,} converges to X =
(a1, 02, ..., o) if and only if lim,_, o «;, = o for every j between 1 and k.

In other words, saying that a sequence of real vectors converges to x is equivalent
to saying: for every dimension 1 < j <k, the sequence made up by taking the jth
component of each vector in the sequence, converges to the jth component of x. In
symbols, this means:

lim (o, @, ..., ) = (nm oy, lim ..., lim %) .
n—00 n—00 n—00 n—00

This result seems obvious. If k£ sequences each converge, then the vectors made up
of all those k sequences also converge. For example, if x,, = (%, 3) then x,, — (0, 3). If,

however x,, = (%, 3, n?), then x,, does not converge—because even though its first two
components converge, the third component n? does not converge.

Proof. Ifx,, — X, then for every € > 0, there exists N € N such that
n>N — |x, —X| <e.

By Definition 6.10, we see that for any j between 1 and %,

=|X}’I_X| <€,

for any € > 0 and for any » > N. Thus «;, — «; for any j between 1 and k.

To prove the other direction, assume «;, — «, for every j between 1 and £. Fill in
the blanks for the rest of the proof below. The trickiest part will be deciding what to use
for €; one thing you could try is filling in the blanks in Box 15.1 in backward order so
you can figure out what it should be.

BOX 15.1

PROVING THE OTHER DIRECTION OF THEOREM 15.2

For every j between 1 and &, we have that for every € > 0, there exists
such that

n ZNj — ‘Olj,, _CY/'| <
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Letting N = max{Ny, N, ..., Ni}, we have that for any > N,
d 2
X, —X| = Z‘aj”—aj‘
j=1

()

k
=1

J

for any € > 0 and for any » > N. Thus x, —

O

Using this theorem, we can now generalize Theorem 15.1 to prove some algebraic
properties for limits in any Euclidean space.

Theorem 15.3. (4igebraic Operations on Limits in RY)
For any sequences {X,} and {y,} in R, if lim,_, o X, = X and lim,_.o y, =y, then

L lim, . oo(X, +¥2) = X +.

2. lim,— oo BnX, = BX for any sequence {B,} in R that converges to .

3. limy,, oo(Xy, - ¥u) = X - Y (using the scalar product, as defined in
Definition 6.10).

Note the following two differences between these properties, and those of limits in R?.
First, scalar multiplication works not just for scalars, but also for sequences of scalars.
(If you ever want plain scalar multiplication, you can just let 8, = ¢ for every n € N.)
Second, there is no property for division of limits, since there is no analog of division in
R* when k > 1 (although there is division in C).

Proof. Let’s set X, = (x1,,X2,,...,%,) and y, = (1, ¥2,, - .- Vi, ), and set x =
(x1,x2,...,x¢) and y = (v1, V2, - - ., Vx). By Theorem 15.2, because we have x, — x
andy, — y, we know x; — x; and y; — y; for any j between 1 and k.

1. By Property 1 of Theorem 15.1, we know x;, + y; — x; + y; for any j
between 1 and k. Then

lim (x, +y,) = lim (x;, + y1,, X2, + 2,5 -+ Xk, + Vi,)
n—oo n— 00

= ((tim (x1, + 1,0, 1im (o, +35,), oo lim G, + 3%,))
n—00 n—00 n—>00
(by Theorem 15.2)

= (xl +J’1,x2 +y2,...,Xk +yk):X+y
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2. By Property 3 of Theorem 15.1, we know B,x; — Bx; for any j between 1
and k. Then

lim BuX, = lim (Ianl,,, IBnXZ,,, ceey ,ank,,)
n— 00 n— 00
= <lim Bnx1,, lim B,x, , ..., lim ﬁ,,xnk)
n—00 n—00 n—-oo
(by Theorem 15.2)
= (ﬂxla ﬂx27 ccey lek) = ﬁx‘

3. This proof is just like the others. Fill in the blanks in Box 15.2.

BOX 15.2

PROVING PROPERTY 3 OF THEOREM 15.3

By Property 3 of Theorem 15.1, we know x;, y; — forany 1 < j <
Then

,,IEEO("" “Yn) = nlil?o(xl"yln +x0,¥2, + .o F Xk, k)
= + +...+
(by Property 1 of )

=Xy txoy -t Fxye=__

Let’s change gears to something a bit less technical, and hopefully more interesting.

Definition 15.4. (Subsequence)
For any sequence {p,} in a metric space X, let {n}} be a sequence of natural numbers,
withny < ny < .... Then the sequence given by {p,,} is a subsequence of { p,}.

If {pn,} converges to some p € X, then p is a subsequential limit of {p,}.

Here, the sequence 7y is just a list of increasing natural numbers. For example, if
{ny} =1,3,100, ..., then {p,,} = p1, p3, P10o, . ... The list of indexes ny is not the
subsequence in question; the list of elements p,, is the subsequence.

Since {n;} is a sequence, it must be infinite. Therefore, something like
P1, P3»> P1oo, - - - 18 a subsequence of {p,}, whereas something like pi, p3, pioo is not
(note the absence of ellipses indicates that this list does not go on to infinity, so the
indexes 1, 3, 100 are not themselves a sequence). This means that just like sequences,
subsequences must go on to infinity.

Example 15.5. (Subsequences)
Consider all of these examples in the metric space R or C.

1. If {s,} = 1 for every n € N, take n; = 2k — 1 for every k € N. Then the
subsequence {s,, } = s1, 53,85, ...1sjust 1, 1, 1, ..., which is the same
as {s,} itself.
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2. If {s,} = i" for every n € N, take n; = 4k for every k € N. Then the
subsequence {s,,} = s4, S3, S12, ... 1sjust 1, 1, 1, ..., which converges to the
point 1. So 1 is a subsequential limit of {s,}, even though it is not a
limit of {s,}.

3. If {p,} = (=)' + % for every n € N, take n; = 2k for every k € N. Then
the subsequence {p,, } = p2, pa, pe, - .. 18 %, %, %, ..., meaning
{pnt=1+ 217 This subsequence converges to the point 1. So 1 is a
subsequential limit of {p,}, even though it is not a limit of {p,}.

Similarly, by taking n; = 2k — 1, we obtain the subsequence
{pn.} = p1, p3, ps, ... This subsequence converges to —1, so —1 is also a
subsequential limit of {p,}.

Thus, if { p,} “alternates” between two almost-limits, it does not converge,
but these almost-limits are subsequential limits. (Take another look at
Figures 14.4 and 14.5.) This concept will be explored in Chapter 17 in much
greater detail.

Theorem 15.6. (Converges <= Every Subsequence Converges)
For any sequence {p,} in a metric space X, {p,} converges to p € X if and only if every
subsequence of {p,} converges to p.

Proof. Because a subsequence is just a subset of {p,}’s elements, any element of the
subsequence past N will still be a distance of less than € away from p. To put this more
formally: if p, — p, then for every € > 0, there exists N € N such that

n>N = d(p,, p) <e.

Because the ny are increasing with k, k > N = k, > N. Thus for every subsequence
{Pn,} of {pn}, we have

k>N = n >N = d(p,,,p) <k,

for that same € and N. Since this is true for every € > 0, we have p,, — p.
The other direction of the proof is easy. Since {p,} itself is a subsequence of {p,}
(with n; = k), then if every subsequence of {p, } converges so must {p,}. O

This next theorem should look similar to Corollary 14.9.

Theorem 15.7. (Subsequences in Compact Sets)
For any sequence {p,} in a compact metric space X, some subsequence of {p,}
converges to some point p € X.

What is the difference between Corollary 14.9 and Theorem 15.7? The former says that
any infinite set £ in a compact set has a convergent sequence, but the elements of £ are
in no particular order (£ might even be uncountable). This new theorem says that any
sequence in a compact set has a convergent subsequence.

Letting E be the range of {p, }, we might think that Corollary 14.9 can help us prove
the case in which £ is infinite. However, there is something wrong with the following
argument.
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If E (the range of {p,}) is an infinite subset of the compact metric space X, then by
Corollary 14.9, we know there is some sequence {s,} in E that converges to a point of
p € X. The range of {s,} is a subset of E, so {s,} is a subsequence of {p,}. We have
thus found a subsequence of {p, } that converges to a point of X.

Can you guess where the error is? We cannot be sure that {s,} is a subsequence of
{pn}, just because it is contained in {p,}’s range E. Why? Because the points might be
in a different order!

As a basic example, let {p,} = n® for every n € N. Then E = {1,4,9,...}, s0 E
contains the sequence s, = 1, 1, 1, .... However, this {s, } is not a subsequence of {p, },
since the element 1 does not occur an infinite number of times (for distinct ny) in {p,}.

Don’t worry, the proof of this theorem doesn’t use any crazy techniques we
haven’t seen before. Just make sure you understand why we cannot use the above
method.

)\ Proof. Let’s start with the easy case, in which the range E of {p,} is finite. Since the

) nin {p,} goes on to infinity, but {p,} only contains a finite number of different points,
then at least one of those points must repeat an infinite number of times. Take one
of these points, and call it p. Then there are an infinite number of indexes {n;} with
ny <ny <ns <...suchthat p, = p,, = pn, = ... = p. (We just take the indexes of
{p.} at which the sequence hits that element p.) Because p is an element of {p,}, we
have p € Eso p € X, and {p,,} — p.

Now if E is infinite, we can apply Theorem 11.13 to obtain a limit point p of E. We
will construct a subsequence {p,,} of {p,} that converges to that p € X.

Recall from our discussion preceding Definition 13.2 that any infinite construction
should work something like a proof by induction. It must have a first step and a step
specifying i 4+ 1 given i.

1. Every neighborhood of p contains an infinite number of points of £. Let’s
start by taking N;(p), which contains some element of £. We label this
element p,, , and we have d(p,,, p) < 1.

2. Say we already have points p,,, pn,, ..., pn, Withn; < np < ... < n;, such
that d(pn,, p) < % for any k£ < i. How do we find p, 7 Well, Nﬁ (p)
contains an infinite number of points of £. So even if it already contains all
the points p,,, pu,, - - ., Pn,, it must contain at least one more. Call that new
point p,,.,, and we have d(p,,,,, p) < ﬁ
How do we guarantee that n; < n;;? In other words, how can we make

sure that p,, ., comes after p,, in the sequence {p,}? Well, there are only a

finite number of indexes that go up to n;, but N L (p) contains an infinite

number of points of E. So there must be at least one other index 7, that
comes after n; such that p,,,, € Nﬁ (p). Thus n; < n;y, and the

construction can proceed fori +2,i 4+ 3,i +4,....

Now we have a subsequence {p,,} with d(p,,, p) < ll for any i € N. For any € > 0,
welet N = [£'| + 1, so by the same argument as in the proof of Theorem 14.8, we see
Pn; = D- L]

Not to be confused with the Weierstrass theorem (Theorem 12.8), this next one is known
as the Bolzano-Weierstrass theorem. (Weierstrass must have been one busy guy!)
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Theorem 15.8. (Bolzano-Weierstrass Theorem)
For any sequence {p,} in R, if {p,} is bounded then some subsequence of {p,}
converges to some point p € RF.

Proof. Let E be the range of {p,}. Since E is bounded, then Theorem 12.5 tells us £ is
a subset of some k-cell 7, which is compact by Theorem 12.4. Then the sequence {p,}
is contained in the compact set 7/, so by Theorem 15.7, it contains a subsequence that
converges to a point p € I. O

Theorem 15.9. (Set of Subsequential Limits Is Closed)
For any sequence {p,} in a metric space X, the set E* of all subsequential limits of { p,}
is closed relative to X.

Note that £* contains the limit of every convergent subsequence of {p,}.

2\ Proof. Let g be alimit point of £*. We want to show that g € £*, meaning there is some

') subsequence {p,,} of {p,} that converges to g. We’ll construct {p,,} almost identically

to the subsequence in the proof of Theorem 15.7.

Before starting with the construction, we want to be able to exclude the case
where p, =g for every n > some k. If {p,} were such a sequence, it would look
like p1, p2, ..., Pk-1-4-94-4, - --. Then every subsequence would converge to g, so
E* = {q}, which is closed by Example 9.26.

1.

2.

Choose n; € N so that p,, is an element of {p,} with p,, # g. For later
convenience, set § = d(py,, q).

Say we already have points py,, pn,, ..., pn, Withn; < np < ... < n;, such
that p,, # q and d(pn,, q) < % forany k£ < i.

How do we find p,,,,? The basic idea is that for any point x € E* that is
close to ¢, there is a subsequence of { p,} that converges to x. And because ¢
is a limit point of £*, we can make this x arbitrarily close to g.

To put this in rigorous terms, because ¢ is a limit point of E*, every one of
its neighborhoods contains at least one non-g point of £*. Then there is an
x € E* such thatd(x, q) < ﬁ Since x is a limit of some subsequence of
{p.}, past some N € N, each element of that subsequence is closer than a
distance of ﬁ to x. So if we choose n;+; > max{N, n;}, then we have

ni < niq1, and d(py,,,, x) < 2(%1) Thus

5 5
T R e

d(p’l1+1 ’ q) S d(p’li+l ’ x) + d(x’ q) <

Now we have a subsequence {p,,} with d(p,,, q) < ? for any i > 2. For any € > 0, we
let N = (gl + 1, so by the same argument as in the proof of Theorem 14.8, we see
Pn, = P

Wait, what is that § doing everywhere? Why couldn’t we have just constructed
a subsequence with d(py,, q) < }, as in the proof of Theorem 15.7? Well, in the
first step of our construction, we could not guarantee that d(p,,,q) < 1, only that
d(pn,,q) = 6 > 0. Thus we had to carry that § throughout the construction. But the last
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step still works, since § is just some constant number—so whenever n; > N = fg} +1,
we have

d(pa;,q) < < €.

1+1

O
Hopefully these subsequences aren’t tripping you up too much; if they are, reread
the foregoing proofs, then try to do them on your own from memory. After delving
into Cauchy sequences in the next chapter, we’ll come back to explore the limits of
subsequences in greater depth.
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Cauchy and Monofonic Sequences

In discussing convergence, we saw that some sequences might converge in one
metric space but diverge in another. Thus, like closedness and openness, the property
of convergence depends on which metric space the sequence is embedded in. So
is there a property that is similar to convergence, but does not depend on the
embedding metric spaces? Why yes, there is! Like compactness, being Cauchy is a
property that holds in any metric space: a Cauchy sequence somewhere is Cauchy
everywhere.

Definition 16.1. (Cauchy Sequence)
For any sequence {p,} in a metric space X, {p,} is a Cauchy sequence if for every € > 0,
d(pn, pm) < € for every n and m greater than or equal to some natural number N.

In symbols, {p,} is Cauchy if:

Ve > 0, 3N € Nsuch thatn,m > N = d(p,, pm) < €.

Isn’t this the same as convergence in Definition 14.3? No! The key difference is that
with Cauchy sequences, d(p,, pn) < €, unlike d(p,, p) < € in convergent sequences.
Cauchy sequences do not get closer and closer to one point in particular; rather, the
elements get closer and closer to each other. In a Cauchy sequence, given any distance
€ > (0, there is some step past which any two elements of the sequence are a distance of
less than € apart.

The N, challenge works just as well here, with a slight modification. Given any
€ > 0, can you find an N such that py, pyi1, py+2, - . - are all a distance of less than €
away from each other?

Example 16.2. (Cauchy Sequences)
Defining Cauchy sequences begs the following question: if the elements get closer and
closer together, how would they ever not converge to a single point?

For a simple example, let p, = % for any n € N, and take the sequence {p,} in
the metric space X = R\ {0}. Then {p,} does not converge in X, because 0 is not an
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element of X. But {p,} is Cauchy. Why? If n, m > N, we have

d(pp, pm) = |+ — | <max {1, L} < 1.

For any € > 0, we want | < Ne, sojustlet N = (51 + 1, and we’re good.

As a further example, let s, be +/2 to the nth decimal place, in the metric space
Q. Sos, = 1.4,1.41,1.414, ... Each element of the sequence is rational, since we can
write the decimals as %, ig(l), %, ... This sequence converges to ﬁ, so {s,} does not
converge in Q. But {s,} is Cauchy. Why? If n, m > N, we have

d(pus Pm) = 107",

For any € > 0, we want —N < logy(€), so just let N = [—log;y(¢)] + 1, and we’re
good.

This might lead you to think that Cauchy sequences can only converge in metric spaces
similar to R, the key ingredient being the least upper bound property (so there are no
“holes” to which Cauchy sequences might converge). And you would be right! We
will soon see that R has a property called completeness, which means “every Cauchy
sequence converges.”

Although Cauchy = convergent only when the metric space is complete, it turns
out that convergent =—> Cauchy in every case.

Theorem 16.3. (Convergent — Cauchy)
For any sequence {p,} in a metric space X, if {p,} converges to some p € X, then {p,}
is a Cauchy sequence.

Proof. For every € > 0, there is an N € N such that d(p,, p) < § whenevern > N. Of
course, for any m > N, we also have d(p,,, p) < 5. Then forany n, m > N, we can use
the triangle inequality to get

d(pns pm) < d(pn, p) +d(p, pn) <5+ 5 =€

Since this is true for every € > 0, {p,,} must be a Cauchy sequence. O

Before continuing with Cauchy sequences, we will first define the concept of diameter.
Although it may seem tricky at first, it will give us a more intuitive way to look at
Cauchy sequences and will help us prove some theorems that would otherwise be more
difficult.

Definition 16.4. (Diameter)
For any nonempty subset E of a metric space X, the diameter of E is the supremum of
the set of distances between any possible pair of elements of E.

In symbols:

diam £ = sup {d(p,q) | p.q € E}.
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Example 16.5. (Diameter)
Consider the following as subsets of the metric space R:

1. If E = {1,2, 3}, then
diam E = sup {d(1,2),d(2,3),d(1,3)} =sup{l, 1,2} =2.

2. If E = [-3, 3] then diam E = 6. This shows that diameter is basically what it
sounds like: the length from one end of the set to the other end.
3. If E =[-3, 3), then diam £ again = 6, since

{d(=3,p) | p €[-3,3)} =0, 6),

which has 6 as its least upper bound.

4. If E = [0, +/2), then diam E = /2. Even if we consider E as a subset of the
metric space Q, the diameter of E is still ﬁ, since the diameter need not be
an element of the embedding metric space. Why? Because the diameter is the
supremum of a set of distances. Recall from Definition 9.1 that any distance is
a real number, so every diameter is also a real number.

5. If E = [0, 00), then E has no diameter, because the set of all distances
between points of £ is unbounded.

6. We can also consider a sequence of diameters. For example, let 4, = [0, %)
for every n € N. Now take the sequence

diam A4, diam A4,, diam 43, ...,

which is just 1, %, %, ... Then

1
lim diam 4, = lim — = 0.
n—o00 n—oo n

Note that any sequence of diameters is a sequence of positive real numbers.

The following discussion will help elucidate the upcoming theorem.

If we have any sequence {p,}, let Ey be the range of that sequence starting from the
Nthstep,so Ey = {pn, PN+1, PN12, - - -}. We can build the sequence diam £, diam £,
diam E3, ..., and see whether it converges by taking limy_, o, diam E . To be clear, this
is the limit of the sequence

diam{pi, p2, p3, pa, ...}, diam{ps, p3, ps, ...}, diam{ps, ps, ...}, ...,

as shown in Figure 16.1.

If p, — p, then limy_, ,, diam Ey = 0. Why? For every € > 0, thereisan N € N
such that d(p,, p) < 5 whenever n > N. In other words, for every € > 0 there is some
Ey with diam Ey < €. (Why do we have € here, not the 5 that we originally used? Well,
it could be that p, = p — 5, and p, 41 = p + 5. Every point is a distance of at most 5
from p, so every pair of points is a distance of at most € away from each other.) Then

for any € > 0, there is a point diam E of the sequence {diam E,} that is less than €.
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diam E;

diam E-

diam E3

p

Figure 16.1. Given the sequence {p,} (whose first few elements are represented by the dots on
the line) which converges to p, the first few elements of the sequence {diam E, } are
shown.

In fact, this is true for all E,, with n > N, because we know that £, C Ey, so
{dp.q9) | p.q € E,} C{d(p.q)| p.q € Ex}

= sup{d(p.q) | p.q € E,} <sup{d(p.q) | p.q € Ey}
= diam E,, < diam E,

so diam E, is also < €. Therefore, limy_, o, diam Ey = 0.
Again, we can only be sure this is true if {p,} converges. But wait—surprise! The
following theorem asserts this for any Cauchy sequence as well.

Theorem 16.6. (Diameter of Cauchy Sequences)

For any sequence {p,} in a metric space X, let Ey be the range of the sub-
sequence py, PN+1> PN+2,---- Then {p,} is a Cauchy sequence if and only if
limy_, o diam Ey = 0.

This theorem should make intuitive sense: both statements mean that the distances
between points of {p,} become arbitrarily small.

) Proof. Let’s start by assuming {p,} is Cauchy. This proof should be similar to the
7 argument we made in the preceding discussion. We know that for every € > 0, there
is an N € N such that d(p,, p,) < € whenever n,m > N. Then for every € > 0, we
have an N such that

diam Ey = sup {d(pn. pm) | Pn. Pm € En}

= sup {d(pn, pm) | n,m > N}

We know that € is an upper bound of that set, so diam Ey < €. Because Ey.
is just the set Ey without the point py, we have Eyi| C Ey so diam Eyy; <
Ey (remember 4 C B = sup A <sup B). Thus diam £, < € for every n > N.
Therefore, for every € > 0, there is an N € N such that |diam £, — 0| < € whenever
n > N,solimy_, o diam Ey = 0.
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(Wait, is it a problem that we have < €, not < €? Not really, since for the first step,
we could have just taken an N such that d(p,, p») < 5, so that diam Ey < § < €, and
we would have |diam E,, — 0| < €. If we were writing a 100 percent precise proof, we
would have done that, but it would have made it slightly more confusing.)

Conversely, assume diam £y — 0. Then for every € > 0, there is an N € N such

that |diam E,, — 0| < € whenever n > N. So

€ > sup {d(pn’Pm) |n,m> N}’

meaning d(p,, pm) < € whenever n, m > N. Thus {p,} is Cauchy. O

The following two properties of diameter will help us prove crucial theorems for Cauchy
sequences.

Theorem 16.7. (Diameter of a Closure)
For any subset E of a metric space X, diam E = diam E.

Proof. To assert equality, we will prove diam £ > diam E and then diam £ < diam E.
The first one is easy, since £ C £ == diam E < diam E.

For the other inequality, if we can show diam E < diam E + € for every choice
of € > 0, then we will have diam E < diam E. (Since if diam E were > diam E,
there would be some ¢ # 0 with diam E = diam E + ¢, so for € = £, we would have
diam E > diam E + €, which is a contradiction.)

For any € > 0, take any point p of E. Either p € E, or else p is a limit point of E. If
peEE,letp =p,sod(p,p')=0 < 5. If pisalimit point of £, then there is a point
p' # p of E inside N¢(p), so that d(p, p’) < 5. Similarly, for any g € E, we can find

aq' € E withd(q,q") < 5. Then

c
2

d(p.q) =d(p.p)+d(p'.q) (triangle inequality)

<d(p,p)+d(p',q")+d(q ,q) (triangle inequality again)

€ €
— d /,/ —
<2+ (p q)—lr2

< diam E + €.

The last step is true since p’, ¢’ € E, and diam E is an upper bound of the set of all
distances in E. Since d(p, ¢) < diam E + € for every possible pair of points p and g in
E, we have diam £ < diam E + €. O

Theorem 16.8. (Diameter of Nested Compact Sets)

Let {K,} be a collection of nonempty compact sets in a metric space X such that for
any n €N, K, D K,y1. If lim, oo diam K,, = 0, then (-, K, contains exactly one
point.

Proof. Fill in the blanks for this simple proof in Box 16.1.
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BOX 16.1

PROVING THEOREM 16.8
By , we know that (7, K, contains at least one point. If it
contains more then one point, say, p and ¢, let » = d(p, q), so diam(,—, K, >
r > 0. Then forany m € N, (2, K, C implies

oo

diam K, diam ﬂ K, =r.

n=1
But — 0, which is impossible if each element of that sequence is > r,
since r is a fixed positive number.

O

We are now equipped to prove the converse of Theorem 16.3 for two special cases:
all Cauchy sequences converge in compact metric spaces, and all Cauchy sequences
converge in R¥,

Theorem 16.9. (Cauchy = Convergent in Compact Sets)
If{p,} is a Cauchy sequence in a compact metric space X, then {p,} converges to some
peX

Proof. Let Ey be the range of the subsequence py, py+1, PN+25---, SO by
Theorem 16.6, limy_, o diam £y = 0. To make use of Theorem 16.8, we want some
sequence of nested compact sets involving E . Since each Ey is a subset of the compact
set X, each Ey is itself compact by Theorem 11.8. For every N € N, Ey D En4i
implies Ey D E g1 (by Corollary 10.9), and by Theorem 16.7, we also have

lim diam Ey = lim diam Ey = 0.
N—oo N—oo
Then Theorem 16.8 tells us that there is exactly one point p in the intersection (\3_; E .
We will show that p,, — p.
For any € > 0, there is an N € N such that d(diam E,,, 0) < € whenever n > N, so
diam E < € whenever n > N (since any diameter is just a nonnegative real number).
Because p € E,, we know that forany g € E,,

d(p.q) <sup{d(p.q) | p.q € Ex}
=diam Ey

< €.

As long as n > N, the above is true for every g € E,,, so it is true for every ¢ € E,,,
so it is true for every p,. Thus d(p, p,) < € for any n > N. Since this is true for every
€ > 0, we have p, — p. 0

Wait, why did we need to use Theorem 16.8 at all? Couldn’t we have just used
Corollary 11.12 to show that (\}_; Ey contains at least (rather than exactly) one point
p, and then p, — p? Yes, we could have. (In fact, we could have then proven that
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Nx= En can only contain one element in this case. Take a point p’ € (\y_, Ey, and
use the same argument as for p to show that p, — p’, so by Theorem 14.6 we have
p’ = p.) But proving Theorem 16.8 was still a useful exercise—and I’m sure you’re
just as glad as I am that we did it, right?

Theorem 16.10. (Cauchy = Convergent in R¥)
For any sequence {X,} in the metric space R¥, if {x,} is a Cauchy sequence, then {x,}
converges to some x € R¥.

Proof. If we can show that {x,,} is bounded, then by Theorem 12.5, the range of {x,}
would be contained in some k-cell I/, which is compact by Theorem 12.4. Thus {x,}
would be contained in a compact set, so it would converge by Theorem 16.9.

Let En be the range of the subsequence Xy, Xy+1, Xy+2, - - ., 50 by Theorem 16.6,
limy_ o diam £y = 0. Then there isan N € N with d(diam Ey, 0) < 1, so the distance
between any two points of Ey is less than 1, so £y is bounded. Notice that the range of
{x,} is the set {x;, X3, ..., Xy—_1, Xy, Xy+1, - - -}, Which is just {x|, Xp, ..., Xy_1} U Ey.
Because {x, X, . .., Xy—} is finite, we can bound it by the maximum distance between
two of its points. Thus the range of {x,} is the union of two bounded sets, so {x,} is
bounded by Theorem 9.5, so {x,} indeed converges. O

Definition 16.11. (Complete)
A metric space X is complete if every Cauchy sequence in X converges to some point
of X.

Example 16.12. (Complete Metric Spaces)
By Theorem 16.9, any compact metric space is complete. By Theorem 16.10, any
Euclidean space R¥ is a complete metric space.

On the other hand, the metric space Q is not complete, since Example 16.2 provides
a rational Cauchy sequence that does not converge to any point of Q.

£ As we noticed in Example 16.2, it looks like the least upper bound property is what
elps all Cauchy sequences in R converge. In fact, it turns out that for any ordered field
F, the following two statements are equivalent:

Statement 1. F has the least upper bound property.
Statement 2. F is complete and F has the Archimedean property.

Note that F' must be an ordered field—not only a metric space—so that we can have
a meaningful definition of upper bounds. (Remember that all ordered fields are metric
spaces, with the distance function d(p, ¢) = |p — q|.)

The proof of this equivalence is pretty long and boring, so I’ll let you off the hook.
You can use the time it would have taken you to understand the proof to bake a pie
instead! (Note that pies are complete, since any Cauchy sequence of filling always
converges to a crusty limit.)

Theorem 16.13. (Closed Subsets of Complete Metric Spaces)
Let E be a subset of a complete metric space X. If E is closed, then E is also complete.

Proof. Let {p,} be a Cauchy sequence in £. Then {p,} is also in X, so it converges
to some point p € X. By the alternate definition of convergence in Theorem 14.5, we
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know that every neighborhood of p contains infinitely many points of £, so p is a limit
point of E. (This excludes the constant-tail case where p, = p for all »n large enough,
in which case p, — p and we are done.) Because E is closed, we have p € E, so {p,}
converges in £. Thus E is complete. O

We will now change gears to learn about a different type of sequence, called monotonic.

Definition 16.14. (Monotonic Sequence)
For any sequence {s,} in an ordered field F, {s,} is monotonically increasing if
Sy < Sp+1 for every n € N; and {s,} is monotonically decreasing if's, > s, for every
neN.

If {s,} is monotonically increasing and/or decreasing, we say {s,} is a monotonic
(or monotone) sequence.

Example 16.15. (Monotonic Sequences)

The sequence 1,2, 3, ... is monotonically increasing. The sequence given by s, =
% for every n € N is monotonically decreasing. The sequence 1,1,1,... is both
monotonically increasing and decreasing.

In Theorem 14.7, we saw that all convergent sequences are bounded. We know that the
converse, however, is not necessarily true (s, = (—1)" is bounded but not convergent).

It turns out that the converse does hold for monotonic sequences in ordered fields
that have the least upper bound property. Thus in those fields, both Cauchy sequences
and bounded monotonic sequences are guaranteed to converge.

Theorem 16.16. (Bounded Monotonic Sequences)
Let {s,,} be a monotonic sequence in an ordered field F, and let F have the least upper
bound property. Then {s,} converges in F if and only if {s,} is bounded.

Y\ Proof. We already have one direction of the proof: if {s,} converges, then it is bounded

/) by Theorem 14.7.
- Otherwise, the main idea is to take the least upper bound s of a bounded sequence
{s.}, and show that there will always be elements of {s,} between s and s — € (otherwise
s is not the supremum).

For the formal proof, take a bounded sequence {s,}, and assume for this case that
{s,} is monotonically increasing. Let £ be the range of {s,}, so E is bounded. Then by
Theorem 9.6, E is bounded above, so because F has the least upper bound property,
s = sup E exists in F.

Pick an € > 0. Because s is the /least upper bound, there must be an element of E
between s — € and s (otherwise s — € would be an upper bound of E). So there is some
N e Nwiths —e€ < sy <s.

Now for any n > N, we have s, > sy (since {s,} is monotonically increasing), but
sy s still < s, since s is an upper bound of E. Then foralln > N,

S—€E<Sy<s§,<s<s85+e€,
meaning d(s,, s) < €.

The proof for the case that {s,} is monotonically decreasing is basically the same.
Fill in the blanks in Box 16.2.
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BOX 16.2

PROVING THEOREM 16.16 FOR MONOTONICALLY DECREASING SEQUENCES

Take any bounded, monotonically decreasing sequence {s,} in F. Let E be the range
of {s,}, so E is bounded below. Because F' has the least upper bound property,
Theorem 4.13 tells us that F' also has the

property, so s = exists in F.

Pick an € > 0. Because s is the greatest lower bound, there must be an element
of E between s and (otherwise would be a lower bound
of ). So there is some N € N with <sy <s-+e.

Now for any n > N, we have s, sy (since {s,} is monotonically
decreasing), but s, is still > s, since s is a of E. Then
foralln > N,

S—€<8s <5, sy <s8+e¢€,

meaning d(s,, s) <

O

That was everything you ever wanted to know about Cauchy and monotonic sequences
and more. Remember the following main takeaways from this chapter: any compact
metric space and any Euclidean space is complete, meaning every Cauchy sequence
converges, and in any ordered field with the least upper bound property (such as R),
every bounded monotonic sequence converges.

Coming up next, we’re going to return to the definitions and theorems of subse-
quences from Chapter 15 and look at their limits in more detail.
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Subseguential Limifs

Recall our classic example of the “alternating” sequence, p, = (—1)" + % for every
n € N (refer back to Figures 14.4 and 14.5). This sequence diverges, even though it
looks like it’s really converging to two different limits. To better understand these types
of sequences, we should develop a theory for sequences that may diverge but have such
prominent subsequential limits.

In Theorem 15.9, we took a sequence {p,} and we looked at the set E*, which
was composed of every one of its subsequential limits (meaning, the limit of every one
of its convergent subsequences). Our goal, then, is to study this type of set in more
detail, specifically investigating the properties of its upper and lower bounds. Why?
Because knowing about these bounds can sometimes give us valuable information about
sequences like p, = (—1)" + %

To look at the bounds of the set of all subsequential limits of a sequence, it’s not
enough to know about which subsequences converge. We also want to know if any
divergent subsequences become infinitely large or small. For example, take the sequence
1,2,1,3,1,4,1,5.... The only subsequential limit here is 1 (since 1,1,1,... is a
subsequence), but there are other subsequences (such as 2, 3, 4, ...) that increase to
infinity. So it’s not really fair to say that the upper bound of all subsequential limits is 1;
really, it has no upper bound, since many subsequences get arbitrarily large.

Given all this hoopla, what we need is a way to distinguish between sequences
that diverge and sequences that diverge but get arbitrarily large. That’s why, for the
rest of this chapter, we’ll work with sequences in the extended real number system
R U {400, —o0}, which is explained in Definition 5.10.

Don’t panic! At least this will be easier than working in R¥, or an arbitrary metric
space. And everything we do should also work in any ordered field that has the least
upper bound property and also has a meaningful definition of +00 and —oo.

Definition 17.1. (Diverging to Infinity)
For any sequence {s,} in the metric space R, {s,} diverges to infinity if for every M € R,
s, > M for every n greater than or equal to some natural number N.

In symbols, we write lim,_, o s, = +00 (or s, — +00 for short) if:

VM € R, AN € Nsuch thatn > N = s, > M.
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Similarly, {s,} also diverges to infinity if for every M € R, s, < M for every n greater
than or equal to some natural number N.
In symbols, we write lim,,_, o, 5, = —00 (or s, — —0o0 for short) if:

VM € R, AN € Nsuch thatn > N — s, < M.

Using the limit notation and the arrow symbol (—) for sequences that diverge to infinity
is an egregious abuse of notation. We are not saying that {s,} converges in any way.
Rather, we are saying that {s,} diverges and gets arbitrarily large. The only reason we
use the same symbols as for convergent sequences is that it will be more convenient
when defining the set of all subsequential limits (for the set to possibly include 400
and —o0).

Example 17.2. (Diverging to Infinity)

The sequence given by s, = n? for every n € N diverges to infinity, so we write
s, — oo. If 5, = —=5n for every n € N, then s, — —oo. The sequence given by
s, = (—1)" for every n € N diverges but does not diverge to infinity.

Similarly, if s, = (—1)"n for every n € N, then {s,} diverges, but does not diverge
to infinity. Why? Don’t the values of {s, } get arbitrarily close to 400 and —oo? Yes, but
that is precisely the problem! The sequence fluctuates between large positive numbers
and large negative numbers. Given any M € R, we cannot say s, > M for all n greater
than or equal to some N € N, since 5,1 = —(s, + 1) < M. The same problem occurs
if we want s, < M. On the other hand, {s,} does have subsequences that diverge to 400,
and others that diverge to —oo.

Theorem 17.3. (Unbounded <> A Subsequence Diverges to Infinity)
For any sequence {s,} in the metric space R, {s,} is unbounded if and only if some
subsequence of {s,} diverges to infinity.

Proof. 1f {s,} is unbounded, then for every ¢ € R and every M € R, there is an element
s, of the sequence with |s, — ¢| > M. So for any M there is an element of {s,} with
s, > M (or s, < M). Because M is an arbitrary number, there is also an element of
{s,} withs, > M + 1 (ors, < M — 1), another withs, > M + 2 (ors, < M — 2), and
so on. Therefore, there are infinitely many elements of {s,} that are greater (or less
than) M, so the subsequence composed of these elements diverges to infinity.

If some subsequence {s,,} of {s,} diverges to infinity, then for any M € R we can
findan N € N such thats,, > M whenever k > N (we’re assuming for simplicity that it
diverges to positive infinity, since the same argument works if it were negative infinity).
So given any ¢ € R and any M < oo, there are infinitely many elements of {s,} with
Sy > M + q + 1, meaning s, — g < M; similarly, there are infinitely many elements of
{s,} with s, > —M + g + 1, meaning s, —g > —M. Thus |s, — gq| > M for at least
one element of {s,}, so {s,} is not bounded. ]

The following is the major definition we have been working toward.

Definition 17.4. (Upper and Lower Limits)
For any sequence {s,} in the metric space R, let E be the set of all numbers
x € RU {400, —o0} such that s,, — x for some subsequence {s,,}.
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Let s* = sup E, and let s, = inf E. Then s* is the upper limit of {s,}, and s, is the
lower limit of {s,}; we write limsup,_, ., s, = s*, and liminf,,_. 5, = S.

When we dealt with the set of all subsequential limits in Theorem 15.9, we called that
set E*. Here, the set E is slightly different—it is the set of all subsequential limits of
{s,.}, plus possibly 4+00 and/or —oo if any subsequence {s,,} of {s,} diverges to infinity.
Our definition allows this, since if x is in the extended real number system and s,, — x,
then x can be a real number, or it can be 400 or —oo if the subsequence {s,,} diverges
to infinity.

Remember that in the extended real number system, if a set is not bounded above,
then its supremum is +oo, and if a set is not bounded below, then its infimum is
—00. So if there is a subsequence {s,,} of {s,} with s,, — 400, then s* = +00; and
if s,, = —oo, then s,, = —o0.

For convenience, in the rest of this chapter, instead of writing “let £ be the set of all
numbers x € R U {400, —oco} such that s,, — x for some subsequence {s,,},” we will
just write “let £ be the set of all subsequential limits* of {s,}.” The star (*) is there to
indicate that £ is the set of all subsequential limits, including possibly +o0o and/or —oo
if any subsequence of {s, } diverges to infinity. (Always remember, though, that +oc and
—o0 are not actually limits.)

Rant. 1 hate the notation “lim sup.” It is horribly confusing! The upper limit is not the
limit of some kind of sequence of suprema, as the symbols might lead you to believe.
Really, the upper limit is the supremum of all subsequential limits. So it should be
written more like “sup lim” to help you remember.

Also, the upper limit is not a limit. It is a bound on the set of subsequential limits.
There’s nothing in the notation that clarifies that subsequences are involved!

The “n — 00” makes it even worse. With sequences, the notations lim, . s, = s
and s, — s mean the same thing. So you might think that we could write
limsup,_, ., s, =s* as sups, — s*. But we can’t. Writing sups, — s* is equivalent
to writing lim,_, o, sup s, = s* (notice that here, the “n — 00” is underneath the “lim,”
not the “sup”). Either way, that wouldn’t make much sense, since each s, is a single
point, not a set, and you can only take the supremum of a set.

Worst of all, most people pronounce “lim sup” as “limb soup,” which doesn’t sound
particularly appetizing.

We have used a common definition of lim sup, but you should be aware that other
(equivalent) definitions exist. One other definition does define the lim sup as the limit of
a sequence of suprema, which is more consistent with the notation—but that definition
is more difficult to work with when proving the upcoming theorems.

Example 17.5. (Upper and Lower Limits)
For each of the following sequences in the metric space R, let £ be the set of all its
subsequential limits*.

1. If s, = [(—1)" + 1]n for every n € N, then as we can see in Figure 17.1,
s, = 0 for odd n, and s,, = 2n for even n. Then every subsequence of {s,}
either converges to 0 or diverges to infinity. (Remember, a number like 12 is
not a subsequential limit, because any subsequence that starts out like 4, 8, 12
must keep going for an infinite number of steps.)
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Figure 17.1. The first few elements of the sequence s, = [(—1)" + 1]n.

Let’s take n;, = 2k for every k € N, so the subsequence {s,,} is
82,84, 86, ... =4, 8,12, ... In other words, s,, = 4k for every k € N, and we
want to prove it diverges to infinity. Given any M € R, weneedan N € N
such that s,, > M whenever k > N. Justlet N = [%], so that

k>N = s, =4k = 4[%] > M.

Thus the set of subsequential limits* of {s,} is the two-element set
E = {0, +00}. Then s* = 400 and s, = 0, or in other words

limsups, = +00, and liminfs, = 0.
n—00 n—oo

. If s, = 1 for every n € N, then every subsequence of {s,} converges to 1.

Thus £ = {1}, sos* = 1 and s, = 1, or in other words

limsups, = 1, and liminfs, = 1.
n—00 n—00

. Recall from Example 14.2 that the elements of Q can be arranged into some

sequence {s,}. Given any real number x, we can actually build a subsequence
of {s,} that converges to x. Just take an increasingly accurate decimal
expansion of x, as in Example 16.2.

Wait, how? We never saw the explicit mapping from N to Q, so we don’t
know anything about the order of the elements in {s,}. If we are trying
to find a subsequence that converges to +/2, we can’t necessarily take
1.4,1.41, 1.414, ..., since 1.41 might come before 1.4 in the sequence {s,}.
On the other hand, we do know that there are an infinite amount of rational
numbers close to /2. So find 1.4 in the sequence, and look for 1.41. If 1.41
has already occurred in {s,}, look for 1.414; if 1.414 has already occurred,
look for 1.4142, and so on. Because there are an infinite number of points
leading up to +/2 and only finitely many of them could have occurred in {s, }
before 1.4, there must be infinitely many after 1.4, so the subsequence will be
valid.
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By the same logic, there are subsequences of {s,} that diverge to both
positive and negative infinity, since the range of {s,} is Q, which is bounded
neither above nor below. Thus E is actually the entire extended real number

system, so s* = 400 and s, = —0o0, or in other words,
limsups, = +00, and liminfs, = —oo.
n—00 n—00

4. Take our classic example of the “alternating” sequence, p, = (—1)" + %
for every n € N (see Figures 14.4 and 14.5). The sequence diverges, but the
even elements converge to 1 and the odd elements converge to —1. Note that
no subsequence can converge to anything else.

Thus £ = {—1, 1}, sos* = 1 and s, = —1, or in other words
limsups, = 1, and liminfs, = —1.
n—00 n—00

This is why looking at upper and lower limits can be useful; if all we say is
“this sequence diverges,” we completely lose out on the fact that it really
looks like it’s converging to two different points.

Theorem 17.6. (Upper and Lower Limits of Convergent Sequences)
For any sequence {s,} in the metric space R, {s,} converges to the finite number s € R

if and only if

limsups, = liminfs, = s.
n— 00 n—0o0

) Proof. To prove the second direction, we will show that every subsequence of {s,}
is bounded. Then we can apply the Bolzano-Weierstrass theorem (Theorem 15.8) to
see that some subsequence of any subsequence of {s,} must converge to s. If {s,,} did
not converge to s, some subsequence would not converge to s, which would give us a
contradiction.

To do this formally, we assume limsup,_, ., s, = s and liminf,_, ., s, = s for the
same finite number s € R. Then the set £ of every subsequential limit* of {s,} consists
of the single point 5. So every convergent subsequence of {s,} converges to s.

Also, no subsequence of {s,} diverges to infinity (because otherwise lim sup,,_, o, S,
would be +4o00, or liminf,_ s, would be —o0). So by Theorem 17.3, {s,} is
bounded.

Now if the sequence {s,,} does not converge to s, then there exists an € > 0 such that
for infinitely many natural numbers n, we have s, —s > € (or s — s, > €). Let {s,,}
be the subsequence consisting of all such elements of {s,}. Because {s,} is bounded,
so is {sy,}, so by the Bolzano-Weierstrass theorem, some subsequence {s,,k/} of {sn,}
converges. But every element of {s,,} is > s+ € (or <s —€) so every element of
{snk]_} is >s+€ (or <s—¢€), s0 {snk/} cannot converge to s. (Such convergence is
impossible because € is a fixed positive number. Thus we have a subsequence of {s,}
which converges to something other than s, which is a contradiction. So {s,} must
converge to s.
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The other direction is much easier. Assume {s,} converges to some point s € R.
Then by Theorem 15.6, every subsequence of {s,,} converges to s. Now the set £ of
every subsequential limit* of {s,} consists of the single point s, so

limsups, = sup £ = sup{s} = s = inf{s} = sup £ = liminfs,.
n—00 n—0oQ

O

The next question we might ask is, “are the upper and lower limits of any sequence
necessarily limits of some subsequence?” We have seen examples of sets that do
not contain their suprema and infima. So does the set of all subsequential limits*
of any sequence contain its supremum and infimum? The answer is ... drum roll,
please ... Yes!

Theorem 17.7. (Upper and Lower Limits Are Subsequential Limits*)
For any sequence {s,} in the metric space R, let E be the set of its subsequential limits*.
Then s* = limsup,_, , S, is an element of E, and so is s, = liminf,,_, 5 s,.

In other words, there is some subsequence of {s, } that converges to s*, and there is some
subsequence of {s,} that converges to s,.

Proof. Let’s work with the lim sup first. There are three possible cases.

Case 1. s* = 400. Then E is not bounded above in R, so given any N € R,
there is a subsequence {s,, } of {s,} that converges to something > N.
So for any € > 0, there are infinitely elements of {s,, } which are
> N — €. Then fix € and let M = N — ¢, and note that every element
of {sy, } is also an element of {s,}. So given any number M € R, there
are infinitely elements of {s,} that are > M, so there is some
subsequence that diverges to +o0o. Thus 400 € E,so s* € E.

Case 2. s* € R. Then E is bounded above, and remember from Theorem 15.9
that £ is closed. By Corollary 10.11, closed sets that are bounded
above contain their suprema, so s* € E.

Case 3. s* = —oo. Then no element of E is greater than —oo, so —oo must be
the only element of E. Sos* € E.

The proof for the lim inf is basically the same. Fill in the blanks in Box 17.1, por favor!

BOX 17.1

PROVING THEOREM 17.7 FOR THE lim inf

Case 1. s, = +00. Then no element of E is than +o00, so
—oo must be the only element of £. So s, € .
Case 2. s, € R. Then E is bounded , and remember from
Theorem that E is closed. By Corollary 10.11,
sets that are bounded below contain their infima, so

eE.
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Case 3. s, = . Then E is not in R, so
given any N € R and any € > 0, there are infinitely many elements
of {s,,} which are < . So given any number M € R,
there are many elements of {s,} which are < M, so
there is some subsequence that diverges to . Thus —c0 € E,
sos, € E.

O

We might also want to know if pinpointing the upper limit of a sequence tells us anything
about the sequence itself, not just its subsequences. It turns out that the upper limit is
actually an upper bound on every element of the sequence (past a certain step).

Theorem 17.8. (Upper and Lower Limits as Bounds of the Sequence)
For any sequence {s,} in the metric space R, let E be the set of its subsequential limits*,
and let s* = limsup,_, ., Sy. Then for any x > s*, there is an N € N such that s, < x
whenever n > N.

Similarly, let s, = liminf,_, o s,. Then for any x < s, there is an N € N such that
S, > x whenever n > N.

In other words, any number greater than the upper limit is also greater than any element
of the sequence, past some step N.

Notice that we can only take an x with x > s* if s* is not +o00. Similarly, we cannot
take an x with x < s, if s, = —o0.

Q) Proof. Let’s do a proof by contradiction. If there is an x > s* such that given any
) N €N, s, >x for some n > N, then s, > x for infinitely many values of n. We can
form a subsequence {s,, } with all of those elements of {s,}, where every element of the
subsequence is s, > X.
Now we make the same argument as in the proof of Theorem 17.6.

Case 1. If {s,,} is not bounded, then by Theorem 17.3, it has a subsequence
{s,,k } that diverges to infinity. Then +00 € E (we cannot have
Sp, — —00, because we know every element of {sn, } is greater than
a ﬁxed number x). This is a contradiction, because oo > x > s* , but

* is supposed to be the supremum of E.

Case 2. If {s,,} is bounded, then by the Bolzano-Weierstrass theorem, it has a
subsequence {sm } that converges. Because every element of {s,, } is
> x, SO is every element of {snk }, so this subsequence must converge to
some pomt y>x,andy € E. This is a contradiction, because
y >x > s, buts* is supposed to be the supremum of E.

Note how we made use of the seemingly unnecessary value x. The theorem would not
necessarily be true if it stated “there is an N € N such that s, < s* whenever n > N,”
since we might only be able to find a subsequence that converges to y > s*. This would
not give us a contradiction, because y could = s*, which does not disagree with the fact
that s* = sup E. We needed an x strictly greater than s* to end up with y > s™.
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The proof for s, is basically the same. Fill in the blanks in Box 17.2, s il vous plait!

BOX 17.2

Case 1.

Case 2.

PROVING THEOREM 17.8 FOR THE lim inf

Ifthere isan x < s, such that given any N € N, s, < x for some n > N, then we can
form a subsequence {s,,} where every element of the subsequence is s, <

If {s,,} is not bounded, then by Theorem ,ithasa
subsequence {s,,k/ } that to infinity. Then
€ E, which is a contradiction because <X < Sy
If {s,,, } is bounded, then by the
theorem, it has a subsequence {s,,k]_ } which . Because

every element {s,, } is < x, so is every element of ,
so this subsequence must converge to some point y < x. Then
€ E, which is a contradiction because <X < S.

O

Those previous few theorems help us prove that for any sequence, there is always exactly
one upper limit and exactly one lower limit. This is equivalent to asserting both existence
(meaning, there is at least one upper limit and at least one lower limit) and uniqueness
(meaning, there is at most one upper limit and at most one lower limit).

Theorem 17.9.
For any sequence {s,} in the metric space R, s* = limsup,,_, ., S, exists (in the extended

(Existence and Uniqueness of Upper and Lower Limits)

real number system) and is unique, and s, = limsup,_, . s, exists (in the extended real
number system) and is unique.

\, Proof. To prove existence, we just need to show that the set of subsequential limits* E
') is not empty. Because then either E is not bounded above, in which case s* = +o00, or

else E is bounded above, and we can use the least upper bound property of R to assert
the existence of s* = sup E. Similarly, if E is not bounded below, s* = —o0; otherwise,
we can use the greatest lower bound property of R to assert the existence of s, = sup E.

To show that £ is nonempty, we’ll use our classic argument. If {s,} is unbounded,
then by Theorem 17.3, some sequence diverges to infinity, so either +00 € E or
—o0 € E. Otherwise, {s,} is bounded, so by the Bolzano-Weierstrass theorem, there
is a subsequence that converges to some point s, so s € E.

To prove uniqueness, let’s start with the lim sup. If two different numbers p and ¢
exist with p < ¢, and both p = limsup,,_, ., s, and ¢ = limsup,_, ., s», then we have a
contradiction. Why? Take any real number x with p < x < ¢. Then by Theorem 17.8,
there exists an N € N such that s, < x whenever n > N. But then every subsequence
of {s,,} can only converge to a number < x, so no subsequence of {s,} can converge to
q (since g > x). Thus g ¢ E, which contradicts Theorem 17.7.

Similarly, if two different numbers p and ¢ exist with p < ¢, and both p =
liminf, . s, and g = liminf,_,  s,, then take p < x < g. By Theorem 17.8, there
exists an N € N such thats, > x whenever n > N. But then no subsequence of {s,} can
converge to p, which contradicts Theorem 17.7. ]
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Theorem 17.10. (Comparing Upper and Lower Limits)
For any sequences {s,} and {t,} in the metric space R, let N be any natural number.
Then if s, < t, for every n > N, the upper limit of {t,} is greater than or equal to the
upper limit of {s,}, and the lower limit of {t,} is greater than or equal to the lower limit
of {sn}-

In symbols:

VN €N, ifs, <t,Yn > N, then

limsups, < limsupt,,

n—oo n—00

liminfs, < liminfz,.
n—0o0 n—o00

Proof. Let E be the set of subsequential limits* of {s,}, and let F be the set of
subsequential limits* of {#,}. Fix an N € N, and take any sequence {n;}. Then for
infinitely many k, we have s,, <t,,. So ifs, — s and ¢, — ¢, thens <¢; if s, —
400, then clearly also t,, — +o0; if t,, = —o0, then clearly also s, — —oc.
Because this is true for every possible sequence {n;}, we see that every element of

E is less than or equal to the corresponding element of F. Hence sup £ < sup F', and
infE <infF. O

Whew! Those were a lot of theorems about upper and lower limits. Remember the main
techniques we used to investigate the set of all subsequential limits* £ of a real sequence
{s,}—they will come in handy in the future:

1. If anything is true for an infinite number of elements of {s,}, then we can
make a subsequence out of those elements.

2. If {s,} (or any subsequence of {s,}) is unbounded, then by Theorem 17.3, it
has one or more subsequences that diverge, to +00 € E and/or —oo € E.

3. If {s,} (or any subsequence of {s,}) is bounded, then by the
Bolzano-Weierstrass theorem, it has a subsequence that converges to some
points e R,sos € E.
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Special sequences

Before we conclude our study of sequences and move on to series, let’s take a look at
some important sequences in R—which come up over and over again in the study of
real analysis—and prove that they converge. These sequences (and their limits) are:

1. n%—)O(ifp>O).
2. yYp—1(3Gfp > 0).
3. 3n— 1.

4 G55 > 0(fp>0anda € R).

5. x" = 0(@f x| < ).
To prove their convergence, it will be helpful to first prove what’s known as the pinching

theorem for sequences of real numbers.

Theorem 18.1. (The Pinching Theorem)
Let {s,}, {a,}, and {b,} be sequences in the metric space R with a, < s, < b, for every
n € N. If a, and b, converge to the same real number s, then so does s,.

In symbols, for any sequences {s,}, {a,}, and {b,} in R:

a, <s, <b,VneN, lima, =sand lim b, =s = lim s, = 5.

n—00 n—o0 n—o0

Basically, as we can see in Figure 18.1, if any sequence {s,} can be squeezed between
two other sequences that converge to the same point, then as n goes to infinity, s, is
“pinched” to that point.

Proof. For any € > 0, we can apply the definition of convergence to obtain two natural
numbers N; and N, such that

n>N — d(a,,s) <ce,

n>N, = d(b,,s) <e.
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A
® (0n}
o
o
B (O o SR E—
"
{sn) @ o
.{an}

Figure 18.1. Any sequence between two other sequences that converge to the same point s will
also be “pinched” to the limit s.

Let N = max {Ny, N, }, so forn > N, we have

Sn_SSbn_S§|bn_S|<€a

and
—sp+8 < —a,+s <la, —s| <e.
Thus
|s, —s| = max {s,, — 8, —(s, —s)} < €.
Since this is true for every € > 0, we have s, — s. ]

As promised, the rest of the chapter is devoted to our super-duper special sequences.

Theorem 18.2. (The Sequence n?)
If p > 0, then lim,,_, , LE—) (In other words, if p < 0, then lim,,_, o n? = 0.)

nt

Proof. We want to find an N € N such that

1
n>N — d(,0><e.
np
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So we need n”e > 1. Well {/! exists in R by Theorem 5.8, so just let

V=g |+t

Of course, we haven’t explicitly proved the theorem according to the definition of
convergence; we just took care of the hard work of finding an N that will work. But
after so many convergence proofs, hopefully you have the formal part down cold!

O

Theorem 18.3. (The Sequence {/p)
If p >0, thenlim,_, ., y/p = 1.

=\ Proof. There are three possible cases.

Case 1. p > 1. Letx, = ¢/p — 1, s0 that x,, > 0. The goal is to prove that
every element of {x,} is less than some other sequence s, that
converges to 0. Then we’ll have 0 < x,, < s,, so by the pinching
theorem, lim,,_, o, x, = 0 (since the sequence 0, 0, 0, . .. converges to
0). By Theorem 15.1 we can add a constant to the inside of a limit, so
we will have

1 =1+ lim x, = lim (x, + 1) = lim J/p.

How do we choose such a sequence {s,} that works? This step
requires some creativity, so let’s think it through. We know that the
sequence % converges to 0. On the other hand, we can’t be sure that

X, < % for every n € N. We know that p can be written in terms of x,,,

SO we can try to incorporate p into % to somehow make it greater than
X,. Since p is a constant, remember from Theorem 15.1 that

1
lim £ = p lim - =o0.
n—o0o n n—oo n

How can we show that % > x,? We’ll use the binomial theorem
(derived from basic algebra) which tells us how to expand powers of
the form (a + b)":

((1 + b)n — i (Z)an—kbk

k=0

n
_ n! n—kpk
= Z =i ¢ b
k=0

=a" +na"'b+ Ln{”a"’%2 + ...

+ "—("2_])61217”_2 +nab™ '+ b".

As you can see in the equation, the symbol (Z) just represents W

It is read “n choose k,” and appears frequently in the study of
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probability. And in case you aren’t familiar with the n! symbol either,

it means multiply # by each consecutive natural number lower than it;

meaning, n! = n(n — 1)(n — 2) ... 1. That expression is read as

“n factorial,” though I suppose you could instead shout “n!” loudly.
We calculate

p=0+x)

= (Z) 1"~%x; (b the binomial theorem)
k=0

- () () (552) () .
() (57) 4 0) () + 0)2)

> 1+ nx,.

In that last step, we got rid of every term beyond the first two, since
X, > 0 means that they are all positive. Then 0 < x,, < ”T_l (Notice
we didn’t quite get £ > x,,, since there’s that extra 1 tacked on, but it
really doesn’t matter, because p — 1 is still just a constant.)

So by the pinching theorem, x, — 0 (notice that the pinching

theorem still works when we replace < with <). Thus

lim /p = lim (x, + 1) = 1+ lim x, = 1 +0=1.

n—00

Case 2. p =1. We have lim,, .o ¢/p = lim, .o 1 = 1.
Case 3. 0 < p < 1. We can use the same argument from the first case, but with
the inequalities reversed. Try filling in the blanks in Box 18.1.

BOX 18.1

PROVING ¢/p — O WHENO < p < 1

Letx, = , so that x, < 0. Then
p=>04x,)"
= z": (Z) 1”_1‘7 (by the binomial theorem)
k=0
= <1) (x,?) + (n) (x,i) + (@) (x,f) + ...
+ + +

< 1+nx, (sincex, < 0 means every term beyond the first two is < 0).

Then prl < x, < 0, so by the ,x, — 0.

Thus lim,_, o, ¢/p = 1.
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Theorem 18.4. (The Sequence /n)
lim, o0 &/n = 1.

How is this different from the previous theorem? Back there, we were looking at the
sequence {J/p} for a fixed number p > 0. Here, the number we are nth-rooting is n
itself. So this sequence is:

(/n} = 1,v2,33,V4,35.76,7, ...

If we look at the sequence in decimal form (to two decimal places), we can tell that it
begins at 1, jumps up above 1.4, then starts decreasing closer and closer back to 1:

[/n) ~ 1.00,1.41, 1.44, 1.41, 1.38, 1.35, . ..

It isn’t immediately obvious that it converges to 1, because it isn’t decreasing very fast.
That’s why knowing how to prove these things comes in handy!

2\ Proof. We can use the same trick as before: let x,, = &/n — 1. This time, it will be even
easier, since x,, > 0 for every n € N means we only have to worry about one case.

We want to squeeze x, below a sequence that converges to 0, but note that if we use
the same one we found in the previous theorem, ”T_l, here it would be ”n;l We don’t
know if this sequence converges to 0 (in fact, it doesn’t!) since the top is not constant.
Let’s apply the binomial theorem as before, but this time look for a term with an extra

n, so it can hopefully “cancel out” that » at the bottom of the fraction.

n=(1+x,)
() () () + (552) () -
(52 (72) + () () + (1) ()

”(”2_ 1)) <x2> (since x, > 0 means every other term is > 0).

= <n> 1""*x*¥  (by the binomial theorem)

n

0 < - no 2
=X = n(nz—l) - n—1

If we can show that |/ —2; — 0, we can use the pinching theorem to see that x,, — 0,

Then

so that &/n — 1. To do so, we simply apply Theorem 18.2 with p = % to see that

ﬁ — 0. Then clearly ﬁ — 0, so indeed ﬁﬁ — 0. 0O

Theorem 18.5. (The Sequence n®(1 + p)™")
Ifp>0anda R, then lim,_, W =0.
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Hey, this is the sequence I used to try to make a joke at the end of Chapter 1. I guess it
wasn’t very funny . ... Well, it is now!

This sequence might look a little random, but we will see one of its many
applications in the next theorem. Note that it intuitively looks like it converges,
since the denominator is “growing” faster than the numerator; in general, exponential
growth (expressions like 2”) get big much faster than polynomial growth (expressions
like n?).

Proof. If we can show that for some constants b, ¢ € R,

o
n b

0< <cn
1+ p)

then if » < 0, Theorem 18.2 implies cn® — 0, so by the pinching theorem, we will have
Ty 119)” — 0.

The denominator (1 4+ p)” looks like the perfect thing to apply the binomial theorem
to. We hope to come up with (1 + p)" > yn®, where y is some constant and 8 > «, so

1 1 — : « 1 a—

tha‘F Ty < " . Then we will have (IJ’ZW <n Pand B >a = a—pB <0,
which is exactly what we want.

We’ll start by proving a general identity for the expression (Z)

ny n!
<k> T (n—k)k!

nn—1)n—2)...cn—k+D(n—kn—k—1)...3)2)1)
(n—k)n —k — D)(n—k —2)...03)2)(1)k!

_nn—1Dm-2)...n—k+1)

k!
- m—k+D)n—k+Dn—-—k+1)...n—k+1)
- k!
(n—k+1)F

Notice that if » > 2k, we have

g—k>0=>n—k>g

:>n—k+1>%

nk

= m—k+ 1> %

Thus for any k with n > 2k, we have (}) > Z’Z—Z, This is just a constant multiplied by

n*, which will work for us as long as we specify k > a.
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Putting it all together, let’s fix £ € N with £ > «. Then for any » > 2k, we have

n

d+p)y = Z (Z) 1""%p¥ (by the binomial theorem)
k=0

Thus

n® 2K,

0< —m— < —n"",
(I+pr  pr

as long as n > 2k. Since &« — k < 0, the sequence on the right converges to 0. Then by
the pinching theorem, so does Ty +p)” .

(Is the fact that we require n > 2k a problem? Not at all! For any sequence {s,}, fix
a natural number N. Then if the subsequence {sy, Sy+1,Sy+2, - . .} converges, so does
{s,}; because we require that the elements get closer to the limit as » goes to infinity, it
doesn’t matter at which step the sequence starts.) O

Theorem 18.6. (The Sequence x")
If |x| < 1, then lim,_ o, x" = 0.

The condition —1 < x < 1 is absolutely crucial. If |x| = 1, then the sequence might
converge (ifitis I, 1, 1, ...), or it might diverge (if itis —1, 1, —1,...). If |[x| > 1, then
at each step the sequence increases by more than it did at the previous step, so it diverges
to infinity. Only when |x| < 1 can we be sure that it converges.

)\ Proof. There are three possible cases.

Case 1. x = 0. Then the sequence 0, 0, 0 . converges to 0.

Case 2. 0 < x < 1. This is where the Ty +,,)n sequence comes in handy. Let

p= ;—1,s0x=@andp>0(smcex < 1). Then we let« = 0,

and apply Theorem 18.5 to see that

n()
lim x" = lim ——— =0
n— 00 n—oo (1 + p)”

Case 3. —1 < x < 0. Here, we cannot apply Theorem 18.5 directly, since if we
let p = l — 1, then p isn’t necessarily positive (for example, if

x——f thenp——3<0)
Instead we should actually start by proving |x|" — 0. Let
p= | | — 1, so that |x| = andp > 0 (since |x| < 1). Then we let

o = 0, and apply Theorem 18.5 to see that

n

lim |x|" = lim ————
n—00 n—00 (1 + p)”
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We can multiply the sequence |x|" by the constant —1 to see that — |x|"
also converges to 0. We can now apply the pinching theorem to show
that x” — 0, since

—lxl" =x" < x|

O

Given these theorems, you should be able to find the limit of almost any convergent
sequence you encounter in math or science. Remember, when in doubt, try using the
pinching theorem and/or the binomial theorem.

Coming up next, we’ll introduce infinite series. It turns out that a series is actually
just a certain type of sequence! We both know how much you love sequences by now...
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Series

Just like a TV series, a mathematical series can be comedic, dramatic, tragic—or yes,
even a soap opera. Series come in all shapes and sizes and can sometimes behave in
surprising, nonintuitive ways. In fact, the computation of integrals often uses series, and
as such, many people consider series to be the bread-and-butter of real analysis (but I
say those people need to start eating a more balanced diet).

In Chapter 2, we briefly mentioned that a series is a sum over all the elements of a
sequence. But sequences are infinite, and the concept of an infinite sum is problematic;
after all, what does it mean to sum an infinite number of elements? No matter how
small each element is, if we sum an infinite number of them, won’t the result always be
infinity?

The answer is no.—Just as with sequences, series can also converge to a limit—but
to see how this can happen, we must define series more precisely. It turns out that a
series is actually a sequence of sums.

For simplicity, we will limit the definition of series to only real and complex
numbers. Of course, we could have series of vectors in R¥, or of elements from any
metric space. But why make life so complicated?

Definition 19.1. (Series)
For any sequence {a,} in R?, we define the partial sum s, as
Sn =Zak=a1+612+a3+...+an.
k=1

The sequence of partial sums {s,} is called an infinite series or simply a series.
It technically should be written as s, s3, 83, . . ., Which is

{spy={ar, a1 +a, a1 +ar +a3,...}.

But for conciseness, we often write

oo
{sn}=2an=a1+a2+a3+...

n=1
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If {s,} converges to some point s € R or s € C, then we say the series converges,
and we write

If no such s exists, then the series diverges.
The elements of the sequence {a,} are the terms of the series.

lim,_, o $,, and the “series” in question is {s, }; however, we often refer to the summation
Z:o:1 a, as being the series. That’s like calling lim,_, », p, a sequence, when really {p,}
is the sequence.

Well, what can I tell you? It’s just an imprecise mathematical convention. So when
you see “the series Y -, a, converges to s,” you should really read

MNotice that there is some fishy stuff going on with notation. Really, Y - a, is

n
s = lim s, = lim E ay.
n— o0 n— o0 k_l

Always always always remember that a series is not a sum. A series is a sequence
of elements, each of which is a sum. The series converges if and only if this sequence of
sums converges.

Because series are just sequences in disguise, every theorem we’ve proved about
sequences also holds for series! No way!

Then why bother studying series in detail, if we already know how to manipulate
them? It turns out that they are useful for two reasons:

1. There are certain theorems that work for series in particular, and not for
sequences in general (such as the comparison test).

2. There are special series that have many applications, and are thus useful to
study (but we need some of those series-specific theorems to prove that they
converge).

Sometimes you might encounter the expression > - a,, instead of Y -, a, (notice
where n starts from). Don’t freak out! All this means is that the series is the sequence
of partial sums over the sequence {a,}, but instead of starting from a;, {a,} happens to
start from ay. Of course {a,} is still a perfectly valid sequence, since there does exist a
one-to-one mapping from N to {a,}: 1 — a9,2 — a;,3 — ay, ...

Sometimes, when it’s obvious where the summation starts and ends, we might just
write Y a, for short.

One way to check if a series converges is to apply our standard techniques to the
sequence of partial sums. But there must be an easier way, right?

Theorem 19.2. (Convergence of Series)

A series Y a, converges if and only if for every € >0, |> 7}, ak‘ < € for every n
and m, both greater than or equal to some natural number N (with m > n of course,
so the summation is valid).
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In symbols, Y a, converges if and only if:

m
D a

k=n

Ve > 0, 3IN € Nsuch thatm >n> N —> <e.

The sum inside the absolute value sign is a finite sum, not a series. Notice that it is
just the partial sum s,, = a; +a; + ... +ay,—1 +a, + ...+ a, minus the partial sum
Sp—1 = a; +as + ...+ a,_;. So the statement |Zz;n ak‘ < €1is|s,; —s,—1] < €, which
is very reminiscent of Cauchy sequences.

Remember that by Theorem 16.10, all Cauchy sequences in Euclidean spaces
converge. Since we defined series as sequences in R or C, we know that any series
is Cauchy if and only if it converges. This should make the proof a breeze!

Proof. If " a, converges, then the sequence of its partial sums {s,} converges, so by
Theorem 16.3, {s,} is Cauchy. Then given € > 0, there exists an N — 1 such that

m>n>N—1 = d(s,, s, <E¢€,Ss0
m>n>N — m>n—1>N-1

= s, —Sa—1|l <€

m

— Zak <€
k=n
m

ES Zak <e€
k=n

To prove the converse, assume that for every € > 0, there exists an N € N such that

‘ZZ;n ak{ < § whenever m > n > N. Then given € > 0, there exists an N such that

whenever m > n > N, either m = n, in which case d(s,;, s,) = 0 < €, or else we have

€
m>n+1>N — ap| < =
>nt1z A
k=n+1
m
- Zak < €
k=n+1

= lsm —Snr1-1l <€
= d(sSm, Sn) < €.

Thus the sequence {s,} is Cauchy, and since it is a sequence of complex numbers,
Theorem 16.10 implies that it converges. O

This leads us to the following corollary, which is a necessary—but not sufficient—
condition for the convergence of a series.
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Corollary 19.3. (Convergence of the Terms of a Series)
If a series Y a, converges, then lim,_, « a, = 0.

Proof. By Theorem 19.2, for every € > 0 there exists an N € N such that |s,, — s,_1] <
5 wheneverm > n > N. Letm = n, so that

nZN=é6>§ZMwﬂ%M=MM=ﬂ%ﬁ)

Since this is true for every € > 0, we have a,, — 0. L]

The contrapositive is particularly useful. If we have a series Y _ a,, and {a,} does not
converge to 0, then we know »  a,, must diverge.

Note that the converse of this corollary is not necessarily true. For example, we know
% — 0, but as we will learn later (in Theorem 19.10), the series > % actually diverges.
Here is an incorrect proof that a, — 0 = >_ a, converges. See if you can spot the
error!

If a, — 0, then for every € > 0 there exists an N € N such that |a,| < € whenever

n > N.Now lets = ‘Z,]:le ay|, so that

[}
>
n=1

N 00
D_at ) a
n=I1 n=N
00

>

n=N

<s+

<s+te.
Thus € > ‘Zf’il a,,’ —5 > ’ZEL a,|, and because this is true for every € > 0, we have
Sa, —s.

Actually, there is more than one error. First, it doesn’t make sense to “split up” the
series Y.°° | a, into two summations > a, and 3°°  @,. The symbol 3°°  a, (or
> a, for short) is just notation that represents the sequence of partial sums {s,}. So
Z,iv:] ay = sy, while > a, doesn’t mean anything (unless we already know that
{s,} converges to s, in which case we would be allowed to write > -\ a, = s — sy,
which isn’t even helpful here).

Second, in our calculation, we applied the fact that ‘fo: N a,,| < €. We actually
have no idea if this is true! All we know is that a,, < € for n > N, but that doesn’t mean
€+ €+ €+ ... <e. That is so ridiculously untrue, it makes me mad. And it should
make you mad, too!

Theorem 19.4. (Bounded Nonnegative Series)
If a series > _ a, consists entirely of nonnegative terms (a, > 0,V¥n € N), then > a,
converges if and only if its sequence {s,} of partial sums is bounded.

Of course, the word nonnegative restricts this theorem so that it only applies to series
in R. Remember that in C we have no notion of positive and negative, since no order
can be defined on the complex numbers.
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Proof. Because Y a, is a sequence of partial sums {s,} = ay,a; + az, a1 +ay +

as, ... in which each term a, is > 0, the series {s,} is actually a monotonically
increasing sequence. Then by Theorem 16.16, the series converges if and only if {s,} is
bounded. O

In most cases, we are able to determine the convergence of a series by applying the
comparison tests, which are sort of like series’ response to sequences’ pinching theorem
but even better.

Theorem 19.5. (The Comparison Test for Convergence)
If there exists an Ny € N such that |a,| < ¢, whenever n > Ny, then if the series »_ ¢,
converges, so does the series Y a,.

Proof. If Y ¢, converges, then for any € > 0, by Theorem 19.2 there exists an N € N
such that

m

m > n > max{N, Ny} — ch <e.
k=n
Thus
m m
Z ar| = Z lax|  (by the triangle inequality)
k=n k=n
m
< Z Ck (since n > Np)
k=n
m
= ch (since 0 < |a,| < ¢, forn > Ny)
k=n
<e€
Since this is true for every € > 0, Theorem 19.2 implies that > a, converges. O

Theorem 19.6. (The Comparison Test for Divergence)
If there exists an Ny € N such that a, > d, > 0 whenever n > Ny, then if the series
> d, diverges, so does the series Y ay.

Notice that the comparison test for divergence only works when comparing series of
nonnegative terms. Because if, for example, each term of some series is > d, = —1,
it doesn’t mean the series diverges just because » . d, = (—1)+(—D+ (-1 +...
diverges.

Proof: We’ll do a proof by contrapositive, so we assume Y a, converges and try to
show that > d,, converges. We can do this in two different (and equally simple) ways:

Since |d,| = d, < a, for every n > Ny, if > a, converges, then so does > _ d,, by
the comparison test for convergence. (Note that we used the fact that d,, > 0, to see that
|dy| < ay.)
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Or, if you prefer, we can just apply Theorem 19.4. If > a,, converges, its sequence
of partial sums must be bounded. Then every partial sum of Y d,, has an upper bound,
so Y d, also converges. (Note that here, too, we used the fact that d, > 0, since
Theorem 19.4 only works on series of nonnegative terms. Actually, we only know that
d, > 0 for n > Ny, not for every n € N; but that’s good enough, since if Z;o:zvo d,
converges so does Y% d,, since Y% d, is just a finite sum added to % . d,,.)

O

To get the most use out of the comparison tests, we should build up a knowledge base
of simple series that converge and diverge so we can frequently compare other series to
them.

Theorem 19.7. (Geometric Series)
The series y .-, x" converges to ﬁ if |x| < 1, and diverges if |x| > 1.

Any such series of terms raised to the nth power is called a geometric series. These
geometric series pop up all over math, and this formula will come in handy.

Proof. The divergence case of x > 1 is the easy part. We see that > x” diverges by the
comparison test, since x” > 1 for every n € N, and the series 1 + 1 4+ 1 + ... clearly
diverges.

If x < —1, then |x"| > 1 for every n € N. Then |x" — 0| > 1 for every n € N, so
it can’t be true that x, — 0. Thus by the contrapositive of Corollary 19.3, the series
diverges.

For convergence, let’s start by figuring out a formula for the partial sum

sn=2xk=l+x+x2+...~l—x",

k=0

since the limit of the series > x” is the limit of the sequence {s,}. By some algebraic
manipulation, we get

(I = x)sn = (55 — x5,)
=(4+x+x>+...x)—(x+x2+x>+.. . Fx"h
=14+@x—x)+@*—xH+... F@"—x")—x""!

+1

n
=1-x"",

1—x-x"

SO S, = lf';:l. By Theorem 18.6, we know x" — 0 when |x| < 1, so that ==~ —
. Thus
—X
o0
Y x"=lims,=—— (x| <.
n—o0
n=0
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Figure 19.1. Fillingina I x 2 rectangle with the series >0 | (2)".

Note that if we want to start the series at # = 1 (instead of n = 0), we have

- n = n 0 1 i
n;x :;x —X :1—x_1:1—x'

Example 19.8. (Geometric Series)
Geometric series have an especially nice geometric representation (coincidence?!).
Let’s use the example of x = %, for which our formula tells us that

o0 2n_ % B
2 3) T1oz 7k
-3

n=1

So if we start with a rectangle of area 2, we should be able to “fill it in” using this series,
as we can see in Figure 19.1.
Take a 1 x 2 rectangle, and fill in an area of size % The portion that remains has

area 2 — % = %.

Next, we add (%)2 = g to our shaded area; notice that g is exactly one third of the
area that remains. Now the portion that remains has area % — g = g.

Next, we add (%)3 = % to our shaded area, which is exactly one third of the area
that remains. Now the portion that remains has area g — % = %

Basically, at each step we fill in one third of the remaining area. If we continue this
pattern forever, we will have filled in the entire rectangle of area 2.

Before seeing another commonly used series, we need to spruce up our toolbox with
one more test for series convergence.

Theorem 19.9. (The Cauchy Condensation Test)
A series Y - | a, of nonnegative, monotonically decreasing terms converges if and only

if the series Y i, 2%ay converges.

So from now on, whenever we have a series built from terms {a,} with a; > ay > a3 >
... >0, we can use the Cauchy condensation test to check for convergence. It’s pretty
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cool that a series containing so few elements of {a,} (namely, a;, a,, as, as, .. .) still
determines the convergence or divergence of _ a,!

\ Proof. Because Y oo a, and > o 2Fay are series of nonnegative terms, by
) Theorem 19.4, each one converges if and only if its sequence of partial sums is bounded.
Set

Sy =aj +ay +as + ...+ a, (the nth partial sum of > a,),

n=1

o0
th =ay +2a +4as + ...+ 2 axn (the kth partial sum of > 2¥ay).
k=0

So if we can show {s,,} bounded <= {ty} bounded, we will have proven > - | a, con-
verges <= > 1o, 2Xay converges. Let’s prove both directions of the “iff * implication.

1. {tx} bounded = {s,} bounded. We already know that {s,} and {#;} are
bounded below (by 0), so by Theorem 9.6 we just need to worry about the
upper bound. Assume there is an M € R with ¢, < M for every k € N; if we
can show that for every n € N there is a k € N such that s, < #;, we will have
shown that every element of {s,} is also < M.

Well, that’s not so hard! If we fix n and choose a & such that n < 2%, then
we have

Ssp,=a1+ay+az+...+a,
<ai+ar+az+...+aps_, (sincen <28 = n+1<202H-1)
=ai+(@+a)+(@+as+ag+a;)+...+ @k +...+axy1_1)
§a1+2a2+4a4+...+2ka2k (sincea, >as >as > ...)

= l.

Thus for every s,, we have
Sn < t[log(n)"|+l < Ma

Tog(2)
so {s,} is bounded. (Note that we chose k = “Zgg;—‘ + 1 so that 2% > n.)
2. {ty} unbounded — {s,} unbounded. Assume that for every M € R there is
a k € N such that #, > M; we want to show that for every N € R, there is an
n € Nsuch thats, > N.
Now we do the opposite of the previous direction: take any &, and choose

and n such that n > 2%, so we have

Sp=a1+a+az+...+a,
>a;+ay+ay+...+ay (sincen > 25

=a+a+(as+as)+(as+as+a;+ag)+ ...+ (@14 + ...+ ax)

1
> ial+a2+2a4+4a3+...+2k’1a2k (sincea, >as >as >...)

1
E(al1 + 2ay + 4as + ...+ 2tay)

—2k-
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Then for every N € N, let M = 2N. Thus there is a k € N with #; > M,
so we have

1 1
Sokpl = Elk > E(ZN) =N

so {s,} is unbounded. (Note that we chose n = 2% + 1 so that n > 2F))
O

One of the best applications of the Cauchy condensation test is for determining the
convergence of p-series, which are of the form ) nip

The most famous such series is Y %, which is called the harmonic series. The
name comes from harmonic series in music, which are notes whose sound waves have
%, %, %, ... the wavelength of the starting note.
Theorem 19.10. (p Series)
The series > oo converges if p > 1, and diverges if p < 1.

nlnp

Note that this implies that the harmonic series > % diverges.

Proof. If p < 0, then the sequence {n~7} is unbounded, so it does not converge. Then
by the contrapositive of Corollary 19.3, > nip must also diverge.

If p > 0, then every element of the sequence {ni,} is less than or equal to the
previous element (and of course all of them are positive), so we can apply the Cauchy
condensation test. It turns out that the series

> (i) -y 0

k= k=0

is just a geometric series (where x = 2'77). By Theorem 19.7, it converges if
0<2'"? <1 (so if 1 —p <0) and diverges if 2!=7 > 1 (so if 1 — p > 0). Thus

nlp converges if p > 1, and diverges if p < 1. O
With the tools from this chapter, you should be able to deal with a variety of series. The
comparison tests (usually comparing to a geometric series or a p-series) and the Cauchy
condensation test are only the beginning of the complete picture; there’s also the root
test and the ratio test.

So why care about series? Because they care about you. Also because they are used
in the definition of the number e, the complex analysis definition of 7—and if you’ve
studied Taylor series, you’ve seen how almost any function can be written as a series!
Series give you a better understanding of convergent sequences and the meaning of
infinity.
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Conclusion

We’ve covered a lot of material, which is both a blessing and a curse. The blessing is
that you are now familiar with many important topics, which you will cherish for the rest
of your life (I hope). The curse is that when faced with new problems on a homework
assignment or a test, the “use all available information” advice sounds ridiculous. There
are so many facts to remember! That’s why working backward on the problem—starting
with what you need to prove—can be so helpful.

As an additional aid, here is a compilation of our greatest hits: the best tricks we
learned from each chapter that we continued to use many times later on.

Chapter 1.

Chapter 2.

Chapter 3.

Chapter 4.

Chapter 5.

Chapter 6.

Chapter 7.

Chapter 8.

When reading anything math-related, read actively! Go slowly and take
notes.

Sometimes a seemingly complicated proof can be accomplished by a
simple method: counterexample, contrapositive, contradiction, or
induction. (You can review Examples 2.1, 2.2, 2.3, and 2.4.)

To prove A = B for two sets, just show 4 C B and B C 4. (You can
review the proof of Theorem 3.12.) Also, remember to use De Morgan’s
law, which says that the complement of the union is the intersection of the
complements (see Theorem 3.17).

Use both properties of a least upper bound: no number in the set can be
higher than it, and anything lower than it isn’t an upper bound of the set.
(You can review the proof of Theorem 4.9.)

Use the Archimedean property, which tells you that for any real x and y
there’s an n € N with nx > y (see Theorem 5.5). In it’s simplest form, it
says there’s always ann > y.

Use the triangle inequality (see Property 5 of Theorem 6.7), or its big
brother, the Cauchy-Schwarz inequality (see Theorem 6.8).

Use all three properties of a bijection: it is a function (so it is defined for
the whole domain, and no element maps to two different elements), it is
injective (so no two elements map to the same element), and it is
surjective (so every element of the codomain is mapped to). (You can
review the proof of Theorem 7.16. Hopefully you filled in those blanks!)
To prove that a set is countable, if you found a likely bijection but it has
the pesky problem of possibly containing duplicates, define a “bijective
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Chapter 9.

Chapter 10.

Chapter 11.
Chapter 12.

Chapter 13.

Chapter 14.

Chapter 15.

Chapter 16.

Chapter 17.

Chapter 18.

Chapter 19.

version” of that function that acts on a subset of the domain. (You can
review the proof of Theorem 8.16.)

You’re often trying to construct a neighborhood to satisfy a condition
(that it’s contained inside a set, or it contains another point, etc.), so work
backward to figure out the “magic radius” for your neighborhood. (You
can review the proof of Theorem 9.23.)

Sometimes it’s easier to work with the complement of a set rather than the
original set. When you do, openness and closedness get reversed. (You
can review the proof of Theorem 10.7.)

Use the Russian doll property, also known as the fact that the infinite
intersection of nested compact sets is nonempty (see Corollary 11.12).
The Heine-Borel theorem tells us that in R¥, being compact is equivalent
to being closed and bounded (see Theorem 12.6).

Many times you can break down a topology problem into two simple
cases: if p € A4, what does that imply? And if p ¢ A, what does that
imply? (You can review the proof of Theorem 13.8.)

If you know a series converges, the fact thatn > N = d(p,, p) <€
for all € > 0 means that any € works, including numbers like 5. (You can
review the proof of Theorem 14.6.)

You can construct a specific subsequence similar to doing a proof by
induction: define p;, then assume something holds true for p,_; and show
it’s also true for p,. Don’t forget to first address the possible case where
the range of {p,} is finite. (You can review the proof of Theorem 15.7.)
In R¥ (or any complete metric space), showing that a sequence is Cauchy
is enough to prove that it converges (see Theorem 16.10).

Don’t be afraid to take the subsequence of a subsequence! This is
especially useful when you can show that a subsequence either has a
divergent subsequence, or else is bounded so it has a convergent
subsequence. (You can review the proof of Theorem 17.8.)

Use the pinching theorem (see Theorem 18.1). Also, when working with
exponents, you’ll often have to use the binomial theorem

(a+b)" =>4, (1)a"*b* to expand the power, and then you can drop
off most of the terms when showing it is > or > something. (You can
review the proof of Theorem 18.3.)

Series are not sums, they are sequences! So you can apply everything you
know about sequences to series, plus you have the comparison tests (see
Theorems 19.5 and 19.6) and the Cauchy condensation test (see
Theorem 19.9).

Of course, this is only a small subset of your toolbox. Whenever you’re stuck on a
proof, try working backward: narrow down what you have to prove until it’s an obvious
statement. Make a list of the assumptions used in the theorem, and try using all of
them. Work with the simplest examples before you try to do the general case. And draw
pictures. Seriously! The more pictures in your notebook, the better you are (as a student,
and as a human being).

It’s possible that your course covers more material beyond the topic of series.
Although you might be intimidated by what lies ahead in your grand real analysis
journey—continuity, derivatives, integrals, sequences of functions (what kind of horror
is that?!)y—remember that it all comes back to the basics. Everything relies on real
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numbers, topology, and sequences. If you can master those topics, the rest will be a
breeze! Really.

Also, for every minute you’ve spent trying to understand these concepts, you’ve
probably spent at least that much time figuring out how proofs work. Hopefully by now,
you’ve mastered the basic techniques of proofs—reading them and writing them—and
will soon be able to focus purely on the math.

My hope is that you learned more from this book than just how to prove that a
sequence converges (you did learn that, right?). You learned how to think rigorously;
you learned how to deal with infinity, in cases where your intuition wouldn’t help (for
example, with countability or series). Most of all, I hope you learned that going slowly
and understanding the definitions first can make all the difference.

Have fun! It may seem scary, but real analysis can be incredibly interesting and
exciting. You can do it.






ACKNOWLEDGMENTS

First, a big thanks to you, the student, for reading the acknowledgments. ...But
seriously, why are you reading this? Get back to math!

This book began as my thesis project at Princeton University. My heartfelt
gratitude goes out to Dr. Philippe Trinh, my ever-helpful and enthusiastic adviser.
He taught me the value of good style, good formatting, and good pictures. From the
beginning, he believed in this project with a passion to rival my own—so everything
here is thanks to him.

Thank you to Adrian Banner, my second adviser, for his help and for inspiring
this textbook series with the incredible The Calculus Lifesaver.

Thank you to Mark McConnell, for his detailed editing and insightful feedback.

Thank you to the staff at Princeton University Press, especially my editor Vickie
Kearn, who supported me early on and worked hard to make this book happen.

Thank you to the generous users of tex.stackexchange.com, who constantly
volunteer their own time to help with the IATEX problems of complete strangers.

To my wife Charlotte, who is the sup to my inf, the Heine to my Borel, the N to
my e: thank you for editing this book (or at least, just the acknowledgments section).
I love you.

To my family Monica, Joel, Joshi, Greg, Jacquy, Eliane, Agar, Paul, and Marnie:
thank you for supporting me during the writing of this book—and during my life in
general.

And to the many wonderful teachers I’ve had over the years: thank you for
inspiring me to love learning almost as much as to love teaching.


http://tex.stackexchange.com




BIBLIOGRAPHY

1. Walter Rudin, Principles of Mathematical Analysis, 3rd edition (McGraw-Hill, 1976).
This book follows the exact curriculum of Rudin’s. Most definitions and proofs here are
due to him.

2. Steven R. Lay, Analysis with an Introduction to Proof, 4th edition (Prentice Hall, 2004).
This one gets my highest recommendation. Nice explanations; lots of preliminary chapters
that introduce you to logic, sets, and functions; and encouragement of active reading via
in-chapter practice questions and fill-in-the-blanks (which I obviously love).

3. Stephen Abbott, Understanding Analysis (Springer, 2010).
With prechapter “Discussions” and postchapter “Epilogues,” this book has a nice structure
with lots of new topics and examples to enrich the traditional Rudin-based curriculum.
What’s best about this book is Abbott’s efforts to motivate the question “why study real
analysis?” with introductory problems for which your previous math intuition provides no
help. He places emphasis on constructing a unifying narrative to connect all the chapters.
(Of course, this narrative and historical approach is only effective when you already know
the material and you are interested in going back and learning what it all means, how it
came about, and why it’s all related. For the first-time student of analysis, understanding
abstract definitions and writing rigorous proofs is enough of a challenge, without the
added burden of trying to put it all together in your head.)

4. Kenneth A. Ross, Elementary Analysis: The Theory of Calculus (Springer, 2010).
Ross clearly gives up quantity in favor of quality. His pages are full of detailed examples
and clear explanations, although there are some holes in the material he covers, and his
book falls short of the scope of some first-semester analysis courses. Definitely read his
second chapter if you are having any trouble with sequences (especially proving that
sequences converge and understanding lim sups).

5. Robert G. Bartle and Donald R. Sherbert, Introduction to Real Analysis,
3rd edition (Wiley, 2000).
This book is comprehensive and detail-oriented. It covers most of Rudin (in a somewhat
jumbled order) and fills in many missing bits of theorems and examples that could be
helpful. The explanations of difficult concepts are a mixed bag, but you should take a look
if you need help with proofs by induction or a review of functions.

6. Robert Wrede and Murray Spiegel, Schaum’s Outline of Advanced Calculus,
3rd edition (McGraw-Hill, 2010).
Schaum’s is a large set of practice exercises, some of which have detailed solutions.
Solving problems is better than reading about them, so you should check this one out.

7. Burt G. Wachsmuth, Interactive Real Analysis, version 2.0.1(a)
(www.mathcs.org/analysis/reals, 2013).
This website provides excellent interactive examples and proofs in which you can think
about them first, then click to see the answers.


http://www.mathcs.org/analysis/reals




INDEX

! (factorial), 169

(a, b) (open interval), 16

< (less than), 29

> (greater than), 29

E’ (limit points), 93

N,(p) (neighborhood), 82
[a, b] (closed interval), 16

| | (absolute value), 50

(}) (n choose k), 169

L (contradiction), 38

N (intersection), 17

[ 7 (ceiling), 32

o (composition), 67

: (mapping), 61

U (union), 17

) (empty set), 15

= (equivalence relation), 68
3 (exists), 6

V (for all), 6

> (greater than or equal), 29
<= (if and only if), 7
= (implies), 7

€ (in), 14

oo (infinity), 45

< (less than or equal), 29
lim,,—, oo (limit), 130
liminf,_, o (lower limit), 159
lim sup,,_, o, (upper limit), 159
> (maps), 61

C (complex numbers), 46
N (natural numbers), 7

N,, (proper subset of N), 70
Q (rational numbers), 7

R (real numbers), 36

R (real numbers), 7

R? (2-vectors), 46

R* (Euclidean space), 54
Z (integers), 7

— (not), 8

E (closure), 93

Z (conjugate), 49

\ (complement), 21

~ (cardinality), 68

Y~ (nth root), 40

O(Q.E.D.), 13

C (subset), 16

C (subset), 15

>~ (sum), 7

> | (series), 7, 174
D (superset), 16

D (superset), 15

— (limit), 130

— (maps), 61

€ (complement), 21
s* (upper limit), 159
s (lower limit), 159

absolute value, 50
accumulation point, 82
algebra, 35

arbitrarily, 9
Archimedean property, 37

associative; under addition, 35; under

multiplication, 35
at most countable, 70
axiom, 4
axiom of completeness, 37

base case, 11
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geometric, 179
set, 14
statement, 8
subfield, 48
subsequence, 143
subsequential limit, 143
subsequential limits*, 159
subset, 15
summation, 7
sup, 31
superset, 15
supremum, 31
surjection, 64
surjective, 64
symmetric, 68
symmetry, 79

term, 175
transitive, 68
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triangle inequality; Euclidean spaces, 55; complex

numbers, 50; metric spaces, 79

unbounded, 80
uncountable, 70
union, 17
upper bound, 30
upper limit, 159

vector, 46
vector space, 54

Weierstrass theorem, 115
well-ordering principle, 39
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