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Preface:

These are the first edition of these lecture notes for MATH 2001 (Real
Analysis I). Consequently, there may be several typographical errors,
missing exposition on necessary background, or unclear explanations. If you
come across any typos, errors, omissions, or unclear explanations, please feel
free to contact me so that I may continually improve these notes.

Please note that any text in the colour blue was not covered in class. Some
of this text was not covered in class as its difficult level is not suitable for
this course (most of this is in Chapter 1). Some of this text was not covered
in class as it was suitable for assignment work and appears there. The
remainder of the text I would love to cover if there was sufficient time, but
there will not be. Thus I have selected the most essential material and
examples to present in class. Students taking this course are only
responsible for the material covered in class and on the assignments, and a
student can skip any text in blue and still obtain a deep introduction to real
analysis. However, understanding this additional material will deepen a
student’s comprehension and abilities in real analysis thereby enhancing
their success in this and future courses.
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Motivation for this Course

Calculus as we know it was developed in the 17th century to tackle the
prominent physics problems at the time. As the study of kinematics (the
study of motion) was paramount to describe the motion of celestial bodies, the
theory to compute rates of change (i.e. derivatives) and areas (i.e. integrals)
was developed. However, eventually scientists encountered issues in their
theory which yielded bizarre contradictions in specific cases.

For one such example, consider the problem of adding up the following
infinite number of numbers:

1 11 1 1 1 1 1 1 1
5737175 67 879 10

It is not difficult to use elementary techniques to show this infinite sum
makes sense. But what is its value? Let S denote the value of this infinite
sum. On the one hand

(3G 6D C-D 6w

Thus S is a sum of strictly positive numbers so we expect that S > 0.
However, on the other hand

S—(l 1) 1+(1 1) 1+(1 1) 1+
- 2 4 3 6 8 5 10 12

2]

This latter equation implies S = 0 in direct contradiction to our initial claim
that S > 0. So what went wrong?

The root of our error comes from the question, “What do we mean by
adding up an infinite number of elements?” As we have not made a precise
definition of “adding up an infinite number of elements”, we cannot find our
mathematical mistake. This is where analysis and this course begin.

1



2 CONTENTS

This course will serve as an introduction to analysis for mathematics
majors. In particular, we will rebuild calculus up from base axioms through
logic and rigorous proofs. Consequently the apparent contradictions from
calculus are resolved and one has a rich theory that can go beyond studying
kinematics. In particular, the notions of limits, topology, continuity, deriva-
tives, and integrals will be developed and studied in a rigorous proof-based
manner. More importantly, students will learn the proper way to think and
prove facts about analysis, which is an essential skill for more advanced
courses in analysis and mathematics.

©For use through and only available at pskoufra.info.yorku.ca.



Chapter 1

The Real Numbers

To develop a completely rigorous and logically based mathematical theory of
analysis, the first question we must ask is, “What is real? How do you define
‘real’? If you're talking about what you can feel, what you can smell, what
you can taste and see, then ‘real’ is simply electrical signals interpreted by
your brain.” That is,

e How do we write down a rigorous definition of the real numbers?
e What properties do the real numbers have?

e What properties of the real numbers distinguish them from other
number systems?

In this chapter, we will answer the above questions. As this is a second-
year undergraduate course, the focus in this chapter will be to introduce
and develop understanding of the defining properties of the real numbers
over studying the advanced set theoretic and logical considerations of this
construction.

To begin, it is best to first understand how one constructs a much more
simple mathematical object.

1.1 The Natural Numbers

To motivate the complexity of providing a rigorous definition of the real
numbers, we begin by showing even defining the natural numbers rigorously
in mathematics is not a non-trivial task.

1.1.1 Peano’s Axioms

Peano’s Axioms are the five properties one must impose on a number system
to uniquely identify the natural numbers. They are as follows:

3



4 CHAPTER 1. THE REAL NUMBERS

Definition 1.1.1 (Peano’s Axioms). The natural numbers, denoted N,
are the unique number system satisfying the following five axioms:

(P1) There is a number, denoted 1, such that 1 € N.

(P2) For each number n € N, there is a number S(n) € N called the successor
of n (ie. S(n) =n+1).

(P3) The number 1 is not the successor of any number in N.
(P4) If m,n € N and S(n) = S(m), then n = m.
(P5) (Induction Axiom) If X C N is such that

(a) 1€ X, and
(b) if k € N and k € X, then S(k) € X,

then X = N.

Each of the above five axioms are necessary to uniquely identify the
natural numbers as the following examples show. Note (P2) is necessary to
discuss (P4) so no example is provided where (P1), (P3), (P4), and (P5)
hold but (P2) does not.

Example 1.1.2. The empty set () does not satisfy (P1) but satisfies (P2),
(P3), (P4), and (P5) vacuously.

Example 1.1.3. Consider the set X = {1,2} where we define S(1) = 2 and
S(2) = 1. One may verify that X satisfies (P1), (P2), (P4), and (P5) but

does not satisfy (P3) since 1 is the successor of 2.

Example 1.1.4. Consider the set X = {1,2} where we define S(1) = 2 and
S(2) = 2. One may verify that X satisfies (P1), (P2), (P3), and (P5) but
does not satisfy (P4) since S(1) = S(2) but 1 # 2.

Example 1.1.5. Consider the set N2 = {(n,m) | n,m € Z} where we define
1=(1,1)and S(n,m) = (n+1,m+1). One may verify that N? satisfies (P1),
(P2), (P3), and (P4) but does not satisfy (P5) since X = {(n,n) | n € N}
has properties (a) and (b) but is not all of N2,

Remark 1.1.6. It should be pointed out that Peano’s Axioms immediately
give us our notion of < on N. Indeed we define n < m to mean that there
exists a chain n = ko, k1, ..., k¢ = m so that k; = S(k;j_1) for all j.

Instead of focusing on set theoretic and logical implications of the Peano’s
Axioms, our focus will be on what tools they provide for us.

©For use through and only available at pskoufra.info.yorku.ca.



1.1. THE NATURAL NUMBERS 5

1.1.2 The Principle of Mathematical Induction

The Induction Axiom from Definition leads to the following principle
which students should be familiar with from MATH 1200.

Theorem 1.1.7 (The Principle of Mathematical Induction). For each
k € N, let P, be a mathematical statement. Suppose

o (base case) P is true, and
o (inductive step) if k € N and Py, is true, then Pyyq is true.
Then P, is true for all n € N.

Proof. Let
X ={neN | P, is true}.
Our goal is to show that X = N using the Induction Axiom in Definition
Hence we must show two things:
(a) 1€ X, and
(b) if ke Nand k € X, then k+ 1 € X.

By assumption we see that 1 € X as P; is true. Thus (a) is true.

To see that (b) is true, suppose that £ € N and k € X. By the definition
of X, we know P is true. Thus, by the assumptions in the statement of the
theorem, Py 1 is true and hence k+ 1 € X by the definition of X. Therefore

(b) is true.
Hence the Induction Axiom in Definition [I.1.1]implies X = N. Hence P,
is true for all n € N. [

The Principle of Mathematical Induction is a very convenient method
for proving a collection of mathematical statements indexed by the natural
numbers are true. The following is one specific example (which is reliant on
properties of the real numbers we will discuss shortly).

Theorem 1.1.8 (Binomial Theorem). For alln € N and z,y € R,
n n . .
(x+y)" = Z < .>m3yn_3.
j=0 \J
[Here 2° =1 = y° by definition.]

Proof. To see this result is true, fix z,y € R and for each n € N let P, be
the statement that (z +y)" = >, (?)xjy”_j. To show that P, is true for
all n € N, we will apply the Principle of Mathematical Induction. To do so,
we must demonstrate the two conditions in Theorem [LI.7

©For use through and only available at pskoufra.info.yorku.ca.



6 CHAPTER 1. THE REAL NUMBERS

Base Case: To see that Pj is true, notice that when n =1,

1 1
(z+y)=2+y= <1>x1y0 + <0>x0y1.

Hence P is true.
Inductive Step: Assume that Py is true; that is, assume (z + y)* =
f 0 (k)xj y*~7 (this assumption is known as the induction hypothesis). To

see that P41 is true, first notice for all £ € {1,...,k} that

k K K !
c—1) ) T s — =y T ag—o

k! 1 1
=Dk —0) <k+1—€+€>

! 0+ (k+1—10)
T =Dk - z)'< (k+1—0)¢ )

B k! k+1
=Dk -0 ((k+1 —£)£>
kD (k1
_E!((k+1)—£)!_< ¢ )

and that 1 = (’8) = (Z) = (kgl) = (kH). Therefore, we have that

k+1
(x + y)k—i-l
= (z+y)(z+y)"
e\ .
=(z+y) Z (]) alyk=I by the induction hypothesis
j=0

j=o \J

()0 (£ O
(£ o) (erog (o)
L) () () )e
(e (7))

©For use through and only available at pskoufra.info.yorku.ca.



1.1. THE NATURAL NUMBERS 7

Hence Py is true.
Therefore, as we have demonstrated the base case and the inductive step,
the result follows by the Principle of Mathematical Induction. [

In addition to the Principle of Mathematical Induction, students saw in
MATH 1200 the following improvement which allows for one to assume all
the previous statements are true in the inductive step.

Theorem 1.1.9 (The Principle of Strong Induction). For each k € N,
let P, be a mathematical statement. Suppose

1. Py is true, and
2. if k € N and Py, is true for all m <k, then Pyxy1 is true.
Then P, is true for allm € N.

Proof. For each k € N, let O, be the mathematical statement “Py, Ps, ..., Py
are all true”. Thus, to show that P, is true for all n € N, it suffices to show
that @, is true for all n € N.

To show that @, is true for all n € N, we will apply the Principle of
Mathematical Induction. To do so, we must demonstrate the two conditions
in Theorem [[.T.7

Base Case: To see that () is true, notice that P; is true by our assump-
tions. Hence @) is true.

Inductive Step: Assume that @ is true; that is, assume Py, Ps,..., Py
are all true. To see that Q41 is true, notice since Py, Ps, ..., Py are all true,
our assumptions imply that Py is true. Hence Py, Py, ..., Py, Py41 are all
true so Q41 is true.

Therefore, as we have demonstrated the base case and the inductive step,
the result follows by the Principle of Mathematical Induction. ]

1.1.3 The Well-Ordering Principle

There is another way to think about the Principle of Mathematical Induction
which is quite useful in analysis. Instead of thinking about whether we can
show P, is true for all n € N, we can think about whether there is a first
natural number where P, fails. This leads to the following additional form
of the Principle of Mathematical Induction.

Theorem 1.1.10 (The Well-Ordering Principle). FEvery non-empty
subset of N has a least element; that is, if X C N and X # (), then there is
an element m € X such that m <k for all k € X.

Proof. Suppose for the sake of a contradiction that X is a non-empty subset
of N that does not have a least element. Let

Y=N\X={neN|n¢ X}

©For use through and only available at pskoufra.info.yorku.ca.



8 CHAPTER 1. THE REAL NUMBERS

For each n € N let P, be the statement that “n € Y”. We will apply the
Principle of Strong Induction to show that P, is true for all n € N and thus
Y = N. This will complete the proof since Y = N implies X = (), which
contradicts the fact that X is non-empty.

To apply Principle of Strong Induction, we must demonstrate the two
necessary assumptions in Theorem [1.1.9

Base Case: To see that P; is true, note since X does not have a least
element that we know that 1 ¢ X or else 1 would be the least element of X.
Hence 1 € Y so P; is true.

Inductive Step: Assume k£ € N and P, is true for all m < k. Hence
{1,...,k} C Y. Thus each element of {1,...,k} is not in X. Therefore
k+1¢ X for otherwise k + 1 would be the least element of X since none of
1,...,karein X. Hence k +1 €Y as k+1 ¢ X so Py41 is true.

Hence, by Strong Induction, ¥ = N thereby completing the proof by
earlier discussions. |

The Well-Ordering Principle is quite useful in proofs where one wants to
know there is a first natural number where something fails. For example, we
can prove the following results from MATH 1200 using the Well-Ordering
Principle.

Proposition 1.1.11 (The Division Algorithm). Let a,b € N. Then there
exists unique g, € NU {0} such that 0 <r <b and a = bq + r.

Proof. Let a,b € N be fixed. First we will show the existence of ¢, € NU{0}
such that 0 < r < b and a = bqg + r. To show this, we divide the discussion
into three cases.

Case 1: a < b. In this case, let r =a and ¢ = 0. Clearly 0 <r=a < b
and a =r =00+ r = bqg + r as desired.

Case 2: a =b. In this case, let r =0 and ¢ = 1. Clearly 0 < r < b and
a=b=1b+ 0 = bg + r as desired.

Case 3: a > b. In this case, let

X ={neN | a<nb}.

Since a > 1 we know that 2a = a + a > a + 0 = a. Moreover, since b > 1 we
know that ab > a and thus

(a+1)b=ab+a>a+a=2a>a.

Hence a +1 € X so X # ().
Since X # (), the Well Ordering Principle (Theorem [1.1.10)) implies there
exists a least element c € X. Let

g=c—1eNuU{0}.

©For use through and only available at pskoufra.info.yorku.ca.



1.1. THE NATURAL NUMBERS 9

Since ¢ € NU{0} and ¢ < ¢, ¢ ¢ X as ¢ was the least element of X. Therefore
a > gb. Hence if we let r = a — ¢b, then » > 0 and a = ¢b + r.

To complete the proof in this case, it remains only to show that r < b.
To see this, suppose to the contrary that » > b. Hence a — ¢b > b so that

a>qgb+b=(q+1)b=cb.

This implies that ¢ ¢ X. However, this contradicts the fact that ¢ was the
least element of X (and thus, in particular, was an element of X). As we
have obtained a contradiction it must be the case that r < b. Thus this case
holds.

As the above three cases cover all possible cases for a,b € N, it follows
that there exist ¢, 7 € NU {0} such that 0 <r < b and a = bg + 7.

To see that ¢, € NU {0} are unique, assume ¢',r’ € NU {0} are such
that 0 <7’ < band a = bg’ + . To see that ¢ = ¢ and v’ = r, note that

bg+r=a=0bg +1

so that
bg—q)=7r"—r
Suppose for the sake of a contradiction that ¢ # ¢/. Hence q — ¢ < —1
or ¢ — ¢ > 1. Therefore, as b > 1, we have that

v —r=blg—q¢)<-b or 7 —r=bg—q)>0
However, since 0 < r < b and 0 < 7’ < b, we must have that
—b<r —r<hb.

As this is a contradiction, we have that ¢ = ¢’. Hence ' —r =b(q — ¢') =
b(0) = 0 so r' = r as desired. n

To complete our discussion of the natural numbers, we should note we
used the Induction Axiom from Definition [I.1.1] to prove the Principle of
Mathematical Induction (Theorem , which we then used to prove the
Principle of Strong Induction (Theorem , which we then used to prove
the Well-Ordering Principle (Theorem . It turns out that if one
replaces the Induction Axiom in Definition [I.I.I] with the Well-Ordering
Principle, then one can deduce the Induction Axiom. That is, the Induction
Axiom and the Well-Ordering Principle are logically equivalent! The proof
of this fact is below.

Theorem 1.1.12. Let (P1), (P2), (P3), (P4), and (P5) be as in Definition
[71 Consider the mathematical statement.

(P'5) (Well-Ordering Principle) If X C N and X # (), then X has a least

element.

©For use through and only available at pskoufra.info.yorku.ca.



10 CHAPTER 1. THE REAL NUMBERS

If (P1), (P2), (P3), (P4), and (P'5) are true, then (P5) is true.

Proof. Assume (P1), (P2), (P3), (P4), and (P’5) are true. Before showing
that (P5) is true, we claim that if n € N\ {1}, then n = S(k) for some k € N.
To see this, let

Y ={neN | n#S(k) for all £ € N}.

Note 1 € Y by (P3) so Y # ). Hence Y has a least element. This means that
1 is the least element of Y. Hence the definition of < implies that Y = {1}
as desired.

To see that (P5) is true, let X C N be such that

(a) 1€ X, and
(b) if k € Nand k € X, then S(k) € X.

Our goal is to show that X = N.

To see this, let Y = N\ X. Thus, to show that X = N| it suffices to show
that Y = 0.

Suppose to the contrary that Y # (). Hence (P’5) implies that ¥ has a
least element. Let m be the least element of Y. Note since 1 € X, 1 ¢ Y
and thus m # 1. Since m # 1, there exists a k € N such that S(k) = m.
Since m is the least element of Y, k ¢ Y so k € X. However (b) implies
then implies that m = S(k) € X som ¢ Y. As this contradicts the fact that
m is the least element of Y, we have a contradiction. Hence Y = () thereby
completing the proof. ]

1.2 What are the Real Numbers?

With a rigorous formal definition of the natural numbers now complete, we
turn our attention to more interesting pursuits. Using the natural numbers
and equivalence relations, it is possible to construct the integers (denoted Z)
and the rational numbers (denoted Q). For the interested reader, this is done
in Appendices and However, our interest lies in the real numbers
(denoted R). In particular, how does one construct the real numbers, what
properties do the real numbers have, and what properties do we need to
enforce on a number system to guarantee it is the real numbers? That is,
how do we rigorously define the real numbers? Of course, since defining N
was not a simple task, we expect defining R to be very non-trivial.

1.2.1 Fields

To begin our discussion of what are the real numbers, we note there are some
natural operations we want to apply to the real numbers: namely addition,

©For use through and only available at pskoufra.info.yorku.ca.



1.2. WHAT ARE THE REAL NUMBERS? 11

subtraction, multiplication, and division. These operations have specific
properties that we shall explore and formalize.

We begin with addition and multiplication. Recall that addition and
multiplication are operations on pairs of real numbers; that is, for every
xz,y € R there are numbers, denoted x + y and x - y, which are elements
of R. Furthermore, there are two properties we require for addition and
multiplication to behave well, and one property that says addition and
multiplication play together nicely:

(F1) (Commutativity) x +y =y +z and x -y =y -z for all z,y € R.

(F2) (Associativity) (z+y)+2z=2+ (y+z2)and (z-y)-z=x-(y- 2) for
all z,y,z € R.

(F3) (Distributivity) = - (y + z) = (x - y) + (z - 2) for all z,y,z € R.

Instead of adding in the operations of subtraction and division, we can
realize how they may be derived from addition and multiplication. For
example, what does subtracting 3 from 4 mean in terms of addition? Well, it
really means add the number —3 to 4. And how are 3 and —3 related? Well,
—3 is the unique number x such that 3 + x = 0. And what is 0 in terms
of addition? Well, 0 is the unique number y that when you add y to any
number z, you end up with z.

Similarly, what does dividing by 7 mean in terms of multiplication? Well,
it really means multiply by % And how are 7 and % related? Well, % is the
unique number x such that 7z = 1. And what is 1 in terms of multiplication?
Well, 1 is the unique number y that when you multiply y to any number z,
you end up with z.

Using the above, we added the following properties to our list of properties
defining R:

(F4) (Existence of Identities) There are numbers 0,1 € R with 0 # 1 such
that 0+ x =z and 1-z =z for all z € R.

(F5) (Existence of Inverses) For all x,y € R with y # 0, there exists
—x,y ! € Rsuch that  + (—z) =0 and -y~ ! = 1.

Using these two properties, one then defines subtraction and division via
r—y=a+(—y)and x+z = x-2z~ ! forall 7,5, z € R with z # 0. Furthermore,
it is possible to show that all of the numbers listed in (F4) and (F5) are
unique; that is, any number with the same properties as one of 0, 1, —z, or
y~! must be the corresponding number. The following lemma elaborates

and shows that numbers behave in an arbitrary field as one would expect.

Lemma 1.2.1. Assuming (F1), (F2), and (F3), the following hold:

a) If 01,02 € R are such that 01 +x = x and 0 + x = = for all x € R, then
01 = 0.
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12 CHAPTER 1. THE REAL NUMBERS

b) If 11,15 € R are such that 11 -z = x and 1o - x = x for all x € R, then
11 = 1s.

¢) If 0 is as in (F4), if x € R, and if y1,y2 € R are such that x +y; = 0 and
T+Y2 = 07 then Yy = Y2 (26 Y1 =Yg = _;1;)

d) If 1 is as in (F4), if ¢ € R\ {0}, and if y1,y2 € R are such that z-y; =1
and x-ya =1, then y1 =yo (ie. y1=y2 =a" ).

e) If x € R, then 0-x = 0.
f) If v € R, then —xz = (—1) - x.

Proof. a) Let 01,02 € R be such that 0; +2 = z and 02+ 2 = z for all z € R.
Then

01 =09+ 0q ie. takez =01 in0y+z =2
=01 + 02 by commutivity
=09 i.e. takez =09in 01 +z =2

as desired.

b) Let 11,15 € R are such that 1; - = x and 13-z = z for all z € R.
Then

1i=1-1; ile.takex=11inly-x =2
=11 1o by commutivity
=19 ile. takexz=1yinl; -2 =2

as desired.

c) Let 0 be as in (F4) and suppose z € R and y;,y2 € R are such that
x+1y; =0and z+ y2 = 0. Then

11=0+y1 by identity properties
=(z+y2)+u by assumption
=z + (y2+y1) by associativity
=x+ (y1 +vy2) by commutivity
= (T +y1) +y2 by associativity
=0+ by assumption
= Y2 by identity properties

as desired.
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1.2. WHAT ARE THE REAL NUMBERS? 13

d) Let 1 be as in (F4) and suppose x € R\ {0} and y1,y2 € R are such
that z-y; =1 and x -y = 1. Then

y1=1-9y by identity properties
=(z-y2) 0 by assumption
=z (y2-y1) by associativity
=z (y1-y2) by commutivity
=(z-y1) v2 by associativity
=1y by assumption
= Y2 by identity properties

as desired.
e) Let z € R. To see that 0 -z = 0, notice that

0-2=(0+0)-x by identity properties
=0-2)+(0-2) by distributivity.
Hence
0=(0-z)+(—(0-x)) by inverses
=(0-2)+(0-2)+ (—(0-2)) by the above equation
=0-2)+((0-z)+ (—(0-x))) by associativity
=(0-2)4+0 by inverses
=0z by identity properties
as desired.

f) Finally, let x € R. To see that —z = (—1) - , we recall by part c) that
—x is the unique element y € R such that x +y = 0. Thus, to complete the
proof, it suffices to show that = + (—1) - x = 0. Notice that

r+(-1)-z=1-2+(-1) = by identity properties
=1+(-1) = by distributivity
=0-z by inverses
=0 by part (e)
as desired. [

Although we want the real numbers have the above five properties, they
are not the only number system that has all five properties. Consequently,
we make the following definition.

Definition 1.2.2. A field is a set F together with two operations + and
- such that a+b € F and a-b € F for all a,b € F, and + and - satisfy
(F1), (F2), (F3), (F4), and (F5) as written above (replacing R with F - note
Lemma also automatically holds for F) with 0 # 1.
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14 CHAPTER 1. THE REAL NUMBERS

Thus the simple way to say we want the real numbers to have the above
five properties is to say that we want the real numbers to be a field. However,
some of our other number systems may or may not be fields.

Example 1.2.3. The natural numbers and integers are not a field. One
way to see this is that the number 2 does not have a multiplicative inverse
inside the natural numbers nor integers. To see this, suppose k € Z were
such that 2k = 1. If £k < 0, then 2z < k # 1. Otherwise, if £ > 0 then
2k=k+k>k>1s02k#1.

Example 1.2.4. The rational numbers are a field. This is shown in Appendix

B.2

Example 1.2.5. The complex numbers are a field. This should have been
shown in MATH 1200 assuming that the real numbers are a field.

Notice if one is given a field F and a subset F of F then E is a field with
the same operations of 4+ and - provided

(closed under + and ) if a,b € E, then a+b € Eanda-b € E,
 (contains the identities) 0,1 € F,
(

closed under additive inverses) if a € E, then —a € E, and
e (closed under multiplicative inverses) if a € F and a # 0 then a~! € E.

Indeed, if these properties hold for E| it is easy to see that (F1), (F2), (F3),
(F4), and (F5) hold because of these properties and because these field axioms
hold in F. In this case, we call E a subfield of F. There are many examples
of subfields of R with the following just being one example (assuming we
have made sense of v/2 and shown /2 € R).

Proposition 1.2.6. The set
Q2 == {z+yv2 | 2,y € Q}

is a subfield of R such that Q C Q[v/2] C R.

Proof. First, we claim that Q € Q[v/2]. Clearly Q C Q[v/2]. To see that
the inclusion is strict, we will reprove the fact that /2 ¢ Q (which student
surely saw in MATH 1200). To see this, suppose to the contrary that there
exists a,b € Z with b # 0 such that

a
2=,
V2 b

By removing any common divisors, we can assume without loss of generality

that a and b have no common divisors. Since by/2 = a, we have that 2b% = a?.
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1.2. WHAT ARE THE REAL NUMBERS? 15

Therefore 2 divides a?. Since the square of an odd number is odd, we have
that a must be even and thus a = 2¢ for some ¢ € Z. Hence

202 = a® = (2¢)? = 4c?

so that b?> = 2¢2. Hence 2 divides b?. Since the square of an odd number is
odd, we have that b must be even. However, we have now shown that both
a and b are even which contradicts the fact that ¢ and b have no common
divisors. Thus v/2 ¢ Q so Q C Q[v2].

Assuming we know that Q C R and v/2 € R (see Proposition [1.3.10)), we
have that Q[v/2] C R. To see that the inclusion is strict, we will show that

V3 ¢ Q[v2] (the fact that /3 € R is similar to Proposition [1.3.10). To see
that v/3 ¢ Q[v/2], suppose to the contrary that there exists z,y € Q such

that
r + y\@ = 3.

By squaring both sides, we obtain that
(2% 4 2y%) + 22yV2 = 3.

If  # 0 and y # 0, then we have that

3—a%—2y?
N ettt
2xy

However, since z,y € Q, this implies v/2 € Q, which contradicts the fact
that v/2 ¢ Q. Thus z = 0 or y = 0.

By a similar proof to that used to show that v/2 ¢ Q (i.e. use divisibility
by 3 instead of divisibility by 2), we obtain v/3 ¢ Q. If y = 0 then z = /3
which implies that /3 € Q, which is a contradiction. Thus it must be the
case that x = 0 so that y\/§ =4/3.

Since y € Q, there exists a,b € Z with b # 0 such that y = 3. By
removing any common divisors, we can assume without loss of generality
that ¢ and b have no common divisors. Thus

aVv2 = bV/3

so that 2a? = 3b%. Since 2 does not divide 3, this implies that 2 divides b?.
Since the square of an odd number is odd, we have that b must be even and
thus b = 2c¢ for some ¢ € Z. Hence

2a% = 3b* = 3(2¢)? = 122

so that a? = 6¢2. Hence 2 divides a®. Since the square of an odd number is
odd, we have that a must be even. However, we have now shown that both
a and b are even which contradicts the fact that a and b have no common
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16 CHAPTER 1. THE REAL NUMBERS

divisors. Therefore, we have a contradiction in all possible cases. Hence
V3 ¢ Q2] and thus Q[v2] ¢ K.

Before moving on to the proof that Q[v/2] is a field, we claim that if
z,y € Q are such that 4+ yv/2 = 0, then z = 0 and y = 0. To see thus,
notice if y # 0 then

\/iz—fe(@’
Yy

which is a contradiction. Hence y = 0. Therefore z + 0v/2 = 0 and thus
x = 0 as desired.

To prove that Q[v/2] is a field, we note by the comments before this
proposition that it suffices to show that

e Ifa,b € Q[v?2] then a+b € Q[v2] and a-b € Q[v2],
« 0,1€Q[V2],
e if a € Q[v?2] then —a € Q[v/2], and

e if a € Q2] and a # 0, then a=! € Q[v2].
Notice for all x1,x2,y1,y2 € Q that

(z1+11V2) + (22 +y2V2) = (z1 +22) + (11 +y2)V2 € Q[V?2]
(21 4+ 11V2) - (22 + 12V2) = (T122 + 2y192) + (T21 + T192)V2 € Q[V2].

Moreover 0 = 040v/2 € Q[v/2] and 1 = 140v/2 € Q[v/2]. Clearly if z,y € Q
then —(z + yv/2) = (—2) + (—y)v2 € Q[v2].

Finally, suppose z,y € Q are such that x + yv/2 # 0. Thus = # 0 or
y # 0. Moreover, we claim that 22 — 2y% # 0. To see this, suppose to the
contrary that 22 — 2y? = 0. If y = 0 then #? = 0 which implies that z = 0
contradicting the fact that x # 0 or y # 0. Thus y # 0 so that

This implies v/2 = ig € Q which is a contradiction. Hence 22 — 2% # 0.
By the above, we have that

5+ 22 :y2y2\/§ € Q[v2].

x

72

Moreover, since

< S — x/§>(x+y\@):1

332 _ 2y2 x2 _ 22/2

we have that

2 _ny? T2 :y2y2\/§ = (z+yv2)~ € QV2]

as desired. Hence Q[v/2] is a subfield of R. N

X
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1.2. WHAT ARE THE REAL NUMBERS? 17

Although there are many subfields of R, there are also many fields that
look strikingly different from R that we need to consider if we are to rigorously
define R.

Example 1.2.7. Recall from MATH 1200 that if n € N then
Lp = {[0]7 [1]7 R [TL - 1]}

denotes the integers modulo n. It is elementary to verify that (F1), (F2),
and (F3) hold and (F4) holds with [0] the zero and [1] the one. Moreover,

clearly —[k] = [-k] = [n — k] for all k € {0,1,...,n — 1}.
However, in general, it need not be true that for all [k] € {[1],...,[n—1]}
there exists an [m] € {[0],[1],...,[n — 1]} such that [k][m] = [1]; that is,

km =1 mod n. However, if n is prime, then the Euclidean algorithm does
imply that for all & € {1,...,n — 1} there exists integers s and ¢ so that
ks +nt = 1 and thus ks = 1 mod n. Hence Z, for p prime satisfies (F5)
and thus is a field.

Notice that all the field properties are algebraic in nature (and can be
studied future in the Algebra sequence - MATH 3021, MATH 3022, and
MATH 4021). Are there other properties of R we can include to distinguish
R from other fields?

1.2.2 Partially Ordered Sets

One way we think of the real numbers beyond their algebraic properties
is that we think of them as a line of numbers. What this line implicitly
means is that we have a nice ordering of the real numbers; that is, given
two numbers, we have a notion which tells us which number is bigger. Thus,
in order to rigorously define the real numbers and distinguish it from other
fields, it is useful for us to examine mathematical notions of orderings.

The base mathematical notion of an ordering is formalized as follows.

Definition 1.2.8. Let X be a set. A relation < on the elements of X is
called a partial ordering if:

1. (reflexivity) a < a for all a € X,
2. (antisymmetry) if @ < b and b < a, then a = b for all a,b € X, and
3. (transitivity) if a,b,c € X are such that a < b and b < ¢, then a < c.

Example 1.2.9. Let < be our usual notion of “less than or equal to” on R.
Then < is a partial ordering on R. In fact, < defines a partial ordering on
any subfield of R (e.g. Q).

It is useful to note that there are many other orderings that do not look
like < does on R.
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18 CHAPTER 1. THE REAL NUMBERS

Example 1.2.10. Let X be a non-empty set and consider the power set of
X
PX)={Y | Y CX}.

We define a relation < on P(X) as follows: given A, B € P(X),
A=<B if and only if A C B.
It is not difficult to verify that < is a partial ordering on P(R).

The partial ordering in Example [T:2.10]is not as nice as our ordering on R.
To see this, for example consider X = Z and the sets A = {1} and B = {2}.
Then A £ B and B £ A; that is, we cannot use the partial ordering to
compare A and B. However, if x,y € R, then either x < y or y < x. The
ability to compare any two elements is a property we would like to impose
on our partial orderings.

Definition 1.2.11. Let X be a set. A partial ordering < on X is called a
total ordering if for all x,y € X we have x <y or y X z.

Example 1.2.12. Let < be our usual notion of “less than or equal to” on
R. Then < is a total ordering on R. In fact, < defines a total ordering on
any subfield of R (e.g. Q).

Unfortunately for our goal of isolating R among all fields, it is easy to
place a total ordering on Z,,.

Example 1.2.13. Let Z, be as in Example with p prime. For k,m €
{0,...,n — 1}, define [k] < [m] if and only if £ < m. It is easy to verify that
=< is a total ordering on Z,.

As 7, has a total ordering, are there any other nice properties that <
on R has that we would like to impose? Indeed by combining the algebraic
notions of a field together with the notion of a total ordering, we can describe
properties < on R has that the total ordering on Z, does not.

Definition 1.2.14. An ordered field is a pair (F, <) where F is a field and
=< is a total ordering on F such that the following two properties hold:

o (Additive Property) if 2, y, z € F are such that x < y, then x+2z < y+=z.

o (Multiplicative Property) if z,y € F are such that 0 < z and 0 <y,
then 0 <z -y.

Example 1.2.15. The pair (R, <) is an ordered field. In addition, if F is
any subfield of R (e.g. Q or Q[v/2]), then (E, <) is an ordered field.

It is possible to show that there are no total orderings on Z;, nor C which
turns them into ordered fields. To show this, we first prove the following
property. While we are at it, we might as well prove that our usual operations
on inequalities hold.
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1.2. WHAT ARE THE REAL NUMBERS? 19

Lemma 1.2.16. If (F, <) is an ordered field, then 0 < 1.

Proof. As (F, <) is an ordered field, either 0 <1 or 1 < 0.
Suppose for the sake of a contradiction that 1 < 0. Thus, by the Additive
Property of an ordered field,

0=1+(-1)=0+(-1)=-1.
Hence, by the Multiplicative Property of an ordered field,
0=<(-1)-(-1)=1.

However, since 1 < 0 and 0 < 1, it follows that 0 = 1 by antisymmetry. As
this contradicts property (F4) of a field, we have a contradiction. Hence it
must be the case that 0 < 1. ]

Lemma 1.2.17. If (F,=<) is an ordered field and a € F\ {0} is such that
0 <a, then 0 < a .

Proof. Let (F, <) be an ordered field and let a € F\ {0} be such that 0 < a.
Since (IF, <) is an ordered field and thus < is a total ordering, either 0 < a~!
ora 1 =<0.

Suppose for the sake of a contradiction that ¢! < 0. By the Additive
Property of an ordered field, this implies that

O=a'4+(-a) <0+ (—a ) =—-al.
Since a > 0, the Multiplicative Property of an ordered field, this implies that
0< (@)(=a) = (@)(~1)(a ) = (a)(a ") (=1) = (1)(~1) = —1.
However, the Additive Property of an ordered field then implies that
1=140<1+4(=1)=0.

However, since 0 < 1 by Lemma [1.2.16] we obtain that 0 <1 and 1 < 0 so
1 = 0 by anti-symmetry. As this contradicts the fact that 0 # 1 in any field,
we have our contradiction. Hence the result follows. n

Lemma 1.2.18. Let (F, <) be an ordered field. Then the following hold:
a) If a,b,c € F are such that 0 < a and b < ¢, thena-b <a-c.
b) If a,b,c € F are such that a <0 and b < ¢, thena-c <a-b.

c) If a,b € F\ {0} are such that 0 <a <b, then 0 < b~ <a~!.
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Proof. a) Let a,b,c € F be such that 0 < a and b < ¢. By the Additive
Property of an ordered field, we know that

0=b+ (=b) < c+ (-D).
Hence the Multiplicative Property of an ordered field implies that
0=a-(ct(=b) =(a-c)+(a- (D))

Note
a-(=b)=a-((-1)-b) by Lemma part f)
=(a-(-1))-b by associativity
=({(-1)-a)-b by commutivity
=(=1)-(a-b) by associativity

=—(a-b) by Lemma part f).
Thus the Additive Property of an ordered field implies that

ab= (@) +(a- (=h) + (- )

=(a-c)+ ((a-(=b)+ (a-b)) by associativity
=(a-¢)+0 by a-(=b) = —(a-b)

as desired.
b) Let a,b,c € F be such that a < 0 and b < ¢. By the Additive Property
of an ordered field, we know that
0=(—a)+a=<(-a)+0=—

Therefore, by part a) we know that (—a)-b < (—a)-c. By a similar
computation to that used in the proof of part a), we can show that

(—a)-b=—(a-b) and (—a)-c=—(a-c).

Thus —(a -b) = —(a-c¢). Thus the Additive Property of an ordered field
implies that

a-c=(a-¢c)+0 by identity properties
=(a-c)+ ((a-b)+ (—(a-b))) by inverses
=((a-c)+(a-b))+ (—(a-b)) by associativity
=(—(a-b)+((a-c)+(a-b)) by commutivity
< (=(a-¢)+((a-c)+ (a-b)) by the Additive Property
=((=(a-¢c)+(a-c))+(a-b) by associtivity
=((a-¢)+(—(a-¢c))+(a-b) by commutivity
=0+ (a-b) by inverses
=(a-b)+0 by commutivity
=a-b
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as desired.
c) Let a,b € F\ {0} be such that 0 <a <b. Thus 0 <a~! and 0 < b~!
by Lemma Since 0 < a~! and a < b, part a) implies that

l=ata=<at b
Therefore, since 0 < b~ and 1 < a~! - b, again part a) implies that

bl=bpt.1=<b7t (a7t b).

Since
bl(at-b)y=bt(b-ah) by commutivity
=b1b)-a by associativity
=1-a by inverses
=a by identity properties,
the proof is complete. |

Proposition 1.2.19. For all prime numbers p, there is no total ordering =<
on Zy, such that (Z,, =) is an ordered field.

Proof. Suppose for the sake of a contradiction that there was a total ordering
=< on Zj, so that (Z,, <) is an ordered field. For each n € N let P, be the
statement that [n — 1] < [n]. To show that P, is true for all n € N, we
will apply the Principle of Mathematical Induction. To do so, we must
demonstrate the two conditions in Theorem [L.1.7

Base Case: To see that P; is true, notice that [0] < [1] by Lemma [1.2.16]
Hence P, is true.

Inductive Step: Assume that Py is true; that is, assume [k — 1] < [k]. To
see that Pyyq is true, notice by the Additive Property of an ordered field
that

k]l =[k—=1]+[1] 2 [k] +[1] = [E+1].

Hence Py is true.

Therefore, as we have demonstrated the base case and the inductive step,
the Principle of Mathematical Induction implies that [n — 1] < [n] for all
n € N.

By the transitivity of a partial ordering, the fact that [n — 1] < [n] for
all n € N implies that [1] < [p] = [0]. However, as [0] < [1], it follows
that [0] = [1] by antisymmetry. As 1 # 0 mod p for p prime, we have a
contradiction. Hence the result follows. [

Proposition 1.2.20. There is no total ordering = on C such that (C, <) is
an ordered field.
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Proof. Suppose for the sake of a contradiction that there was a total ordering
=< on C so that (C, <) is an ordered field. As < is a total ordering, either
0 <iori=0. We will show that both 0 <7 and 7 < 0 lead to contradictions
thereby completing the proof.
Suppose that 0 < 7. Hence the Multiplicative Property of an ordered
field implies that
0=0-0=<i-i=—1.

Thus the Additive Property of an ordered field implies that
1=140=<14+(-1)=0.

However, as 0 = 1 by Lemma [1.2.16] it follows that 0 = 1 by antisymmetry
which is a clear contradiction.
Suppose that ¢ < 0. Thus the Additive property of an ordered field
implies that
0=i+(—i) 20+ (—i) = —1i.

Hence the Multiplicative Property of an ordered field implies that
0=0-0=(=10)(—1)=—1.
Thus the Additive Property of an ordered field implies that
1=140=<1+(-1)=0.

However, as 0 < 1 by Lemma [1.2.16] it follows that 0 = 1 by antisymmetry
which is a clear contradiction. Hence the result follows. [

Thus by requiring that the real numbers are an ordered field, we have
distinguished the real numbers from Z,, and from C by Propositions @ and
respectively. However, every subfield of R (e.g. Q) will automatically
be an ordered field. What other properties do we need?

1.2.3 The Least Upper Bound Property

It turns out that there is only one final property we need to distinguish R
from all other fields! To introduce this property, we first define the following.

Definition 1.2.21. Let X be a set, let < be a partial ordering on X, and
let A C X. An element o € X is said to be

e an upper bound for A if a < « for all a € A.
e a lower bound for A if o < qa for all a € A.
Moreover, we say that

o A is bounded above if A has an upper bound,
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e A is bounded below if A has a lower bound, and
e A is bounded if A has both an upper and lower bound.

For the sake of examples, we will be focusing on R together with its usual
ordering <. To begin (and for much future use in this course), it is useful to
define the following sets.

Notation 1.2.22. For all a,b € R with a < b, we define

(a,b) :=={z€eR | a<z<b}
[a,b) :=={z €R | a<z<b}
(a,b] : ={z €R | a<z<b}
[a,b] ={zx eR | a <z <b}.

For the first two, we permit oo to replace b, and, for the first and third, we
permit —oo to replace a. Each of the above sets is called an interval with
(a,b) called an open interval and [a, b] called a closed interval.

Example 1.2.23. Let A = (0,1). Then 1 is an upper bound of X and 0 is
a lower bound of A. Thus A is bounded. Furthermore, note that 5 is also an
upper bound of A and —7 is a lower bound of A. In particular, [1,00) is the
set of all upper bounds for A and (—o0, 0] is the set of all lower bound for A.

Example 1.2.24. Let A = [0,1]. Then 1 is an upper bound of A and 0 is a
lower bound of A. Thus A is bounded. Furthermore, note that 5 is also an
upper bound of A and —7 is a lower bound of A. In particular, [1,00) is the
set of all upper bounds for A and (—o0, 0] is the set of all lower bound for A.

Example 1.2.25. Let A = (). Then every number in R is both an upper
and lower bound of A vacuously (that is, there are no elements of A to which
to check the defining property).

Example 1.2.26. Let A = N. Clearly A is bounded below by 1 and the set
of lower bounds for A is precisely (—oo, 1]. However, does N have an upper
bound? Our intuition says no so that N is not bounded above. However, how
do we prove this? What property of the R gives us that N is not bounded
above?

Example 1.2.27. Let A = {% | n e N}. Clearly A is bounded above by
1 and the set of upper bounds for A is precisely [1,00). Moreover, clearly
every element of (—o0,0] is a lower bound for A. However, are there any
other lower bounds of A in R? How do we prove this?

Example 1.2.28. Let A= {q€ Q | ¢*> < 2}. It is not difficult to see that
2 is an upper bound for A since if ¢ € Q and ¢ > 2 then ¢ > 4 and thus
q ¢ A. Moreover, we see that v/2 is an upper bound for A in R. Is the set of
upper bounds of A in R exactly [v/2, 00)?
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Example [1.2.2§] is quite interesting when it comes to defining R. In
particular, instead of trying to add in v2 to Q via the desire to have

ﬂ2 =2, we could instead think of v/2 as the upper bound of the set A that
is smallest in size. We formalize this notion as follows.

Definition 1.2.29. Let X be a set, let < be a partial ordering on X, and
let A C X. An element o € X is said to be the least upper bound of A if

e « is an upper bound of A, and

e if 8 is an upper bound of A, then o < .

We write lub(A) in place of «, provided « exists.
Similarly, an element o € X is said to be the greatest lower bound of A if

e « is a lower bound of A, and

o if 8 is a lower bound of A, then § < a.
We write glb(A) in place of «, provided « exists.

Remark 1.2.30. In the above definition, notice we have used the term ‘the
least upper bound’ instead of ‘a least upper bound’. This is because it is
elementary to show that a set with a least upper bound has exactly one least
upper bound. Indeed if a; and a9 are both least upper bounds of a set A,
then a1 < as and as < a; by the two defining properties of a least upper
bound, so a3 = as.

Example 1.2.31. Let A= (0,1). Then 0 = glb(A) and 1 = lub(A).
Example 1.2.32. Let A =[0,1]. Then 0 = glb(A) and 1 = lub(A).

Example 1.2.33. Clearly a set that is not bounded above cannot have
a least upper bound and a set that is not bounded below cannot have a
greatest lower bound. Consequently () C R has no least upper bound nor
greatest lower bound.

Remark 1.2.34. Let

A={geQ| ¢ <2}
Using this set and the notion of least upper bounds, we can illustrates a
substantial difference between Q and R. Notice that A C Q. However, if we
only consider numbers in QQ, then A does not have a least upper bound in Q

as if b € Q and /2 < b, there is always an r € Q such that V2<r<b (see
Proposition [1.3.8). However, inside of R, our hope is that lub(A4) = /2.

Based on the above, we can use the following property of R to distinguish
it from its subfields.

Axiom 1.2.35 (The Least Upper Bound Property). Every non-empty
subset of R that is bounded above has a least upper bound.

Note the term ‘non-empty’ must be included because of Example [1.2.33
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1.2.4 Constructing the Real Numbers

Using the above, we can finally define the real numbers!

Definition 1.2.36. The real numbers, denoted R, are the unique ordered
field with the Least Upper Bound Property.

There are two parts to Definition 1) that we can actually construct
an ordered fields with the Least Upper Bound Property, and 2) all such
constructions give the same number system (which we call R).

To construct the real numbers, one first must construct the rational
numbers (see Appendix . Then there are many ways one can construct
the real numbers from the rational numbers.

One such way is to use sets of rational numbers similar to the one
discussed in Example This is done in Appendix [B.3] Another method
uses an equivalence relation on the set of Cauchy sequences (see Chapter [3)
of rational numbers. This approach is discussed in Appendix [B.4]

Finally, one can show that every ordered field with the Least Upper
Bound Property can be identified with the real numbers “up to relabeling"
(i.e. for example, instead of calling /2 ‘the square root of two’, perhaps we
want to all it ‘Frodo’). This is done in Appendix

1.3 Some Properties of the Real Numbers

Instead of focusing on the unproven (unless you read the appendices) aspects
of the previous section, we will focus using the fact that R is an ordered
field with the Least Upper Bound Property to show that R has other useful
properties one would expect.

1.3.1 Comparing Least Upper and Greatest Lower Bounds

To begin, at the moment there is an an asymmetry in our definition of the
real number. Indeed we have said that the real numbers had the Least Upper
Bound Property, but we have completely ignored the concept of lower bounds.
Due to the ordered field structure of R, the following lemma shows that we
need not worry.

Lemma 1.3.1. Let A be a non-empty subset of R and let

B=-A={-a|a€c A}.
Then o € R is a lower bound of A if and only if —a is a upper bound of B.
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Proof. Notice that

« is a lower bound for A if and only if & < a for all a € A
if and only if —a < —a forallae A
if and only if b < —« for all b € B
if and only if —« is an upper bound for B. n

Consequently, the real numbers also have the Greatest Lower Bound
Property.

Proposition 1.3.2 (The Greatest Lower Bound Property). Every
non-empty subset of R that is bounded below has a greatest lower bound.

Proof. Let A be a non-empty subset of R that is bounded below. Let
B=—-A={-a|ac A}

Since A is bounded below, there exists an a € R such that « is a lower bound
for A. Hence Lemma [I.3.]] implies that —a is an upper bound for B. Thus
B is bounded above.

Since B is bounded above, the Least Upper Bound Property implies
that B has a least upper bound. Let § = lub(B). We claim that —f is the
greatest lower bound of A.

First, since 8 is an upper bound for B, Lemma [1.3.1| implies that —f
is a lower bound of A. To see that —f is a lower bound of A, let a be a
lower bound of A. Thus —« is an upper bound of B by Lemma Since
[ is the least upper bound for B, we obtain that 8 < —a. Hence oo < —5.
Therefore, as a was an arbitrary lower bound for A, —( is the greatest lower
bound of A. Hence the result follows. ™

In fact, combining Lemma [I.3.1] and the proof of Proposition [[.3.2] we
immediately have the following.

Corollary 1.3.3. Let A be a set and let
—A={-a|acA}.
Then A is bounded below if and only if —A is bounded above. Moreover
glb(A) = —lub(—A).
Similar to how the least upper bound and greatest lower bounds behave

well with respect to negation, the following shows they behave well with
respect to multiplication.
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Lemma 1.3.4. Let ¢ € R be such that ¢ > 0. If A is a non-empty subset of
R that is bounded above, then

cA={ca | a € A}

is bounded above. Moreover lub(cA) = club(A).
Similarly, if A is a non-empty subset of R that is bounded below, then
cA is bounded below and glb(cA) = cglb(A).

Proof. We will only prove the result for when A is bounded above as the
proof when A is bounded below is similar (or follows from the connection
between least upper bounds and greatest lower bounds in Corollary.

Assume A is non-empty and bounded above. Therefore cA is non-empty
and a = lub(A) exists. We claim that ca is an upper bound for cA. To see
this, let b € cA be arbitrary. Hence, by the definition of cA there exists an
a € A such that b = ca. Since « is an upper bound for A and since a € A,
we have that a < «. Therefore, since ¢ > 0, we have that

b= ca < ca.

Therefore, since b € cA was arbitrary, ca is an upper bound for cA. Hence
cA is bounded above. Thus lub(cA) exists and

lub(cA) < ca = club(A).

To prove the other inequality, we can interchange the roles of A and cA
above. To begin, note that % > 0 and

A= %(CA).

Therefore, by the above proof using cA in place of A and % in place of ¢, we
obtain that

1 1
lub(A) = lub (C(CA)> < Elub(cA).
Hence, since ¢ > 0, we obtain that
club(A) < lub(cA).

Therefore, by combining the two inequalities, we obtain that lub(cA) =
club(A) as desired. n

Furthermore, the least upper bounds and greatest lower bounds play well
with respect to translation.

Lemma 1.3.5. Let c € R. If A is a non-empty subset of R that is bounded
above, then
c+A={c+a|acA}

is bounded above. Moreover lub(c+ A) = ¢+ lub(A).
Similarly, if A is a non-empty subset of R that is bounded below, then
¢+ A is bounded below and glb(c + A) = ¢ + glb(A).
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Proof. We will only prove the result for when A is bounded above as the
proof when A is bounded below is similar (or follows from the connection
between least upper bounds and greatest lower bounds in Corollary .

Assume A is non-empty and bounded above. Therefore ¢+ A is non-empty
and o = lub(A) exists. We claim that ¢+ « is an upper bound for ¢+ A. To
see this, let b € ¢ + A be arbitrary. Hence, by the definition of ¢ + A there
exists an a € A such that b = ¢+ a. Since « is an upper bound for A and
since a € A, we have that a < a. Therefore we have that

b=c+a<c+oa.

Therefore, since b € ¢ + A was arbitrary, ¢ + « is an upper bound for ¢ + A.
Hence ¢ + A is bounded above. Thus lub(c + A) exists and

lub(c+ A) < c+ a = c+1lub(A).

To prove the other inequality, we can interchange the roles of A and ¢+ A
above. To begin, note that —c € R and

A=(—c)+(c+A).

Therefore, by the above proof using ¢ + A in place of A and —c in place of c,
we obtain that

lub(A) =lub ((—c) + (¢ + A)) < (—c) +lub(c + A).
Hence, we obtain that
¢+ 1ub(A) <lub(c+ A).

Therefore, by combining the two inequalities, we obtain that lub(c + A) =
¢+ lub(A) as desired. N

1.3.2 Density of Q in R

Using the Least Upper Bound Property (or Greatest Lower Bound Property),
we can answer some nagging questions posed in Examples [1.2.26] and [1.2.27]
Indeed we can prove two results (both known as the Archimedean Property
as they are logically equivalent) with the first showing that N is not bounded
above in R and the second which shows that no number ¢ > 0 is a lower
bound of {1 | n € N}.

Theorem 1.3.6 (The Archimedean Property - I). The natural numbers
are not bounded above in R.
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Proof. Suppose for the sake of a contradiction that N is bounded above in
R. Thus the Least Upper Bound Property implies that N must has a least
upper bound. Let a € R be the least upper bound of N.

Since « is an upper bound of N, we know that n < « for all n € N. Hence
m+1<aforall meNandthus m <a—1forall m &€N. Thus o« — 1 is
an upper bound for N. However, since o — 1 < «, this contradicts the fact
that « is the least upper bound of N. Hence the result follows. ]

Theorem 1.3.7 (The Archimedean Property - II). For all e > 0 there
exists an N € N such that 0 < % < €.

Proof. Fix ¢ > 0. Thus % > 0. Since N is not bounded above, % is a not
an upper bound for N. Thus there exists an N € N such that 0 < % < N.
Hence 0 < % < € as desired. ]

Using the Archimedean Property, we can show that every open interval
contains a rational number; that is, for all a,b € R with a < b there exists
a q € Q such that ¢ € (a,b). This is known as the density of the rational
numbers in the real numbers (a concept that can be visited in Chapter (3).

Proposition 1.3.8 (Density of Q in R). For all a,b € R with a < b, there
exists a q € Q such that a < g < b.

Proof. Fix a,b € R with a < b. We will divide the proof into two cases.
Case 1: @ > 0. In this case, let ¢ = b —a > 0. By the Archimedean
Property (Theorem i there exists an NV € N such that 0 < % < €.

Let
X:{mEN‘z>a}.

Recall that the natural numbers are not bounded above in R by the Archimedean
Property (Theorem . Therefore there exists an n € N such that a < n.
Hence % =n>asonN € X and thus X # (). Therefore the Well-Ordering
Principle (Theorem implies that X has a least element.

Let k£ be the least element of X. Hence a < % and if m € N is such that
m < k, then 3 < a. In particular, since a > 0, we have that % <a< %
(i.e. we need a > 0 in the case k = 1).

We claim that % < b. To see this, note that

k—1< Na
= N(b—e¢)
= Nb— Ne
<Nb-1

since 1 < Ne. Therefore k < Nb so % < b as desired.
Hence a < % < b which completes the proof of this case since % € Q.
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Case 2: a < 0. Recall that the natural numbers are not bounded above
in R by the Archimedean Property (Theorem . Therefore there exists
an n € N such that —a < n. Hence 0 < a+n < b+ n. Therefore, by the first
case of this proof, there exists a ¢ € Q such that a +n < ¢ < b+ n. Hence
a < ¢ —n < b. Therefore, since ¢,n € Q implies ¢ — n € Q, the proof of this
case is complete.

Therefore, since the above two cases cover all possible cases, the proof is
complete. ]

Of course, the irrational numbers are also ‘dense’ in the real numbers.

Proposition 1.3.9 (Density of R\ Q in R). For all a,b € R with a < b,
there exists a r € R\ Q such that a <r <b.

Proof. Fix a,b € R with a < b. Thus a — /2 < b — /2. By the density of
the rational numbers, there exists a ¢ € Q such that a — v2 < ¢ < b— /2.
Hence a < ¢+ v/2 < b.

To complete the proof, it suffices to show that ¢ + /2 € R\ Q. To see
this, suppose for the sake of a contradiction that ¢ + /2 € Q. Hence there
exists a ¢ € Q such that ¢ + v/2 = ¢/. Hence v/2 = ¢ — ¢’ € Q. Therefore,
since v2 € R \ Q, we have a contradiction. Hence ¢ + V2 e R \ Q and
a < q+ 2 < b as desired. ]

1.3.3 Existence of Square Roots

Using the definition of the real numbers, it is possible to show that v/2 is
a real number. In fact, the following proof can be considered are first true
‘real analysis’ proof of the course! In particular, the ideas and techniques
used in this proof are a preview of the type of arguments will be used again
and again throughout the course.

Proposition 1.3.10. There exists a unique o € R such that o > 0 and
a? =2 (i.e. a is what we call /2).

Proof. First we will show that such an « exists.
Let
A={zcR | 2? <2}

Notice if x € R and 2 > 2 then 22 > 4 and thus z ¢ A. Hence 2 is an upper
bound for A so A is bounded above. Therefore, by the Least Upper Bound
Property, A has a least upper bound.

Let « be the least upper bound of A. We expect that « is the droid... I
mean number we are looking for. To see this, first note since 1 € A and « is
an upper bound of A that a > 1. We claim that o? = 2. To see this, we will
show that a? < 2 and a? > 2 both lead to contradictions.
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Suppose for the sake of a contradiction that o < 2. We will show that
this contradicts the fact that « is an upper bound of A by finding an x1 € R
such that 1 > « yet 22 < 2 so that 71 € A. When reading this proof, it is
far more helpful to look at how we define x1, look at the computation, and
then go back and pick things correctly to make the calculations work.

Let
2 — a?

T 2%+1

€1

Note €7 is well-defined since a@ > 1 so that 2a+ 1 > 0. Moreover, since
2 — a? > 0, we see that ¢; > 0. Hence the Archimedean Property (Theorem
) implies there exists an N7 € N such that 0 < N% < €.

Let 21 = a+ N% Clearly 1 > a. Moreover

—oz2—|—2oz—+L
B Ny N?
<o¢2+201i+L sincei<L
- N1 N N12_N1
1
2
= 2 1)—
a4+ (2a + )N1
1
<a®+ (2a+1)e since — < €
M
2 —o?
2
= 2 1
a” + (2a + )<2a+1>

=+ (2-a%) =2

Hence 1 € A. Since 1 > « and x1 € A, we have a contradiction to the fact
that o was an upper bound of A. Hence o > 2.

Suppose for the sake of a contradiction that o > 2. We will show that
this contradicts the fact that « is the least upper bound of A by finding an
x2 € R such that xo < a yet x5 is an upper bound of A. Again, it is far
more helpful to look at how we define x5, look at the computation, and then
go back and pick things correctly to make the calculations work.

Let
a? —2

2

€Q =

Note € is well-defined since o > 1 so that 2a > 0. Moreover, since o> —2 > 0,
we see that eo > 0. Hence the Archimedean Property (Theorem [1.3.7)) implies
there exists an Ny € N such that 0 < N% < €9.

Let zo = a — N% Clearly x2 < a. Moreover, since o > 1 and N% <1, we
have that x5 > 0.

©For use through and only available at pskoufra.info.yorku.ca.



32 CHAPTER 1. THE REAL NUMBERS

Notice that

=a? - 20— + L
N, T NZ
>a? — 20— since L >0
N, N3
>a? - 2aer since L < €9
No

2
9 ot —2
= —2
o a( e )

=a?—(a®?—2)=2.

We claim that 23 > 2 implies that z is an upper bound of A. To see this,
suppose to the contrary that zo is not an upper bound of A. Thus there
must exists an x € A such that xo < z. However, this implies since x5 > 0
that #3 < 22 < 2. Since this contradicts the fact that 23 > 2, we have our
contradiction. Hence x5 is an upper bound of A.

Since z9 is an upper bound of A and since x5 < «, « is not the least
upper bound of A. Hence we have a contradiction.

Since a? < 2 and o? > 2 have both lead to contradictions, we have that
a? = 2 as desired.

Finally, to see that « is the unique element of R with the desired properties,
assume 3 € R is such that f > 0 and 5% = 2. To see that § = a, we will
show that 8 < « and 8 > « both lead to contradictions.

Suppose for the sake of a contradiction that 8 < a. Then 0 < 8 < «a and
thus 2 = %2 < a® = 2, which is absurd. Hence we have a contradiction in
this case.

Similarly, suppose for the sake of a contradiction that § > «. Then
B> a >0 and thus 2 = 82 > o® = 2, which is absurd. Hence we have a
contradiction in this case.

Since 8 < a and 8 > « have both lead to contradictions, we have that
B = a. Hence « is the unique element of R such that « >0 and a®> =2. n

Of course, one could repeat the proof of Proposition [I.3.10] to show that
V/3,V5,V/7, etc. all are real numbers. Furthermore, one can repeat the same
idea using the Binomial Theorem to show that n'" roots exist. To show the
existence such elements (and more elements) in the real numbers, it is prefer
to take the approach that x — {/z is the inverse of x — 2™ although with

the theory of Chapter |5 (see Corollary [4.5.5]).
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1.3.4 The Absolute Value Function

To complete this section, it is useful throughout the course to consider the
following function.

Definition 1.3.11. Given z € R, the absolute value of x is

| = T ifx>0
=Y =2 ifz<o0

The absolute value has many important properties and uses in analysis.
Notice that |z| represents the distance from z to 0. Consequently, we can
also see that |z — y| represents the distance from x to y for all z,y € R. In
particular, the absolute value function has many properties one would expect
of a ‘distance function’.

Lemma 1.3.12. The absolute value function has the following properties:
a) |z| =0 if and only if x = 0.

b) For z,y € R, the distance x to y in R is zero if and only if x = y.

¢) | —z| = |z| for all x € R.

d) |zy| = |z||ly| for all z,y € R.

e) For all x,y € R, the distance from x to y is equal to the distance from y
to x.

Proof. a) This follows immediately from the definition of the absolute value.

b) The distance from z to y is zero if and only if |x — y| = 0 if and only
if z —y =0 (by part a)) if and only if z = y as desired.

c) Note if x = 0 then | —z| = | — 0| = |0| = |z|. If z > 0 then —x < 0 so
| —x| = —(—2) = = |z|. Finally, if x < 0 then —z > 0s0 | —z| = —z = |z|.
Hence the result follows.

d) Consider the following four cases.

Case 1: z,y > 0. In this case zy > 0 so |zy| = zy = |z||y|.

Case 2: x,y < 0. In this case zy > 0 so that |zy| = zy = (—=1)%zy =
(=) (=y) = [=[ly|-

Case 3: x > 0 and y < 0. In this case zy < 0 so that |zy| = —zy =
z(—y) = |zlly].

Case 4: x < 0 and y > 0. In this case zy < 0 so |zy| = —zy = (—x)y =
2ll3-

Thus, as these four cases cover all possible cases, the result is true.

e) Notice for all z,y € R that |[y—z| = |(=1)(z—y)| = |- 1||lz—y| = |[z—y]|.
Hence the distance from x to y is equal to the distance from y to x. ]
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Finally, there is one more property our ‘distance function’ should have.
Proposition 1.3.13 (The Triangle Inequality). Let x,y,z € R. Then
[z —y| <o —z[+]z -yl

That is, the distance from x to y is no more than the sum of the distance
from x to z and the distance from z to y.

Proof. If x =y, the result is trivial to verify. Consequently we will assume
x <y (if y < z, we can relabel y with z and x with y to run the following
proof). We have three cases to consider.

Case 1 Case 2 Case 3

z x Y T Y z x z Y
Case 1. z < z: In this case, notice
lz—yl<|lz—yl=0+]z—y[ < |z —z[+]z -y

as desired.
Case 2. y < z: In this case, notice

[z -yl <l|o—zl=lz—2+0<|r—z[+]z -y

as desired.
Case 3. x < z < y: In this case, we easily see that

lz—y| =z —2[+ ]z —yl.

Hence, as we have exhausted all cases (up to flipping = and y), the proof
is complete. [ ]

The Triangle Inequality is an incredibly useful tool in analysis. Further-
more, there are many other forms of the Triangle Inequality. For example,
letting * = a, y = —b, and z = 0 in the inequality in Proposition
produces

la + b| < |a| + |b for all a,b € R.
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In addition, if we let x = a, y = 0, and z = b, we obtain
o] <la=0b[+[b  so  la| = [b] <la—b],
and if we let x = b, y = 0, and z = a, we obtain
b <fa—0b[+]a]  so = (lal = [b]) < la —b].
Consequently, we obtain that
lla| —10]] < |a — b for all a,b € R.

All of these inequalities will be considered the Triangle Inequality and will
be of incredible use.
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Chapter 2

Limits of Sequences

With our understanding of the real numbers, we can move onto studying
more mathematical topics in analysis. The whole premise of mathematical
analysis is the ability to take limits; that is, the ability to approximation
one object with an collection of other objects. In this section, we will study
the formal definition of a limit of a sequence of real numbers. Subsequently,
we will develop several tools to determine when sequences of real numbers
have a limit and several tools to help compute the limit. By understanding
the formal definitions, properties, and results in this section, one has all the
basic tools necessary to comprehend more advanced topics in analysis.

2.1 The Formal Definition of a Limit of a Sequence

2.1.1 Sequences

Before discussing limits, let us provide a precise mathematical definition of a
sequence.

Definition 2.1.1. A sequence of real numbers is an ordered list of real
numbers indexed by the natural numbers.

Notation 2.1.2. If we have a; € R for all £ € N, we will use (ap)n>1 or
(a1,az2,as,...) to denote a sequences whose first element is a;, whose second
element is as, etc.

Example 2.1.3. If ¢ € R and a, = c¢ for all n € N, then the sequence
(an)n>1 is the constant sequence with value c.

Example 2.1.4. For all n € N, let a,, = % Then (ap)n>1 is the sequence
(1,554

Example 2.1.5. For all n € N, let a, = (=1)""!. Then (a,)n>1 is the
sequence (1,—1,1,—-1,1,—1,...).
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Example 2.1.6. Let ag = 1 and as = 1. For n € N with n > 3, let
ap = ap—1 + ap—2. Then (ay)p>1 is the sequence

(1,1,2,3,5,8,13,...).

This sequence is known as the Fibonacci sequence and is an example of a
recursively defined sequence (a sequence where subsequent terms are defined
using the previous terms under a fixed pattern).

2.1.2 Definition of a Limit

With the above definition of a sequence, we turn to providing a precise
definition of a limit of a sequence of real numbers. If we consider the
sequence (%)nzl, we intuitively know that as n gets larger and larger, the
sequence gets closer and closer to zero. Thus we would want to use this to
say that 0 is the limit of (%) >1. This may lead us to take the following as
our definition of a limit:

“A sequence (ap)n>1 has limit L (as n tends to infinity)
if as n gets larger and larger, a,, gets closer to L.

However, the fault in the above idea of a limit is that (1),,>1 also gets
closer and closer’ to —1. We prefer 0 over —1 as the limit of (1),>; since <
better and better approximates 0 whereas we intuitively know that (%)nZl
cannot approximate —1. This leads us to the following better idea of what a
limit is:

4

Heuristic Definition. A sequence (a,)p>1 has limit L if the terms of
(an)n>1 are eventually all approximately L.

Using the above as a guideline, we obtain a rigorous, mathematical
definition of the limit of a sequence of real numbers.

Definition 2.1.7. Let (ay)n>1 be a sequence of real numbers. A number
L € R is said to be the limit of (ay)n>1 if for every € > 0 there exists an
N € N (which depends on €) such that |a, — L| < € for all n > N.

If (ap)n>1 has limit L, we say that (ap)n>1 converges to L and write
L = lim;,_yo0 ap. Otherwise, if L is not a limit of (a,),>1 for all L € R, we
say that (ap)n>1 diverges.

Example 2.1.8. Consider the constant sequence (ay),>1 where a,, = ¢ for
all n € N and some ¢ € R. Notice for all € > 0, |a, —¢| =0 < e for all n € N.
Hence (ay)n>1 converges to c.

Example 2.1.9. To see that lim,, . % = 0 using the definition of the limit,
let € > 0 be arbitrary. Then by the Archimedean Property (Theorem [1.3.7))
there exists an N € N such that 0 < % < €. Therefore, for all n > N
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we obtain that 0 < % < % < e. Hence ‘% —0‘ < ¢ for all n > N. Hence

limy, oo % = 0. Note that (%)nzl has limit zero, but no term in the sequence
is zero.
Remark 2.1.10. By negating Definition [2.1.7] we see that a sequence
(an)n>1 does not converge to L if there is an € > 0 (depending on the L)
such that for every N € N there is an n > N such that |a,, — L| > e.

Hence a sequence (ay)n>1 diverges if for all L € R there is an € > 0
(depending on the L) such that for every N € N there is an n > N such that
lan, — L| > e.

Example 2.1.11. Using Remark we can show that ((—1)"*1),>;
does not converge. Indeed let L € R be arbitrary and let € = % Suppose
there exists an N € N such that [(—1)""! — L| < € for all n > N. Since
there exists an odd number n greater than N, we obtain that |1 — L| < e.
Therefore, since € = %, we obtain that % < L < % Similarly, since there
exists an even number n greater than N, we obtain that | — 1 — L| < e.
Therefore, since € = %, we obtain that —% <L< —%. Hence L < —% and
L> %, which is absurd. Hence we have a contradiction so L is not the limit
of ((—=1)"*1),>1. Therefore, since L € R was arbitrary, ((—1)"*1),>1 does

not converge.

2.1.3 Uniqueness of the Limit

Notice in the definition of ‘the’ limit of a sequence, we used ‘the’ instead of ‘a’;
that is, how do we know that there is at most one limit to a sequence? The
following justifies the use of the word ‘the’ and demonstrates one important
proof technique when dealing with limits.

Proposition 2.1.12. Let (an)n>1 be a sequence of real numbers. If L and
K are limits of (an)n>1, then L = K.

Proof. We will provide two different (but basically the same) proofs of this
fact.

For the first, we will provide a direct proof. Assume L and K are limits
of (an)n>1. To see that L = K, let € > 0. Since L is a limit of (ay)n>1, we
know by the definition of a limit that there exists an N; € N such that if
n > Nj then |a, — L| < e. Similarly, since K is a limit of (a,),>1, we know
by the definition of a limit that there exists an No € N such that if n > Ny
then |a, — K| < e.

Let N = max{Ny, N2}. By the above paragraph, we have that |ay — L| <
e and |ay — K| < e. Hence by the Triangle Inequality

|IL - K|<|L—-an|+|any — K| <e+e=2e.

Therefore, we have obtained that |L — K| < 2¢ for all € > 0.
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We claim that this implies |L — K| = 0 thereby completing the proof.
To see this, we claim that if z € R and 0 < x < 2¢ for all ¢ > 0, then
x = 0. To see this, suppose to the contrary that x € R, 0 < x < 2¢ for all
€ > 0, but z # 0. Thus = > 0. Therefore if we take € = %x, then € > 0 and
2¢ = x. Since this contradicts the fact that x < 2e for all € > 0, we have our
contradiction. Hence |L — K| =0 so L = K as desired.

For the second, we will provide a proof by contradiction. Suppose for the
sake of a contradiction that L # K. Let e = % Since L # K, we know
that € > 0.

Since L is a limit of (ay)n>1, we know by the definition of a limit that
there exists an N; € N such that if n > Ny then |a, — L| < €. Similarly,
since K is a limit of (ay)n>1, we know by the definition of a limit that there
exists an Ny € N such that if n > Ny then |a, — K| < €.

Let N = max{Ny, N2}. By the above paragraph, we have that |ay — L| <
e and |ay — K| < e. Hence by the Triangle Inequality

IL-K|<|L—ay|+|ay —K|<e+e=2=]|L— K|

which is absurd (i.e. x < x is false for all x € R). Thus we have obtained a
contradiction so it must be the case that L = K. [

Remark 2.1.13. It should be noted the idea of taking N = max{Ny, Na}
will be quite prevalent in analysis proofs. This is due to the fact that if one
has a condition that holds for n > Ny and another condition that holds for
n > Ny, then one can ensure both conditions hold for all n > max{Ny, Na}.
Note the same holds for any finite number Vi, ..., N, but need not hold for
an infinite number N7, No, ... since there need not be any natural numbers
n such that n > N}, for all £ € N.

2.1.4 Equivalent Formulations of the Limit

To conclude this section, we note the following that demonstrates that
|an, — L| < € may be replaced with |a, — L| < € in the definition of the limit of
a sequence. This can be useful on occasion and also establishes an important
idea in handling limits: € is simply a constant and may be modified. In
particular, the proof of the following simply comes down to dealing with
quantifies.

Proposition 2.1.14. Let (ap)n>1 be a sequence of real numbers, let k >0,
and let L € R. Then (an)n>1 converges to L if and only if for all e > 0 there
exists an N € N such that |ay, — L| < ke for alln > N.

Proof. Assume that (a,)n>1 converges to L. To see the desired result, let
€ > 0 be arbitrary. Let ¢y = ke. Since € > 0 and k > 0, ¢g > 0. Hence, by
the definition of the limit, there exists an N € N such that |a,, — L| < ¢ for
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all n > N. Thus |a, — L| < ¢y = ke for all n > N. Therefore, as ¢ > 0 was
arbitrary, one direction of the proof is complete.

For the other direction, assume that (ay),>1 and L have the property
listed in the statement of this proposition. To see that (a,),>1 converges
to L, let ¢ > 0 be arbitrary. Let ¢ = 5. Since € > 0 and k > 0, we
know that ¢y > 0. Therefore, by the assumptions of this direction imply
that there exists an N € N such that |a, — L| < ¢ for all n > N. Hence
lan, — L| < €9 < 2¢p = ke for all n > N. As e > 0 was arbitrary, (a,)n>1
converges to L by the definition of the limit. [

Remark 2.1.15. It is very important in Proposition to note that the
constant K CANNOT depend on n nor €; k must be a fixed positive real
number that exists independently of n and e. Indeed, if we could choose
k after we chose ¢, we could have chose k = % and thus the condition
lan, — L| < ke would always equate to |a, — L| < 1, which is very different
from the definition of a limit.

2.2 The Monotone Convergence Theorem

With a formal definition of a limit complete, there are two main natural
questions for us to ask: “Are there methods for determining certain sequences
converge without appealing to the definition?” and “How can we find the
limits of sequences without always appealing to the definition?” These two
goals are intertwined. Let’s begin with some elementary results related to
the first question.

Consider the question, “Does the sequence (n),>1 converge?” Intuitively
the answer is no since this sequence does not approximate a number. In
particular, the Archimedean Property (Theorem implies that N is not
bounded. This is the true reason (n),>; does not converge. To make this
rigorous, consider the following.

Definition 2.2.1. A sequence (ay)n>1 of real numbers is said to be bounded,
sequence if the set {a,, | n € N} is bounded.

Before we show that convergent sequences must be bounded, we note the
following useful equivalent characterization of boundedness that we will use
quite often.

Lemma 2.2.2. Let (ap)n>1 be a sequence of real numbers. Then (an)n>1 is
bounded if and only if there exists an M € R such that M > 0 and |ay,| < M
for allm € N.

Proof. First, assume that (a,)n>1 is bounded. Hence, by the definition of a
bounded sequence, {a,, | n € N} has an upper and lower bound. Therefore
there exists mq, m9 € R such that m; < a,, < mgy for all n € N. Hence,
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by taking M = max{|m/|,|m2|, 1}, we obtain that M € R, M > 0, and
—M <my <a, <my <M for all n € N. Therefore |a,| < M for all n € N
as desired.

Conversely, assume M € R is such that M > 0 and |a,| < M for alln € N.
Then —M < a, < M for all n € N. Therefore {a, | n € N} is bounded
below by —M and bounded above by M. Hence (ay,),>1 is bounded. [

Proposition 2.2.3. Fvery convergent sequence is bounded.

Proof. Let (an)n>1 be a sequence of real numbers that converge to a number
L € R. Let € = 1. By the definition of a limit, there exists an N € N such
that |a, — L| < e =1 for all n > N. Hence |a,| < |L| + 1 for all n > N by
the Triangle Inequality.

Let M = max{|a1|, |a2|,...,|an]|, |L| + 1}. Clearly if n < N then |a,| <
M whereas if n > N then |a,| < L+ 1 < M by the above paragraph. Hence
—M < a, <M for all n € N so (ap)n>1 is bounded. n

Remark 2.2.4. The above shows us that boundness is a requirement for
a sequence to converge. However, a bounded sequence need not converge.

Indeed Example [2.1.11| shows that the sequence ((—1)""1),>; (which is
clearly bounded) does not converge.

Luckily, there is a simple condition one can combine with the notion of
boundedness to guarantee that certain sequences converge.

Definition 2.2.5. A sequence (a,),>1 of real numbers is said to be
e increasing if a, < an41 for all n € N,
e non-decreasing if a, < anpy1 for all n € N|
o decreasing if an > any1 for all n € N|
e non-increasing if a, > an,41 for all n € N, and

o monotone if (ay)n>1 is non-decreasing or non-increasing.

The following result shows a sequence being monotone and bounded
is enough to guarantee the sequence converges. Indeed, if a sequence is
non-decreasing and bounded, we expect the limit to be the least upper bound
of the terms in the sequence by the definition of the least upper bound. Let’s
see why this is the case.

Theorem 2.2.6 (Monotone Convergence Theorem). A monotone
sequence (ap)n>1 of real numbers converges if and only if (an)n>1 is bounded.
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Proof. By Proposition if (ap)n>1 converges, then (ay)p>1 is bounded.

For the other direction, assume that (ay),>1 is a monotone sequence that
is bounded. We will assume that (ay),>1 is a non-decreasing sequence for
the remainder of the proof as the case when (ay),>1 is non-increasing can
be proved using similar arguments.

Since (an)n>1 is bounded, {a, | n € N} has a least upper bounded, say
a, by the Least Upper Bound Property (Theorem . We claim that «
is the limit of (ay)n>1. To see this, let € > 0 be arbitrary. Since « is the least
upper bound of {a,, | n € N}, we know that a, < a for alln € Nand a — ¢
is not an upper bound of {a, | n € N}. Hence there exists an N € N such
that & — € < an. Since (an)p>1 is non-decreasing, we obtain for all n > N
that

a—e<any <a, < a,

which implies |a, —a| < € for all n > N. Since € > 0 was arbitrary, we obtain
that « is the limit of (ay)p>1 by definition. Hence (ay,)n>1 converges. ]

The Monotone Convergence Theorem can be quite useful in showing
certain sequences converge. In particular, consider the following two examples
where in the second we do not even have a formula for the n'" term of the
sequence.

Example 2.2.7. Let 0 < z < 1. Consider the sequence (z"),>1. Since
0 < x <1, we see that 0 < 2" < 2™ < 1 for all n € N. Hence (™)p>1 1s a
bounded monotone sequence. Therefore (z"),>1 converges by the Monotone
Convergence Theorem.

Example 2.2.8. Consider the sequence (ap)n>1 defined recursively via
a1 =1 and an11 = /5 + 4a, for all n > 1. We claim that 0 < a, < a,, <5
for all n € N.

To see this, for each n € N let P, be the statement that “a, and a,41
are well-defined real numbers and 0 < a, < apy+1 < 5" (Note we need
to include the “well-defined” part since we cannot take a square root of a
negative number inside the real numbers and a priori we do not know that
ant1 = /5 + 4a, guarantees a,1 is a real number for all n). We claim that
P, is true for all n € N. To show that P, is true for all n € N, we will apply
the Principle of Mathematical Induction. To do so, we must demonstrate
the two conditions in Theorem

Base Case: To see that P; is true, notice that when n = 1, that a, =
a; =1 and a,11 = az = /5 +4(1) = V9 = 3 are well-defined. Moreover

0§a1§a2§3§5.

Hence P, is true.
Inductive Step: Assume that Py is true; that is, assume ay and ag1 are
well-defined real numbers and 0 < ap < agy1 < 5. To see that Py is true,
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first notice a1 is a well-defined real number. Moreover, since ax11 > 0 so
that 5 + 4agq1 > 0, we see that ag,1)41 = /5 + 4agy1 is a well-defined real
number. Since we already have that 0 < ap41 by the induction hypothesis,
it remains to show that ary1 < agyo and agio < 5.

Notice since 0 < a < ag41 by the induction hypothesis, we have that
0 <4ap <4agsq1. Hence 0 <5+ 4ap, <5+ 4ags1. Therefore, by taking the
square root of both sides, we obtain that

art1 = V5 +4ap < /6 +4dapy < appo

as desired. Moreover, notice since ag1 < 5 that 5 4 4ag1 < 25. Hence, by
taking square root of both sides, we obtain that

A+ = 5+ 4Clk+1 < v 25=5

as desired. Hence Py, is true.

Therefore, as we have demonstrated the base case and the inductive step,
the result follows by the Principle of Mathematical Induction.

Hence (ap)n>1 is a bounded monotone sequence and thus converges by
the Monotone Convergence Theorem.

Of course, although we know the sequences in Examples and
converge, we have yet to compute their limits. Of course, we know by the
proof of the Monotone Convergence Theorem that the limits are related to
the greatest lower bound and least upper bounds respectively. Although we
might have some luck showing that 0 is the greatest lower bound of (z"),>1
when 0 < @ < 1, if (an)n>1 is as in Example[2.2.8] all we know at the moment
is that lub({a, | n € N}), which is at most 5. But is the answer 5 or a
number less than 57 What tools do we have to help us compute limits?

2.3 Computing Limits

To answer the above questions and aid us in our computation of limits, there
are several theorems we may explore to aid us.

2.3.1 Limit Arithmetic

Our first goal is to determine how limits behave with respect to the simplest
operations on R. Understanding the proofs provided below are essential
understanding the definition of a limit.

Theorem 2.3.1. Let (ap)n>1 and (by)n>1 be sequences of real numbers such
that L = lim,,_yoo an, and K = lim,,_,s by, exist. Then

a) limy, o0 ap +b, = L+ K.
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b) lim, o0 anb, = LK.
¢) limy, o can = cL for all c € R.
d) If K # 0, then there exists an Ny € N such that b, # 0 for all n > Np.

e) If K # 0 then lim, i = % (where we start b, at n = Ny as in part

(d).

f) If K # 0 then lim,, Z—: = % (where we start b, at n = Ny as in part

(d).

Proof. To create all of these proofs, it is useful to work backwards. In
particular, one should think about what one needs to show in order for a
sequence to be a limit, do some computations, and then check we have the
conditions based on the assumptions to make things work. Thus, when
reading these proofs for the first time (if you did NOT come to class) it is
useful to look a the computations involving the inequalities near the end of
each portion of the proof, see what we are trying to approximate to be small,
and then go back and see we could do this. We present the proof as follows
instead of adding the motivation in as we go in order for the reader to see
how simple and elegant these proofs are once they are put together.

a) Let € > 0 be arbitrary. Since L = lim,,_,o ay, there exists an N; € N
such that |a, — L| < § for all n > Ni. Similarly, since K = lim, by,
there exists an N € N such that |b, — K| < § for all n > Nz. Let
N = max{Ny, Na}. Hence, using the Triangle Inequality, for all n > N,

[(an +bn) = (L + K)| = |(an — L) + (bp — K)|
<|an — L| + |bp, — K]

<L
2 2

= €.

Hence (ay, + by)n>1 converges to L + K by definition.

b) Let ¢ > 0 be arbitrary. First note that 0 < |K| < |K| + 1 so
0< % < 1 (we will use this later). Next, since (a,),>1 convergence,
(an)n>1 is bounded by Proposition m Hence there exists an M > 0 such
that |a,| < M for all n € N.

€

Since L = lim,,_,o0 @y, there exists an N1 € N such that |a,,—L| < e

for all n > N; (as ﬁ > 0 is a constant and does not depend on € nor
n - see Proposition. Similarly, since K = limy,_ bn, there exists
an Ny € N such that |b, — K| < 55 for all n > N (as 537 is a constant
and does not depend on € nor n). Let N = max{Nj, No}. Hence, using the
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Triangle Inequality, for all n > N,

lanb, — LK| = |(anby, — anK) + (an K — LK)
<lanbp — an K|+ |an K — LK|
< lan|bp — K| + |K||an — L|
< M|b, — K| + |K||a, — L|

€ €

< Mo+ I8 l5ie
< E-i— S
-2 2

Hence (anby)n>1 converges to LK by definition.

c¢) Given ¢ € R, the constant sequence (c¢),>1 converges to c¢. Hence part
(c) follows from part (b) by taking b, = ¢ for all n € N.

d) Assume K # 0. Let € = ‘Qﬁ > 0. Since K = lim,, .o by, there exists
an Ny € N such that |b, — K| < |—l2(| for all n > Ny. Therefore, by the
Triangle Inequality,

K| _ |K]|
bp| > |K| — — = —
for all n > Ny. Hence, if n > Ny we have that |b,| > 0. Therefore b,, # 0 for
all n > NQ.

e) Let € > 0 be arbitrary. By repeating the proof of part (d), there
exists an N7 € N such that |b,| > @ for all n > N;. Thus ﬁ < |72\ for
all n > N; (as K #0). Since K = lim,,_,o by, there exists an No € N such

2 2

that |b, — K| < @ for all n > Ny (as % > 0 is a constant and does not
depend on € nor n). Therefore, for all n > max{Ny, Na},
1 1| K = byl
bp K| |ba||K]|

el K|?
2[bn|| K|
K| 1

2 byl
e|K| 2
< — = €.
T2 K|

IN

Hence (i)nzl converges to + by definition.
f) By part (e), limy, o0 i = % Hence, as lim,, o a, = L, part (b)

implies that lim,, oo ané = L% completing the proof. ]

Using Theorem [2.3.1], we can compute a lot of limits with our limited
knowledge.
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Example 2.3.2. For 0 < 2 < 1, consider the sequence (z"),>;. In Ex-
ample we saw that (z")p,>1 converges. To compute its limit, let
L =lim;,,_, ™. Notice by Theorem that

L= lim z"
n—oo

= lim z"*! index shift does not change the limit
n—0o0

R ] n

= g, =(a”)

=zl by Theorem [2.3.1] part (c).

Therefore L(1 — z) = 0. Hence, as 1 — 2 # 0, we obtain that L = 0. Thus
lim,, oo "™ = 0. (Was there any surprise?)

Example 2.3.3. Consider the sequence (a,)n>1 defined recursively via
a; = 1 and a, 1 = /5 + 4a, for all n > 1. In Example , we used the
Monotone Convergence Theorem (Theorem along with the fact that
0 < ap < apy1 <5 to show that (an)n>1 converges. It remains to compute
the limit of this sequence.

Let L = lim, o0 an. Since apt1 = /5 + 4a, for all n > 1, we have that
a?,, =5+ 4a, for all n € N. Therefore, using Theorem we obtain
that

b+4L = lim 5+ da, = lim aziq

n—o0

= lim a? index shift does not change the limit
n—o0

= ( lim an>2 =2
n—oo

Hence L? —4L —5=0so0 (L —5)(L+1)=0s0o L =5or L = —1. However,

since —1 <0< 1=aj <ayforalneN,la, —(—1)| >2 for all n € N and

thus —1 cannot be the limit of (a,)n>1 by the definition of the limit. Hence

lim,, o0 a,, = 5.

Moreover, we can build up our collection of useful limits.

Example 2.3.4. Let m € N be fixed. We claim that the sequence (—k)n>1
converges and lim, an = (. Indeed this result easily follows by induction
on m since limn_,oo% = 0 by Example and by part (b) of Theorem

231.

5n242n

T B— for all

Example 2.3.5. Consider the sequence (ap)n>1 where a,, =
n € N. Does (a,)n>1 converge and, if so, what is its limit?

To answer this question, notice that

sn24om  nP(5+3)  5+3
2 —n+4 n2(3—%+i) 3_%4_%.

an

n2
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Since lim,,— oo % = 0 by Example , and since lim,, # = 0 by Example

[2:3:4 we obtain that
2 1 4 5
hm5+f—5 and lim3—f+f2=3 so lim a, = —.
n—00 n—00 n n n—o0 3
Remark 2.3.6. In part (f) of Theorem [2.3.1{ it was required in the proof that
the denominator does not converge to 0. This is due to the fact that there
are many different types of behaviour that may occur when the denominator
of a sequence of fractions tends to zero.
For two examples first consider the sequences (ay)p>1 and (by,)n>1 where
an =by = L for all n € N. Then clearly lim,, o a, =0 = hmrHOO b,, and

for all n € N. Hence lim,,_,~o ‘g—z =1.
Alternatively, consider the sequences (ap)n>1 and (by)n>1 where a, =1
and b, = % for all n € N. Then clearly lim,, o a,, = 1 and lim,_ .~ b, = 0,

yet
an, 1
= = ="n

" ()
n
does not converge as (n),>1 is not bounded (see Proposition [2.2.3]).
Thus, if (ap)n>1 and (by)p>1 are sequences and lim,_ oo b, = 0, it is
possible that (ZL—") - does not converge. However, if lim,, o, 3> exists, then
n n_ n
by part (b) of Theorem we must have that

hm a, = lim —bn = (lim Zn> (lim bn) = <lim ) (0) =0.

n—oo b, n n—00

Thus a necessary condition for lim,, s b” to exist when lim,,_,o b, = 0 is
lim, o an = 0.

2.3.2 Diverging to Infinity

We have seen several examples of sequences that do not converge. In par-
ticular, Proposition [2.2.3] says that unbounded sequences have no chance to
converge. However, it is useful to discuss specific notions of divergence for
unbounded sequences.

Definition 2.3.7. A sequence (a,)n>1 of real numbers is said to diverge to
infinity, denoted lim,,_, o a, = 00, if for every M > 0 there exists an N € N
such that a,, > M for all n > N.
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Similarly, a sequence (ay,)n>1 of real numbers is said to diverge to negative
infinity, denoted lim,,_, o, a, = —o0, if for every M < 0 there exists an N € N
such that a,, < M for all n > N.

Example 2.3.8. It is clear that lim, .., n = cc.

Example 2.3.9. Consider the sequence (a,)n>1 defined by

{o if n is odd
Ay =

% if n is even

Thus (ay)n>1 is the sequence (0,1,0,2,0,3,0,4,0,5,0,6,...).

We claim that (ay,)n>1 does not diverge to infinity. To see this, let M = 1.
Then for any N € N we see that 2N + 1 > N and asny+1 = 0 2 M since
2N + 1 is odd. Thus (ay)n,>1 does not diverge to infinity.

Using the same proof ideas as in Theorem we obtain the following.

Theorem 2.3.10. Let (ap)n>1 and (by)n>1 be sequences of real numbers.
Suppose that (by)n>1 diverges to oo (respectively —oc). Then

a) If (an)n>1 is bounded below (respectively above), then lim,, o0 apn~+by, = 00
(respectively limy, o0 Gy, + by, = —00).

b) If there exists a K > 0 such that a, > K for alln € N, then limy, o anb, =
oo (respectively limy, o0 Gpby, = —00).

¢) If (an)n>1 is bounded, then lim, o Z—: =0.

Proof. We will provide the proofs when (by,)n>1 diverges to co. The proofs
in the case that (by),>1 diverges to —oo are similar.

Assume (by,)p>1 diverges to oo.

a) Assume (ap)n>1 is bounded below. To see that (a, + b,)n>1 diverges
to 0o, let M > 0 be arbitrary. Since (ay)n>1 is bounded below, by definition
there exists a K € R such that a, > K for all n € N. Since (by,),>1 diverges
to oo, by definition there exists an N € N such that b, > M — K for all
n > N. Hence for alln > N

an+by > K+ (M—K) =M.

Hence (an, + by )n>1 diverges to oo by definition.

b) Assume there exists an K > 0 such that a,, > K for all n € N. To see
that (apby)n>1 diverges to oo, let M > 0 be arbitrary. Since (by,)n>1 diverges
to oo and K > 0, by definition there exists an N € N such that b,, > % for
all n > N. Hence for all n > N

M
2o > K| — ) =M.
anb (K)
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Hence (ay, + by )n>1 diverges to oo by definition.
c¢) Assume (ap)n>1 is bounded. To see that (’g—") ., converges to 0, let
n/n

¢ > 0 be arbitrary. Since (ay),>1 is bounded, there exists an K > 0 such
that |a,| < K for all n € N. Let M = % Clearly M > 0. Therefore,
since (by)n>1 diverges to oo, by definition there exists an N € N such that
b, > M = % for all n > N. Hence
1 €
<
b, — K
for all n > N. Therefore, for all n > N we have that

an 1 €
— —0|= —|<K|=]=e
b e bn‘ - (K) ‘
Hence (‘;—:)nzl converges to 0 by definition. ]

The above theorem aids us in computing limits of rational functions
where the denominator grows faster than the numerator.

Example 2.3.11. Consider the sequence (ay),>1 where a,, = i’;ié for all
n € N. Then
1
n(2rn) _24d
ay, = = T
n

n(n—&-%) n+

Therefore, since lim,,_ % =0so0 (%)n>l is bounded, and since lim,,_,,o n =
oo, we have lim,, n—l—% = oo. Hence since lim,, 2+% =2s0 (2 + %)

is bounded, we have that lim,, ..o iﬁ—ié = 0 by Theorem [2.3.10| part (c).

n>1

cos(n)

Example 2.3.12. Consider the sequence (a,)n>1 where a,, = = = for all
n € N. Since —1 < cos(n) < 1 for all n € N, the sequence (cos(n)),>1 is

cos(n) _ 0

bounded. Therefore, since lim,, ., 7 = 00, we have that lim,, .

by Theorem [2.3.10| part (c).

2.3.3 The Squeeze Theorem

As an alternatively method to what was done in Example we can
show lim,,_ % = 0 by noting that —% < %(”) < % for all n € N and
by applying the following useful theorem. In fact, if we proved the following
theorem first, we could use it to prove part (c) of Theorem

Theorem 2.3.13 (Squeeze Theorem). Let (an)n>1, (bp)n>1 and (¢n)n>1
be sequences of real numbers such that there exists an Ny € N such that

an < b, <cp for all n > Ny.

If limy, o0 @, = limy,_yo0 ¢, = L, then (by)n>1 converges and limy,_o0 by = L.
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Proof. Let € > 0 be arbitrary. Since L = lim,_, a,, there exists an N3 € N
such that |a, — L| < € for all n > N;. Hence L — € < ay, for all n > Nj.
Similarly, since L = lim,,_o, ¢p, there exists an No € N such that |¢, — L| < €
for all n > Ns. Hence ¢, < L + € for all n > Ns. Therefore, for all
n > max{Ng, N1, N2}, we have that

L—e<a,<b,<cp<L+e

Hence L — € < b, < L + € for all n > max{Ny, N1, N2}, which implies
—e < b, — L <€ and thus |b, — L| < € for all n > max{Ny, N1, No}. Hence
(bn)n>1 converges and lim,,_,o by, = L by definition. n

Example 2.3.14. Let x € R be such that —1 < z < 1. We claim that
lim,, 0 " = 0. Indeed, recall from Example that if 0 < x < 1, then
lim, o 2™ = 0.

If -1 <2 <0,let a=|z|]. Then —a™ < 2™ < o" for all n € N (i.e.
2" = a" if n is even and 2" = —a' if n is odd). Therefore, since 0 < a < 1,
we know from Example that lim,, o, a™ = 0. Hence part (c¢) of Theorem
2:3.3] we also know that lim,,_,~, —a™ = 0. Thus the Squeeze Theorem implies
that lim,,_,o 2™ = 0 as desired.

n

2.3.4 Limit Supremum and Limit Infimum

There are several sequences that do not converge nor diverge to +o0o. For
example, the sequence ((—1)"*1),>; has been shown to not converge and
clearly does not diverge to +o0 as it is bounded. Consequently, we may ask,
“Is it possible to obtain some information about this sequence as n tends to
infinity?”

Clearly everything we want to know about the sequence ((—1)"*1),>;
can be obtained by taking the least upper bound and greatest lower bound
of its elements. Consequently, we extend the notions of least upper bound
and greatest lower bound to include infinities.

Definition 2.3.15. Let X be a subset of the real numbers. The supremum
of X, denoted sup(X), is defined to be

—00 if X =0
sup(X) = ¢ lub(X) if X # () and X is bounded above .
o0 if X is not bounded above

Similarly, the infimum of X, denoted inf(X), is defined to be

00 ifX =0
inf(X) = ¢ glb(X) if X # () and if X is bounded below
—00 if X is not bounded below
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The infimum and supremum of sequences are not the objects we are after
since we are more interested in the behaviour of sequences as n gets large.
For example, consider the sequence

It is not difficult to see that % is the supremum of this sequence and —2
is the infimum of this sequence. However, as n gets larger and larger, the
largest values of the sequence are very close to 1 and the smallest values
of the sequence are very close to —1. How can we express this notion for
arbitrary sequences mathematically?

Let (apn)n>1 be a sequence. To see how the largest values of (ap)n>1
behave as n grows, we can take the suprumum after we ignore the first few
terms. Consequently, we define a new sequence (by,),>1 defined by

by, =sup{ay | k> n}.

It is not difficult to see that by > by > b3 > --- as the supremum may

only get smaller as we remove terms from the set from which we are taking

the supremum. Consequently we see that (b,),>1 is a monotone sequence.

Since (by)n>1 is non-increasing, (by,),>1 either converges to a number (by

the Monotone Convergence Theorem), diverges to —oo, or b, = oo for all n.
Applying the same idea with the sequence (¢,,)n>1 Where

cn = inf{ay | k > n}
we arrive at the following.

Definition 2.3.16. The limit supremum of a sequence (ay)n,>1 of real
numbers, denoted lim sup,,_, ., an, is

limsup a, = lim sup{ar | k> n} € RU{£o0}.

n—o0

Similarly, the limit infimum of a sequence (ay)n>1 of real numbers, denoted
liminf,, o an, is

liminf a, = lim inf{ay | k> n} € RU{%oo}.

Remark 2.3.17. One huge advantage of the limit supremum and limit
infimum over limits is that limsup,, ., a, and liminf,_, a, always exist
for all bounded sequences (a,)n>1 and are real numbers whereas (an)n>1
need not converge! Indeed if (ay)n>1 is bounded, then with

by = sup{ax | k = n},
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we have that (b,)n,>1 is a bounded monotone sequence and thus converges
by Monotone Convergence Theorem. Since lim,,_, b, = limsup,,_,. @ by
definition, lim sup,,_, ., a, exists.

Thus one can always discuss lim sup,,_, o, an and liminf,_, a,, which is
quite useful when one does not know lim,,_, a,, exists.

Example 2.3.18. We claim that

n—o00 n

1
lim sup(—1)" <1 + > =1.

To see this, for each n € N let

bn:sup{(—l)k(l—i—i)‘kzn}.

Thus lim sup,,_,,(—1)" (1 + %) = lim;,,—y 0 by, by definition.

Since limy_, % = 0, we see that

b _{l—i—i if n is even
n — 1 X X .
1+ .45 ifnisodd
Therefore (by)n>1 is the sequence (5, S D6 ) (i.e. the sequence
(1 + %) - but each term is repeated an additional time in succession).
n

We claim that lim,_,o b, = 1. To see this, let € > 0 be arbitrary. By the
Archimedean Property (Theorem [1.3.7]), there exists an N € N such that
0< % < e for all n > N. Therefore, if n > N and n is even, then

1
b, — 1] = — <,
n

and if n > N and n is odd, then

1 1
< — < e
n+1 n

|bn — 1] =

Hence |b, — 1| < € for all n > N. Hence lim;,,_,o b, = 1 so

n—oo

1
lim sup(—1)" <1 + ) =1
n
as desired.

Example 2.3.19. We claim that

1
lim inf(—1)" (1 + ) =-1.
n

n—oo

The proof is nearly identical to Example [2.3.18
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Unsurprisingly, there is a solid connection between limit supremum, limit
infimum, and limit. In particular, one can use limit supremum and limit
infimum to prove the limit exists when it does. To see this connection
between these concepts, we require the following.

Theorem 2.3.20 (Comparison Theorem). Let (an)n>1 and (by)n>1 be
convergent sequences of real numbers. Suppose that there exists an Ng € N
such that a, < b, for all n > Ny. Then lim,,_ o @, < limy, o0 by,

Proof. Let L = lim,,_, a, and let K = lim,_,, b,. Suppose for the sake of
a contradiction that that K < L. Therefore if € = %, then ¢ > 0.

Since L = lim,,_, o, Gy, there exists an Ny € N such that |a, — L| < e for all
n > Nj. Hence L — € < a,, for all n > Nj. Similarly, since K = limy,_, by,
there exists an Ny € N such that |b, — K| < € for all n > Ny. Hence
b, < K + € for all n > Ns.

Therefore, if n > max{Ny, Na, No}, we obtain that

ap —bp>(L—€)—(K+¢€)=(L—-—K)—2e=0.

However, this contradicts the fact that a, < b, for all n > Ny. Hence we
have obtained a contradiction in the case that K < L so it must be the case
that L < K. B

Proposition 2.3.21. Let (an)n>1 be a bounded sequence so that

lim inf a,, limsup a,, € R.
n—oo n—00

Then

liminf a,, < limsup a,.
n—00 n—00

In addition, (an)n>1 converges if and only if liminf,,_ o an = limsup,,_, . an.
In this case

lim a, = liminf a,, = lim sup a,,.

n—oo n n—oo n p n

n—o0

Proof. For the remainder of the proof, for each n € N let
b, =sup{ar | k>n} eR and cn =inf{ay | k> n} € R
Clearly

limsupa, = lim b,, liminfa, = lim ¢,, and ¢, < a, < b, for all n € N.
n—00 n—o0 n—00 n—00

Hence, since the limit supremum and limit infimum exist by Remark
the Comparison Theorem (Theorem [2.3.20)) implies

liminf a,, < limsup a,,.
n—r00 n—o00
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Next, assume that liminf, ,. a, = limsup,,_,. an. Therefore, since
cn < ap < by, for all n € N, we obtain that (ay),>1 converges and
lim a, = liminf a,, = limsup a,,
n—r00 n—r00 n—00
by the Squeeze Theorem (Theorem [2.3.13)).
Finally, assume L = lim, ., a, exists. To see that liminf, ., a, =
lim sup,, .o an, let € > 0 be arbitrary. Hence there exists an N € N such
that |a, — L| < e for all n € N. Thus L — € < a, < L+ ¢ for all n > N.

Therefore L — e < ¢, < b, < L+ € for all n > N by the definition of b, and
cn. Hence, by considering constant sequences and the Comparison Theorem

(Theorem [2.3.20)), we have that
L—-—e<lme, < limb, <L-+e¢
n—oo n—oo
for all € > 0. In particular,

1 1
L——<lme¢, < limb, <L+ —
n—oo

m ~ n—oo - m

for all m € N. Therefore, since lim;, % = 0, the above is only possible

(for example, by the Squeeze Theorem (Theorem [2.3.13)) if
L= nh_)ngo b, = nh_}ngo Cn- ]

One important way to think about the limit supremum and limit infimum
is that they give “approximate asymptotic bounds” on sequences as the
following results show.

Proposition 2.3.22. Let (ap)n>1 be a bound sequence of real numbers so
that
L =limsupa, € R.

n—oo

Then for all € > 0 there exists an N € N such that a, < L+ ¢ for alln > N.
Furthermore, if K < L, then there exists an € > 0 such that for all N € N
there exists an n > N such that a, > K + €.

Proof. For each n € N let
b, =sup{ay | k>n}eR

so that L = lim,,_,o b, by definition.

To see the first result, let € > 0 be arbitrary. Since L = lim,,_, by, by
the definition of the limit there exists an N € N such that [b, — L| < ¢ for
all n > N. Hence b,, — L < € for all n > N so that

ap < b, <L+e€
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for all n > N. Therefore, as € > 0 was arbitrary, the first part of the proof is
complete.

For the second result, assume K < L. Suppose for the sake of a contra-
diction that for all € > 0 there exists an N € N such that a, < K + ¢ for all
n > N. To obtain our contradiction, let € = % > 0. By our assumptions,
there exists an N € N such that ap < K + € for all k > N. Therefore, by
the definition of b,,, we then have that b, < K + € for all n > N. Hence the

Comparison Theorem (Theorem [2.3.20) implies that
L-K L+K

L=1mb, <K+e=K-+
n—0o0

2 2
Thus
P
-2
so that L < K, which contradicts the fact that K < L. Hence we have
obtained our contradiction, so the proof is complete. ]

Proposition 2.3.23. Let (ap)n>1 be a bound sequence of real numbers so
that
L =liminfa, € R.

n—o0

Then for all € > 0 there exists an N € N such that ap, > L — € for alln > N.
Furthermore, if K > L, then there exists an € > 0 such that for all N € N
there exists an n > N such that a, < K — e.

Proof. For each n € N let
cp =1inf{ag | k>n}eR

so that L = lim,,_, ¢, by definition.

To see the first result, let € > 0 be arbitrary. Since L = lim,,_, ¢, by
the definition of the limit there exists an N € N such that |c, — L| < € for
all n > N. Hence L — ¢,, < € for all n > N so that

ap > cp > L —¢€

for all n > N. Therefore, as € > 0 was arbitrary, the first part of the proof is
complete.

For the second result, assume K > L. Suppose for the sake of a contra-
diction that for all € > 0 there exists an N € N such that a,, > K — ¢ for all
n > N. To obtain our contradiction, let € = % > 0. By our assumptions,
there exists an N € N such that ap > K — ¢ for all £ > N. Therefore, by
the definition of ¢,, we then have that ¢,, > K — € for all n > N. Hence the

Comparison Theorem (Theorem [2.3.20)) implies that

K-L L+K

L=1 n> K —e=K —
b, Cn = € 9 9
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Thus
0> KL
- 2
so that L > K, which contradicts the fact that K > L. Hence we have
obtained our contradiction, so the proof is complete. ]

2.3.5 The Decimal Expansion of Real Numbers

Now that we have some knowledge of convergent sequences, we are able to
demonstrate one common way to represent real numbers; via their decimal
expansions. The goal of this subsection is to show that every real number in
[0, 1] has a decimal expansion.

Remark 2.3.24. Once we have shown that every element of [0,1] has a
decimal expansion, we will automatically obtain that every real number
has a decimal expansion. Indeed if x € R and x > 0, then the Well
Ordering Principle (Theorem together with the Archimedean Property
(Theorem implies there exists a natural number n such that =z €
[n,n + 1]. Hence, since  —n € [0, 1] has a decimal expansion by the results
of this subsection, the decimal expansion of  is n plus the decimal expansion
of x — n. Subsequently, if x < 0, then —z > 0 has a decimal expansion and
the decimal expansion of x is the negative of the decimal expansion of —z.

To make mathematically precise what we mean by the decimal expansion
of an element of [0, 1], consider the following. The decimal 0.1 is the decimal
representation of %, the decimal 0.01 is the decimal representation of ﬁ =
ﬁ, the decimal 0.001 is the decimal representation of Tloo = 193, and so on.
So, by the decimal expression 0.ajasasay ... where a; € {0,1,2,...,9} for
all k£ € N, we really mean

a;  as as ay

10 7107 T 105 T 107

10 ' 102 L

Thus, the decimal expansion is most accurately represented by the infinite
sum » 32, 1. However, as in the motivation for this course, we must be
careful as we have not mathematically defined what we mean by an infinite
sum. To focus on this specific case, our goal is to demonstrate that = € [0, 1]
if and only if we can write

n

i SS
T nh—>r20 Z 10%
k=1
for some sequence of (ax)r>1 with a; € {0,1,2,...,9} in which case “z =

0.a1azasay ..."

To begin the proof, we first need to recall the formula for the sum of a
geometric series.

©For use through and only available at pskoufra.info.yorku.ca.



o8 CHAPTER 2. LIMITS OF SEQUENCES

Lemma 2.3.25. Ifa € R and a # 1, then for all n € N,

n 1 — gt
Zak:1+a+a2+---+a”:17
k=0 —a
Proof. For each n € N let P, be the statement that >}, a* = % To

show that P, is true for all n € N, we will apply the Principle of Mathematical
Induction.
Base Case: To see that P; is true, notice when n = 1 that

1—a"™ 1-a> (1-a)(1 -
a"  1-a®  (1—a)( +a):1+a:a0—|—a1:Zak.

1—a 1—a 1—a =0
Hence P is true.
Inductive Step: Assume that P, is true; that is, assume > ;_, ak =
171‘1_71;1. To see that P, is true, notice that
n+1 n
Zak_an+1+zak
k=0 k=0
1— an+1
= g™t T—a by the induction hypothesis
(an+1__an+2)4_(1__an+1)
N 1—a
1 — g(rtD+1
1—a

Hence P, is true.
Therefore, as we have demonstrated the base case and the inductive step,
the result follows by the Principle of Mathematical Induction. ]

To demonstrate characterization of the elements of [0, 1] via their decimal
expansion, we will divide the result into two parts. First we will demonstrate
the easier result that “decimal expansion” define elements of R.

Proposition 2.3.26. Let (an)n>1 be a sequence with a, € {0,1,...,9} for
all n € N and for each n € N, let

Then the sequence (sp)n>1 converges and limy,_,o sy € [0, 1].

Proof. To see that (sp)n>1 converges, we will apply the Monotone Conver-
gence Theorem (Theorem [2.2.6)). To see that (sy)n>1 is monotone, note by
construction that for all n € N

an+1
10n+1

0<s, <s,+ = Sp+41-
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Hence ($,)n>1 is monotone. To see that (s, ),>1 is bounded, we claim that
sp < 1 for all n € N. To see this, notice

n k n
L B
9
0
95
10

<1
2 \10
1—(4)"
_o1=(i) by Lemna L7
10 1- L
n
91— () <1>”
0 2 10/ —

for all n € N. Hence (s,)n,>1 is a bounded monotone sequence and thus
converges by the Monotone Convergence Theorem (Theorem. Moreover,
since 0 < s, < 1 for all n € N, it follows from the Comparison Theorem
(Theorem that lim, o sp € [0, 1] as desired. n

Now that we have seen every ‘decimal expansion” define an element of
R we will complete the converse and show that every element of R has a
decimal expansion!

Theorem 2.3.27. If x € [0,1], then there exists a sequence (ay)r>1 such
that ar, € {0,1,...,9} for all k € N such that if

for alln € N, then (sp)n>1 converges to x.

Proof. Fix z € [0,1]. We will construct the sequence (ay)i>1 recursively.
Let

k
ay —max{ke {0,1,...,9} ‘10 gx}.
Thus s; = 7§ has been defined. Subsequently define
as = max{k:e {0,1,...,9} ‘ 100 _ac—sl}.

Thus s2 = 7§ + {{ has been defined. To proceed recursively if ay, ..., an
and thus 51, ..., Sy have been defined, we define

k
a”+1:ma‘x{k€{0a1a2a"'79} ’Wg-ﬁ—&n}
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and thus s,+1 = EZI% 1o 1s defined.

With (ax)r>1 defined recursively as above, all that remains is to prove
that (sp)n>1 converges to z. To see that lim, .. s, = =, we claim that
sp < x<s,+ 10% for all n € N. To see this, for each n € N let P,, be the
statement that s, < x <s,, + 10%. To show that P, is true for all n € N, we
will apply the Principle of Mathematical Induction.

Base Case: To see that Pj is true, recall that

k
alzmax{ke{o,l,...,Q} ‘mgx}

and s; = 7. Therefore s; < x by definition. To see the other inequality, we
must divide the discussion into two cases.

Case 1: a1 # 9. Assume ay # 9. To see that x < s1 + %, suppose for
the sake of a contradiction that x > sy + % = ‘“131. Therefore a; + 1 is
such that a; +1 € {0,1,2,...,9} and “11—?51 < z. Since this contradicts the
definition of a1, we have a contradiction. Hence x < s1 + % in this case.

Case 2: a1 = 9. Assume a1 = 9. Then

<1 ai 1 n 1
€T = — — =8 _—
= 710 "10 10
as desired.
Therefore P; is true.
Inductive Step: Assume that P, is true; that is, assume s,, < x < sn—I—lo%.

To see that P,y is true, recall

k
an+1:max{k€{0,l,2,...,9} WHS%—S”}
and Sp41 = ZZI% kak‘ Hence s,4+1 < x by definition. To see the other
inequality, we must divide the discussion into two cases.

Case 1: apy1 # 9. Assume a,y1 # 9. To see that z < s,41 + %,

suppose for the sake of a contradiction that = > s,41 + 10”% =Sy + a’%éﬂ.

Therefore a,4+1+1 is such that a,+1+1 € {0,1,2,...,9} and a"%&fl < x—8,.
Since this contradicts the definition of a,+1, we have a contradiction. Hence
< Spi1+ 1071% when a,4+1 # 9.

Case 2: apy1 = 9. Assume a,+1 = 9. Suppose for the sake of a contra-
diction that & > s, 41 + wn%. Then

€ + Sy + Sp +

1
> 107+ 107+ 10"

which contradicts the induction hypothesis. Hence z < s, 41 + 10”%.
Therefore P, is true.
Therefore, as we have demonstrated the base case and the inductive step,
the result follows by the Principle of Mathematical Induction.
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Since s, <z < s, + ﬁ for all n € N, we see that

1
for all n € N. Since lim,, 10% = 0 by Example , for all € > 0 there
exists an N € N such that 1= < e for all n > N and thus [s, — z| < € for
all n > N. Hence z = lim,,_,o S, as desired. [

Remark 2.3.28. An observant reader of Proposition [2.3.26| and Theorem
[2.3:27] would have notice that there was nothing special in the proofs that
required the number 10 (provided we stopped the terms of the decimal
expansion at 9). Therefore, by repeating these proofs, it is possible to show
that = € [0,1] if and only if there exists a sequence (ay)r>1 with a; € {0,1}
for all k£ € N such that
n
_ ak
T = nangO z ok
k=1
The above representation is called the binary representation of x. Similarly,

it can be shown that € [0, 1] if and only if there exists a sequence (ay) k>1
with a; € {0,1,2} for all k£ € N such that

n
ERT ak
v=lim > .
k=1
The above representation is called the ternary representation of x. These
and other expansions can often be useful.

2.4 The Bolzano—Weierstrass Theorem

We have seen that many sequences do not converge. The limit supremum and
limit infimum do provide us with some information about how a sequence
(an)n>1 behaves for large n. However, one question we can ask is, “If we
have a sequence that does not converge, can we remove some terms from the
sequence to make it converge?” Of course for convergence, our new sequence
must be bounded by Proposition 2.2.3] Thus perhaps a better question is,
“If we have a bounded sequence that does not converge, can we remove terms
from the sequence to make it converge?”

2.4.1 Subsequences

To answer the above question, we must describe what we mean by ‘remove
terms from a sequence’. This is made precise by the following mathematical
notion.
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Definition 2.4.1. A subsequence of a sequence (an,)n>1 of real numbers is
any sequence (by)g>1 of real numbers such that there exists an increasing
sequence of natural numbers (ng),>1 so that by = ayp, for all k € N.

It is important to note that a subsequence of (ay,)n>1 removes some terms
but leaves an infinite number of terms that appear in the same order.

Example 2.4.2. If (a,)n>1 is our favourite sequence a, = (—1)"*! for all
n € N and if we choose n;, = 2k — 1 for all n € N, then (ay,, )x>1 is the subse-
quence (1,1,1,...). Note (ay)n>1 diverges whereas the subsequence (an, )r>1
converges. Hence divergent sequences can have convergent subsequences.

Example 2.4.3. If (b,),>1 is the sequence where b, = % for alln € N
and if we choose n; = k? for all k € N, then (bny )k>1 is the subsequence

(1,4, 3,...) = <k%)k>1' Notice that (b,),>1 and the subsequence (by, )r>1
both converge to 0. In fact, for convergent sequences, the subsequences must
also converge to the same number as the following result show.

Proposition 2.4.4. Let (a,)n>1 be a sequence of real numbers that converges
to L. Every subsequence of (an)n>1 converges to L.

Proof. Let (an,)r>1 be a subsequence of (a,)n>1. To see that (an,)r>1
converges to L, let € > 0 be arbitrary. Since L = lim,,_,~ a,, there exists an
N € N such that |a, — L| < € for all n > N. Since (ny)>1 is an increasing
sequence of natural numbers, there exists an Ny € N such that ng > N for
all K > Ny. Hence |a,, — L| < € for all k > Ny. Therefore, as € > 0 was
arbitrary, we obtain that limj_,~ a,, = L by the definition of the limit. m

2.4.2 The Peak Point Lemma

It is natural to ask, “Given a sequence, are there any ‘nice’ subsequences?”
Of course ‘nice’ is a subjective term. However, we have seen that monotone
sequences were quite nice via the Monotone Convergence Theorem. So,
“Does every sequence have a monotone subsequence?” Yes they do!

Lemma 2.4.5 (The Peak Point Lemma). Every sequence of real numbers
has a monotone subsequence.

In order to prove the above lemma (and from which it gets its name), we
will use the following notion.

Definition 2.4.6. Let (ay)n,>1 be a sequence of real numbers. An index
no € N is said to be a peak point for the sequence (ap)n>1 if an, > ay for all
n > no.

The reason we think of ng as a peak point of (ap)p>1 if @, < ap, for all
n > ng is that if along a number line of the natural numbers we draw a line
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of height a,, at n for all n € N, then if one stood on top of the line at ng one
is at a peak and can see off to infinity without another line getting in the
way.

With the notion of a peak point, we can prove the Peak Point Lemma.

Proof of Lemma[2.7.5. Let (an)n>1 be a sequence of real numbers. The
proof is divided into two cases:

Case 1: (an)n>1 has an infinite number of peak points. By assumption
there exists indices n1 < ng < ng < --- such that ng is a peak point
for all k € N. Therefore, we have by the definition of a peak point that
An, > Gn, ., for all k € N. Hence (a,)r>1 is a decreasing subsequence of
(an)n>1-

Case 2: (ap)n>1 has a finite number (or no) peak points. Let ng be the
largest (i.e. last) peak point of (ap)n>1 (or ng = 1 if (ap)p>1 has no peak
points). Let ny = ng + 1. Thus n; is not a peak point of (ay)n>1. Therefore
there exists a ny > ny = ng + 1 such that a,, > ay,. Subsequently, since
ng > nq > Ng, ng is not a peak point. Therefore there exists a n3 > no such
that a,, > an,. Repeating this process ad nauseum, we obtain a sequence
of indices n1 < ng < ng < --- such that a,,,, > a,, for all k € N. Hence
(an, )k>1 is a non-decreasing subsequence of (ap)p>1.

As in either case a monotone subsequence can be constructed, the result
follows. ]

2.4.3 The Bolzano—Weierstrass Theorem

Combining the Peak Point Lemma together with the Monotone Convergence
Theorem, we easily obtain the following very useful result.

Theorem 2.4.7 (The Bolzano-Weierstrass Theorem). Every bounded
sequence of real numbers has a convergent subsequence.

Proof. Let (an)n>1 be a bounded sequence of real numbers. By the Peak
Point Lemma (Lemma , there exists a monotone subsequence (an, )k>1
of (an)n>1. Since (ap)p>1 is bounded, (ap, )n>1 is also bound and thus
converges by the Monotone Convergence Theorem (Theorem [2.2.6)). [

2.5 Completeness of the Real Numbers

In the previous sections, we have seen some methods that can help us compute
limits provided we know they exist and we have seen how to show that some
sequences converge. However, for a general sequence, determining whether a
given sequence converges can be a difficult task as the only method we have
is to verify Definition The challenge with verifying the definition of a
convergent sequence is that one must first guess the limit and then show the
sequence converges to the limit. Thus it is natural to ask, “Is there a way to
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determine whether a sequence converges without having an intuition about
what the limit should be?”

2.5.1 Cauchy Sequences

If a sequence was going to converge, then eventually all terms in the sequence
are as close to the limit as we would like. In particular, by the Triangle
Inequality, eventually all terms in the sequence are as close to each other as
we would like. This leads us to the notion of a Cauchy sequence.

Heuristic Definition. A sequence (ay)n>1 is said to be Cauchy if the terms
of (an)n>1 are arbitrarily as close to each other as we would like as long as n
is large enough.

As with the definition of the limit of a sequence, the notion of Cauchy
sequence can be made mathematically precise.

Definition 2.5.1. A sequence (ay,)n>1 of real numbers is said to be Cauchy
if for all € > 0 there exists an N € N such that |a,, —ay,| < € for all n,m > N.

To formalize our motivation that if “eventually all terms in the sequence
are as close to the limit” then “eventually all terms in the sequence are as
close to each other as we would like”, we prove the following showing that a
sequence being Cauchy is required for the sequence to converge.

Theorem 2.5.2. FEvery convergent sequence of real numbers is Cauchy.

Proof. Let (an)n>1 be a sequence of real numbers that converges to L € R.
To see that (ay)n,>1 is Cauchy, let € > 0 be arbitrary. Since L = lim,_,o0 ap,
there exists an N € N such that |a, — L| < § for all n > N. Thus, for all
n,m > N,

€ €
\an—am\§|an—L|+\L—am|<§+§:€.

Therefore, as € > 0 was arbitrary, (ay)n>1 is Cauchy by definition. n

Consequently, it is natural to ask whether the converse of Theorem [2.5.2]
holds; that is, if a sequence is Cauchy, does it automatically converge? Before
we tackle this question, a few examples and a remark are useful.

Remark 2.5.3. We claim that to verify |a,, — a,| < € for all n,m > N, it
suffices to only verify |a, — an,| < € for all n,m > N with n > m. Indeed if
we have that |a, — an| < € for all n,m > N with n > m, then if n,m > N
are such that m > n, then since

|an — am| = |(=1)(am — an)| = |am — ax|
we obtain that |a, — an| < |am — an| < € as desired.
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Moreover, just by repeating the same ideas as used in the proof of
Proposition (i.e. manipulating the “for all € > 0” quantifies), a
sequence (an)n>1 is Cauchy if and only if for all € > 0 there exists an N € N
such that |a, — an| < € for all n,m > N.

Note the following example show that it can be easier to check that a
sequence is Cauchy then it is to check whether the sequence converges. Thus
a proof that “Every Cauchy sequence converges” would be incredibly useful.

Example 2.5.4. For each n € N, let a,, = > 1_; 2% sin(k). Consider the
sequence (an)n>1. It is difficult to determine whether (ay),>1 converges by
the definition of the limit since we have no idea what the limit should be.
Moreover, since 2% sin(n) could be positive or negative (and it is difficult to
know which when n is large), it could be a, < a,—1 or a, > a,—1. Hence
(an)n>1 is not monotone so the Monotone Convergence Theorem does not
help. Thus we have no techniques to determine whether or not (a,)n>1
converges.

However, it is not too difficult to verify that (ay),>1 is Cauchy. To see
this, let € > 0 be arbitrary. Since lim,,_, 2% = 0 by Example there
exists an N € N so that ZLN < €. Then, for all n,m > N with n > m, we

have that

"1 UCRS |
lan, — am| = Z oF sin(k) — Z o" sin(k:)| by definition
k=1 k=1
" 1
= Z o" sin(k) by cancellation
k=m+1
" 1
< Z o" sin(k)’ by the Triangle Inequality
k=m+1
" 1
< Z oF as |sin(z)| <z
k=m+1
. el ] — (%>n—m
= <2> - the sum of a geometric series
T2
1\ 1-0 : AN
< (= T since | — >0
2 1-35 2
1 1
< oNTIT I asm> N
1
== QW < €.

Therefore, as € > 0 was arbitrary, (a)n>1 is Cauchy.

Example 2.5.5. Note that it is possible that a sequence (ay),>1 satisfies
limy, 00 @py1 — an, = 0 but is not Cauchy. Indeed if a, = 22:1% for all
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n € N, then ap41 —ap = %H which clearly converges to zero. However, it is
possible to show that (ay),>1 diverges to infinity. Although we cannot prove
this divergence at this time, many students will have seen series in previous

courses and techniques of the Chapter [6] will enable this proof.

2.5.2 Convergence of Cauchy Sequences

As discussed in the previous subsection, a positive answer to the question
“Does every Cauchy sequence converge?” would be incredibly useful as it is
often easier to check a sequence is Cauchy then it is to verify the definition
of the limit. One method for providing intuition to what the answer of this
question is is to see if Cauchy sequences share similar properties to convergent
sequences. In particular, analyzing Proposition and its proof, we obtain
the following.

Lemma 2.5.6. Every Cauchy Sequence is bounded.

Proof. Let (ap)p>1 be a Cauchy sequence. Since (ay)n>1 is Cauchy, there
exists an N € N such that |a, — a;,| < 1 for all n,mm > N. Hence, by
letting m = N, we obtain that |a,| < |ay|+ 1 for all n > N by the Triangle
Inequality.

Let M = max{|ai|,|az|,...,|an—1],|lan| + 1}. Clearly if n < N then
lan] < M whereas if n > N then |a,| < |lay| +1 < M by the above
paragraph. Hence —M < a,, < M for all n € N so (an)n>1 is bounded. =

As further intuition towards whether all Cauchy sequence converge, recall
Proposition @ demonstrates subsequences of convergent sequence must
converge. The following demonstrates the converse is true if our sequence is
assumed to be Cauchy.

Lemma 2.5.7. Let (ap)n>1 be a Cauchy sequence. If a subsequence of
(an)n>1 converges, then (an)p>1 converges.

Proof. Let (an)n>1 be a Cauchy sequence with a convergent subsequence
(an, )k>1 and let L = limg_,o0 ap,. We claim that lim,, o a,, = L. To see this,
let € > 0 be arbitrary. Since (a,)n>1 is Cauchy, there exists an N € N such
that |an, — an,| < § for all n,m > N. Furthermore, since L = limy_,oc @y,
there exists an n; > N such that |a,; — L| < §. Hence, if n > N then

€ €
|an—L’§|an_anj|+‘anj_L‘<§+§:€.

Thus, as € > 0 was arbitrary, (a,),>1 is converges to L by definition. n
Using Lemma [2.5.7] we easily obtain the following.

Theorem 2.5.8 (Completeness of the Real Numbers). Every Cauchy
sequence of real numbers converges.
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Proof. Let (an)n>1 be a Cauchy sequence. By Lemma (an)n>1 is
bounded. Therefore the Bolzano-Weierstrass Theorem (Theorem
implies that (a,),>1 has a convergent subsequence. Hence Lemma
implies that (an)n>1 converges. ]

Again, the advantage of Theorem [2.5.8]is that it is often much easier to
check a sequence is Cauchy over checking the definition of a limit. Indeed,
consider the following example.

Example 2.5.9. For each n € N, let a,, = Y 1 %sin(k). Recall from
Example that we could not deduce whether or not the sequence (an)n>1
converges, but we were able to show that (a,),>1 was Cauchy. Hence (ay,)n>1
converges by Theorem [2.5.8

Remark 2.5.10. Theorem [2.5.§ demonstrates that the real numbers is
a complete space (a space where every Cauchy sequence converges). The
terminology comes from the fact that complete spaces have no ‘holes’ in
them. In fact, the Completeness of the Real Numbers is logically equivalent
to the Least Upper Bound Property (i.e. if instead of asking for the real
numbers to have the Least Upper Bound Property we asked for them to
be complete, we would still end up with the real numbers). In fact, some
authors call the Least Upper Bound Property the “Completeness Property”.
We elected for our choice of terminology as “completeness” does refer to
“every Cauchy sequence converges” in subsequent analysis courses whereas
the Least Upper Bound Property is of lesser importance in future analysis
courses.

Remark 2.5.11. Cauchy sequences have additional uses beyond verify con-
vergence of sequences of real numbers. In particular, by using an equivalence
relation on the set of all Cauchy sequences of rational numbers, it is possible
to construct the real numbers. This is done in Appendix [B-4]for the interested
reader.
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Chapter 3

An Introduction to Topology

In addition to the notion of convergent sequences, we desire to analyze
analytic properties of the real numbers. In particular, by changing our
perspective slightly on what it means for a sequence to converge, we arrive at
an area of mathematics closely related to analysis called topology. The term
topology comes from the Greek words 76moo meaning place (or space) and
A6yoo meaning study. Thus topology exactly means the study of spaces! In
this chapter, we will introduce students to topology via analysis motivated
topological properties of the real numbers.

3.1 Topology of the Real Numbers

Recall that a sequence (ay)n>1 of real numbers is said to converge to L € R
if for all € > 0 there exists an N € N such that |a, — L| < € for all n > N.
Instead, by using the notion of an open interval, we see that a sequence
(an)n>1 of real numbers is said to converge to L € R if for all € > 0 there exists
an N € N such that a,, € (L — ¢, L +€) for all n > N. Consequently, we can
use open intervals to describe convergent sequences instead of distances. The
whole basis for topology that we will explore in this section is to generalize
the notion of an open interval.

3.1.1 Open Sets

The following is the correct generalization of open intervals to discuss further
topics in analysis and to introduce the area of topology.

Definition 3.1.1. A set U C R is said to be open if whenever x € U there
exists an € > 0 such that (z —e,x +¢€) CU. The set

T={UCR | U is open}
is called the topology on R.
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Note the letter U is traditionally used for an open set since open sets
nearly the same as another topological notion known as a neighbourhood
and the German word for neighbourhood is ‘umgebung’.

Example 3.1.2. Unsurprisingly, each open interval is open. To see this,
suppose a,b € R are such that a < b. To see that (a,b) is open, let
x € (a,b) be arbitrary. Then, if ¢ = min{z — a,b — z}, then ¢ > 0 and
(x — e,z +€) C (a,b). Thus, as = € (a,b) was arbitrary, (a,b) is open.

Using similar arguments, it is possible to show that if a = —oo and/or
b = oo, then (a,b) is open. Consequently (—oo,00) = R is open.

Example 3.1.3. If a,b € R are such that a < b, then [a, b) is not open. To
see this, we note that a € [a,b) but we claim that (a —€,a + €) € [a,b) for
all € > 0. To see this, note for all ¢ > 0 that a — %e € (a—€,a+€) but
a— %€ ¢ [a,b). Hence [a,b) is not open is not open by definition.

Similar arguments can be used to show that (a,b] and [a, b] are not open.

Example 3.1.4. The empty set is open since the definition of open is
vacuously true for () (as there are no elements in the empty set).

To solidify our motivation for examining open subsets of R, we prove the
following.

Proposition 3.1.5. Let (ay)n>1 be a sequence of real numbers. A number
L € R is the limit of (an)n>1 if and only if for every open set U C R such
that L € U there exists an N € N such that a, € U for alln > N.

Proof. Assume that L = lim, _ o an. To see the desired property holds,
let U be an arbitrary open subset of R such that L € U. Since L € U
and U is open, there exists an € > 0 such that (L —e€,L +¢) C U. Since
L = lim,,_, a,, the definition of the limit implies that there exists an NV € N
such that |a, — L| < € for all n > N. Hence a,, € (L —¢€,L+¢) C U for
all n > N. Therefore, as U was arbitrary, the desired property has been
demonstrated.

Conversely, assume that every open set U C R such that L € U there
exists an N € N such that a, € U for all n > N. To see that (ap)n>1
converges to L, let € > 0 be arbitrary. Since (L — ¢, L + €) is an open by
Example the assumptions of this direction imply that there exists an
N € N such that a, € (L —¢,L +¢€) for all n > N. Hence |a, — L| < € for
all n > N. Therefore, since € > 0 was arbitrary, (a,),>1 converges to L by
the definition of the limit. ]

Proposition [3.1.5]yields an alternative definition for the limit of a sequence
of real numbers. This definition is particularly useful in generalizing limits
to abstract spaces where one defines a ‘good’ notion of open sets (i.e. a
topology) which then determines which sequences converge. A ‘good’ notion
of open sets must mimic the properties illustrated in the following proposition
for open subsets of R.
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Proposition 3.1.6. Let I be an non-empty set and for each i € I let U; be
an open subset of R. Then

a) User Ui is open in R, and
b) Nicr Ui is open in R provided I has a finite number of elements.

Proof. a) To see that (J;c; U; is open, let x € J;c; U; be arbitrary. Then
x € U, for some 7g € I. Therefore, as U;, is open, there exists an € > 0 such
that (x — e,z +¢) C U;,. Hence

(x —e,x+e€) C UUi‘
i€l
Since x € J;¢; U; was arbitrary, U;c; U; is open.
b) To see that (;c; U; is open in R provided I has a finite number of

elements, x € (;c; U; be arbitrary. Hence x € U; for each ¢ € I. Since Uj is
open, for each i € I there exists an ¢; > 0 such that (x — ¢;,z+¢;) C U;. Let

e =min{¢; | i € I}.

Since I has a finite number of elements, € > 0. Furthermore, by the definition
of €, (t —e,x+¢€) CU; for all i € I. Hence

(x —e,x+e) C ﬂUi.
il

Since x € ;¢ U; was arbitrary, (;c; U; is open. []

Remark 3.1.7. It is important to note that the conclusions of part (b) of
Proposition fails when I has an infinite number of elements. To see
this, for each n € N let U,, = (—%, %) Then U, is open for all n € N by
Example but

() Un = {0}

n>1
is clearly not open as there is no open interval that is contained inside a
single point.

Proposition shows us that the union of any number of open intervals
is an open set. In fact, our next result demonstrates that every open subset
of the real numbers is a union of open intervals. To begin, we require a
lemma.

Lemma 3.1.8. Let U C R be a non-empty open set. Define a relation ~
on U as follow: for x,y € U, x ~y if and only if [x,y] CU and [y,z] CU
(note 0 C U, [y,x] =0 if y >z, and [z,y] =0 if © > y). Then ~ is an
equivalence relation on U.
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Proof. To see that ~ is an equivalence relation, we must check that ~ satisfies
three properties.

Reflexivity. To see that ~ is reflexive, let x € U be arbitrary. Since
[z,2] = {2z} C U, x ~ x by definition. Hence ~ is reflexive.

Symmetry. To see that ~ is symmetric, let z,y € U be such that = ~ y.
Thus [z,y] C U and [y,z] C U. Hence [y,z] C U and [z,y] C U so y ~ x by
definition. Thus ~ is symmetric.

Transitivity. To see that ~ is transitive, let x,y, 2 € U be such that x ~ y
and y ~ z. Since we have already verified symmetry, we may assume without
loss of generality that x < z (otherwise interchange z and z). Consequently,
to show that x ~ z, it suffices to prove that [z,z] C U. We can now divide
the proof into three cases.

Case 1: y < x. Since y ~ z, we know that [y, z] C U. Therefore, since
y < x in this case, we know that [z, z] C [y, z] C U. Thus = ~ z in this case.

Case 2: v <y < z. Since x ~ y and y ~ z, we know that [z,y] C U and
[y, z] € U. Therefore, since x <y < z, we have that

[z,2z] = [z,y]U]y,z] CUUU =U.

Thus x ~ z in this case.

Case 3: z < y. Since x ~ y, we know that [x,y] C U. Therefore, since
z < y in this case, we know that [z, 2] C [z,z] C U. Thus x ~ z in this case.

Therefore, since the above three cases cover all possible cases, we have
that ~ is transitive as desired.

Hence, as we have verified the three properties of an equivalence relation,
~ is an equivalence relation. [ |

Proposition 3.1.9. Every (non-empty) open subset of R is a union of
disjoint open intervals.

Proof. Let U be an open subset of R. If U = (), then U is technically an
empty union of open intervals. Thus, assume that U is non-empty. Let ~ be
the equivalence relation on U from Lemma [3.1.8

For each x € U, let E, denote the equivalence class of x with respect to

~. Clearly
U= |J E:
zelU

as x € E, for all z € U. Moreover, by the properties of equivalence relations,
if z,y € U then either E, = E, or E, N Ey = (). Hence if each E, is an open
interval, the proof will be complete.

Let x € U be fixed. Let

oy = inf(E;) and Bz = sup(Ey).
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We claim that E, = (o, fz).

First, we claim that a, < (.. To see this, notice that x € E, C U. Since
U is open, there exists an € > 0 such that (r — e,z +¢€) CU. Clearly y ~ x
forall y € (x — €,z +€) so

a <zr—€e<x+e<pf,.

To see that (o, 8:) C Ey, let y € (ay, B2) be arbitrary. Since a, < y <
Bz, by the definition of inf and sup there exists z1, 2o € F, such that

aa:§21<y<22§,8x-

Since z1, 29 € E,, we have z; ~ x and 29 ~ x. Thus 21 ~ 29 by transitivity so
[21,22] CU. Hence y € [z1, 23] C U. Therefore, as y € (ag, ) was arbitrary,
(0, Bx) C Ey.

To see that E, C (ay, 5;), note that

E, C (043::/3:]0) U {awaﬁx}

by the definition of o, and (.. Thus it suffices to show that o, 8, ¢ E,.
Suppose for the sake of a contradiction that 8, € E,. Thus 8, ~ = and

B, € E, CUCR.

Since B, € U and U is open, there exists an € > 0 so that (8, —¢, 8, +¢) C U.
Hence

1
Bx+§€NﬂxN$~

Thus B, + %e € E,. However B, + %e > [, 80 B + %e € FE, contradicts
the fact that 8, = sup(E,). Hence we have obtained a contradiction so
Bz ¢ E,. Similar arguments show that a, ¢ E,. Hence E, = (ag, )
thereby completing the proof. ]

Remark 3.1.10. Considering Proposition [3.1.9] a natural question to ask
is, “How many open intervals do we need in the union?” Looking at the
proof of Proposition we see instead of writing U = U,y Ex, we can
write U = (J,eq Bz where S contains one element from each equivalence
class. Since each equivalence class is an open interval and since each open
interval contains a rational number by Proposition [1.3.8] we can write
U = Uzeq Ex where @ C Q. As the cardinality of the rational numbers
equals the cardinality of the natural numbers (see your MATH 1200 textbook
if there was not time to cover countable and uncountable sets), we can write
U = U,en In where each I, is an open interval. In particular, every open
subset of R is a countable union of open intervals!
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3.1.2 Closed Sets

Although the notion of open sets is important in future courses, the following
notion is far more important for this course.

Definition 3.1.11. A set F' C R is said to be closed if F¢ =R\ F is open.

Note the letter F' is traditionally used for a closed set since the French
word for closed is ‘fermé’.

Example 3.1.12. As () and R are open, (¢ = R and R¢ = ) are closed.

Example 3.1.13. For all a,b € R with a < b, the closed interval [a,b] is
closed. Indeed notice that

[a,b]® = (—00,a) U (b, 00)

which is a union of open sets and thus open by Proposition [3.1.6] Hence
[a, b] is closed by definition.

Example 3.1.14. For all a € R, the sets [a,00) and (—o0, a] are closed. To
see this, notice that

[a,00)¢ = (—00,a) and (=00, b]¢ = (b, c0)
are open. Hence [a,00) and (—o0, a] are closed by definition.

Example 3.1.15. It is important to note that there are subsets of R that
are not open nor closed. Indeed if a,b € R are such that a < b, then [a,b)
is not open and not closed. To see this, first note that [a,b) is not open by
Example 3.1.3] Furthermore, notice that

[a,b)¢ = (—o0,a) U [b,o0).

We claim that [a, b)¢ is not open. To see this, we note that b € [a,b)¢ but we
claim that (b —€,b+€) Z [a,b)¢ for all € > 0. Indeed, if € > 0 and

. 1 b—a
(5—m1n{2e,4},

thenb—d € (b—€e,b+e€) but b—0 ¢ (—o0,a) U [b,00) = [a,b)¢. Therefore,
by definition, [a,b)¢ is not open so [a, b) is not closed.

Due to the nature of the complement of a set, the following trivially
follows from Proposition [3.1.6

Proposition 3.1.16. Let I be an non-empty set and for each ¢ € I let F; be
a closed subset of R. Then

o icr Fi is closed in R, and
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o User Fi is closed in R provided I has a finite number of element.

Proof. Since

(ﬂ F) =JF and (U F) — N\ Fe

i€l el i€l i€l

by de Morgan’s Laws, the result follows by the definition of a closed set along
with Proposition [3.1.6 ]

The reason we are interested in closed sets is the following result that
shows that closed sets contain all of their limits.

Proposition 3.1.17. A set FF C R is closed if and only if whenever (an)n>1
is a convergent sequence of real numbers with a, € F for alln € N, then
lim,,— o an, € F.

Proof. Assume F' C R is closed. Let (an)n>1 be a convergent sequence of
real numbers with a,, € F for all n € N and let L = lim,,_,o, a,,. To see that
L € F, suppose for the sake of a contradiction that L ¢ F. Hence L € F°.
Since F'is closed, F°¢ is open. Therefore since L € F¢ and F¢ is open, there
exists an € > 0 such that (L —e, L+¢) C F°. However, since L = lim,,_,o0 ap,
there exists an N € N such that ay € (L —¢, L+ ¢€) C F°. Hence ay € F°¢
and ay € I which is a contradiction. Therefore it must be the case that
LePF.

To prove the other direction, assume F' is not closed. Our goal is to
construct a sequence (a,)n>1 that converges to L ¢ F with a, € F for all
n € N. Since F' is not closed, F¢ is not open. Therefore there exists an
L € F¢ such that (L —¢,L +¢€) € F¢ for all € > 0. Thus for each n € N
there exists a number a,, € (L — %, L+ %) with a,, ¢ F°. Hence (ap)n>1 is a
sequence of real numbers with a,, € F for all n € N and

1 1
n n

for all n € N. By the Squeeze Theorem (Theorem [2.3.13)), (ay)n>1 converges
to L. Since a,, € F for all n € N and L ¢ F, the proof is complete. ]

1
{ —|ne€ N}
n
is not closed since % € Aforalln € Nand 0 = lim,,—, % yet 0 ¢ A. However,
one can show that )
B- { 1
n
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is closed by showing that every convergent sequence whose elements are
in B (of which there are lots) converges to an element in B. Indeed, if
(bn)n>1 is a convergent sequence with b, € B for all n € N, then either
limy, 00 by = 0 € B, or there exists an N,k € N such that b, = % for all
n > N and thus lim,,_,- b, = % € B in this case. Alternatively, one can use
the technology of the next section (specifically Example and Theorem

3.2.8)) to prove that B is closed.

3.1.3 Closure of a Set

As Example [3.1.18] shows, it can be possible to take a set and add a few
number of points in order to make the set closed. This can be formalized by
the following result which shows there is a smallest closed set containing a
given set.

Lemma 3.1.19. Let A CR. Then there exists a closed subset FF C R such
that A C F and if I} C R is closed and A C Fy, then F C Fy. That is, there
is a smallest closed subset of R that contains A.

Proof. Let
Fa={YCR | XCY, Y is closed}

F= (Y

YeFa

and let

We claim that F' is the set we are looking for. To see this, first notice
that F' is closed by Proposition [3.1.16] as it is the intersection of closed sets.
Moreover, since A CY forall Y € F4, A C F. Thus F is a closed set that
contains A.

To see that F' is the smallest closed set that contains A, let F} C R be
an arbitrary closed set such that A C F;. Hence F; € F4 by definition.
Therefore

F= (N YCH
YeFa
since [ is one of the sets in the intersection. Therefore, as F} was arbitrary,
F' has the desired properties. [ ]

Due to Lemma [3.1.19] we can make the following definition.

Definition 3.1.20. The closure of a subset A of R, denoted A, is the smallest
closed subset of R containing A.

Example 3.1.21. It is not difficult to see that (0,1) = [0, 1]. Indeed, clearly
[0,1] is a closed set containing (0,1) and any closed set containing (0,1)
must contain 0 and 1 since there are sequences with elements in (0, 1) that
converge to 0 and 1 respectively.
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Example 3.1.22. It is not difficult to see that if ¥ C R is closed, then
F = F (i.e. the smallest closed set containing a closed set is the initial closed
set).

Example 3.1.23. The closure of the rational numbers in the real numbers
is the real numbers. To see this, note for each v € R and n € N there exists
a rational number ¢, such that
1 1
Y——=<q <v+—
n
by Proposition m Hence, the Squeeze Theorem (Theorem [2.3.13)) implies
that (gn)n>1 converges to . Therefore, any closed set that contains Q must
also contain v by Proposition Hence the only closed set containing Q
isRsoQ=R.

3

Generalizing the idea in Example [3.1.23] we obtain the following alterna-
tive characterization of the closure of a set of real numbers.

Lemma 3.1.24. Let A CR and let x € R. Then x € A if and only if for
all € > 0 there exists a a € A so that |x — a| < e.

Proof. Assume z € A. To see the desired property of x, suppose for the
sake of a contradiction that there exists an € > 0 so that |x — a| > € for
all a € A. Then (x — e,z +¢€)NA =1. Hence A C (—oo,z — €] N[z +
€,00). Since (—oo,x — €] N [z + €,00) is a closed set containing A, we have
A C (—o0,z — €] N [x + €,00) by the definition of the closure. However,
A C (—o0,z — €| N[z + ¢ 00) contradicts the fact that # € A. Hence x has
the desired property.

Conversely, assume that x € R has the property that for all € > 0 there
exists a a € A so that |x — a| < e. Thus, for each n € N there exists an
an € A such that [z — a,| < 1. Hence (an)n>1 is a sequence in A that
converges to . By Proposition any closed set that contains A must
contain a,, for all n € N and thus must contain x. Hence x € A by definition
as desired. [

Moreover, the closure of a set can be characterized by adding all of the
points to make Proposition work.

Lemma 3.1.25. Let A CR and let € R. Then x € A if and only if there
ezists a sequence (ap)n>1 such that a, € A for alln € N and x = lim,, o0 ay,.

Proof. Assume x € A. To see the desired property, note by Lemma, [3.1.24
that for all n € N there exists an a,, € A such that |z — a,| < % Thus
(an)n>1 is a sequence of real numbers with a,, € A for all n € N and

1 1

r——<a, <T+—
n n
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for all n € N. By the Squeeze Theorem (Theorem [2.3.13), (an)n>1 converges
to x. Therefore, as x € A was arbitrary, one direction is complete.

To see the other direction, let € R be such that there exists a sequence
(an)n>1 such that a, € A for all n € N and x = lim,,_,o0 ay. Since A C A by
definition, a, € A for all n € N. Therefore, since A is closed, Proposition
implies that

r= lim a, € A
n—oo
as desired. m

3.1.4 Limit, Interior, and Boundary Points

There are many other topological notions that describe whether or not a
point is related to a set. In this subsection, we will analyze the notions of a
limit point, an interior point, and a boundary point for subsets of R.

With our previous study of closed sets and the closure of a set, we have
all the tools necessary to study limit points.

Definition 3.1.26. Let A C R. A point x € R is said to be a limit point
of A if exists a sequence (an)n,>1 such that a, € A for all n € N and
z = limy,— o0 Q.

In particular, a limit point of A is a limit of a sequence of points from
A. Based on the previous subsection, we immediately have the following
alternative characterization of limit points

Corollary 3.1.27. Let A CR and let © € R. The following are equivalent:

o 1z is a limit point of A (that is, there exists a sequence (an)n>1 such
that a, € A for alln € N and x = lim,, o0 ay, ).

e v €A
o For all e >0, there exists an a € A such that |a — z| < €.

Proof. This follows immediately from the definition of a limit point and

Lemmata [B:1.24] and [3:1.25] [

Furthermore, we immediately have a characterization of closed sets via
limit points.

Corollary 3.1.28. Let F CR. Then F is a closed subset of R if and only
if F' contains all of its limit points.

Proof. This follows immediately Proposition and Corollary B.1.27 m

To define the next useful topological notion of a point related to a set,
we channel the idea of an open set.
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Definition 3.1.29. Let A C R. A point x € R is said to be an interior
point of A if exists an € > 0 such that (z — €,z + €) C A. The set of interior
points of A is denoted by int(A).

Example 3.1.30. Consider the sets [a,b], (a,b], [a,]), and (a,b). It is
elementary to see by Definition [3.1.29] that the interior of all of these sets is
(a,b). Hence the term ‘interior’.

Example 3.1.31. If U is an open subset of R, then every element of U is
an interior point of U by definition.

In particular, similar to how the closure of a set A is the smallest closed
set containing A, the interior of a set A actually is the largest open set
contained in A. To show this, we divide the proof into a few lemmata;
first showing that the interior is an open set, and then showing the interior
contains all open subsets of A.

Lemma 3.1.32. If A C R, then int(A) is an open set.

Proof. To see that int(A) is open, let € int(A) be arbitrary. By the
definition of an interior point, there exists an € > 0 such that (xr—e, x+¢€) C A.

We claim that (z— e, 2+ 5€) C int(A). To see this, let y € (x— %€, 2+ %€)
be arbitrary. To see that y € int(A), first notice if 2 € (y — €,y + 2€) then

- € €
|z —z| <[z —y|+ |y — 2| <gtgTe

and thus z € (z — e,z +¢€) C A. Hence (y — 2e,y+ 3¢) C Asoy €

int(A) by definition. Therefore, since y € (z — %e,az + %6) was arbitrary,

(z — e,x + $€) C int(A). Hence, since = € int(A) was arbitrary, int(A) is

open by the definition of an open set. ]

Lemma 3.1.33. Let ACR. IfU C A and U is an open subset of R, then
U Cint(A).

Proof. Assume U C A and U is an open subset of R. To see that U C int(A),
let x € U be arbitrary. Since U is open, by the definition of an open set there
exists an € > 0 such that (z —e,x +€) C U C A. Hence x € int(A) by the
definition of the interior. Therefore, since x € U was arbitrary, U C int(A)
as desired. ]

Corollary 3.1.34. If A C R, then

int(A) = U U  wherel' ={U C A | U is an open subset of R}.
vel’

Hence int(A) is the largest open subset of A.
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Proof. If U € T then U C int(A) by Lemma Hence Uyer U C int(A).

For the other inclusion, let x € int(A) be arbitrary. By the definition
of the interior there exists an ¢ > 0 such that (z — €,z + €¢) C A. Since
(x — €, + €) is an open set and thus (z — ¢,z + €) € ', we obtain that

r€(x—ex+e) C U U.
ver

Therefore, since « € int(A) was arbitrary, we obtain that int(A) C Uyep U
as desired. [

For our final type of point based on a set, there are many equivalent
characterizations. We will adopt the following as the definition as it mim-
ics the definition of the interior point and we will prove the equivalent
characterizations in due course.

Definition 3.1.35. Let A C R. A point x € R is said to be an boundary
point of A if for all € > 0 there exists an a € A and a b € R\ A such that
a,b € (x —e,x + ¢€). The set of boundary points of A is denoted by bdy(A).

As promised, there are many equivalent characterizations of boundary
points.

Proposition 3.1.36. Let A C R and let z € R. The following are equivalent:

(i) = is a boundary point of A (that is, € > 0 there exists an a € A and a
be R\ A such that a,b € (v — €,z +€)).

(ii) There exists sequences (an)n>1 and (bp)n>1 such that a, € A and
b, € R\ A for alln € N and x = limy,,—, o0 ay, = limy, 00 by, -

(iii) x € AN (R\ A).
(iv) z € A\ int(A).
(v) © ¢ int(A) Uint(R \ A).

Proof. To begin, note that (i), (ii), and (iii) are equivalent by Corollary
To complete the proof, we will show that (iii) = (iv) = (v) = (i).

To see that (iii) = (iv), assume x € AN(R \ A). Hence z € A. Therefore,
to show that z € A\ int(A), it remains only to show that = ¢ int(A4). To
see this, suppose for the sake of a contradiction that = € int(A4). By the
definition of the interior, this implies that there exists an € > 0 such that
(x—e,x+¢€) C A Hence (z—e,x4€¢)N(R\ A) = (). Therefore Lemma [3.1.24]
implies that z ¢ (R '\ A). Since this contradicts the fact that z € AN (R \ A),
it follows that x ¢ int(A). Hence (iii) = (iv).

To see that (iv) = (v), assume x € A\ int(A). Therefore x ¢ int(A).
Therefore, to show that x ¢ int(A) Uint(R \ A), it remains only to show
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that « ¢ int(R\ A). To see this, suppose for the sake of a contradiction
that z € int(R \ R). By the definition of the interior, this implies that there
exists an € > 0 such that (x — e,z +¢) CR\R. Hence (x —e,z+¢)NA=0.
Therefore Lemma implies that x ¢ A. Since this contradicts the fact
that z € A\ int(A), it follows that = ¢ int(R\ A). Hence (iv) = (v).

To see that (v) = (i), assume x ¢ int(A) Uint(R \ A). Since x ¢ int(A),
by the definition of the interior we know for all € > 0 that (x — e,z +¢€) € A.
Hence for all € > 0 there exists a b € R\ A such that b € (x — ¢,z + €).
Similarly, since x ¢ int(R \ A), by the definition of the interior we know for
all € > 0 that (z — e,z +¢) Z R\ A). Hence for all ¢ > 0 there exists an
a € A such that a € (z — €,z + €). Hence (i) holds so (v) = (i). []

To motivate the terminology of the boundary point, consider the following
examples.

Example 3.1.37. Consider the sets [a, b], (a,b], [a,b), and (a,b). We claim
that the set of boundary points of all of these sets is {a,b}. This follows
immediately since the closure of these sets are [a, b] and since the closure
of the complements of these sets are (—oo,a] U [b, 00). Hence the boundary
points of these sets are truly “on the boundary.

In fact, we boundary points are related to one of the initial concepts in
this course.

Example 3.1.38. Let A be a non-empty subset of R that is bounded above.
We claim that o = lub(A) is a boundary point of A. Hence all of the
characterizations from Proposition [3:1.36] hold for «.

To see that « is a boundary point of A, let € > 0 be arbitrary. We desire to
show that there exists an a € A and a b € R\ A such that a,b € (o« —¢, a+¢).
To begin, let b = o + %e. Therefore, since b > « and « is the least upper
bound of A, it follows that b ¢ A. Hence b € R\ A and b € (a — €, + €).
Therefore, it remains only to show the existence of a.

To see that there exists an a € A such that a € (o — €, a + €), suppose for
the sake of a contradiction that AN (a—e,a+¢€) =0. Let vy = a— %e. Clearly
~v < a. Moreover, since a < « for all a € A and since AN (o — €, +¢€) =0,
it follows that a <« for all a € A. Therefore « is an upper bound of A that
is less than «. Since this contradicts the fact that « is the least upper bound
of A, we have a contradiction. Hence « is a boundary point of A.

Remark 3.1.39. By combining Example together with Proposition
3.1.36] it follows that if A is a non-empty subset of R that is bounded above,
then exists sequences (an)p>1 and (by)n>1 such that a,, € A and b, e R\ A
for all n € N and lub(A4) = lim, 0 a, = limy,_o0 by,. This not only is a
useful property of the least upper bound of a set, but it also shows that
students’ original intuition when it comes to computing least upper bounds
is correct: the least upper bound of a set is, in essence, the “largest element
of the set” (of course, it does not need to be in the set, but it almost is).
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3.1.5 The Cantor Set

In order to have one non-trivial example of for interior and boundary points,
we consider an example of a subset of R that is very important example in
analysis.

Definition 3.1.40. Let Py = [0,1]. Construct P; from Py by removing the
open interval of length % from the middle of Py (i.e. Pi = [0,3] U [2,1]).
Then construct P» from P; by removing the open intervals of length 3% from
the middle of each closed subinterval of P;. Subsequently, having constructed
P, construct P,4; by removing the open intervals of length 371% from the

middle of each of the 2" closed subintervals of P,,. The set

C=()Pn

n>1
is known as the Cantor set.

The Cantor set has many interesting properties. First, note that Propo-
sition [3.1.16] implies the Cantor set is closed being the intersection of closed
sets. The following gives an alternate characterization of the Cantor set
using the ternary expansion of real numbers as described in Remark [2.3.28]

Lemma 3.1.41. Let x € R. Then x € C if and only if there is a sequence
(an)n>1 with an € {0,2} for all n € N such that x = lim,, 00 > ji— 1 E (i.e.
x € [0,1] and = has a ternary expansion using only Os and 2s).

Proof. To begin, assume x € C. Hence x € P, for all n € N by the definition
of C. Furthermore, by the recursive construction of the P,, there exists a
sequent (ay)n>1 such that a, € {0,2} for all n € N and

ve [Zn:3k’3n+z

for all n € N.
To see that x = limy, 00 Y p—g 3k, notice that

-3 l<| (G i) -S|

k=1 k=1

1

3’

Hence

:r\

1 n
— @ S Z
for all n € N. Therefore, since lim,_ oo = zw = 0, the Squeeze Theorem

(Theorem [2.3.13) implies that x = lim, 0 35—y 53¢ as desired.
For the converse direction, assume x € R is such that there exists a se-

quence (an)n>1 with a,, € {0,2} for all n € N such that x = limy, 00 D1 5F
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For each n € N, let s, = > j_ 1 . By the description of P,, we obtain that
sy € Py, for all n € N. In fact, we clalm that s,, € P, whenever m > n. To
see this, notice if m > n then

" a LLR)
ng—z?)k:SmSZB%—i_Z?Tk
k=1 k=1 k=n-+1
m—n
N, 2 1 (%)
— 3k 3n+1 _ 1
k=1 3

k:13 3"
" ay, 1
< 2k =
_];::13 + 2

so that s, € P, as claimed.

Since each P, is a closed set, since x = lim,;, oo Sm, and since s, € P,
whenever m > n, we obtain that z € P,, for each n € N by Proposition
Hence z € (1,1 P, = C as desired. []

Lemma [3.1.41] enables us to demonstrate the following which shows the
set of interior and boundary points of a set may behave far differently than
what was seen for intervals.

Corollary 3.1.42. For the Cantor set C, int(C) =0 and bdy(C) = C.

Proof. To see that int(C) = (), suppose for the sake of a contradiction that
there exists an x € int(C). By the definition of the interior, this implies
that there exists an € > 0 such that (z — e,z +¢) C C = (),,>; P. Hence
(x —e,x+¢€) C P for all n € N. Since lim;,,—o0 31n = 0, there exists an
N € N such that = < €. By the construction of Py we see that Py does not
contain an open mterval of length more that 3% Therefore, it is impossible
that (z — ¢,z + €) C Py. Hence we have obtained a contradiction so it must
be the case that int(C) = 0.

To see that bdy(C) = C, note bdy(C) = C \ int(C) by Proposition
Since C is closed, we know that C = C. Therefore, since we have shown that
int(C) = ), we obtain that

bdy(C) =C\int(C)=C\0=C
as desired. n

The intriguing thing about the Cantor set being a closed set with empty
interior is that Cantor set is equinumerous with the real numbers; that is,
the Cantor set and the real numbers have the same cardinality (the same
number of elements). For those that saw cardinality in MATH 1200, we
include the following.
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Corollary 3.1.43. |C| = |R|.

Proof. To see that C is uncountable, let
X ={(bp)n>1 | ,bn € {0,1} for all n € N}.

Define f: X{0,1} — C by

for all (by)n>1 € X. Clearly f is a well-defined injective function so |C| >
2Nl = |R|. Therefore, since C C R, we obtain that |C| = |R| as desired. m

3.2 Compact Sets

Although the topological notion of a closed set is nice due to Proposition
[3.1.17] there is a far more useful topological notion. One essential idea in
analysis is the ability to reduce infinity objects into finite objects as the
latter are easier to handle. Since the topology on R determines the analytic
structure on subsets of R and it would be nice when given a subset of R to
be able to reduce to a finite number of open sets. This notion is known as
a compact set. Although for the real numbers there is not much difference
between closed and compact sets, it is really the notion of compactness
that makes many results in analysis work. In particular, many of the most
important theorems in this course fundamentally rely on the fact that every
closed interval is compact.

3.2.1 Definition of a Compact Set

It turns out that there are many equivalent notions of a compact set for
subsets of the real numbers and many of these notions extend to more general
settings. However, the most general notion of a compact set is based on the
following.

Definition 3.2.1. Let A C R. A collection {U; | i € I} of subsets of R is
said to be an open cover of A if U; is open for all ¢ € I and A C J;; U;.

Example 3.2.2. If for each n € N we let U,, = (—n,n), then {U,, | n € N}
is an open cover of R (and any subset of R).

Example 3.2.3. If for each n € Nwelet U,, = (%, 1), then { (%, 1) ‘ n e N}
is an open cover of (0, 1).

The most general definition of a compact set is as follows.
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Definition 3.2.4. A set K C R is said to be compact if every open cover of
K has a finite subcover; that is, if {U; | i € I'} is an open cover of K, then
there exists an n € N and 41, ...,%, € I such that K C Uy, U;,.

Note the letter K is traditionally used for a compact set since the German
word for compact is ‘kompakt’.

Remark 3.2.5. The rationale for why compact sets are easy to work with is
that it is much easier to deal with a finite number of objects than it is to deal
with an infinite number (e.g. taking a maximum instead of a supremum).

Example 3.2.6. Let

K:{O}U{l' neN}.
n
We claim that K is a compact set.

To see this, let {U; | i € I} be any open cover of K. Since 0 € U;c; Ui,
there exists an ¢y € I such that 0 € U;,. Therefore, since U;, is open, there
exists an € > 0 so that (—e, e) C Uj,.

Since lim,,—s o0 % = 0 there exists an N € N such that % € (—e,¢) C Uy,
for all n > N. Furthermore, since K C (J;c; U;, for each n < N we may
chose an ,, € I such that % € U;,. Hence, by construction

so {Uiy,--.,Uiy_, } is a finite open subcover of K. Hence, since {U; | i € I}
was an arbitrary open cover of K, K is compact by definition.

It is natural to ask whether R is compact. Since the open cover {(—n,n) |
n € N} of R clearly has no finite subcovers, we see that R is not compact.
More generally, using the same open cover, we note the following.

Theorem 3.2.7. If K C R s compact, then K is bounded.

Proof. Let K C R be compact. For each n € N, let U,, = (—n,n). Therefore,
since U,;>; Un, = R, we have that {U,, | n € N} is an open cover of K. Since
K is compact, there exists numbers ki, . . ., ky, € N such that {Uky--- Uk, }
is an open cover of K. Therefore, if M = max{ki,...,kpn,}, then

K C |J Uy, = (—M,M).
j=1

Hence K is bounded. ]
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By analyzing the open cover { (%, 1) ) n e N} of (0,1), we see that any
finite subcover does not contain an interval of the form (0, €) for some e > 0.
Hence this open cover has no finite subcovers so (0, 1) is not compact. More
generally, using similar ideas, we obtain the following.

Theorem 3.2.8. If K C R is compact, then K is closed.

Proof. Let K C R be compact. Suppose for the sake of a contradiction that
K is not closed. By Proposition there exists a convergent sequence
(an)n>1 such that a, € K for all n € N yet L = lim,, ,oc a, ¢ K. We will
use the sequence (a,)n>1 to construct an open cover of K that has no finite
subcovers thereby contradicting the fact that K is compact.

For each n € N let

U, = (—oo,L—1> U <L+1,oo>.
n n

Notice that each U, is open and

U Un =R\ {L}.

n>1

Hence, as L ¢ K, {U,, | n € N} is an open cover of K.

Since K is compact, {U,, | n € N} has a finite subcover of K. Thus there
exists ki,...,ky € N such that K C UL, Uy;. Let M = max{ky,...,kn}.
Then

ke € (oo LYo (s bone)
= E ; i IE
However, since a, € K for all n € N, we see that |a, — L| > £ for all
n € N. Since this contradicts the fact that L = lim,,_,o a, we have obtained
a contradiction. Hence K is closed. [

3.2.2 The Heine-Borel Theorem

By combining Theorems [3.2.7] and [3.2.8] we see that every compact subset
of R is closed and bounded. In fact, the following theorem shows these are
the only compact subsets of R. Before the proof, it should be noted that the
notion of a compact set is very different and much more important than the
notion of a closed and bound set in future courses.

Theorem 3.2.9 (The Heine-Borel Theorem). A set K C R is compact
if and only if K is closed and bounded.

Proof. If K is a compact subset of R, then K is bounded and closed by

Theorems and respectively.
Assume K C R is closed and bounded. To see that K is compact, let

{U; | i € I} be an arbitrary an open cover of K. We claim that {U; | i € I}
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has a finite subcover of K. To see this, suppose for the sake of a contradiction
that {U; | i € I} does not have a finite subcover of K.

Before we proceed, perhaps a little intuition on where this proof is going
is required. We will use the supposition that {U; | i € I} does not have a
finite subcover of K to construct a sequence of decreasing closed intervals I,
with lengths tending to 0 so that K N I,, does not have a finite subcover for
all n € N. We will then use the concepts of Cauchy sequences and closed
sets to prove that there is a point x that is in all of the K N I,,. This point x
must then be in U;, for some ¢g. However, as U, is open, there is an interval
around z that is contained in Uj;,. Since the length of I, tends to 0 and I,
contains x for all n € N, this will force Iy C U;, for some N € N thereby
contradicting the fact that K N Iy does not have a finite subcover. Now, let
us formalize this argument.

Since K is bounded, there exists an M € R such that K C [-M, M].
Since {U; | i € I} is an open cover that does not have a finite subcover of
K, it must be the case that

Kn[-M,0] or KnJ0,M]

does not have a finite subcover (as if each had a finite subcover, then
combining the two finite subcovers would yield a finite subcover of K).
Choose I} = [a1, b1] from {[—M, 0], [0, M]} so that K N I; does not have a
finite subcover. Note that |b; — a1| = M.

Next, since {U; | i € I} is an open cover that does not have a finite
subcover of K N I1, it must be the case that

a1 + by
2

KN [ah

| o w2

2

does not have a finite subcover (as if each had a finite subcover, then
combining the two finite subcovers would yield a finite subcover of K N I7).
Choose Iy = [ag, bo] from

ar+ b ar +b
ai, 2 ) 2 7b1

so that K N I does not have a finite subcover. Note that |by — as| =
%‘bl — al\ = %M

Using the same idea in the previous paragraph, there must exist closed
intervals I; O Iy O I3 O --- such that K NI, does not have a finite subcover
for all n € N and if I, = [ay, by], then |b, — a,| = QTL%M Since K N I,
does not have a finite subcover for all n € N, K N1, # ) for all n € N (since
the empty set clearly has a finite subcover). Hence, for each n € N, we can
choose a ¢, € K N I,.

We claim that the sequence (¢)n>1 is Cauchy. To see this, let € > 0 be
arbitrary. Since lim, 2% = 0 by Example there exists an N € N
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such that W%IM < €. Therefore, if n,m > N, then ¢, € I, C Iy and
cm € Iy, C In so

len — em| < |bn —an| = %M <e
Hence, as € > 0 was arbitrary, (¢,)n>1 is Cauchy. Hence L = lim, o ¢y
exists by the Completeness of the Real Numbers (Theorem .

Since K is closed by assumption and ¢, € K for alln € N, L € K by
Proposition Moreover, note that L € I, for all n € N by Proposition
since I, is closed and ¢, € I, for all m > n (as we can start the
sequence at n instead of at 1).

Since {U; | i € I} is an open cover of K and L € K, there exists an
o € I so that L € U;,. Since Uj;, is open and L € U;,, there exists an € > 0
so that (L — e, L +¢€) C Uj,.

Since lim,_ 2% = 0, there exists an N € N such that |by — ay| =
ZN%IM < e. Hence, since L € Iy = [an,by], we have that ay < L < by.
Therefore, since |by — an| < € and ay < L < by, we must have that

L—e<an<L<by<L+e

Hence
In =lan,bn] C (L —€,L+¢€) CU,.

Thus U, is a finite open cover of K N Iy. However, this contradicts the
fact that K N I,, does not admit a finite subcover. Hence we have obtained
a contradiction so {U; | ¢ € I} must admit a finite subcover of K. Since
{U; | i € I} was an arbitrary an open cover of K, K is compact by
definition. ]

3.2.3 Sequential Compactness

In general topological spaces, there are other notions of compactness. The
following is another notion of compactness notion that can be quite useful.

Definition 3.2.10. A set K C R is said to be sequentially compact if
whenever (ap)n>1 is a sequence of real numbers with a,, € K for all n € N
there exist a subsequence of (ay)n>1 that converges to an element of K.

We have seen that bounded sequences in R have convergent subsequences
by the Bolzano-Weirstrass Theorem (Theorem and this has already
been of use for us in this course to show that every Cauchy sequence in R
converges. This is one of the many reasons why one might be interested in
sequentially compact sets.

Perhaps (unsurprisingly), sequentially compact and compact are the same
notion for subsets of real numbers.
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Theorem 3.2.11. A set K C R is sequentially compact if and only if K is
compact.

Proof. Assume K is compact. Thus K is closed and bounded by the Heine-
Borel Theorem (Theorem . To see that K is sequentially compact,
let (an)n>1 be an arbitrary sequence of real numbers with a,, € K for all
n € N. Thus (an)n>1 must be bounded as K is bounded. Hence (an)n>1
has a convergent subsequence (an, )r>1 by the Bolzano-Weierstrass Theorem
(Theorem [2.4.7)). Since an, € K for all k € N and since K is closed, the
limit of (ay, )r>1 must be in K by Proposition Hence, as (ap)n>1 was
arbitrary, K is sequentially compact by definition.

Assume K is sequentially compact. To see that K is compact, we will
show that K is closed and bounded in order to invoke the Heine-Borel
Theorem (Theorem

To see that K is bounded above, suppose for the sake of a contradiction
that K is not bounded above. Thus for all n € N there exists a a,, € K such
that a, > n. Therefore, since every subsequence of (ay)n>1 is unbounded
and thus cannot converge by Proposition m (an)n>1 does not have a
convergent subsequence. As this contradicts the fact that K is sequentially
compact, we must have that K is above bounded. As a similar argument
shows that K is bounded below, K is bounded as desired.

To see that K is closed, suppose for the sake of a contradiction that K is
not closed. Thus Proposition implies that there exists a convergent
sequence (an)np>1 such that a, € K for all n € N yet if L = lim,_oc ay,
then L ¢ K. Therefore Proposition implies that every subsequence
of (an)n>1 converges to L ¢ K. As this contradicts the fact that K is
sequentially compact, we must have that K is closed.

Hence K is closed and bounded. Hence the Heine-Borel Theorem (Theo-
rem implies that K is compact. ]

3.2.4 The Finite Intersection Property

To describe our final equivalent definition of compactness, we require the
following definition.

Definition 3.2.12. A collection {A; | i € I} of subsets of R is said to have
the finite intersection property if whenever J C I has a finite number of
elements, (;c; A; # (). That is, any finite intersection involving the sets
from {A; | ¢ € I'} must be non-empty.

Proposition 3.2.13. Let K C R be closed. Then K C R is compact if and
only if whenever
{Fi | iel}

is a collection of closed subsets of K with the finite intersection property,
then N;er Fi # 0.
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Proof. Assume K is a compact subset of R. Let {F; | i € I} be a collection
of closed subsets of K with the finite intersection property. We must show
that (N;c; F; # 0. To see this, suppose for the sake of a contradiction that
MNicr Fi = 0. For each i € I, let U; = Ff. Thus each U; is an open set for
each ¢ € I. Moreover

Uui=UF = (ﬂﬂ)czmc

icl i€l 1el

R

by de Morgan’s Laws. Hence {U; | ¢ € I} is an open subcover of K.
Therefore, since K is compact, by definition there exists an n € N and
i1,...,1n € I such that

n
K< |J U,
m=1

Hence

N F.= (U, = <U U) C K.
m=1 m=1 1

m=

However, since F;, C K for all m, we have that N _; F;,, C K. Hence
n
() F, CKNK =0
m=1

so Mn_y Fi,, = (0. As this contradicts the finite intersection property, we
have a contradiction. Hence (;c; Fi # 0.

For the other direction, to see that K is compact, let {U; | i € I} be
any open cover of K. To see that {U; | i € I} has a finite subcover of K,
suppose for the sake of a contradiction that {U; | i € I} does not have a
finite subcover of K. For each ¢ € I, let F; = U N K. Thus F; is closed for
all ¢ € I by Proposition B.1.16) being the intersection of closed sets. Moreover,
clearly F; C K for all i € I.

We claim that {F; | i € I} has the finite intersection property. To see
this, fix n € Nand iy,...,i, € I. Since {U; | i € I} does not have a finite
subcover of K, we know that

K¢ | U,
m=1
Hence there exists an = € K such that « ¢ U;,, for all m € {1,...,n}. Hence
r € Kandz e Uf forallme {1,...,n} sox € KNU{ = F;, forall

me{l,...,n}. Thusz € N _, F;,,. Thus,asn € Nand iy,...,i, € I were
arbitrary, {F; | i € I} has the finite intersection property.

Since {F; | i € I} are closed subsets of K with the finite intersection
property, the assumptions of this direction imply that (\;c; F; # (. Let
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Yy € (ier Fi. Then y € K as each F; is a subset of K. Moreover y € F; C U/
for all i € I. Hence y ¢ U; for all i € I so that

y¢ | JUi.

el

However, as y € K, this contradicts the fact that {U; | i € I} is an open
cover of K. Therefore {U; | i € I} must have a finite subcover of K.
Therefore, since {U; | ¢ € I} was arbitrary, K is compact by definition. m
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Chapter 4

Continuity

So far we have examined the analytical properties of the real numbers via
sequences and open sets. Although sequences are quite useful in analysis,
they are more of a discrete structure on the real numbers. If we desire to
be able to deal with a continuum of real numbers at once, we should turn
our attention to functions on the real numbers. In particular, we need to
upgrade our notion of a limit to functions. Subsequently, we can examine
one if not the most important concept in analysis: continuity.

4.1 Limits of Functions

Given a function f: R — R and a point a € R, our goal is to upgrade the
notion of a limit of a sequence to define the limit of f at a. In particular,
we desire to describe the behaviour of f(z) as x gets ‘closer and closer’ to a.
However, f(«) exists, so this concept might seem weird; that is, why do we
want to know how f behaves as z gets ‘closer and closer’ to « since we know
f(a)? The short answer is that f(z) may behave very differently as x gets
‘closer and closer’ to « than it does at x = . This leads us to the following
heuristic concept.

Heuristic Definition. A number L is said to be the limit of a function
f as x tends to « if the values of f(z) approximate L provided that z is
arbitrarily close to but not equal to a.

Of course, since we only care about the behaviour of f at points close to
«, we do not need that f is be defined on all of R. Although it is possible to
write down the notion of a limit of a function defined on an arbitrary subset
of the real numbers, we will focus our attention on functions that are defined
on the following sets as we do not feel this takes away the spirit of what is
being done.

Definition 4.1.1. A finite interval is any interval of the form (a,b), (a, b),

93



94 CHAPTER 4. CONTINUITY

[a,b), or [a,b] where a,b € R are such that a < b. The point a the left
endpoint of I and the point b the right endpoint of the interval.

4.1.1 Definition of a Limit

By formalizing our heuristic definition of the limit of a function as we did
with sequences, we arrive at our definition of a limit (and the reason this
course is often called a first course in €-9).

Definition 4.1.2. Let I be a finite interval, let « be an element or endpoint
of I, and let f: I — R. A number L € R is said to be the limit of f as z
tends to « if for every € > 0 there exists a § > 0 (which depends on €) such
that if x € [ and 0 < |x — | < d then |f(z) — L] < e.

If L is the limit of f as x tends to «, we say the limit of f(x) as x tends
to « exists and write L = limy_,, f(z). If no L € R is the limit of f as z
tends to «, we say that the limit of f(z) as x tends to « does not exist.

In the case that L = lim,_,, f(z) and « is the left endpoint of I, we
say that f converges to L as x approaches a from above or that L is the
right-sided limit of f as x approaches o and write L = limy o+ f(2).

In the case that L = lim,_,, f(z) and « is the right endpoint of I, we
say that f converges to L as x approaches o from below or that L is the
left-sided limit of f as x approaches a and write L = limg_— f(z).

Remark 4.1.3. Note the assumptions that « is an element or endpoint of
I and f: I — R are necessary to ensure for all 6 > 0 there are x € I such
that 0 < |z —a] < § and f(x) is define (i.e. there are points where we can
evaluate f at).

Moreover, since we are only interested in the behaviour of f as x tends
to a, it is not necessary that f(«) is defined. Of course, since the value of
f(«) does not effect any portion of the definition of the limit, if f(«) is not
defined, we can just set f(a) = 0 and use the definition.

Remark 4.1.4. If I is a finite interval, a € [ is not an endpoint, and
f I — R, then lim,+ f(x) and lim,_,o— f(z) can still be discussed by
restricting f to the intervals I N (o, 00) and I N (—o0, ) respectively.

As it took some time for to get use to the e-IV definition of a limit of a
sequence, some examples of using the e-0 definition of a limit are warranted.

Example 4.1.5. Let ¢ € R and let f : R — R be defined by f(x) = ¢ for all
x € R. We claim for all & € R that lim,_,, f(z) = c¢. To see this, fix « € R
and let € > 0 be arbitrary. Then, if 6 = 1 we have that § > 0. Moreover, if
ze€Rand 0 < |z —al <d, then

f(z)—cl=]c—c|=0<e

Therefore, as € > 0 was arbitrary, lim,_,, f(z) = ¢ by definition.
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Unsurprisingly, changing the value of the function at a single point does
not change the limit. The following is an example of how to show this.

Example 4.1.6. Let f: R — R be defined by
m ifx#0
x) = .
/(@) {—71’ ifx=0

We claim for all o € R that lim,_,, f(x) = m. To see this, we will first deal
with the case that o = 0.

To see that lim,_,o f(z) = 7, let € > 0 be arbitrary. Then, if § = 1 we
have that > 0. Moreover, if z € R and 0 < |z — 0| < J, then = # 0 so
f(z) = 7 and thus

|f(x) —m|=|r—7|=0<e

Therefore, as € > 0 was arbitrary, lim,_,o f(z) = 7 by definition.

Now, suppose o € R\ {0}. To see that lim,_,o f(z) = 7, let € > 0 be
arbitrary. Let 6 = |a|. Thus § > 0. Moreover, if x € R and 0 < |z — a] < J,
then x # 0 so f(x) = m and thus

|f(x)—m|=|r—7|=0<e
Therefore, as € > 0 was arbitrary, lim,_,, f(x) = ¢ by definition.

Of course, it is easy to see the limit of a specific function.

Example 4.1.7. Let f: R — R be defined by f(x) = « for all x € R. We
claim for all @ € R that lim,_,, f(z) = a. To see this, fix & € R and let
€ > 0 be arbitrary. Then, if § = ¢ we have that § > 0. Moreover, if z € R
and 0 < | — a| < 0, then

lf(x) —al=|z—a|<d<e
Therefore, as € > 0 was arbitrary, lim,_,, f(z) = « by definition.

As when working with the definition of the limit of a sequence, it is often
useful to see what one needs in order to obtain |f(x) — L| < € and then pick
the appropriate d. Indeed, in the following example, look at the computation
we do for |f(x) — L| first and then see how and why we chose the § we did.

Example 4.1.8. We claim that lim,_,32? = 9. To see this, let € > 0 be

arbitrary. Let
€
0 =min< —,15.
m1n{7, }

Clearly 6 > 0. Moreover, if 0 < |z — 3| < J, then [z —3| <1s0o2<z <4
and thus 5 <  +3 < 7. Hence 0 < |z — 3] < ¢ implies |x + 3| < 7. Hence, if
0 < |z — 3] < ¢ then

|22 =9 = |(z+3)(z—3)| = |z + 3|l —3| < Td <e.

Therefore, as € > 0 was arbitrary, lim,_,3 2> = 9 by definition.
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Remark 4.1.9. Assume [ is a finite interval, « is an element or endpoint of
I, and f: I — R. By negating Definition [£.1.2] f does not converge to L as
x tends to « if there exists an € > 0 such that for all 6 > 0 there exists an
x € I with 0 < |x — ] < d such that |f(z) —a| > €.

Thus, the limit of f as x tends to a does not exist if for all L € R
there exists an € > 0 such that for all § > 0 there exists an ¢ € I with
0 < |z — | < § such that |f(z) —a| > e

Example 4.1.10. Let f: R — R be defined by

1 ifz>0
f(x)_{—l ifz <0’

We claim that lim,_,o f(z) does not exist. To see this, suppose for the sake
of a contradiction that lim,_,o f(x) = L. Let ¢ = 1. Since lim,_,¢ f(z) = L,
by the definition of the limit there exists a § > 0 so that if x € R and
0<|zr—0] <9, then |f(z) — L| <e.

Let 1 = 34. Therefore 0 < |z — 0| < § and thus

I1—L|=|f(x1) — L| < e=1.

Hence 0 < L < 2so L > 0. Similarly, let zo = —%5. Therefore 0 < |z2 — 0] <
0 and thus
| -1—L|=|f(z2) —L| <e=1.

Hence —2 < L <0so L < 0. As L > 0 and L < 0 are impossible, we have a
contradiction. Thus lim,_,o f(x) does not exist.

Of course the real problem with Example |4.1.10|is that lim, o4 f(z) =
1# —1=limg—o- f(x).

Theorem 4.1.11. Let I be a finite interval, let o € I not be an endpoint,
and let f : I — R. Then lim,_,, f(x) exists if and only if lim, 4 f(z)
and limy_o— f(x) exist and limg_o f(x) = limz—q— f(z). Furthermore, if
lim,_,, f(x) exists, then
Ji S0 = Jip, o) = Iy S0,

Proof. First assume lim,_,, f(x) exists and let L = lim,_, f(x). To see
that limy_o+ f(2) and lim,_,— f(2) exist and are both equal to L, let € > 0
be arbitrary. Since L = lim,_,, f(x), there exists a § > 0 such that if z € T
and 0 < |z — «f < 9, then |f(x) — L| < e. Hence if z € I N (e, 00) and
0 < |z — «a| < then |f(x) — L| < e. Thus, as € > 0 was arbitrary, by the
definition of the right-sided limit lim, o+ f(z) exists and equals L. Similarly
ifrelInN(—oo,a)and 0 < |z —al < then |f(x) — L| <e. Thus,ase>0
was arbitrary, by the definition of the left-sided limit lim,_,— f(x) exists
and equals L. Hence this direction of the proof is complete.
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For the other direction, assume lim, o4 f(z) and lim,_,,— f(x) exist
and L = limy_,o4 f(x) = limy_o— f(x). To see that lim,_,, f(x) exists and
equals L, let e > 0 be arbitrary. Since L = lim,_,, f(x), there exists a ;1 > 0
such that if z € IN(a,00) and 0 < |[x—a| < 1, then |f(z)—L| < e. Similarly,
since L = lim,_,,_ f(z), there exists a dy > 0 such that if z € I N (—o0, a)
and 0 < |z — | < d2, then |f(x) — L| < e. Therefore, if 6 = min{d;,d2} > 0,
then x € I and 0 < |x — | < § implies | f(z) — L| < e. Therefore, since € > 0
was arbitrary, we have by the definition of the limit that lim,_,, f(x) exists
and equals L. ]

4.1.2 Uniqueness of the Limit

Of course, just with sequences, there can be only one limit. Thus the use of
the word ‘the’ in the definition of ‘the’ limit. Note the proof is very similar
to the proof used in Proposition 2.1.12]

Proposition 4.1.12. Let I be a finite interval, let o be an element or
endpoint of I, and let f: 1 — R. If L and K are limits of f as x tends to «,
then L = K.

Proof. We will provide two different (but basically the same) proofs of this
fact.

For the first, we will provide a direct proof. Assume L and K are limits
of f as x tends to a. To see that L = K, let ¢ > 0 be arbitrary. Since L is a
limit of f as x tends to a, we know by the definition of a limit that there
exists a ; > 0 such that if x € [ and 0 < |z — a| < ; then |f(z) — L] <e.
Similarly, since K is a limit of f as x tends to a, we know by the definition
of a limit that there exists a d > 0 such that if x € I and 0 < |z — a] < §;
then |f(z) — K| < e

Let §; = min{dy,d2} > 0. By the above paragraph, we have that if x € T
and 0 < |z —a| < § then |f(z) — L| < e and |f(z) — K| < e. Choose zg € I
such that 0 < |zg — «| < ¢ (such an z( exists since I is an interval and « be
an element or endpoint of 7). Hence by the Triangle Inequality

|IL — K[ <|L— f(xo)| + [ f(20) — K| < €+ € = 2e.

Therefore, we have obtained that |L — K| < 2¢ for all ¢ > 0. Hence, by
the same argument used in the proof of Proposition |L— K|=0so
L = K as desired.

For the second, we will provide an indirect proof. Suppose for the sake
of a contradiction that L # K. Let ¢ = % Since L # K, we know that
e > 0.

Since L is a limit of f as x approaches «, we know by the definition
of a limit that there exists a 0; > 0 such that if 0 < |z — a| < ¢; then
|f(x) — L| < e. Similarly, since K is a limit of f as = approaches «, we
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know by the definition of a limit that there exists a do > 0 such that if
0 < |r —a| < d2 then |f(x) — K| <e.

Let 6 = min{dy, d2} > 0. By the above paragraph, we have that if x € I
and 0 < |z —a| < § then |f(z) — L] < e and |f(z) — K| < e. Choose zg € I
such that 0 < |z¢p — a| < § (such an x( exists since [ is an interval and a be
an element or endpoint of 7). Hence by the Triangle Inequality

IL = K| < |L = f(zo)| + [f(x0) — K[ < e+ e=2e=|L—-K]|

which is absurd (i.e. x < x is false for all x € R). Thus we have obtained a
contradiction so it must be the case that L = K. ]

4.1.3 Equivalent Definitions of a Limit

As with sequences, there are alternative definitions one could take for the
limit of a function. First off, recall from Proposition [2.1.14] that it is possible
to change the ‘<’ in the definition of a limit to ‘<’

Proposition 4.1.13. Let I be a finite interval, let o be an element or
endpoint of I, let f : I — R, let L € R, and let k > 0. Then L = lim,_,, f(z)
if and only if for all € > 0 there exists a & > 0 such that if x € I and
0<|zr—al<d then |f(x) — L| < ke.

Proof. Assume that L = lim,_,, f(x). To see the desired result, let € > 0
be arbitrary. Let ¢y = ke. Since € > 0 and k > 0, ¢g > 0. Hence, by
the definition of the limit, there exists a § > 0 such that if z € I and
0 <|z—a| <dthen |f(x)— L| < €. Thus |f(x) —L| < e =keforallz el
with 0 < | — | < 0. Therefore, as € > 0 was arbitrary, one direction of the
proof is complete.

For the other direction, assume that f and L have the property listed
in the statement of this proposition. To see that L = lim,_,, f(z), let € > 0
be arbitrary. Let ¢g = 5. Since € > 0 and k£ > 0, we know that ey > 0.
Therefore, by the assumptions of this direction imply that there exists a
d > 0 such that if z € I and 0 < | — | < 9 then |f(z) — L| < keg. Hence
|f(x) — L] <€y < 2€¢p = ke for all x € [ with 0 < |z —a| <. As e > 0 was
arbitrary, L = lim,_,, f(x) by the definition of the limit. ]

Remark 4.1.14. As with sequences, in Proposition it is vital that
the constant k& used does not depend on €. Indeed if we could choose k after
we chose €, we could have chose k = 1 and thus the condition |f(z) — L| < ke
would always equate to |f(z) — L| < 1, which is very different than the
definition of the limit.

©For use through and only available at pskoufra.info.yorku.ca.



4.1. LIMITS OF FUNCTIONS 99

Remark 4.1.15. By similar arguments, it is not difficult to see that one
can change the condition ‘0 < |z — | < ¢’ to the conditions ‘0 < |z —a| < ¢’
in Definition and Proposition Indeed clearly if the conclusion
|f(z) — L| < € holds for ‘0 < |z — a| < ¢, then it holds for ‘0 < |z — | < 9"
Conversely, if the conclusion | f(z) — L| < € holds for ‘0 < |z — | < dy’, then
it holds for ‘0 < |z — a| < 36 < §” and we let &y = 34.

As with sequences, there is a topological definition of the limit. However,
there is also a sequential definition of the limit that is quite useful considering
our study and mastery of convergent sequences.

Theorem 4.1.16 (Characterizations of Limits). Let I be a finite interval,
let o be an element or endpoint of I, and let f : I — R. Then the following
are equivalent:

1) (e-0 Definition) L = lim,_,, f(z).

2) (Topological Definition) If U is an open set containing L, there exists
an open set V' containing o so that if v € VNI and x # o then f(x) € U.

3) (Sequential Definition) If (x,,)n>1 is a sequence such that x, € I\ {a}
for all m € N and limy, 00 ,, = v, then lim, o f(x,) = L.

Proof. To see that 1) implies 2), assume that L = lim,_,, f(z). To see that
2) is true, let U be an open set containing L. By the definition of an open
set, there exists an € > 0 so that

(L—e€,L+¢€) CU.

Since L = lim,_,o f(x), by the definition of the limit there exists a § > 0
such that if z € I and 0 < |z — a| < 6, then |f(x) — L| < e. Let

V=(a—0a+0).

Hence V is an open set containing «. Moreover, if € VNI and & # « then
x€land0<|z—al <dso|f(xr)— L| <eand thus

fx)e (L—¢e,L+e) CU.

Therefore, as U was arbitrary, 2) holds.

To see that 2) implies 3), assume that 2) is true. To see that 3) is true,
let (zp,)n>1 be such that z, € I\ {a} for all n € N and lim,,_,00 z,, = a. We
desire to show that lim,_,. f(x,) = L.

To see that lim,, o f(z,) = L, let € > 0 be arbitrary. Let

U= (L—¢L+e).
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Clearly U is an open set containing L. Hence, by the assumption of 2), there
exists an open set V containing « so that if x € VNI and = # « then
f(z) eU.

Since lim,, oo T, = «, Proposition implies there exists an N € N
such that z,, € V for all n > N. Hence z,, € VNI for all n > N so

flzp) e U= (L—¢,L+e)

for all n > N. Thus |f(z,) — L| < € for all n > N. Hence, as € > 0 was
arbitrary, lim,, o f(z,) = L.

To see that 3) implies 1), assume 3) is true. To see that 1) is true, suppose
for the sake of a contradiction that f does not converge to L as x tends
to . Thus there exists an € > 0 such that for all § > 0 there exists an
x € I such that 0 < |z — a| < 0 yet |f(z) — L| > e. For each n € N, choose
xn € I such that 0 < |z, —a| < L yet [f(zn) — L| > €. Then (2,)n>1 is a
sequence with the property that z,, # « for all n € N. Furthermore, since
0< |z, —a| < % for all n € N, we obtain that lim,_,., z, = a. However,
since | f(xyn) — L| > € for all n € N, we see that (f(z,))n>1 does not converge
to L thereby contradicting 3). Therefore 3) implies 1) as desired. [

The sequential definition of the limit of a function is particularly useful
in showing that limits of functions do not exists. Indeed to show that the
limit of a function does not exist, we need only construct to two sequences
that = a but have different limits once f is applied to them.

Example 4.1.17. The function f: R — R defined by

f(x) 0 ifz=0
€Tr) =
sin (%) ifx#0
has no limit as x tends to 0. To see this, suppose for the sake of a contradiction
that lim,_,o f(z) exists.
Consider the sequence (ay,)n>1 where a,, = mfor all n € N. Clearly
lim,, s @y, = 0 and
g, flan) = g 1=1.
Therefore Theorem [4.1.16| implies that lim,_o f(z) = 1.
Consider the sequence (b,),>1 where b, = m for all n € N. Clearly
lim,, s b, = Oand

lim f(b,) = lim —1=—1.

n—oo n—oo

Therefore Theorem |4.1.16| implies that lim, ,o f(x) = —1. However as
1 # —1, we have a contradiction. Hence lim,_,¢ f(z) does not exist.

Although the sequential definition of a limit will be quite useful as we
have built up our theory of limits of sequences, the e- definition will be
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equally useful for applications in the pages to come. In particular, consider
the following example where we can show limits exist using the e-§ definition
whereas it would be quite difficult to use the sequential definition of a limit.

Example 4.1.18. Consider the function f: R — R defined by

if x is irrational
ifz=0

flz) = :
if z = ¢ where a € Z\ {0}, b € N, and gcd(a,b) = 1

= = O

We claim if v € R\ Q then lim,_,, f(x) = 0. To see this, fix y € R\ Q and
let € > 0 be arbitrary. By the Archimedean Property (Theorem there
exists an N € N such that % < e.

By the Well-Ordering Principle (Theorem , for each n < N there
exists an m,, € Z such that

m my + 1
W ST<T

(i.e. if v > 0, take m,, +1 to be the least natural number such that m"T‘H >,
and if v < 0, repeat with —v). Let

. m, mp,+1 N-1
5=mm<{lvl}u{7—n, ~ v} )

n n=1

Note that 6 > 0 by construction.
To see that § works for this € in the definition of the limit, let € R be
such that 0 < |z —v| < 4. If x € R\ Q, then

F@) =0l =l0-0=0<e

as desired. Otherwise, if x € Q, then we can write x = § where a € Z, b € N,
and ged(a,b) = 1. Since 0 < |z — | < d < |y|, we see that x # 0 so z # 0.
We claim since |z — | < 0 that b > N. To see this, suppose for the sake of a
contradiction that b = n < N. Notice that

a ’ . ( My, mn+1>
— —v/ <min [y — —, .
n n n

However, if a < m,, then |% — ’y| > v — == whereas if a > m;, + 1 then
|2 — 5] > m"T“ Hence we have a contradiction so b > N. Therefore

@)~ 0l = |5 ~0| =

Therefore, |f(x) — 0] < € for all z € R such that 0 < |z — | < §. Therefore,
since € > 0 was arbitrary, lim, - f(z) = 0 by definition.
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4.1.4 Limit Theorems for Functions

Using Theorem [£.1.16] we easily import results from Chapter [2] to deal with
the limit of functions. However, we will also include the e- proofs to aid the
reader in the comprehension of using the e-0 definition.

Theorem 4.1.19. Let I be a finite interval, let o be an element or endpoint
of I, and let f,g: I — R. If L =lim,_,, f(z) and K = lim,_,, g(z), then

a) limg_q f(x) +g(z) =L+ K.
b) lim, ., f(2)g(x) = LK.
¢) limg_q cf(x) = cL for all c € R.
d) lim,_, % = % whenever K # 0.
Proof. To see this result using the sequential definition of the limit, assume
(n)n>1 1s a sequence such that z,, € I'\{a} for all n € N and lim,,_oc z,, = .
By Theorem |4.1.16| we know that lim,, o f(2,) = L and lim,, o g(z,,) = K.
Hence Theorem [2.3.1] implies that

o limy, oo f(zp) +9(zn) =L+ K,

o limy, oo f(zn)g(x,) = LK,

o lim, o cf(x,) = cL for all ¢ € R, and

o lim,, o £80) — % whenever K # 0.

Therefore, Theorem implies that a), b), c¢), and d) hold as (2, )n>1
was arbitrary.

[Note: There is technically a caveat here in that for part d) we need to
know that ﬁ is well-defined on a set of the form J \ {a} where J is an
interval and « is an element or endpoint of J. That is, if K = lim,_,, g(z)
and K # 0, then g(z) is non-zero when z is sufficiently close to a. The
formal proof is shown below.]

To prove these results using the e-¢ definition of the limit, we follow a
very similar patter to the proofs to show Theorem where N is replaced
with 4.

a) Let e > 0 be arbitrary. Since L = lim,_,, f(z), there exists a ; > 0
such that if # € I and 0 < |z — a| < &2, then |f(z) — L| < §. Similarly, since
K =lim, 4 g(x), there exists a d2 > 0 such that if z € T and 0 < |z—« < d2
then |f(z) — K| < §. Let 6 = min{dy,d2}. Hence § > 0. Moreover, if 2 € I
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and 0 < |z — a] <, then |z — a| < d§; and |z — a| < d2 so

((f(z) + 9(z)) — (L + K)| = [(f(z) = L) + (9(2) — K)|
f(x) = L[+ [g(x) — K]

IN

<L
2 2
€.

Hence lim,_,, f(z) + g(z) = L + K by definition.

b) Let € > 0 be arbitrary. Since L = lim,_,, f(z), there exists a 6; > 0
such that if x € I and 0 < |z — | < d1 then |f(z) — L| < R Moreover,
there exists a 02 > 0 such that if x € I and 0 < |[x—a| < d2 then |f(x)—L| < 1.
Thus |f(z)| < |L|+1 for all z € I with 0 < |x — «| < d2. Furthermore, since
K =lim,_,, g(x), there exists a 63 > O such that if z €  and 0 < [z —a| < d3
then |g(x) — K| < I et 0 = min{dq, d2,d3}. Hence 6 > 0. Moreover,
if €l and 0< |z—al <, then

[f(@)g(x) = LK| = |(f(z)g(2) = f(z)K) + (f(z) K — LK)
< |f(z)g(x) = f(2) K|+ [f(2)K — LK]|
< [f@)lg(x) — K|+ |K][f(x) — L]
< (L1 + Dlbn = K[ + |K][|f(z) = L]

< (|L 1 Kl—————
< U+ D5 + Mgy
<e+e_
=557 ¢

Hence lim,, o f(x)g(x) = LK by definition.
¢) Given ¢ € R, we have that lim,_,, ¢ = ¢ by Example Hence part
(c) follows from part (b) by taking g(z) = ¢ for all x € I.
d) To prove part d), it suffices by part b) to prove that lim,_ ﬁ =
whenever K # 0.
Assume K # 0. First, we claim that there ex1sts a dp > 0 such that
if x € I and 0 < |z — | < dy, then |g(x)] > 2‘ > 0. To see this, let

€ = |K| > 0. Since K = lim,_,4 g(z), there exists a 9 > 0 such that if z € T

and 0 < |z — a| < d¢ then |g(z) — K| < g = @ Therefore, by the Triangle
Inequality, for all x € I such that 0 < |z — a| < Jp we have

1
K

& _ K]

> K| — =
9@ = |K| - =4 >0

as desired. In particular, if z € I and 0 < |z — a|] < Jp, then ﬁ is
well-defined.

To see that limz_mﬁ = %, let € > 0 be arbitrary. Since K =
lim,_,, g(z), there exists a §; > 0 such that if x € [ and 0 < |z — a] < 01
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then |g(x) — K| < ﬁ (as | K|neq0). Let § = min{dy, 1 }. Therefore, for all
x € I with 0 < |z — a] < 0, we have that g(z) # 0 and
‘1 _ 1‘ _ K —g@)]
glz) K| |g(x)|[K]|

e|KJ?
2|g(x)|| K|
- K| 1
2 gl

e|K| 2
< — = €.
- 2 [K]

Hence lim, . Tlx) = % by definition. ]

Using Theorem it is possible to obtain many limits from our known
limits.
Example 4.1.20. Recall from Examples [4.1.5] and [4.1.7] that for each
¢, a € R, we have lim,_,, ¢ = ¢ and lim,_,, x = . Hence Theorem
implies that lim,_,, cz™ = ca™ for all n € N and all ¢ € R. Therefore

Theorem [4.1.19[ again implies that lim,_,, p(x) = p(a) for all polynomials p.

Example 4.1.21. Let f(z) = f]% where p and ¢ are polynomials where ¢
is not the zero polynomial. Such a function is said to be a rational function.
If @ € R is such that g(a) # 0, then Theorem [4.1.19 again implies that

lim,_q f(2z) = f(a).

Remark 4.1.22. As with sequences, given two functions f and ¢ such
that lim,_,, g(z) = 0, one may ask whether lim,_,, % exists. Clearly

if limm%a% = L and lim, ,,¢g(z) = 0 then Theorem {4.1.19| implies

lim,_,, f(z) exists and

lim f(z) = (lim f(m)) (lim g(a:)) = L(0) = 0.

T—a T—a g(x) T—a

Like with sequences, if lim,_,, g(z) = 0 and lim,_,, f(x) = 0 there are many
possible behaviours, some of which we will examine in the next section.

Of course, some of our most important theorems for limits of sequences
carry forward to limits of functions. We provide the proofs using both the
sequential and e-¢ definitions of the limit.

Theorem 4.1.23 (Squeeze Theorem). Let I be a finite interval, let «
be an element or endpoint of I, and let f,g,h : I — R. Suppose for each
xz eI\ {a} that

g(z) < f(z) < h(z).
If limy 0 g(2) and limg,_,o h(z) exist and L = lim,_,q g(x) = limg_q h(z),
then limy_q f(z) exists and limy_,, f(x) = L.
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Proof. To see this result using the sequential definition of the limit, assume
(xn)n>1 is a sequence such that =, € I'\{a} for all n € N and lim,_,o z, = a.
By Theorem we know that lim,_,~ g(x,) = L and limy, o0 h(zy) = L.
Moreover, we have that

9(wn) < f(xn) < h(wy)

for all n € N. Hence the Squeeze Theorem (Theorem [2.3.13]) implies that

limy, 00 f(z) = L. Hence, Theorem implies that lim,_,o f(z) = L as
(xn)n>1 was arbitrary.

To prove these results using the e-0 definition of the limit, we follow a
very similar patter to the proof of the Squeeze Theorem (Theorem
where N is replaced with 6.

Let € > 0 be arbitrary. Since L = lim,_,, g(z), there exists a §; > 0 such
that if z € I and 0 < |z — a| < §; then |g(x) — L| < e. Hence L — € < g(z)
for all z € I with 0 < |z — | < ;. Similarly, since L = lim,_,, h(x), there
exists a 2 > 0 such that if x € [ and 0 < |z — a| < 02 then |h(z) — L] < e.
Hence h(x) < L + € for all x € I with 0 < |z — a| < 3. Let § = min{d1,d2}.
Clearly 0 > 0 and if € I is such that 0 < |z — a| < J, then

L—e<g(r) < flz)<h(z)<L+e

Hence L — e < f(xz) < L+ € for all z € I such that 0 < |z — «| < §, which
implies —e < f(z) — L < e and thus |f(z) — L| < € for all € I such that
0 < |r — | < 4. Hence lim,_,, f(x) = L by definition. ]

Again, the Squeeze Theorem has its uses when dealing with difficult
functions that may be compared to simple ones.

Example 4.1.24. Consider the function

rsin (= it x
B (i) fa#0
f(x)_{o ifor=0"

In Example [4.1.17| we saw that lim, ¢ % f(x) did not exist. However, since

1
el < fz) < 2| as —1<sin <x) <1forallz € R\ {0},

and since lim,_,¢ |z| = lim,_0 —|2| = 0, we see that lim,_,o f(z) = 0 by the
Squeeze Theorem.

Finally, the Comparison Theorem is also useful when comparing limits of
functions.
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Theorem 4.1.25 (Comparison Theorem). Let I be a finite interval, let
a be an element or endpoint of I, and let f,g : I — R. Suppose for each
x €I\ {a} that

g(z) < f(=).
If L =limy o f(x) and K = lim,_,, g(z) exist, then K < L.

Proof. To see this result using the sequential definition of the limit, assume
(@n)n>1 is a sequence such that x,, € I'\{a} for all n € N and lim,,_,oc z,, = v.
By Theorem we know that lim,_,o f(z,) = L and lim,—,~ g(z,) = k.
Moreover, we have that

g(xn) < f(2n)

for all n € N. Hence the Comparison Theorem (Theorem implies that
K < L as desired.

Let L = lim,,, f(x) and K = lim,_,, g(z). Suppose for the sake of a
contradiction that that L < K. Therefore if ¢ = %, then ¢ > 0.

Since L = lim,_,4 f(x), there exists a §; > 0 such that if x € I and
0 < |z —a| <6 then |f(z) — L| < e. Hence f(x) < L+eforall z el
such that 0 < |z — a| < d;. Similarly, since K = lim,_,, g(z), there exists a
d2 > 0 such that if z € I and 0 < |z — a| < 02 then |g(z) — K| < ¢ Hence
K — e < g(x) for all z € I such that 0 < |z — | < d2.

Let 6 = min{d;,d2}. Thus 6 > 0. Moreover, since I is an interval
and a be an element or endpoint of I, there exists an g € I such that
0 < |z —a] <d. Thus

g(zo) — f(z0) > (K —€) — (L +€) = (K —L)—2e=0.

However, this contradicts the fact that g(xg) < f(xo). Hence we have
obtained a contradiction in the case that K < L so it must be the case that
L<K. []

4.1.5 Limits at and to Infinity

There are many more types of limits we could examine. Much of the theory
follows along the same lines as the previous results in this section, so we will
only summarize the definitions and results, and provided a few examples.

First, instead of requiring a € R, we may ask for limits as = tends to
+o0.

Definition 4.1.26. Let f be a function define on an interval (¢,00). A
number L € R is said to be the limit of f as x tends to oo if for every
€ > 0 there exists an M > ¢ (which depends on ¢) such that if z > M then
|f(x) — L] < e. In this case, we say that f(x) converges to L as x tends to
oo and write L = limy_,o f(x).
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Definition 4.1.27. Let f be a function define on an interval (—oo,c). A
number L € R is said to be the limit of f as = tends to —oo if for every
€ > 0 there exists an M < ¢ (which depends on €) such that if < M then
|f(z) — L] < e. In this case, we say that f(x) converges to L as x tends to
—oo and write L = limg,_,_ f(2).

By replacing ‘x € I and 0 < |z — | < ¢’ with ‘@ > M’ (respectively
‘z < M) in the proofs done in this section, we obtain the following results.

Proposition 4.1.28. Let f : (c,00) — R (respectively f : (—oo,c) = R). If
L and K are limits of f as x tends to oo (respectively —oco), then L = K.

Proof. We will prove the result for limits to co as the proof for limits to —oo
can be obtained by replacing all ‘>’, *>’, and ‘max’ with ‘<’, ‘<’, and ‘min
respectively.

Suppose for the sake of a contradiction that L # K. Let ¢ =
L # K, we know that € > 0.

Since K is a limit of f as x approaches oo, we know by definition that
there exists a M; > ¢ such that if x > M; then |f(z) — L| < e. Similarly,
since K is a limit of f as x approaches co, we know by definition that there
exists a My > 0 such that if x > My then |f(z) — K| < e.

Let M = max{M, My} > c¢. By the above paragraph, we have that

Y

L—K| &
%. Since

IL— K| <|L— f(M)| +|f(M) ~ K| < e+ =2 = |L - K|

which is absurd (i.e. < z is false for all z € R). Thus we have obtained a
contradiction so it must be the case that L = K. []

Moreover, by repeating the ideas of the proof of Theorem [4.1.16] we can
prove the following and reduce our study of limits to co to sequences.

Proposition 4.1.29. Let f : (¢,00) — R (respectively f : (—oo,c) — R).
Then L = lim,_,o f(2) if and only if whenever (z,)n>1 has the properties
that z,, > ¢ for allm € N and lim,,_,o x,, = 00, then lim,_,~ f(z,) = L.

Proof. We will prove the result for limits to co as the proof for limits to —oo
can be obtained by replacing all ‘>’, ‘>’ and ‘max’ with ‘<’, ‘<’, and ‘min
respectively.

Assume L = lim,_, f(x). To see the desired result, let (xy,),>1 be such
that x, > ¢ for all n € N and lim,, o x, = 0c0. We desire to show that
lim, o0 f(z) = L.

To see that limy, o f(x,) = L, let € > 0 be arbitrary. Since L =
lim, o f(x), there exists an M > ¢ such that if > M then |f(x) — L| < e.
Since lim,, ,oo T, = o0, there exists an N € N such that z,, > M for all
n > N. Hence for all n > N we have that x,, > M and thus |f(x,) — L| < e.
Hence, as € > 0 was arbitrary, lim,, o f(z,) = L.

)

©For use through and only available at pskoufra.info.yorku.ca.



108 CHAPTER 4. CONTINUITY

To prove the converse, assume if (x,,),>1 has the properties that z,, > ¢
for all n € N and lim,,_,o x,, = 00, then lim,, o f(z,) = L. To see that
L =lim,_, f(z), suppose for the sake of a contradiction that f does not
converge to L as x tends to oo. Thus there exists an € > 0 such that for
all M > c there exists an © > M such that |f(z) — L| > e. For each n € N
with n > ¢, choose z, > n such that |f(z,) — L| > e. Then (zy)n>c is a
sequence with the property that x,, > n for all n > ¢ and |f(z,) — L| > €
for all n >. Since x, > n for all n > ¢ implies that lim,_,. x, = oo, the
assumptions of this direction imply that lim,,~ f(x,) = L. However, since
|f(zn) — L| > € for all n > ¢, it is impossible that lim,_,~ f(xy,) = L. Hence
we have a contradiction so the result follows. ]

By replacing sequences that converge to o with sequences that converge
to o0, the following result holds by using Proposition instead of
Theorem [4.1.16!

Corollary 4.1.30. The conclusions of Theorems|4.1.19, [4.1.25, and|4.1.29
when a = +00 (under the necessary modifications to the hypotheses).

Example 4.1.31. It is not difficult to verify based on definitions that
limg 00 2 = 0.

Example 4.1.32. Let f(z) = 3o’ —2o4l Then, for sufficiently large x,

2x24+-5x—2
(@)B-2+5) _3-2+5
ERNETCES S i 3
Hence 3-2(0) - (0)(0) 3
Jm F@) = 5550 —20)0) 2

Example 4.1.33. We claim that lim,_, sin@) _ ). Indeed, since —1 <
sin(x) <1 for all x € R, we see that

< sin(x)

1
<=
X

H\»—*

T

for all x > 0. Hence, since limm_mo% = lim,_,o —% = 0, we obtain that
sin(x)

= 0 by the Squeeze Theorem

limy o0

Like with sequences, we can also discuss functions diverging to +oco for
both limits as x tends to @ € R and as z tends to £oo.

Definition 4.1.34. Let I be a finite interval, let & be an element or endpoint
of I, and let f: I — R. The function f is said to diverge to infinity (negative
infinity) as x tends to « if for every M > 0 there exists a 6 > 0 (which
depends on M) such that if 0 < |z — | < § then f(z) > M (f(z) < —M).
In this case we write limy,_q f(z) = 00 (limgz—q f(x) = —00).
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4.2. CONTINUITY OF FUNCTIONS 109

Definition 4.1.35. Let f be a function define on an interval (¢, 00). The
function f is said to diverge to infinity (negative infinity) as x tends to oo if for
every M > 0 there exists a K > ¢ (which depends on M) such that if x > K
then f(x) > M (f(z) < —M). In this case we write lim,_, f(z) = o0
(limy—yoo f(z) = —00).

Definition 4.1.36. Let f be a function define on an interval (—oo,c).
The function f is said to diverge to infinity (negative infinity) as x tends
to —oo if for every M > 0 there exists a K < ¢ (which depends on M)
such that if z < K then f(z) > M (f(x) < —M). In this case we write

lim, oo f(2) = 00 (limy—y oo f(x) = —00).

Example 4.1.37. Notice that lim, .oz = 0o and lim,_, .z = —oc.

Example 4.1.38. Notice that limxﬁoﬁ = o00. Indeed if M > 0, and

0< x| < ﬁ, then & > M. However, limx_ﬂ)% # oo since if x < 0, then

|z
1<0<M.

4.2 Continuity of Functions

With our discussion of limits complete, we may move onto studying debatably
the most important concept in analysis: the notion of continuity.

4.2.1 Equivalent Definitions of Continuity

In high school mathematics courses, a function is often described to be
continuous if “the graph of the function is a single unbroken curve that you
could draw without lifting your stylus from the surface”. This definition is
incredibly heuristic and, as with all mathematics, needs to be made precise.
Using limits, the formal notion of continuity is easy to define.

Definition 4.2.1. Let I be a finite interval, let « € I, and let f : I — R. It is
said that f is continuous at a if limg_,, f(x) exists and lim, o f(x) = f(a).

Furthermore, it is said that f is continuous on I if f is continuous at
each point in 1.

Of course, using our Characterizations of Limits (Theorem , there
are multiple ways of characterizing when a function is continuous at a point.
Of course this immediately characterizes functions that are continuous on an
interval by verifying continuity at each point.

Theorem 4.2.2 (Characterizations of Continuity). Let I be a finite
interval, let « € I, and let f : I — R. Then the following are equivalent:

1) f is continuous at «.
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110 CHAPTER 4. CONTINUITY

2) (e-6 Definition) For all € > 0 there exists a § > 0 such that if x € I
and |x — a| < 9§, then |f(z) — f(a)] <e.

3) (Topological Definition) If U is an open set containing f(«), there
exists an open set V' containing « so that if x € V.N 1 then f(x) € U.

4) (Sequential Definition) If (x,)n>1 is a sequence such that x, € I for
alln € N and lim,, o0 , = «, then lim,,_,~ f(z) = f(a).

Proof. The proof of this result follows immediately from repeating the proof
of the Characterizations of Limits (Theorem once one realizes the
condition lim,_, f(z) = f(«) allows one to replace ‘0 < |x — a] < §’ with
le—al <&, ‘e e VNI and x # o’ with ‘e € VNI, and ‘z, € I\ {a}’ with
‘xn € I'. The precise details are included below.

To see that 1) implies 2), assume f is continuous at «. Therefore
lim, o f(z) exists and lim,_,, f(z) = f(a). To see that 2) is true, let
e > 0 be arbitrary. Since lim,_,, f(x) exists and lim,_,, f(x) = f(«), the
definition of the limit implies there exists a § > 0 such that if x € I and
0 < |z —a| <0, then |f(z) — f(a)| <e. Since |f(a) — f(a)] =0 < €, we see
that if x € I and |x — a| < 6, then |f(z) — f(a)| < e. Therefore, as € > 0
was arbitrary, 2) holds.

To see that 2) implies 3), assume that 2) is true. To see that 3) is true,
let U be an open set containing f(«). By the definition of an open set, there
exists an € > 0 so that

(f(a) — € fla) +¢€) CU.

By the assumption of 2), there exists a § > 0 such that if x € I and |[x—a < 0,
then |f(z) — f(a)| < e. Let

V=(a—0,a+0).

Hence V' is an open set containing «. Moreover, if x € V N[ then x € [ and
|r —al < dso|f(x) — fla)] < e and thus

f(@) e (fle) =€ fla)+6€) CU.

Therefore, as U was arbitrary, 3) holds.

To see that 3) implies 4), assume that 3) is true. To see that 4) is true,
let (xy)n>1 be such that z,, € I for all n € N and lim,,_,oc ©,, = a. We desire
to show that lim, . f(x,) = f(«).

To see that lim,,_, f(zn) = f(a), let € > 0 be arbitrary. Let

U= (fla) =€ fla)+e).

Clearly U is an open set containing f(«). Hence, by the assumption of 2),
there exists an open set V' containing « so that if x € VN[ then f(z) € U.
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4.2. CONTINUITY OF FUNCTIONS 111

Since lim,_,~ x,, = «, Proposition implies there exists an N € N
such that z,, € V for all n > N. Hence z,, € VNI for all n > N so

flzn) € U= (f() =€ fla) +¢)

for all n > N. Thus |f(x,) — f(a)| < € for all n > N. Hence, as € > 0 was
arbitrary, lim, o f(z,) = f(a).

To see that 4) implies 1), assume 4) is true. To see that 1) is true, suppose
for the sake of a contradiction that f does not converge to f(a) as x tends
to . Thus there exists an € > 0 such that for all § > 0 there exists an x € [
such that |z — a| < d yet |f(x) — f(a)| > €. For each n € N, choose z,, € I
such that |z, — a| < L yet |f(z,) — f(a)| > €. Then (z,,),>1 is a sequence
with the property that lim, ,c z, = « since |z, — o] < % for all n € N.
However, since |f(zy,) — f(a)| > € for all n € N, we see that (f(zy))n>1 does
not converge to f(«) thereby contradicting 4). Therefore 4) implies 1) as
desired. [

Remark 4.2.3. As with Proposition for sequences and Proposition
for limits of functions, one can modify the e-6 Characterization of
Continuity (Theorem [£.2.2)) to replace ‘| f(z)— f(a)| < € with ‘| f(z)— f(a)| <
ke’ for a previously fixed constant k. Similarly, one can replace the condition
‘lr —a| < 0’ with ‘|z —a| <4

In addition to the above Characterizations of Continuity (Theorem [4.2.2)),
there is an interesting characterization of a continuous function on R that is
the basis for continuity in future courses on topology.

Theorem 4.2.4. A function f: R — R is continuous on R if and only if
f~Y(U) is open for all open subsets U C R.

Proof. Assume f is continuous. To see the desired conclusion, let U C R
be an arbitrary open set. To see that f~(U) is open, assume a € f~1(U).
Since f is continuous at a, Characterizations of Continuity (Theorem
implies there exists an open set V such that « € V and if x € V then
f(z) € U. Hence V C f~1(U). Since V is open and a € V, there exists an
€ > 0 such that

(a—e,ate)CV C Y.

Therefore, since a € f~1(U) was arbitrary, f~1(U) is open by definition.
Hence, as U was an arbitrary open set, this direction of the proof is complete.

Assume f~1(U) is open for all open subsets U C R. To see that f is
continuous on R, let o € R be arbitrary. To see that f is continuous at «, let
U be an open subset of R such that f(a) € U. Thus V = f~}(U) is open set
by assumption. Moreover, since f(a) € U, we have that o € f~5(U) = V.
Therefore, since for all x € V' we have f(z) € U, f is continuous at a by the
Characterizations of Continuity (Theorem [4.2.2)). Hence, since a € R was
arbitrary, f is continuous on R. ]
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112 CHAPTER 4. CONTINUITY

Of course, there are many useful and natural examples of continuous
functions.

Example 4.2.5. Using Example [4.1.20] we see that if p(x) is a polynomial,
then p(x) is continuous on R Similarly, using Example 4.1.21} we see that

if p(x) and ¢(x) are polynomials, then % is continuous at « provided

q(a) #0.

Example 4.2.6. Let f : R — R be defined by f(z) = |z| for all z € R.
Then f is continuous on R. To see this, let @ € R be arbitrary. To see that
f is continuous at «, let € > 0 be arbitrary. Let 6 = € > 0. Thus, if x € R is
such that |z — a| < 4, then, by the reverse triangle inequality, we have that

[f(2) = f(@)| = [lz] = |a]| <[z —a] <5 =e

Therefore, as € > 0 was arbitrary, f is continuous at «. Therefore, as a > 0
was arbitrary, f is continuous on R as desired.

Example 4.2.7. Consider the function f : R — R defined by

0 if x is irrational
flx)y=<1 ifx=0 .
3 ifz =% where a € Z\ {0}, b € N, and ged(a,b) =1

Recall from Example that if v € R\ Q then lim,_,, f(z) = 0= f(v).

Hence f is continuous at every irrational number.

We claim that f is not continuous at every rational number. To see this,
let r € Q. By Proposition for all n € N there exists a v, € R\ Q such
that

1
7"<’7n<7"+*-
n

Hence (75)n>1 is a sequence of irrational numbers such that lim,, o 7, =
r. However, since f(v,) = 0 for all n € N yet f(r) > 0, we see that
limy, 00 f(n) # f(r). Hence the Sequential Characterization of Continuity
(Theorem implies that f is not continuous at r.

Remark 4.2.8. The best way to define and show continuity of the functions
sin(z), cos(x), and e is via series of functions. In particular, for € R, one
defines
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4.2. CONTINUITY OF FUNCTIONS 113

It is possible to show that these series converge uniformly and thus define
continuous functions. However, the discussion of this material is more
appropriately placed in MATH 3001 (Series of Functions). Consequently, we
will assume throughout the remainder of the course that sin(x), cos(x), and
e” are continuous functions on R.

4.2.2 Operations Preserving Continuity

As the same arithmetic operations that behave well with respect to limits
immediately transfer to continuous functions, we have the following operations
that preserve continuity.

Theorem 4.2.9. Let I be a finite interval, let o« € I, and let f,g: 1 — R.
If f and g are continuous at o, then

a) f+ g is continuous at c.

b) fg is continuous at «.

¢) cf is continuous at « for all c € R.

d) g is continuous at o provided g(a) # 0.

Proof. Apply Theorem together with the definition of continuity. For
those that want to see the direct e-0 proofs, they are provided as follows.
Note the proofs are nearly identical to those used in Theorem

a) Let € > 0 be arbitrary. Since f(«) = limg_,, f(z), there exists a ;1 > 0
such that if x € I and |z — af < 09, then |f(x) — L| < §. Similarly, since
g(a) = lim,_,, g(x), there exists a d3 > 0 such that if x € I and |z — a| < d,
then |f(z) — K| < §. Let § = min{d1, d2}. Hence § > 0. Moreover, if z € I
and |r — a| < 4, then |x — | < 41 and |z — a| < d2 so

[(f(z) + g(x)) = (f(a) + g(a))| = [(f(z) = L) + (9(z) — K))|

[f(z) = fla)| + |g(z) — g(a)|
+

[\D‘m\_/

€
2
€.

Hence lim, o f(z) + g(z) = f(a) + g(«) by definition. Therefore f + g is
continuous at a.

b) Let € > 0 be arbitrary. Since f(a) = limgz_, f(x), there exists a
01 > 0 such that if x € I and |z — o < 07 then |f(z) — L| < S ESE
Moreover there exists a do > 0 such that if z € I and 0 < |x — | < d2 then
|f(z) = f(a)] < 1. Thus |f(z)| < |f(a)| + 1 for all z € I with |z — «a| < 9.
Furthermore, since g(a) = limy_,4 g(x), there exists a d3 > 0 such that if
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114 CHAPTER 4. CONTINUITY

xz €I and |z — a| < 3 then |g(z) — g(a)| < I Let 0= min{dq, d2, d3}.
Hence 6 > 0. Moreover, if x € I and |z — o] < d, then

F@)g() — F(@)g(a)] = |(F(@)g(x) — F)a() + (F@)ga) — F(@)g(a)]
F(@)9(x) — F@)g(a)] + | f@)g(a) - fa)g(o)

F(@)llg(@) - g(@)| + lg(@|If(x) - f(a)

4 1)fbn — g(a)] + lg(a)lI£(2) — f(a)]

R O ED SR TGS

IN

Hence limy, o0 f(zn)g(xn) = f(a)g(a) by definition. Therefore fg is contin-
uous at a.
¢) Given ¢ € R, we have that lim,_,, ¢ = ¢ by Example Hence part

(c) follows from part (b) by taking g(x) = ¢ for all z € 1.

d) To prove part d), it suffices by part b) to prove that lim,_,, ﬁ = ﬁ
whenever g(a) # 0.

Assume g(a) # 0. First, we claim that there exists a 9 > 0 such
that if z € I and |x — a| < d, then |g(z)| > ‘g( > 0. To see this, let
€ = ‘g( I~ 0. Since g(a) = lim,_,4 g(x), there ex1sts a dp > 0 such that if

xel and |x — a] < dp then |g(x) — g(a)| < € = ‘g( I Therefore, by the
Triangle Inequality, for all = € I such that |z — a| < (50 we have

as desired. In particular, if z € I and |z — «| < do, then ﬁ is well-defined.

To see that limg ., ﬁ = Wla)v let € > 0 be arbitrary. Since g(a) =

lim, 4 g(x), there exists a ;1 > 0 such that if z € I and |z — a| < d; then
lg(x) — g(a)| < M (as |g(a)| # 0). Let § = min{dp, d1}. Therefore, for
all x € I with |z — «| < §, we have that g(z) # 0 and

1 1 ‘_ lg(a) — g(z)|

‘g(x) S g(@)| g(@)lg(a)]

elg(@)[”
— 2|g(x)lg(a)]
elg(a)] 1
2 g(2)
lg()| 2

<

M

<

[\)
=
—

Q
=

Hence lim, ., ﬁ = ﬁa) by definition. Therefore é is continuous at . ®m
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One of the nicest operation for functions not see in Theorem is
the composition of functions. Indeed, if f,g: R — R are functions, we can
consider the function g o f and ask whether or nor g o f is continuous at a
point. Of course, we will want to extend to functions that are not defined on
all of R, so we will need to impose conditions to guarantee the composition
is well-defined.

Theorem 4.2.10. Let f be a function defined on an open interval Iy con-
taining a number o € R. Let g be a function defined on an open interval Io
which contains f(I1). If f is continuous at « and g is continuous at f(«),
then g o f is continuous at o.

Proof. We will provide three proofs; one for each Characterization of Conti-
nuity (Theorem [4.2.2).

e-0 Proof: To see that g o f is continuous at «, let € > 0 be arbitrary.
Since g is continuous at f(«), there exists a d; > 0 such that if y € I and
ly — f(a)| < 01, then |g(y) — g(f(a))| < e. Moreover, since 6; > 0 and since
[ is continuous at «, there exists a ¢ > 0 such that if z € I; and |z —«a| < 0
then |f(z) — f(a)| < 61. Hence, if z € I) and |z — a| < § then

|f(z) = f(a)| <61 and f(z) € f(I1) C I,

SO

l9(f(x)) —g(f(@))] <€

(i.e. let y = f(x) above). Therefore, as € > 0 was arbitrary, go f is continuous
at a.

Topological Proof: To see that go f is continuous at «, let U be an open
subset containing ¢g(f(«)). Since g is continuous at f(«), there exists an
open set V; containing f(«) so that if y € V4 N I3 then g(y) € U. Since f is
continuous at « and Vj is an open set containing «, there exists an open set
V' containing « so that if z € V- N I; then f(z) € Vi. Hence, if x € [ NV
then

f(x)eVi and f(z) € f() CI>

g9(f(x)) e U

(i.e. let y = f(z) above). Therefore, as U was arbitrary, g o f is continuous
at .

Sequential Proof: To see that g o f is continuous at «, let (z,)n>1 be
a sequence such that x, € I; for all n € N and lim,,_,o, , = . Since f
is continuous at «, we know that lim, . f(z,) = f(«). However, since
f(I1) C Iy, we have that f(z,) € I» for all n € N. Therefore, since g is
continuous at f(«), we obtain that lim,, . g(f(z,)) = g(f(«)). Therefore,
as (Tn)n>1 was arbitrary, g o f is continuous at a. |
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4.3 Uniform Continuity

Before we move onto examining the properties and importance of continuous
functions on the real numbers, there is actually a stronger form of continuity
that we desire to examine. For a function f to be continuous on an interval I,
the e-§ Characterization of Continuity (Theorem states that for each
a € I and each € > 0 there exists a 6 > 0 such that if x € [ and |z — | < 9,
then |f(z) — f(a)| < e. Note that this a prior 6 depends not only on € but
the a € I selected. But what if we want one 0 to rule them all, one § to
find them, one § to bring them all, and in the darkness bind them... Umm I
mean what if we wanted to know given an € > 0 there exists a § > 0 that
worked for all o simultaneously in 7

Definition 4.3.1. A function f defined on an interval I is said to be
uniformly continuous on I if for all € > 0 there exists a § > 0 such that if
z,y € [ and |z —y| < d then |f(x) — f(y)| <e.

Remark 4.3.2. It is elementary by the e-§ Characterization of Continuity
that if f is uniformly continuous on an interval I, then f is continuous on I.

Remark 4.3.3. As eluded to in the introduction, the benefit of having a
uniform continuous function f on an interval is that for any € > 0 there exists
a 0 > 0 that worked for all a simultaneously in I. This is quite useful in that
we can guarantee that f does not vary too much on any small subinterval of
I. This will be of particular importance for an essential result in Chapter [6]

Remark 4.3.4. As with Proposition for sequences and Proposition
[4.1.13] for limits of functions, one can modify the definition of uniform

continuity (Definition |4.3.1)) to replace ‘| f(z)— f(y)| < € with ‘| f(z)— f(y)| <
ke’ for a previously fixed constant k. Similarly, one can replace the condition
Jo —y| < 0 with ‘jz —y| < 9

Of course, it is quite easy to verify that some functions are uniformly
continuous.

Example 4.3.5. Let f: R — R be defined by f(z) =z for all z € R. We

claim that f is uniformly continuous. To see this, let € > 0 be arbitrary. Let
0 =€>0. Thus if z,y € I and |z — y| < ¢, then

[f(@) = fy)l=lz—yl<d=e
Hence, as € > 0 was arbitrary, the result follows.

However, not all continuous functions on intervals are uniformly contin-
uous. Indeed if a continuous function “grows too fast” it is possible that
the function is not uniformly continuous. Before we demonstrate such an
example, we believe it is useful to the reader to formally negate Definition
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4.3. UNIFORM CONTINUITY 117

that is, a function f on an interval I is not uniformly continuous if
there exists an € > 0 such that for all § > 0 there exists z,y € I such that

[z —y| <6 and [f(z) - f(y)| = e

Example 4.3.6. Let f : R — R be defined by f(z) = 2?2 for all x € R.
We claim that f is not uniformly continuous. To see this, we claim that
Definition fails for € = 2; that is, there does not exist a 6 > 0 such that
if x,y € Rand |z —y| < ¢ then |f(z) — f(y)| < 2. To see this, let § > 0 be
arbitrary. By the Archimedian Property (Theorem , there exists an
n € N such that 2 < §. Let  =nand y =n++. Then [z, —y,| =1 < §

yet ,
£n) = )] = | = (n+ 7

Therefore, as 6 > 0 was arbitrary, there does not exists a § > 0 such that if
z,y € Rand |z —y| < ¢ then |f(z) — f(y)| < e. Hence f is not uniformly
continuous on R by definition.

1
=2+ >2.
n

Of course, the notion of uniform continuity depends on the domain of
definition of our function.

Example 4.3.7. Let f : (—1,1) — R be defined by f(z) = 22 for all
z € (—1,1). We claim that f is uniformly continuous. To see this, let € > 0
be arbitrary. Let 6 = § > 0. We claim that ¢ works. To see this, let z,y € I
be such that |x — y| < §. Since z,y € I, we know that |z|, |y| < 1. Thus

[f(@) = f(y)l = 2* =y

= |z +y||lz —y|
< (z[ + [y |z -yl
<2z —y|
<2%:e.

Therefore, as € > 0 was arbitrary, f is uniformly continuous.
Also, uniform continuity does not permit functions to oscillate quickly.

Example 4.3.8. Let f : (0,1) — R be defined by f(z) = sin (%) for all
z € (0,1). We claim that f is not uniformly continuous on (0,1). To see
this, we claim Definition fails for e = 1. To see this, for n € N let

In = ﬁ € (0,1) and y, = W € (0,1). Since

lim x, =0= lim y,,
n—oo n—oo

for any § > 0 there exists an N € N such that |zy| < 16 and |yn| < 36.
Hence |zy — yn| < 0 yet

[fn) = flyn)l =1 = (1) =2= 1.

Hence f is not uniformly continuous on (0, 1).
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Although the above examples seem to imply that uniform continuity is
a much more difficult property to deduce and handle, it turns out that if
we only consider continuous functions on closed intervals, then something
special happens.

Theorem 4.3.9. Let a,b € R be such that a < b. If f : [a,b] — R is
continuous, then f is uniformly continuous.

Proof. Let f : [a,b] — R be continuous. Suppose for the sake of a con-
tradiction that f is not uniformly continuous on [a,b]. Hence exists an
e > 0 such that for all § > 0 there exists z,y € [a,b] with |z —y| < § and
|f(z) — f(y)] > €. Thus for each n € N we can choose z,,y, € [a,b] such
that [z, — yn| < % vet [f(zn) — flyn)| = €

By the Bolzano-Weierstrass Theorem (Theorem , there exists a
subsequence (zp, )r>1 of (x)n>1 that converges to some number L € [a, b]
(i.e. [a,b] is sequentially compact). Consider the subsequence (yy, )r>1 of
(Yn)n>1. Notice for all k € N that

1 1
|ynk _L| < |ynk _xnk’+|'rnk _L‘ < Fk+|xnk _L‘ < E—i_‘xnk _L|‘

Therefore, since limy_, o |2,, — L| = 0 and limkﬁoo% = 0, we obtain that
limy,_;o0 Yn,, = L by the Squeeze Theorem.

Since L = limj_, Ty, and since f is continuous at L, there exists
an N1 € N such that |f(z,,) — L| < § for all & > Ny. Similarly, since
L = limy_o0 Yn, and since f is continuous at L, there exists an N € N such
that |f(yn,) — L| < § for all k > Ny. Therefore, if kg = max{Ny, No}, we
obtain that

F @) = F i) < 1F (@) = FD)+FL) = Flyn, )| < 5 +5 =€

which contradicts the fact that |f(2n, ) — f(yn,, )| = €. Hence, as we have
obtained a contradiction, it must have been the case that f is uniformly
continuous on [a, b]. |

Remark 4.3.10. Note that the fact that [a,b] is (sequentially) compact is
essential in the proof of Theorem In fact, in future courses (i.e. MATH
4011), it will be observed that continuous functions on compact sets are
automatically uniformly continuous. The proof is nearly identical in MATH
4011.

Using Theorem [£.3.9] we can demonstrate additional functions on R are
uniformly continuous.

Example 4.3.11. Let f: R — R be defined by f(x) = cos(z) for all z € R.
We claim that f is uniformly continuous on R. To see this, let € > 0 be
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arbitrary. Since f is uniformly continuous on [—27, 27|, there exists a § > 0
such that |f(z) — f(y)| < € whenever z,y € [-27, 27| and |r — y| < J. Due
to the fact that cos(x + 2m) = cos(x) for all z € R, it is then easy to see that
if ,y € R are such that |z — y| <, then |f(z) — f(y)| <e.

The following uses Theorem to show that many functions on R are
uniformly continuous. Note this does not describe all uniformly continuous
functions on R by, for example, Example

Proposition 4.3.12. Let f : R — R be continuous. If lim,_, f(x) and
lim, o f(x) exist, then f is uniformly continuous on R.

Proof. Exercise. ]

Note Example [£.3.8 shows that the conclusions of Theorem [£.3.9] do not
extend to continuous functions on finite open intervals. It turns out that the
only reason such continuous functions are not uniformly continuous is that
the one-sided limits at the boundaries do not exist.

Proposition 4.3.13. Let f : (a,b) — R where a,b € R. Then f is uniformly
continuous on (a,b) if and only if there exists a continuous function g :
[a,b] — R such that f(x) = g(x) for all € (a,b).

Proof. First assume there exists a continuous function ¢ : [a,b] — R such
that f(z) = g(x) for all z € (a,b). Thus g(z) is uniformly continuous on
[a,b] by Theorem [4.3.9] Therefore, since f(z) = g(z) for all z € (a,b), the
definition of uniform continuity of g on [a, b] immediately implies the uniform
continuity of f on (a,b) (i.e. for € > 0, the ¢ that works for g also works for
f). Hence one direction of the proof is complete.

For the other direction, assume f is uniformly continuous on (a,b). Our
goal is to find a continuous ¢ : [a,b] — R such that f(z) = g(z) for all
x € (a,b). In particular, since f is continuous on (a,b), the only way a
function g : [a,b] — R is continuous on [a, b] is if

gla)= lm f(x) and  g(b)= lim f(z)
Hence, provided the above two one-sided limits exist, we will define g(a) and
g(b) accordingly and the proof will be complete.

To see that lim, .+ f(x) exists, we will apply the Sequential Character-
ization of a Limit (Theorem . In particular, we must show that for
every sequence (xp)p>1 with z, € (a,b) for all n € N and lim,, o0 ,, = a
that (f(xpn))n>1 converges AND that lim,_,, f(x,) are all equal for every
choice of (zy)n>1-

For the first part of the claim, let (x,,),>1 be an arbitrary sequence such
that a < x, < b for all n € N and lim,,_,oc ,, = a. To see that (f(z,))n>1
converges, we claim that (f(zy))n>1 is Cauchy. To see that (f(xy,))n>1 is
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Cauchy, let € > 0 be arbitrary. Since f is uniformly continuous on (a,b) there
exists a 0 > 0 such that if x,y € (a,b) and |z —y| < J, then |f(z) — f(v)] < e.
Since limy, o0 5, = a, we know that (z,)p>1 is Cauchy by Theorem
Hence there exists an N € N such that |z, — x,,| < ¢ for all n,m > N.
Therefore, if n,m > N, we obtain that |f(xz,) — f(zm)| < € as desired.
Hence, as € > 0 was arbitrary, (f(xy))n,>1 is Cauchy and thus converges by
Theorem 2.5.8

For the second part of the claim, let (x,,),>1 and (y,)n,>1 be such that
a < Tp,Yn < b for all n € N and lim, oz, = lim, soo ¥y = a. Thus
L =lim,, o f(z,) and K = lim,, o f(yn) exist by the previous paragraph.
Our goal is to show that L = K.

To see that L = K, let € > 0 be arbitrary. Since f is uniformly continuous
on (a,b) there exists a 6 > 0 such that z,y € (a,b) and |z — y| < 0, then
|f(z) — f(y)| < §. Since lim, ;o , — yn = 0, there exists an N3 € N such
that |z, — yn| < d for all n > Nj. Since lim, o f(x,) = L, there exists
an Ny € N such that |f(z,) — L] < § for all n > Np. Similarly, since
limy, o0 f(yn) = K, there exists an N3 € N such that |y, —a| < § for all
n > N3. Thus, if N = max{Ny, No, N3}, then |[xny — yn| < d so

L= K| < |L = f(en)| + 1f(en) = fom)| +|flun) — K| < 5+ 5+ 5 =c

Thus, we have shown that |L — K| < € for all € > 0. This implies |[L — K| =0
and thus L = K as desired.

Hence we may define g(a) so that g(a) = limg o+ f(x). Similar ar-
guments show that we may define g(b) as desired thereby completing the
proof. [ |

Remark 4.3.14. In the proof of the second part of the claim in Theorem
we have used what is known as a three-e argument (i.e. we needed
to make three terms small via a procedure making the middle one small
first and then we could make the other two small). Three-e appear often in
analysis and are quite useful. For example, one can use a three-e argument to
show that a ‘uniform limit of continuous functions is a continuous function’,
which is an essential result in MATH 3001.

4.4 The Intermediate Value Theorem

With our enhancement of continuity on closed intervals, let us return to look-
ing at the properties and importance of continuous functions. In particular,
in this section we will develop one of the three ‘value’ theorems in this course.
In particular, by combining these three pieces of the Triforce, one obtains
unlimited control over continuous functions on R.

To motivate this first theorem, consider the following scenario. Consider
a person walking on a straight path. Assume somewhere along the path is a
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waterfall that the person desires to see. If this person walks from one end of
the path to the other, will they see the waterfall? Of course, logic says they
must. But how can we mathematically prove said result.

Of course, specific assumptions must be made in the above problem. For
example, we are assuming that position is a function of time (no time travel
permitted via Delorean’s and TARDISs’). Furthermore, we must assume that
our functions are continuous at each point (i.e. no teleportation). Once these
assumptions our made, our first Triforce theorem mathematically proves the
answer. Before we obtain this piece of the Triforce, it is useful to extract a
useful lemma that has already been used in the proof of Theorem [£.2.9]

Lemma 4.4.1. Let I be an interval, let « € I, and let f: I — R.

a) If f is continuous at « and f(a) >0, then there exists a § > 0 such that
ifv el and |z —al <4, then f(z) >

)

(

b) If f is continuous at o and f(a) < 0, then there exists a 0 > 0 such that
ifv el and |z —al <4, then f(z) <

Proof. We will only prove a) as the proof of b) is nearly identical.

Let f : I — R be continuous at « with f(«) > 0. To see the desired result,
let € = %f(a). Since f(a) > 0, clearly € > 0. Since f is continuous at «,
there exists a 0 > 0 such that if x € I and |z — | < 0, then |f(z) — f(a)| < e.
Therefore, for all x € I with |z — a| < §, we have that f(a) — f(z) < € so

£(&) > fla) = = f(0) ~ 3 (@) = 3 f(a) > 0.

Hence the result is complete. ]

Theorem 4.4.2 (The Intermediate Value Theorem). Let I be an
interval, let a,b € I be such that a < b, and let f : I — R be continuous. If
a € R is such that f(a) < a < f(b) or f(b) < a < f(a), then there exists a
c € (a,b) such that f(c) =

Proof. By the assumptions of the theorem, we can assume that f : [a,b] — R
is continuous. To prove the result, we will assume o € R is such that
f(a) < a < f(b). The proof of the result when f(b) < a < f(a) is nearly
identical and left to the reader.

Our goal is to prove there exists a ¢ € (a,b) such that f(c¢) = a. To
do so, we will shift f so that we can assume o = 0. To do this, define
g:la,b) > R by g(z) = f(z) — « for all € [a,b]. Clearly g is continuous on
[a,b], g(a) < 0 < g(b) and there exists a ¢ € (a,b) such that f(c) = « if and
only if there exists a ¢ € (a,b) such that g(c) = 0. Therefore, to complete
the proof it suffices to show that there exists a ¢ € (a,b) such that g(c) = 0.

Let

S ={weab | g() <0},
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Since f(a) < 0, we see that a € S so S is non-empty. Furthermore, since
g(b) > 0, S is bounded above by b. Hence the Least Upper Bound Prop-
erty (Theorem implies that ¢ = lub(S) exists. Note ¢ € [a,b] by
construction.

We claim that g(c) = 0. To see this, we first claim that g(c) > 0. To see
this, suppose for the sake of a contradiction that g(c) < 0. Since g(c) < 0 and
g(b) > 0 we see that ¢ # b. Moreover, since g(c) < 0, Lemma implies
there § > 0 such that if x € I and |z — ¢| < §, then g(x) < 0. Since ¢ # b,
there exists an d € (c,b) such that ¢ < d < ¢+ (e.g. d = c+ 5 min{b—c,5}).
Hence g(d) < 0 so d € S. However, since ¢ < d, this contradicts the fact that
¢ is the least upper bound of S. Hence, it must be the case that g(c) > 0.

Now that we have established g(c¢) > 0, to see that g(c) = 0, suppose
for the sake of a contradiction that g(c) > 0. Since g(a) < 0, this implies
¢ # aso c€ (a,b]. Since g(c) > 0 and g is continuous at ¢, Lemma [4.4.1]
implies there exists a ¢ > 0 such that if € I and |z — ¢| < §, then g(x) > 0.
Let d = max{a,c — ¢}. Clearly d € [a,b]. Moreover, for all = such that
d < x < ¢, we have that g(z) > 0 so z ¢ S. However, since ¢ = lub(S5), we
have that s < ¢ for all s € S. Hence, for all s € S we have s < ¢ and, since
d < s < ¢ is false, it must be the case that s < d. Thus d is an upper bound
of S. However, since d < ¢ and ¢ = lub(5), we have a contradiction. Hence

g9(c) = 0.
Since g(c) =0, g(a) < 0, and g(b) > 0, we have that ¢ # a and ¢ # b so
¢ € (a,b) as desired. ]

The Intermediate Value Theorem has a wide range of applications. One
of the most useful applications of the Intermediate Value Theorem is that it
can be used to establish the solution to complicated equations.

Example 4.4.3. We claim there exists a z € [0, §] such that cos(z) = z. To

see this, consider the function f(x) =z — cos(z). Since

F0)=0-1=-1<0 and f(;r) :g—0>0,
and since f is continuous, the Intermediate Value Theorem implies there
exists a z € (0, §) such that f(z) =0 (and thus cos(z) = z).

It is potentially useful for future studies in analysis to note that the
Intermediate Value Theorem is related to a topological notion known as
connectedness. Although not as important as compactness, connectedness
has its own uses. Thus, for the remainder of the section, we will introduce
the notion of a connected set and see an alternative proof of the Intermediate
Value Theorem using this notion.

Definition 4.4.4. A subset A C R is said to be disconnected if there exists
open sets U,V C R such that UNA # 0, VNA#O, UNV = (), and
ACUUYV.
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A subset A C R is said to be connected if A is not disconnected; that is,
if there does not exists open sets U,V C R such that UN A # 0, VN A # (),
and UNV = (.

The motivation for the above definition of a disconnected set is that
one can ‘divide up’ our set into two disjoint portions separated in a natural
topological sense with open sets. This definition is made clearer by the
following example.

Example 4.4.5. Let A =10,1] U [3,4]. We claim that A is a disconnected
subset of R. To see this, let U = (—00,2) and let V' = (2,00). Clearly U
and V are open subsets of R. Moreover, notice that U N A = [0,1] # 0,
VNA=[3,4#0,UNV =0,and A C U UYV. Hence A is disconnected by
definition.

In fact, the real numbers are quite nice in the sense that one can completely
describe all of their connected sets as the following result shows. Note the
proof of this result has the same flavour as the proof of the Intermediate
Value Theorem (and consequently, some of the technical details are illustrated
more fully in the proof of the Intermediate Value Theorem).

Theorem 4.4.6. Let A C R. Then A is connected if and only if A is an
interval (singletons count as intervals here).

Proof. First, assume that A is not an interval. To see that A is not connected,
note since A is not an interval that there exists z,y € A and z € R\ A such
that © < z < y. Therefore, since U = (—o0, z) and V = (z,00) are open sets
such that e UNAsoUNA#0D, ye VNAsoVNA#D, UNV =0, and
ACR\ {z} CUUV, Ais not connected by definition.

To see the converse, let A be an interval in R. Suppose for the sake of a
contradiction that A is not connected. Hence there exists open subsets U
and V of Asuchthat UNA#D, VNA#DP, UNV =0, and UUV = A.
AsUNA and VN A are non-empty, select a € UNAand b € VNb. As
UNV #(, it must be the case that a # b. By exchanging the labelling of U
and V if necessary, we may assume that a < b. Since A is an interval, we
must have that [a,b] C A.

Since U N [a, b] # 0, the scalar

a =lub(U N [a,b])

is an element of [a,b]. Thus as [a,b] C A C U UV, either a € U or a € V.
Let us show that both of these options lead to a contradiction.

Case 1: a € U. If a € U, then by the definition of an open subsets there
exists an € > 0 such that (¢ —¢,+¢€) CU. If a+¢ < bthen a+€ € UNJa,bl.
However, this contradicts the fact that o = lub(U N [a,b]) as a + € > a.
Hence it must be the case that b € (aw — ¢, + €) C U which contradicts the
fact that be Vand UNV =.
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Case 2: a € V. If a € V, then by the definition of an open subsets there
exists an € > 0 such that (o« — e, +¢) C V. Therefore, as UNV =0, it
must be the case that (a — €, o] NU = ) thereby contradicting the fact that
a =lub(U).

Therefore we have a contradiction. Hence A is connected. [ |

Now that Theorem [£.4.6] has shown the connected subsets of R are exactly
the intervals, we move towards demonstrating how the Intermediate Value
Theorem is connected to connected sets. In particular, the following is the
true version of the Intermediate Value Theorem.

Theorem 4.4.7 (The Topological Intermediate Value Theorem). Let
f R —= R be a continuous function. If C' C R is connected, then f(C) is
connected.

Proof. Let C' C R be a connected set. To see that f(C') is connected, suppose
for the sake of a contradiction that f(C) is not connected. Hence there exists
open subsets U,V C R such that UN f(C) # 0, VN f(C)#D, UNV =10,
and f(C)CUUYV.

Let U' = f~Y(U) and V' = f~1(V). Since f is continuous, Theoremm
implies that U’ and V' are open sets. We desire to show that U’ and V’
cause C' to be disconnected thereby yielding our contradiction.

First we claim that U’ N C # (). To see this, note since U N f(C) #
that there exists a z € C such that f(x) € U. Hence x € f~}(U) and # € C
soU'NC #. A similar proof shows that V' N C # ().

Next, to see that U’ NV’ = (), suppose to the contrary that there exists
anxz € U'NV'". Then z € f~Y(U) and = € f~1(V). Therefore f(z) € U and
f(z) € Vso f(x) € UNV which contradicts the fact that U NV = (). Hence
unv =40.

Finally, we claim that C C U’ UV’. To see this, let z € C be arbitrary.
Then f(xz) € f(C) CUUV. Hence f(x) € U or f(x) € V which implies
v € fYU)=U orxe f71(V) = V'. Hence, as * € C was arbitrary,
ccuuv.

Therefore, C' is not connected by definition, which contradicts the fact
that C' is connected. Hence f(C) is connected. [

By combining the Topological Intermediate Value Theorem together with
the description of connected sets from Theorem [{.4.6] we can provide another
proof of the Intermediate Value Theorem.

Proof of the Intermediate Value Theorem (Theorem . Let I be an in-
terval, let a,b € I be such that a < b, and let f: I — R be continuous. Let
a € I be such that f(a) < a < f(b) or f(b) < a < f(a).
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Since f is continuous on [a, b, the function g : R — R defined by

f(z) ifz € la,b]
g(x) =19 fla) ifz<a
fb) ifz>b

is a continuous function on R. Therefore, since [a, b] is connected by Theorem
and since g : R — R is continuous, the Topological Intermediate Value
Theorem implies that

g([a, b]) - f([a7 b])

is a connected set. Hence Theorem implies that f([a,b]) is an interval.
Therefore, since f(a), f(b) € f([a,b]), since f(]a,b]) is an interval, and since
fla) < a < f(b) or f(b) < a < f(a), it follows that o € f([a,b]). Hence
there exists an ¢ € [a, b] such that f(c) = a. Since f(a) # a and f(b) # «, it
follows that ¢ # a and x # b so ¢ € (a,b) as desired. ]

4.5 Continuity of Inverse Functions

There is another use of the Intermediate Value Theorem that yields a im-
portant property of continuous functions we desire to examine. Specifically,
we desire to use of the Intermediate Value Theorem to examine the inverse
(under composition) of continuous functions. This theory is particularly
useful to showing that specific operations and properties of the real numbers
are as we would expect. For example, Proposition provided a direct
proof that the square root of a positive number exists. Whereas we would
need to adapt that proof to obtain the n'® root of positive numbers exist,
by considering the n'" root as the inverse of the n*® power, the technology
of this section will not only give us that n'" roots exist, it will allow us
to show that taking the n'" root defines a continuous function. Of course
we could show the continuity of the n*® root by hand, but this technology
applies to all invertible continuous functions, such as trigonometric functions
on restricted intervals and the exponential function. In particular, once the
exponential function is defined (see Remark and shown to be invertible,
the existence of the natural logarithm follows immediately from this section.

Recall that a function f: X — Y is invertible if and only if it is bijective
(see Appendix . As a function is always surjective once one replaces
the co-domain with the range of the function, surjectivity will not be an
issue for us. Thus we begin by focusing on when a function is injective. For
continuous functions on the real numbers, there are certain properties that
will aid us in determining when functions are injective. Note these properties
for functions are parallels to the similar properties of sequences discussed in

Section 2.2
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Definition 4.5.1. Let I be an interval. A function f: I — R is said to be
o increasing on I if f(x1) < f(xz2) whenever x1,z9 € I and z1 < x9,
o non-decreasing on I if f(x1) < f(x2) whenever z1,29 € I and z1 < o9,
o decreasing on I if f(x1) > f(xz2) whenever z1,29 € I and x; < xa,
o non-increasing on I if f(x1) > f(x2) whenever z1,29 € I and z1 < o,
e monotone on I if f is non-decreasing or non-increasing.

In fact, for continuous functions, injectivity is directly characterized by
these concepts.

Proposition 4.5.2. Let I be an interval and let f: I — R be continuous.
Then f is injective if and only if f is increasing or decreasing on I.

Proof. Assume that f is increasing on I. To see that f is injective, let
x1,22 € I be such that x1 # x9. Thus either 1 < x9 or zo < z1. If
x1 < zo then f(x1) < f(x2) as f is increasing. Similarly, if 9 < z; then
f(z2) < f(x1) as f is increasing. Hence f(x1) # f(z2) in either case so f is
injective by definition.

Assume that f is decreasing on I. To see that f is injective, let x1, 20 €
be such that z; # xo. Thus either 1 < a2 or 9 < z1. If 1 < 2o then
f(z1) > f(x2) as f is decreasing. Similarly, if zo < 21 then f(z2) > f(x1)
as f is decreasing. Hence f(z1) # f(x2) in either case so f is injective by
definition.

Finally, assume that f is not increasing nor decreasing on I. Therefore,
there must exist three points x1,x2,x3 € I with 1 < x9 < x3 such that
either

o f(z1) < f(z2) and f(x3) < f(w2), or
o f(z1) > f(x2) and f(z3) > f(x2).

Thus we divide the proof into two cases.
Case 1: x1 < ma < z3, f(z1) < f(x2), and f(x3) < f(z2). Let

§=max{f(en), Sa)} and a="TI0),
Hence o € R is such that f(z1) < a < f(z2) and f(z3) < a < f(z2). Since
f is continuous on [z1, z2], the Intermediate Value Theorem (Theorem |4.4.2))
implies there exists a ¢ € (z1,z2) such that f(c) = «. Similarly, since f
is continuous on [z, x3], the Intermediate Value Theorem (Theorem
implies there exists a d € (z1,22) such that f(d) = a. Therefore, since ¢ < d
and f(c) = a = f(d) we see that f is not injective on I.
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Case 2: x1 < x2 < z3, f(x1) > f(z2), and f(x3) > f(z2). By repeating
the same ideas as in Case 1, we see that f is not injective on I.

Combining the above, we obtain that f is injective if and only if f is
increasing or decreasing on I as desired. |

Remark 4.5.3. It is important to note that Proposition [4.5.2]is false if the
assumption that f is continuous is removed. Indeed if we define f : R — R

by
=z ifre@Q
f(x)_{—x ifreR\Q’

then f is injective on R but f is neither increasing nor decreasing.

Now that we understand injective continuous functions on the real num-
bers, we turn our attention to showing that their inverses are continuous. To
do so, we will actually prove a partial converse of the Intermediate Value
Theorem (Theorem . The following result is only a partial inverse as
we need to assume our functions are monotone.

Theorem 4.5.4. Let I be an interval and let f : I — R be monotone. Then
f is continuous on I if and only if whenever a,b € I are such that a < b
and a € R is such that f(a) < a < f(b) or f(b) < a < f(a) there exists a
¢ € (a,b) such that f(c) = .

Proof. If f is continuous on I, then whenever a,b € I are such that a < b
and « € R is such that f(a) < a < f(b) or f(b) < a < f(a) there exists a
¢ € [a,b] such that f(c) = a by the Intermediate Value Theorem (Theorem
4.4.2)).

To prove the converse, we will assume that f is non-decreasing as the
proof when f is non-increasing will follow by similar arguments. To show
that f is continuous on I, let g € I be arbitrary. We will first deal with
the case that xg is not an endpoint of I. In fact, the proof when xg is an
endpoint of I will follow by similar arguments.

To see that f is continuous at zg, let € > 0 be arbitrary. Our goal
is to find c1,cp € I such that zy € (c1,¢2) and |f(x) — f(xo)| < € for all
z € (c1,c2).

To find ¢y, recall since xg is not the left endpoint of I that there exists
an a € I such that a < zg. Let

o = max{f(a), f (o) — €}.
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In the case that o = f(a), let ¢; = a. Notice then that if ¢; < x < zg, then

0 < f(zo) — f(x) as f is non-decreasing
< f(zo) — f(a) as f is non-decreasing
— f(x0) — a as f(a) =
< f(@o) = (f(wo) —€) as f(zg) —e < o

as desired. Otherwise we are in the case that f(a) < a = f(xg) — e < f(xo).
By the assumptions of this direction of the proof, there exists a ¢; € (a, xo)
such that f(c1) = a. Consequently, if ¢; < x < g, then

0 < f(xo) — f(x) as f is non-decreasing
< f(xo) — f(c1) as f is non-decreasing
= f(z0) —a as f(c1) =«
= f(@o) — (f(z0) —€) as a = f(zo) —
=€

as desired. Hence, in both case, there exists a ¢ € [a,zg) such that |f(z) —
f(zo)| < e for all x € (e1,x0).

To find co, recall since xg is not the right endpoint of I that there exists
a b € I such that zg < b. Let

B =min{f(b), f(zo) + €}.

In the case that 8 = f(b), let co = b. Notice then that if 29 < x < cg, then

0< f () — f(=x0) as f is non-decreasing
f(b) — f(xo) as f is non-decreasing
—ﬁ f(zo) as f(b) = B
< (f(zo) +€) — f(xo) as B < f(xzo) + €

=€

as desired. Otherwise f(b) > 8 = f(zo) + € > f(r)). By the assumptions of
this direction of the proof, there exists a co € (z9,b) such that f(c2) = .
Consequently, if zg < x < co, then

0 < f(z) — f(zo) as f is non-decreasing
< f(e2) — f(=o) as f is non-decreasing
=B — f(xo) as f(e2) = 8
= (f(@o) +¢€) — f(=o) as 8= f(zo) + €

= €
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as desired. Hence, in both cases, there exists a ca € (zg,b] such that
|f(z) — f(zo)] < € for all x € [xg,c2).

Therefore, if we let § = min{zg — ¢1,c2 — zp}, then § > 0 and if x € I is
such that |z — zo| < 9, then |f(x) — f(xo)| < €. Hence f is continuous at xo.

In the case that xg is the right endpoint of I, the above shows that for all
€ > 0 there exists a ¢; € I such that if x € (¢1,x0] then |f(x) — f(zo)| < e
Therefore, by letting 6 = xg — ¢1, we have that § > 0 and if x € [ is such
that |z — x¢| < 6, then |f(x) — f(xo)| < e. Hence f is continuous at xg.

In the case that x( is the left endpoint of I, the above shows that for all
€ > 0 there exists a co € I such that if x € [zg,c2) then |f(z) — f(xo)| < e.
Therefore, by letting 6 = ¢y — x, we have that 6 > 0 and if z € I is such
that |z — x¢| < 6, then |f(x) — f(xo)| < e. Hence f is continuous at xg.

Hence, as we have show f is continuous at all g € I, f is continuous on
I as desired. |

Using Theorem [£.5.4] we can show that inverses of continuous functions
are continuous!

Corollary 4.5.5. Let I be an interval. If f : I — R is injective and
continuous, then f(I) is an interval and the inverse of f on its image,
f=r: f(I) — 1, is continuous.

Proof. Assume f : I — R is injective and continuous. Hence Proposition
implies that f is increasing or decreasing. We will assume that f is
increasing as the proof that f is decreasing will follow by similar arguments.

To see that f(I) is an interval, assume y1,y2 € f(I) are such that
y1 < y2. Thus there exists x1,x2 € I such that f(x1) = y1 and f(x2) = yo.
Since f(x1) < f(x2), it must be the case that x; < z9 as f was increasing.
Therefore, by the Intermediate Value Theorem (Theorem , we obtain
that

[y1,92] € f(I).

Therefore, since y1,y2 € f(I) were arbitrary, f(I) is an interval. (If it is
not clear why this property implies f(I) is an interval, see the proof of
Proposition [3.1.9])

Since f: I — f(I) is injective and surjective, the inverse f=1: f(I) — I
exists. We claim that f~! is increasing. To see this, assume yi,y2 € f(I)
are such that y; < yo. Thus there exists x1, 29 € I such that f(z1) = y; and
f(x2) = y2. Since f(x1) < f(x2), it must be the case that x; < x9 as f was
increasing. Hence

FH ) = FH(f(a) = o1 < a2 = fH(f(22) = £ ().

Therefore, as y1,y2 € f(I) were arbitrary, f~! is increasing.

Hence f~1: f(I) — I is an increasing function such that f=(f(I))) = I.
Therefore f~! is continuous by Theoremas f~! satisfies the conclusions
of the Intermediate Value Theorem. [
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Example 4.5.6. Consider the functions

o for n € N, the function f, : [0,00) — [0, 00) defined by f,(z) = 2*" for
all z € [0, 00),

« for n € N, the function g, : R — R defined by g,(z) = 2?"*! for all
z € [0,00),

o the function i : R — [0, 00) defined by h(z) = €” for all x € R,

o the function ¢ : [0,7] — [—1,1] defined by c¢(x) = cos(z) for all
z € [0, 7],

« the function s : [-%,%] — [—1,1] defined by s(z) = sin(x) for all
ze[-%,5], and

o the function ¢ : (—=%,%) — (—00,00) defined by t(z) = tan(z) for all
ze(-5,%).

It is possible to show that these functions are invertible. Hence Corollary
[4.55 implies the following functions exists and are continuous:

o forn € N, the function f,, ! :[0,00) — [0,00) defined by f,, }(z) = X/x
for all z € [0, 00),

o for n € N, the function g, ! : R — R defined by g, !(x) = 2*/x for all
z € [0,00),

e the function ! : [0,00) — R defined by h~!(z) = In(z) for all z € R,

e the function ¢! : [~1,1] — [0, 7] defined by ¢~!(x) = arccos(x) for all
z € [0, 7],

o the function s7*: [-1,1] — [—%, Z] defined by s~ !(z) = arcsin(z) for
all x € [—g, %], and

o the function ¢! : (=00, 00) = (—%,%) defined by ¢t~!(z) = arctan(z)
for all z € (-3, 7).

The question remains, “How do we show these functions are injective and
surjective”? Of course, once we show these functions are injective (i.e.
increasing or decreasing), then surjectivity follows from Corollary and
computing limits/values. So our real question is, “How do we show a function
on an interval of R is increasing or decreasing?”
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4.6 The Extreme Value Theorem

Before answering the question poised at the end of the previous section, we
turn our attention to our second ‘value’ theorem and piece of the Triforce.
This result, which is really about continuous functions on compact sets, allows
for us to deduce certain continuous functions have maxima and minima. Our
endeavour to compute the locations of theses maxima and minina will also
enable us to determine when functions on intervals are increasing or decreasing
thereby answering the question poised at the previous section.

Of course, in order to have maxima and minima, our functions must have
the following property.

Definition 4.6.1. Let I be an interval. A function f: I — R is said to be
bounded if f(I) is a bounded subset of R.

By using the fact that closed intervals are compact, we can prove that
continuous functions on closed intervals are bounded and have maxima and
minima.

Theorem 4.6.2 (Extreme Value Theorem). Let a,b € R be such that
a<bandlet f:[a,b] = R be continuous. There exists points x1,x2 € [a, b
such that f(x1) < f(z) < f(x2) for all x € [a,b].

Proof. Let f : [a,b] — R be continuous. First we claim that f is bounded. To
see this, suppose for the sake of a contradiction that f is not bounded. Thus
for each n € N there exists an z,, € [a,b] such that |f(x,)| > n. Consider
the sequence (z,,)n>1. By the Bolzano-Weierstrass Theorem (Theorem
there exists a subsequence (x, )g>1 of (z)n>1 that converges to some number
¢ € [a,b] (i.e. [a,b] is sequentially compact). Since f is continuous at c,
(f(zk,))k>1 converges to f(c). Hence (f(xg,))r>1 is bounded by Proposition
2.2.3l However, this contradicts the fact that (f(z,))r>1 is not bounded
since | f(xp, )| > ny for all &k € N. Thus f([a,b]) is a bounded set.

To show the existence of the point 1, note since f([a,b]) is bounded that
a = glb(f([a,b])) is well-defined. By the definition of «, for each n € N there
exists a y, € [a, b] such that

1
aff(yn)<a+ﬁ‘

Hence lim,,_,~ f(yn) = « by the Squeeze Theorem.

By the Bolzano-Weierstrass Theorem (Theorem there exists a
subsequence (Yn, )k>1 of (Yn)n>1 that converges to some number z; € [a, b]
(i.e. [a,b] is sequentially compact). Since f is continuous on [a, b,

flan) = lim fly,) = o

Hence f(z1) < f(x) for all = € [a,b] by the definition of the greatest lower
bound.
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Similar arguments show that if and 5 = lub(f([a, b])), then there exists
an xy € [a,b] such that f(x2) = 8. Hence f(z) < f(x2) for all z € [a, b] by
the definition of 5. Thus the proof is complete. ]

Remark 4.6.3. Note the Extreme Value Theorem requires continuous
functions on closed, finite intervals. Indeed consider the function f : (0,00) —
(0,00) defined by f(z) =1 for all z € (0,00). Then there does not exist an
x9 € (0,00) such that f(z) < f(x2) for all z € (0,00) since lim, o4 f(x) =
oo. Similarly, there does not exist an 1 € (0, 00) such that f(z1) < f(x) for

all z € (0,00) since limy_soo f(x) = 0 yet there is no = € (0,00) such that

f(z)=0.

Note the proof of the Extreme Value Theorem relied heavily on com-
pactness via sequential compactness and the Bolzano-Weierstrass Theorem
(Theorem . In fact, there is another proof of the Extreme Value Theo-
rem that makes more implicit use of compactness and generalizes in future
courses. In fact, the following is the true version of the Extreme Value
Theorem.

Theorem 4.6.4 (The Topological Extreme Value Theorem). Let
f:R = R be a continuous function. If K C R is compact, then f(K) is
compact.

Proof. Let K C R be a compact set. To see that f(K) is compact, let
{U; | i € I'} be an open cover of f(K). By Theorem {f~YU) |iel}

is a collection of open sets since f is continuous. Moreover, since

f(K) C U U; implies K C Uf_l(Ui),
el el

we have that {f~1(U;) | i € I’} is an open cover of K. Therefore, since K is
compact, the definition of a compact set implies there exists an n € N and
i1,...,1in € I such that

Kclrtwsy.
k=1
Hence

f(K) C U Ui,
k=1

Therefore {U;, | k € {1,...,n}} is a finite subcover of K. Therefore, since
{U; | i € I} was arbitrary, f(K) is compact. n

Using the Topological Extreme Value Theorem, we can derive a different
(but fundamentally the same) proof of the Extreme Value Theorem.
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Proof of the Extreme Value Theorem (Theorem[{.6.9). Let f : [a,b] — R
be continuous. Consider the function g : R — R defined by

f(x) ifz € [a,b]
g(x) =< fla) ifz<a
fb) ifxz>b

Since f is continuous on [a, b], it follows that g is continuous on [a, b].

Since g is continuous and [a, b] is compact by the Heine-Borel Theorem
(Theorem [3.2.9)), g([a,b]) = f([a,b]) is compact by the Topological Extreme
Value Theorem. Hence f([a,b]) is closed and bounded by the Heine-Borel
Theorem (Theorem [3.2.9)).

To show the existence of the point z1, note since f([a,b]) is bounded that
a = glb(f([a,b])) is well-defined. By the definition of «a, for each n € N there
exists a y, € [a, b] such that

1
OéSf(yn)<a+E-

Hence lim;,_,~ f(yn) = « by the Squeeze Theorem.

By the Bolzano-Weierstrass Theorem (Theorem there exists a
subsequence (Yn, )k>1 of (Yn)n>1 that converges to some number z; € [a, b]
(i.e. [a,b] is sequentially compact). Since f is continuous on [a, b],

flan) = lim fly,) = o

Hence f(z1) < f(x) for all x € [a,b] by the definition of the greatest lower
bound.

Similar arguments show that if and 5 = lub(f([a,b])), then there exists
an xg € [a,b] such that f(xe) = f. Hence f(z) < f(x2) for all z € [a, b] by
the definition of 8. Thus the proof is complete. ]

Of course, the Extreme Value Theorem says that maximum and minimum
are obtain, but provides no method for computing them. How can we compute
these maxima and minima?

©For use through and only available at pskoufra.info.yorku.ca.



134 CHAPTER 4. CONTINUITY

©For use through and only available at pskoufra.info.yorku.ca.



Chapter 5

Differentiation

With the above study of continuity, we turn our attention to studying
another important concept in calculus: differentiation. Constructed to be an
approximation to the slope of the tangent line of the graph of a function at a
point, derivatives are essential to studying the rate of changes of dynamical
systems. In addition, derivatives provide answers to our outstanding questions
from Chapter 4l In particular, provided the derivatives exists, we will obtain
a method to compute the maxima and minima of continuous functions on
closed intervals and be able to show functions are increasing or decreasing
on intervals thereby obtaining that their inverse functions are continuous.
Moreover, we will be able to complete our third ‘value’ theorem thereby
assembling the full Triforce. This will enable us to prove a useful theorem to
aid in computing the limits of functions and aid in approximating functions
with polynomials.

5.1 The Derivative

To begin our study of the theory of differentiation, as always we require a
formal definition of the derivative and need to derive the basic properties of
the derivative.

5.1.1 Definition of a Derivative

Given an open interval I, an a € I, and function f : I — R, we desire the
derivative of f at a to be the slope of the tangent line of the graph of f at a.
As an approximation to the slope, we can pick any point « € I and compute
the slope of the line from (z, f(x)) to (a, f(«)); namely

f@) = f0)

As z gets closer and closer to «, the slope of the line from (z, f(x)) to
(a, f(«)) should better and better approximate the slope of the tangent line

135
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to f at a. In particular, these slopes better and better approximating the
instantaneous rate of change of f at a.

To make the definition of the derivative precise, we simply need to use
our formal definition of the limit of a function. To do so, we note the above
slope expression is not defined at x = «, which is fine in our definition of a
limit as discussed in Remark

Definition 5.1.1. Let I be an open interval, let o € I, and let f: I — R.
It is said that f is differentiable at « if

i @) = (@)

T—Q xr— o

exists. If f is differentiable at «, we denote the above limit by f’(«).

If f is differentiable at each point z in I, then the function f': I — R
whose value at x is f'(x) is called the derivative of f on I.

Remark 5.1.2. There is another way to formally define the derivative of
a function f at a. Indeed, if x is tending to «, then z — a tends to 0.
Substituting h = x — a;, we see x = a + h so

o F@ = 1) L fa+h) -~ o)

T Tr— h—0 h

This alternate formulation of the derivative is often useful for computations.

Luckily many of the functions we naturally consider on the real line are
differentiable.

Example 5.1.3. Let ¢ € R and let f : R — R be defined by f(x) = ¢ for all
z € R. We claim that f is differentiable on R and f/(z) = 0 for all x € R.
To see this, notice for all o € R that

limM:lim S = lim 0 = 0.
T—Q €r— r—a r — T—Q

Hence f’(«) exists for all « € R and f'(a) = 0 as desired.

Example 5.1.4. Let n € N and let f: R — R be defined by f(z) = z" for
all z € R. We claim that f is differentiable on R and f’(z) = nz"~! for all
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x € R. To see this, notice for all o € R that

lim
h—0 h
) h+a)* —a”

= lim ( )

h—0 h

1 n L
_1: k n—k n by the Binomial Theorem
- }ILIL% E Z k h*a - (Theorem [1.1.8)
k=0

k=1
Yy p-1 . k—1
= « as lim h =0forall k >1
1 h—0
— nanfl

Hence f/(a) exists for all @ € R and f'(a) = na™! as desired.
Of course, not all nice functions are differentiable at every point.

Example 5.1.5. Let f : R — R be defined by f(z) = |z| for all x € R.
Since f(x) = x for all > 0, it follows that f’(z) = 1 if x > 0. Similarly,
since f(x) = —z if z <0, it follows that f'(z) = —1if z <O0.

However f is not differentiable at 0. Indeed

lim M = lim ﬁ -1
h—0+ h h—0+ h
whereas
lim M — lim ;h - _1.
h—0— h h—0— h
i J(h)—1(0) : : . .
Thus limy_,q 5 does not exist. Hence f is not differentiable at 0.

Remark 5.1.6. Of course, students will recall from their previous calculus

courses that if we define f,g,h : R — R by f(z) = sin(x), g(z) = cos(x),

and h(z) = e® for all x € R, then f, g, and h are all differentiable on R with
f'(x) = cos(x), g (z) = —sin(z), and h'(z) = e”.

The question is, how do we show this?
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Recall the best way to define the above functions is with series

sin(z) = 3:0 m952 +1
cos(zx) = 3 (_1)nx2"
@)= 2 5
> 1
e’ = E Ea:”

n=0

If one verifies we can “take the derivative term by term" in the above series,
then we will have the above formulae for the derivatives. However, the
discussion why this can be done is more appropriately placed in MATH
3001 (Series of Functions). Consequently, we will assume throughout the
remainder of the course that sin(x),cos(z), and e* are differentiable on R
with the above derivatives.

Of course, the reason we have discussed differentiable functions after
continuous functions is that the differentiable functions are a subset of the
continuous functions.

Theorem 5.1.7. Let I be an open interval, let o € I, and let f: I — R. If
f is differentiable at o, then f is continuous at a.

Proof. Assume that f/(«) exists. Therefore lim,_ ., w exists. Since

lim,_,,x — a = 0 and since

@) - 5y = (B2 )

r—«

we obtain that lim,_,, f(z) — f(«) exists by Theorem [4.1.19 and

lim f(z) — f(a) = (lim JM) (lim xr — a) = ()0 = 0.

r—a r—a T — « r—a
Hence lim,_,o f(z) = f(a) so f is continuous at . N

Remark 5.1.8. Consequently, as Chapter 4] demonstrated a plethora of
functions that were not continuous at points, there are many examples of
functions that are not differentiable at points. However, note that continuity
does not imply differentiability. Indeed the absolute value function is con-
tinuous on R but not differentiable at 0 by Example In fact, there
a collection of functions that are continuous on R but not differentiable at
any point in the real numbers! Said functions are constructed via series of
functions and thus are more naturally examined in MATH 3001 (Series of
Functions).
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5.1.2 Rules of Differentiation

With our formal definition of the derivative of a function, we can again
build up knowledge of how differentiability behaves with respect to various
operations. We begin with the

Proposition 5.1.9. Let I be an open interval, let « € I, and let f: 1 — R
be differentiable at o. For each constant ¢ € R the function cf : I — R
defined via (cf)(x) = cf(x) for all x € I is differentiable at o and

(cf) (@) = cf'(a).
Proof. Since

(cf)(z) = (cf)(a) c(f(z) = f(a))

lim = lim
T Tr— « T—o r—«
o fl@) = fla)
= thif% ﬁ by Theorem
= cf'(a),
the proof is complete. ]

Proposition 5.1.10. Let I be an open interval, let o € I, and let f,g :
I — R be differentiable at . The function f + g : I — R defined via
(f+9)(z) = f(x)+ g(x) for all x € I is differentiable at o and

(f +9) (@) = f'(a) + ¢ ().
Proof. Since

i 9@ = (FH9)@) _ L f@) = fa) | g@) - gla)

T—o €T — Q T— r — r—
= f'(a) +g'(a)
by by Theorem [£.1.19] the proof is complete. "

Example 5.1.11. For n € N and ag,a1,...,a, € R, let p : R — R be
defined by
p(z) = apz™ + an_12" P Farx + ag

for all x € R. By Examples [5.1.3 and [5.1.4] together with Propositions [5.1.9]
and [5.1.10} it follows that p is differentiable on R and

P (z) =naz" 4+ (n— Dap_12" 2+ +a; +0
for all x € R.

The ability to take derivatives of products is slightly more delicate.
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Proposition 5.1.12 (Product Rule). Let I be an open interval, let o € I,
and let f,g: I — R be differentiable at . The function fg:1 — R defined
via (fg)(xz) = f(x)g(z) for all x € I is differentiable at o and

(f9)'(@) = f'(@)g(e) + f(a)g'(a).
Proof. To begin, notice for x € R\ {a} that
(f9)(z) — (f9)(@) _ f(x)g(x) — fa)g(a)

_ f@)g(@) — f(2)g(e) | flx)g(e) = f(e)g(a)
r—a T —a
_ f(w)g(ﬂf:z:i(a) o )f(xgzii(a)
Since f’(a) exists, f is continuous at « by Theorem Therefore

lim, o f(z) = f(a). Since ¢'(a) = limxﬁa%, we obtain by The-

orem 4.1.19| that

tim 722 (g ) (i L1 < g )
Since Theorem also implies that
tim gfe) D =IO gy iy T 2O ) 100,
we obtain by Theorem that
ti SIDZUIDO) _ 0) t0) 1 () /()
thereby completing the proof. n

Example 5.1.13. Using the Product Rule, it follows that the function
f:R — R defined by f(x) = xsin(x) for all = € R is differentiable on R and

f(x) = (1)sin(x) + z(cos(z)) = sin(z) + x cos(x)
for all z € R.

Remark 5.1.14. Note the product rule can be extended to an product
of a finite number of differentiable functions. Indeed if f, g, and h are all
differentiable at «, then

(fgh) (@) = f(a)(gh)() + f(a)(gh) ()
= fl(a)g(a)h(a) + f(e)(g' (@)h(a) + g(a)h'(a)
= f(@)g(a)h(a) + f()g' (@)h(a) + f(a)g(e) (a)
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More generally, by the Principle of Mathematical Induction, it can be shown
that if fi,..., f,, are all differentiable at «, then f;--- f,, is differentiable at
o with

(fr- f) () = Zn: fila) -+ fima(@) fj(@) fi+a(@) - fula).
j=1

In particular, since the derivative of = is easily seen to be 1, we can use this
generalized product rule to obtain that the derivative of ™ is nz™ ! thereby
bypassing the need to know the Binomial Theorem in Example [5.1.4]

To derive our next rule invoking quotients of functions, we begin with a
subcase.

Lemma 5.1.15. Let I be an open interval, let « € I, and let f : I — R
be differentiable at o. If f(a) # 0, the function h : I — R defined via

h(z) = ﬁ is differentiable at o and

Proof. To begin, first note that the assumption that f(a) # 0 does not imply
that h is well-defined on all of I. However, since f’(«) exists, f is continuous
at a by Theorem [5.1.7, Hence Lemma [4.4.1| implies there exists an open
interval J such that o € J and f(x) # 0 for all x € J. Therefore h: J — R
is well-defined so it makes sense to discuss whether h/(a) exists (i.e. see

Definition [5.1.1)).

To show that h is differentiable at «, note for all € J that

hz) —h(e) 7@ ~ Fl@
r—a -«
fla)—f(z)
_ _f@)f@)
 r—a
f(z) = f(o)

@ fla)@—a)

Since f'(«) exists, f is continuous at a by Theorem Therefore

limg o f(z) = f(a). Moreover, since f(a) # 0, we have that limg_,, % =

ﬁ by Theorem |4.1.19, Hence Theorem {4.1.19| implies that

M = (o ) (7

LU (U e e
= a7 (i) 0 @) =~y

as desired. ]
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Combining Lemma [5.1.15] with the Product Rule, we obtain the following.

Proposition 5.1.16 (Quotient Rule). Let I be an open interval, let o € I,
and let f,g : I — R be differentiable at .. If g(a) # 0, the function h defined
via h(z) = L@ s differentiable at o and

— g(2)
f(a)g(e) — fla)g'(a)
(9())? '

Proof. By the same argument as used in Lemma h is well-defined on
an open interval containing « so it makes sense to discuss the derivative of h
at a. Moreover, by Lemma [5.1.15| and Proposition [5.1.12] we obtain that
h(z) is differentiable at « and

o L d@) ) Fa)gla) ~ fla)g/(e)
h“”‘f(bmy+“)<<mwﬂ> (g(@)?

as desired. [

b (o) =

Example 5.1.17. Recall the tangent function h : (=%, %) — R is defined
by

sin(x)

h(z) = tan(x) = cos()

for all z € (—%,%). By the Quotient Rule, it follows that h is differentiable

on (—%,%) and
W () = (sin(:c))'

cos(x)

cos(z) cos(x) — sin(x)(—sin(z))

cos?(z)
R S
= ol(@) sec” ()

The final differentiation rule of this section, the Chain Rule, is likely
very familiar to those that have studied Calculus. The Chain Rule allows
one to compute the derivative of the composition of functions, provided
the composition makes sense and derivatives exist. However, many “proofs"
of the Chain Rule seen in elementary calculus have a large flaw in them.
Specifically, to show that go f is differentiable at «, these flawed proofs write

9(f(@)) —g(f(@)) _ 9(f(2)) — g(f(a)) f(z) = fla)

i—a  f@-fla) a-a
Of course, this does not make sense or work if there does not exists an open
interval containing « for which f(x) # f(«) as we cannot divide by 0. Even
if one attempts to say that if f(z) = f(«) then g(f(z)) — g(f(a)) = 0, one
runs into issues. To demonstrate that such problematic f exist, we note the
following example.
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Example 5.1.18. Let f: R — R be defined by

)0 ifx=0
J(@) = m%in(%) ifz#£0

Notice that lim, o # =0 and f (#) = 0 for all n € N. Hence f has
a sequence of zeros that tend to 0. Even with this, we claim that f is
differentiable at 0. To see this, notice for all x € R\ {0} that

f(x; - gm) v 2 (_13 e (1) .

1
sin <)‘ <1
T

for all z € R\ {0}, it follows that

’f(w)—f(o)’
z—0

Since

—Ja] < < la]

for all x € R\ {0}. Therefore, since lim,_,o|z| = 0 by Example the
Squeeze Theorem for Functions (Theorem [4.1.23]) implies that

RO
z—0 z—0
Hence f is differentiable at 0 with f/(0) = 0.

In order to rigorously prove the Chain Rule, we begin with the following
which yields an alternate definition for the derivative of a function.

Theorem 5.1.19 (Carathéodory’s Theorem). Let I be an open interval,
let o € I, andlet f: 1 — R. Then f is differentiable at o if and only if
there exists a function ¢ : I — R such that ¢ is continuous at o and

f(@) = f(a) + ¢(z)(z — a)
for all x € I. Moreover f'(a) = ().

Proof. To begin, assume ¢ : I — R is continuous at o and

f(@) = fla) + p(z)(z —a)
for all x € I. To see that f is differentiable at «, notice if x € I\ {a} then

f@) = fle) _pla)e—a) _

r—« r—«
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Therefore since ¢ is continuous at «, we obtain that

lim J@) = J@) = lim p(z) = p(a).

T—Q €T — T—a

Hence f is differentiable at a with f'(a) = p(«).
To prove the other direction, assume that f is differentiable at . Define
p: 1 —Rby

for all z € I. Clearly f(z) = f(a) + ¢(z)(x — «) for all x € I. Moreover,

e f(z) = f(a)
. T xr) — (0% gt _
%1_)1% o(zr) = %l_r}(lx o fa) = ¢(a),
 is continuous at « as desired. ]

Using Carathéodory’s Theorem, the Chain Rule follows without much
issue.

Theorem 5.1.20 (Chain Rule). Let I and J be open intervals, let g :
J =R, and let f: I — R be such that f(I) C J. Suppose that « € I, f is
differentiable at o, and g is differentiable at f(c). Then go f : I — R is
differentiable at o and

(g0 f)(a) =g (f(a)f' ().

Proof. By Carathéodory’s Theorem (Theorem [5.1.19)) there exists functions
w: 1 —Randy:J — R such that

« ( is continuous at a,
e f(z) = f(e) + p(z)(z —a) forall z € 1,
. [(a) = pla),
« ¢ is continuous at f(a),
e 9(@) = g(f(a) + ¥(@)(x — f(a)) for all z € J, and
. 9(f(@) = (f(a)).
Therefore
9(f(@)) - 9(J(@)) = B(f@)(f(2) — f() = v(f@)p(@)( - a).

Since f is differentiable at o and thus continuous at a by Theorem [5.1.7]
and since ¢ is continuous at f(«), ¥ o f is continuous at o by Theorem
Therefore, since ¢ is continuous at «, the function h : I — R
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defined by h(z) = ¥(f(x))p(z) for all x € I is continuous at a. Since

g(f(z)) = g(f(a)) + h(z)(z — a), Carathéodory’s Theorem (Theorem [5.1.19))
implies that that g o f is differentiable at o with derivative

as desired. ]

Example 5.1.21. Define f : R — R by f(x) = cos(z3). By the Chain Rule,
f is differentiable on R with

F() = (~sin(a®))(32%).

5.2 Derivatives and Extreme Values of Functions

With the above study of the differentiation, we can turn our attention to
resolving some outstanding questions from Chapter [ In this section we will
focus on a method for locating the extreme values of a continuous functions,
whose existence is guaranteed by the Extreme Value Theorem (Theorem
. Of course, the results of this section only apply to differentiable
functions, but most functions one wants to compute the extreme values of
are differentiable.

Of course, since students have already taken MATH 1300 and know how
to compute extreme values via derivatives, we will focus on verifying the
results students have already been using oppose to repeating the common
examples and procedures.

To discuss the computation of extreme values, it is first useful to identify
various types of extreme values.

Definition 5.2.1. Let I be an interval and let f : I — R. It is said that f
has a

o global mazimum at c if f(x) < f(c) for all x € I.
o global minimum at c if f(x) > f(c) for all z € I.

e local maximum at c if there exists an open interval J C I such that
ce Jand f(x) < f(e) for all z € J.

e local minimum at c if there exists an open interval J C I such that
ce Jand f(x) > f(c) for all x € J.

Recall continuous functions on closed intervals automatically have a
global maximum and a global minimum by the Extreme Value Theorem
(Theorem . In order to locate these points, there is a simple method if
the function is differentiable.
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Proposition 5.2.2. Let I be an interval and let f : I — R. If f has a local
mazimum or local minimum at ¢ € I and if f'(c) exists, then f'(c) = 0.

Proof. Assume that f has a local maximum or local minimum at ¢ € I and
if f’(c) exists. We will only prove that f/(¢) = 0 in the case that f has a
local maximum at ¢ as the proof when f has a local minimum at c¢ is similar.
Since f has a local maximum at ¢, there exists an open interval J C [
such that ¢ € J and f(z) < f(c) for all z € J. If x € J and x > ¢, then

f@) -1

as both the numerator and denominator are positive. Therefore, as J is an
open interval containing c,

@) -1

f'(c) = lim

T—ct T —c

Similarly, if z € J and « < ¢, then

f(x) = f(c)

Tr —cC

<0

as the numerator is positive whereas the denominator is negative. Therefore,
as J is an open interval containing c,

) — i 1) =1

T—c— T —cC

<0.

Hence the above inequalities show 0 < f’(¢) < 0 and thus f'(¢) = 0 as
desired. [

Of course, students learned in MATH 1300 various tests for determining
whether a critical point ¢ where f/'(¢) = 0 is a local maxima, minima, or
neither. To demonstrate the validity of such tests, we need another theoretical
tool.

5.3 The Mean Value Theorem

The main theoretical tool to obtain not only the extreme value differentiation
tests and many other results in this chapter is our third and final piece of
the Triforce (i.e. our third ‘value’ theorem). This final essential theorem is
motivated by the following problem: Suppose one drove from York University
to the University of Waterloo in 45 minutes. Note said drive is 66 miles.
Thus this person averaged 88 miles per hour. How can we prove that at
some point in the journey the driver hit 88 miles per hour (and thus saw
some serious shit)?
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Of course there are some natural assumptions we must make. For example,
we must assume that distance is a function of time (no time travel) and that
distance is a continuous function of time (no teleporters). Moreover, to be
able to measure the speed of the vehicle at any instant in time, we must
make the assumption that the distance function must be differentiable.

Our theorem (Theorem will demonstrate that there must be a
point where the instantaneous speed of the vehicle is the average (or mean)
value of the speed; namely 88 miles per hour in this case. Consequently, at
some point in the journey, the driver saw some serious shit.

To prove the said theorem, we start with a lemma that is easier to prove
and will enable us to prove the desired theorem via a simple translation.
Moreover, we introduce the following terminology to simplify our assumptions.

Definition 5.3.1. Let a,b € R be such that a < b. A function f : (a,b) - R
is said to be differentiable on (a,b) if f is differentiable at each point in (a, b).
A function f : [a,b] — R is said to be differentiable on [a,b] if f is continuous
on [a,b] and differentiable on (a,b).

Lemma 5.3.2 (Rolle’s Theorem). If f : [a,b] — R is differentiable on
[a,b] and f(a) = f(b) =0, then there exists a ¢ € (a,b) such that f'(c) = 0.

Proof. Let f : [a,b] — R be differentiable on [a,b] with the property that
f(a) = f(b) = 0. To demonstrate that there exists a ¢ € (a,b) so that
f'(¢) =0, we divide the proof into three cases.

Case 1: f(z) =0 for all z € (a,b). Clearly f'(x) =0 for all = € (a,b) by
Example [5.1.3] Hence any ¢ € (a,b) has the property that f'(c) = 0.

Case 2: There is an ¢ € (a,b) with f(z¢) > 0. By the Extreme Value
Theorem (Theorem [4.6.2)) there exists an ¢ € [a,b] such that f(c) > f(x) for
all © € [a,b]. Thus f(c) > f(zo) > 0so ¢ # a,b. Since f(c) > f(z) for all
x € [a,b], ¢ must be a local maximum of f on (a,b) and thus f’(c) = 0 by
Proposition

Case 3: There is an z¢ € (a,b) with f(z9) < 0. By the Extreme Value
Theorem [4.6.2| there exists an ¢ € [a, b] such that f(c) < f(z) for all x € [a, b].
Thus f(c) < f(zo) < 0so ¢ # a,b. Since f(c) < f(z) for all z € [a,b], c must
be a local minimum of f on (a,b) and thus f’(¢) = 0 by Proposition

As the above three cases cover all possibilities, the result follows. ]

Using a simple translation trick together with Rolle’s Theorem, we obtain
the full Triforce.

Theorem 5.3.3 (Mean Value Theorem). If f : [a,b] — R is differentiable
on [a,b], then there exists a ¢ € (a,b) such that
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Proof. Let f:[a,b] — R be differentiable on [a,b]. Define g : [a,b] — R by

o(@) = f@) — fla) - T )
for all € [a,b]. Clearly g is continuous on [a, b] and differentiable on (a,b)
with
g'(x) = f(z) - f(bl)) — Z(a)
Notice that
g(a) = fa) — §(@) - LO LD o) =

e ) - )
— f(a
g9(b) :f(b)—f(a)—ﬁ(b—a) = 0.
Hence Rolle’s Theorem (Lemma [5.3.2) implies that there exists a ¢ € (a,b)
such that ¢’'(c¢) = 0. Therefore

f(b) = f(a)

0=fie) -1

so the result follows. n

Now that our Triforce is complete, any result we wish to prove is ours!
Kidding aside, the remainder of this chapter will consist of using the
Mean Value Theorem to obtain additional powerful results.

Remark 5.3.4. Note that the conclusions of the Mean Value Theorem can
fail even if f is not differentiable at a single point. Indeed if f: [-1,1] - R
is defined by f(z) = |z|, then f is continuous on [—1,1] and differentiable
on (—1,1) \ {0}. However there is no point ¢ € (—1,1) such that f'(c) =

FM=f(=1) _ 1-1 _
(1)_(_(1))_%_0_

5.4 The First Derivative Test

Returning to the discussion of maxima and minima of functions, our first
application of the Mean Value Theorem is the proof of the elementary result
from calculus that enables one to determine whether a critical point of a
differentiable function is a local maxima or a local minima.

Theorem 5.4.1 (First Derivative Test). Let f : (a,b) — R be differen-
tiable on (a,b). Suppose c € (a,b) has the property that there exists a 6 > 0
such that

o f/(x) exists and f'(x) > 0 for all x € (¢,c+ ) C (a,b), and
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o f'(x) exists and f'(z) <0 for all x € (¢ — 6,¢) C (a,b).

Then f has a local minimum at c.
Similarly, suppose ¢ € (a,b) has the property that there exists a 6 > 0
such that

o f/(z) exists and f'(x) <O for all x € (¢,c+9) C (a,b), and
o f/(z) exists and f'(x) > 0 for all x € (¢ —d,¢) C (a,b).
Then f has a local maximum at c.

Proof. Let f : (a,b) — R be differentiable on (a,b). Assume c € (a,b) has
the property that there exists a § > 0 such that

o f'(x) exists and f'(x) > 0 for all z € (¢,c+ 9), and
o f/(z) exists and f'(z) < 0 for all z € (¢ — 4, ¢).

To see that f has a local minimum at ¢, first let € (¢,c+§) C (a,b) be
arbitrary. Since f is continuous on [c,z] and differentiable on (c,z), the
Mean Value Theorem (Theorem [5.3.3|) implies there exists a d € (¢, z) such

e (@)~ 50

x) — f(c

fild) = —=————.

r—c
Since d € (¢,c + 9), we have by assumption that f’(d) > 0. Hence the
above equation implies f(x) > f(c¢) for all z € (¢,c+ §). Similarly, let
z € (¢c—46,¢) C (a,b) be arbitrary. Since f is continuous on [z,c] and
differentiable on (z,¢), the Mean Value Theorem (Theorem [5.3.3)) implies
there exists a d € (x, ¢) such that

Since d € (¢ — 4, ¢), we have by assumption that f/(d) < 0. Hence the above
equation implies f(z) > f(c) for all z € (¢ — J,c). Therefore, f has a local
minimum at ¢ by definition.

The proof of the second portion of this result is similar to the first. m

5.5 The Inverse Function Theorem

For our next application of the Mean Value Theorem, we can return to our
question of demonstrating the functions from Example are increasing
or decreasing on the intervals of definition and thus are invertible with
continuous inverses. To do so, we will demonstrate a connection between
increasing and decreasing differentiable functions and the values of their
derivatives. We will also prove the Inverse Function Theorem which will show
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that the inverse of differentiable functions are differentiable and permit the
computation of their derivatives. Although the proof of the Inverse Function
Theorem does not require the Mean Value Theorem, it is included here being
its most natural place in the course.

To use the Mean Value Theorem to determine when functions are increas-
ing or decreasing via their derivatives is an easy task.

Theorem 5.5.1 (Increasing Function Theorem). Let f : [a,b] — R be
differentiable on [a,b]. If f'(x) > 0 for all x € (a,b), then f is non-decreasing
on |a,b]. Similarly, if f'(x) > 0 for all x € (a,b), then f is increasing on
[a, 0]

Proof. Let f : [a,b] — R be differentiable on [a,b]. Assume f'(z) > 0 for
all z € (a,b). To see that f is non-decreasing on [a, b, let x1,x2 € [a, b] be
such that x; < x9. Since f is continuous on [z1,z2] and differentiable on
(x1,x2), the Mean Value Theorem (Theorem [5.3.3)) implies that there exists
a ¢ € (x1,x2) such that
f(x2) — f(x1
Tro — I

By the assumptions on f, f'(¢) > 0. Therefore, since 21 < x2, we must have
that

flaz) = fz1) = f(e)(22 —21) 2 0
Hence f must be non-decreasing on [a, b] as desired.

The proof in the case that f'(z) > 0 for all z € (a,b) follows by replacing
‘>’ with ‘>’ in the above proof. [

A similar proof shows the following.

Theorem 5.5.2 (Decreasing Function Theorem). Let f : [a,b] — R be
differentiable on [a,b]. If f'(x) <0 for all z € (a,b), then f is non-increasing
on [a,b]. Similarly, if f'(x) <0 for all x € (a,b), then f is decreasing on
[a, b].

Before we return to the functions in Example to show the functions
are indeed increasing or decreasing on their domains and thus define invertible
functions with continuous inverses, we will demonstrate the following useful
theorem which both implies the inverse functions are differentiable and
enables the computation of their derivatives.

Theorem 5.5.3 (Inverse Function Theorem). Let I be an interval, let
f: 1 — R be injective and continuous, and let g : f(I) — I be the inverse of
f on its image. If c € I is not an endpoint of I and f is differentiable at ¢
with f'(c) # 0, then g is differentiable at f(c) and

, 1
g (f(C)) - f/(C)
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Proof. First, since f is injective and continuous, f(I) is an interval and g is

continuous on f(I) by Corollary Moreover, Proposition implies
f is increasing or decreasing on I so that f(c) is not an endpoint of f(I).

Hence it makes sense to consider the derivative of g at f(c).
To see that g is differentiable at f(c) and that ¢'(f(c)) = f%(c)’ we must

show that
L 9@ —g(f(0) 1
w—fe)  x— f(c) f'(e)’

To see this, we will invoke the Sequential Characterization of the Limit

(Theorem [4.1.16)).

Assume (xy,)p>1 is a sequence such that x,, € f(I)\ {f(c)} for all n € N
and lim, 00 x,, = f(c). Let y, = g(xy,) € I for all n € N. Since lim,,_,o0 zp, =
f(c) and since g is continuous at f(c), we obtain that

lim y, = lim g(z,) = g(f(c)) = c.

n—00 n

Since f(yn) = x, # f(c) and since f is injective, y, # ¢ for all n € N.

Therefore

glan) —g(f(c)) _  gp—c 1

zy — f(c) flyn) — flc)  Ln)=f()
Yn—C

for all n € N. Hence, since f'(c) exists and f/(c) # 0, we have that

_glzn) —g(f() _ . 1

nh~>nc}o Ty — f(c) o nh~>nolo flyn)=f(c) — f/(C)
Yn—C

by Theorem [4.1.19| Therefore, since (x,,),>1 was arbitrary, we obtain that

g'(f(c)) exists and equals f%(c) by Sequential Characterization of the Limit

(Theorem |4.1.16]). ]

With the Inverse Function Theorem in hand, we can return to Example
to demonstrate said functions are invertible, with continuous differ-
entiable inverses. In particular, the following examples show the plethora
of results we required to demonstrate these inverse functions exist, are
continuous, and are differentiable!

Example 5.5.4. For each n € N, let f,, : [0,00) — [0,00) be defined by
fn(z) = 2% for all x € [0,00). Since f, is a polynomial, f,, is continuous on
[0,00) and differentiable on (0, c0).

Notice by Example [5.1.4] that
fi(z) =2n2z*""1 >0

n

for all x € (0,00). Hence the Increasing Function Theorem (Theorem [5.5.1))
implies that f,, is increasing on [0, b] for all b > 0 and thus f,, is increasing on
[0, 00). Therefore, since f,(0) = 0 and limg_,o fn(z) = 00, the Intermediate
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Value Theorem implies that the range of f,, is [0, 00). Moreover f, is injective
by Proposition and thus f,,; ! :[0,00) — [0, 00) exists and is continuous
by Corollary

Since f] (x) # 0 for all = € (0, 00), the Inverse Function Theorem (Theo-
rem implies that f,! is differentiable on (0, c0) and

1 1 c

() (@) =

— fi(e) T 2nen 1 T 2pen

for all ¢ € (0,00). Therefore, by letting = ¢®" = f,(c), we see that

c “l(z
UitV ) = 5oy = 2 )

C 2ne?m 2

for all z € (0, 00).
For z € [0,00), we call f; () the 2n'"-root of x and write f, '(z) = X/z.
Thus the derivative of the 2n'"-root functions is

1% 1 Fa 11

Cowm(xm)T ()

(just as one would expect from Calculus).

(fa!)'(2)

Example 5.5.5. For each n € N, let g, : R — R be defined by g, (z) = 2?**!
for all x € R. Since g, is a polynomial, g,, is continuous on R and differentiable
on R.

Notice by Example that
g (z) = (2n + 1)z™

for all € R. Since g¢/,(z) > 0 for all z € R\ {0}, the Increasing Function
Theorem (Theorem [5.5.1)) implies that g, is increasing on [0, b] and [—b, 0] for
all b > 0 and thus g, is increasing on R. Therefore, since lim,_,o gn(z) = 00
and lim,_, o gn(x) = —o0, the Intermediate Value Theorem implies that
the range of g, is R. Moreover g, is injective by Proposition [£.5.2) and thus
g, } R — R exists and is continuous by Corollary

Since g/, (x) # 0 for all x € R\ {0}, the Inverse Function Theorem
(Theorem implies that g, ! is differentiable on R\ {0} and

1 1 c

(97 () = g(©)  @n+ L)~ (2n+ 1)l

for all ¢ € R\ {0}. Therefore, by letting z = ¢>"*! = g, (c), we see that

RV c B 9n ' (2)
(fgnl) (.1‘) - <2n+ 1)C2n+1 - (Qn—i- 1)3?

for all z € R\ {0}.
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For z € R, we call g, 1(x) the (2n + 1)s*-root of x and write g, '(z) =
2tl/x. Thus the derivative of the (2n + 1)%*-root functions is

1 »a 1 2/ 1 1

(951),@) = = n+1 2n
2n+1 = 2n+1 (/) 2n+1 (2 /7)

(just as one would expect from Calculus).

Example 5.5.6. Let h: R — R be defined by h(z) = e for all x € R. In
MATH 3001, it will be show that e* > 0 forall z € R, e™* = e% for all z € R,
h is continuous, and h is differentiable on R with

h'(x) =e” >0

for all z € R.

By the Increasing Function Theorem (Theorem , h is increasing
on [—b,b] for all b > 0 and thus h is increasing on R. Therefore, since it
can be shown in MATH 3001 that lim,_,« h(z) = oo and since e~ * = % for
all z € R implies that lim,_,_~ h(z) = 0, the Intermediate Value Theorem
implies that the range of h is (0,00). Moreover h is injective by Proposition
and thus h~! : (0,00) — (0, 00) exists and is continuous by Corollary

Since h'(z) # 0 for all x € R, the Inverse Function Theorem (Theorem
implies that h~! is differentiable on (0, 00) and

for all x € (0,00).
For z € (0,00), we call h~1(z) the natural logarithm of x and write
h~!(x) = In(z). Thus
1
In) (z) = —
() (2) = 1

(just as one would expect from Calculus).

Example 5.5.7. Let c¢: [0, 7] — [—1,1] be defined by ¢(z) = cos(z) for all
x € [0,7]. In MATH 3001, it will be show that c is differentiable on [0, 7]
with

d(z) = —sin(z) <0

for all z € (0,7).
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By the Decreasing Function Theorem (Theorem , ¢ is decreasing
on (0, 7). Therefore, since ¢(0) =1 and ¢(7) = —1, the Intermediate Value
Theorem implies that the range of ¢ is [—1,1]. Moreover c is injective by
Proposition and thus ¢! : [~1,1] — [0, 1] exists and is continuous by
Corollary

Since ¢/(x) # 0 for all z € (0,7), the Inverse Function Theorem (Theorem
implies that ¢! is differentiable on (—1,1) and

Y (cos = 1 = L
() eos®)) = 505 = Zsinrg)

for all y € (0, 7). Therefore, by letting x = cos(y),

1
V1—x2

where we have used the following triangle:

(1) (@) = -

V1—2z2

X

For z € [~1,1], we call ¢~ () the arccosine of x and write ¢~ !(z) =

arccos(z). Thus
1

V1—22

(arccos)(z) = —
(just as one would expect from Calculus).

Example 5.5.8. Let s: [—5, 7] — [—1,1] be defined by s(x) = sin(x) for

all z € [-%,%]. In MATH 3001, it will be show that s is differentiable on
(75, %] with

s'(z) = cos(z) > 0

for all z € (-3, %).

By the Increasing Function Theorem (Theorem , s is increasing on
[—7%,%]. Therefore, since s (—%) = —1 and s (§) = 1, the Intermediate Value
Theorem implies that the range of s is [—1,1]. Moreover s is injective by

Proposition and thus s7!: [-1,1] — [—g, g] exists and is continuous
by Corollary [4.5.5]

Since s'(xz) # 0 for all z € (=%,7), the Inverse Function Theorem
(Theorem [5.5.3) implies that s~! is differentiable on (—1,1) and

g — L 1
Y60 = S5 = o)
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for all y € (=%, %). Therefore, by letting = = sin(y),

SN 1
(81)(x)_m

where we have used the following triangle:

V1—22

For x € [~1,1], we call s !(x) the arcsine of x and write s~!(z) =

arcsin(z). Thus
1

V1—22

(just as one would expect from Calculus).

Example 5.5.9. Let ¢ : (—5,%) — R be defined by t(z) = tan(x) for all

z € (—%5,%). Since t(x) = 22;((?) and cos(z) # 0 for all z € (=%, %), we see

by the Quotient Rule (Proposition [5.1.16) that ¢ is differentiable on (-7, )
with

(arcsin)’(z) =

P(r) = cos?(x) — sin(x)(— sin(z) _ 1 >0
cos?(x) cos?(x)
for all z € (—%,%).
By the Increasing Function Theorem (Theorem [5.5.1)), ¢ is increasing on
(=%.%)- Therefore, since lim,_,= t(x) = oo and lim,_, = t(z) = —oo, the
2 2

Intermediate Value Theorem implies that the range of ¢ is R. Moreover ¢
is injective by Proposition and thus t7' : R — (=%, Z) exists and is
continuous by Corollary

Since t'(z) # 0 for all € (—%,%), the Inverse Function Theorem
(Theorem implies that ¢~! is differentiable on R and

1
t_lltany = —— = cos? Y
(71 (tanly) = 75 = o)
for all y € (=%, %). Therefore, by letting x = tan(y),
1
t*l / —
) =y

where we have used the following triangle:

V1422 z
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For z € R, we call t~!(x) the arctangent of x and write t~1(z) = arctan(z).

Thus
1

1+ 22

(arctan)’(z) =

(just as one would expect from Calculus).

5.6 L’Hopital’s Rule

For our next application of the Mean Value Theorem (Theorem , we
will establish one of the most important techniques in Calculus for computing
limits of certain indeterminate forms: L’Hopital’s Rule. As students have
seen L’Hopital’s Rule in previous calculus courses, this section will focus on

its formal proof. To prove L’Ho6pital’s Rule, we need an enhancement of the
Mean Value Theorem (Theorem [5.3.3)).

Theorem 5.6.1 (Cauchy’s Mean Value Theorem). If f,g: [a,b] = R
are differentiable on [a,b] with ¢'(x) # 0 for all x € (a,b), then there exists a
c € (a,b) such that

) - fl@) _ 1

g9(b) —g(a)  g'(c)
(Note: When g(x) = x for all x € [a,b], this is precisely the Mean Value
Theorem.)

Proof. Similar to how the Mean Value Theorem (Theorem was proved
using Rolle’s Theorem (Lemma via the use of a particular function,
Cauchy’s Mean Value Theorem will be proved via Rolle’s Theorem (Lemma
via the use of a particular function.

To begin, note by the Mean Value Theorem (Theorem that there
exists a d € (a, b) such that

—a

Therefore, since ¢'(d) # 0, we obtain that g(b) — g(a) # 0.
Define h : [a,b] — R by

=~ (9(x) —g(a)) — f(z) + f(a)

for all z € [a,b]. Note that h makes sense as g(b) — g(a) # 0. Furthermore,
since f and g are differentiable on [a, b], we obtain that h is differentiable on
[a, b] with
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for all € (a,b). Moreover, notice that

o) = L =L ol0) ~ (@) ~ Fla) + (o) =0
whereas

_ SO = f@) vy — &) = (F(B)— f(a))— 4 —
h(b)—g(b)_g(a) (9(b)—g(a))—f(0)+ f(a) = (f(b)—f(a))—f(b)+f(a) = 0.

Hence by Rolle’s Theorem (Lemma [5.3.2)) or, alternatively, by the Mean
Value Theorem, there exists a ¢ € (a,b) such that h'(¢) = 0. Hence

f(b)_f(a) ! !
) =@’ (c) = f'(o).

Therefore, since ¢’'(c) # 0, we obtain that

0=

as desired. m

Using Cauchy’s Mean Value Theorem, we can present a formal proof
of I’Héspital’s Rule (which is commonly believed to be first proved by
Bernoulli).

Theorem 5.6.2 (L’Hopital’s Rule). Let a,b € R and let f,g: (a,b) - R
be differentiable on (a,b). Suppose g'(x) # 0 for all x € (a,b) and either

i) limy ot f(2) =limgyaq g(z) =0, or
i1) limg_q+ f(x) = limgy_yqy g(x) = £o0.
Then the following hold:

a) If limg_sq % =L eR, then limy_,q+ % = L.

Similarly, the result holds with a4+ exchanged with b—, oo, or —oo.

Proof. To begin the proof, we claim in all cases that there exists at most
one point z in (a,b) such that g(xz) = 0. To see this, notice for all z1,z9 €
(a,b) with x; < z2 that ¢ is continuous on [z1, z2] (by Theorem and
differentiable on (z1,z2). Hence the Mean Value Theorem (Theorem
implies there exists a d € (x1, z2) such that

g’(d) _ g(x2) — 9(1‘1)'

T2 — I
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As ¢/(d) # 0, we obtain that g(xz2) — g(z1) # 0. As this holds for all
x1,x2 € (a,b) with z1 < x9, there exists at most one point, say ~, in (a,b)
such that g(y) = 0.

To begin proving this result, we will begin with parts (a) and (b) in the
T — a+ setting.

Proof of (a); x — a+: To begin the proof of part (a), assume (i) or (ii)

holds and assume limg 4t f :(x) = L. Let ¢ > 0 be arbitrary. By the

g'(z)
definition of the limit, there exists a b’ € (a, b) such that
!
1
g'(x)

for all z € (a,V’). If 7 is the unique zero of g, we may assume that b’ < ~ by
decreasing b’ if necessary.

Let a and 3 be arbitrary numbers such that a < a < 8 < ¥'. Since f
and ¢ are continuous on [a, 3], differentiable on («, 8), and ¢'(z) # 0 for all
z € (a, B), Cauchy’s Mean Value Theorem (Theorem implies there
exists a cq 3 € (, ) such that

fleap) — f(B) = f(a)

g (cap)  9(B)—gla)

Hence, as ¢4 3 € (o, 8) C (a,b'), we obtain that

f,(caﬂ)

— L
g/(ca,ﬁ)

- se) ) _.

9(B8) — g(a)

for all « and 3 such that a < a < B < V.

To proceed, we will now need to divide the proof depending on whether
we have assumption (i) or assumption (ii)

Case 1: (i) holds. Since (i) holds, we know that lim,_.1 f(a) = 0 =
limy o+ g(«). Therefore, by fixing a 8 € (a,d’) and taking the limit of
a € (a, ) as a tends to a, we obtain since ¢g(/3) # 0 that

F8) _ o FB) - f(e)

9(B)  amat g(B) —g(a)’

Hence for all 3 € (a,b’) we have that

f) _ L‘ <e
9(B)
Since € > 0 was arbitrary, we obtain that
TGO
r—a+ g([]})
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as desired.
Case 2: (ii) holds. Since (ii) holds, we know that lim,_,,1 g(x) = %o0.
Since

fB) _ fle) 1

_ b _ f'(ca8)

= @) (9(B) — g( )g,(caﬁ)

_ g(ﬁ) f/(coc,ﬁ) . f (Ca 6)
9(@) g'(cap)  9'(Cap)

we obtain that

Hence
f(a) f'(cap) FB)| | 19(B) f'lcas
_ I _
okt Fleas) | ol |47 o
fB)|  |9B8)
<t s+ o+
for all 8 € (a,b’) and for all « € (a, 3). However, for any fixed 3, we know

since limgy_,q4 g(a) = £o0 that

a—a+

Hence there exists a § > 0 such that if a < o < a 4 9, then
f(ﬂ)‘ 'g(ﬁ)‘
o< T8+ [T Lo <e
o) " ga)| FH

Therefore, if a < o < a + §, we have that

(@)

A7 L‘ < 2.
g(a)

Since € > 0 was arbitrary, we obtain that
(x)

lim —= =
T—a+ g CL')

as desired. (Note the assumption that lim, .+ f(z) = oo was not needed
for this case to work.)

Hence, as the above two cases cover all possible cases, part (a) has been
demonstrated in the case that x — a+.
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Proof of (b); x — a+: To begin the proof of part (b), assume (i) or (ii)

holds and assume limg 4 % = oo as the proof when the limit is —oo is
similar. Let M > 0 be arbitrary. By the definition of the limit, there exists
a b € (a,b) such that

f'(z)

g'(x)
for all x € (a,b’). If v is the unique zero of g, we may assume that o’ < v by
decreasing b’ if necessary.

Let o and 3 be arbitrary numbers such that a < o < 8 < /. Since f
and g are continuous on [«, 3], differentiable on (a, ), and ¢'(z) # 0 for all
x € (a, B), Cauchy’s Mean Value Theorem (Theorem implies there
exists a co 3 € (a, ) such that

f'(cap) _ [(B) = fla)

g(cap)  9(B) —gla)

Hence, as cq 3 € (o, 3) C (a,b’), we obtain that

eag) _ 1B =) _

9'(cap)  9(B) —gla)
To proceed, we will now need to divide the proof depending on whether
we have assumption (i) or assumption (ii)
Case 1: (i) holds. Since (i) holds, we know that lim, .+ f(a) = 0 =
limy—at g(a). Therefore, by fixing a 8 € (a,b') and taking the limit of
a € (a, ) as a tends to a, we obtain since g(3) # 0 that

1B) _ . SB) ~ 1)

= lim .
9(B)  a=a+ g(B) — g(e)
Hence, for all 8 € (a,b’), we have that

10) 5 o

9(B) —

Since M > 0 was arbitrary, we obtain that

flz) _

r—a+ g(:p) o

as desired.
Case 2: (ii) holds. Since (ii) holds, we know that

lim f(z) = lim g(z) = toc.

T—a+ r—a+

In addition, we may repeat the computation in part (a) to obtain that

flo) _ fleap)  f(B) _ 9(B) f/(cas)

gla)  g'(cap)  gla) gla) g (cap)
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Thus

) 0], Sas) (1 9(0))
gla)  gla)  g'(cap) g9(a)/)”

Notice that as lim, 4+ f(z) = limy_q+ g(x) = £00, we obtain there exists

a 01 > 0 such that

G )
O Ol

whenever a < a < < a+01 (i.e. f(B), g(a), and g(3) must eventually all by
the same sign). Notice for all fixed 5 < a+d; that since limy_, 4+ g(z) = +00
we have that

lim @:O and lim ( —g(ﬁ))zl.

a—a+ g(a) a—a+ g(a)

Hence there exists a 0 < § < §; such that if a < a < a + d, then
f(B) M < g(ﬁ)) 1
= >—— and —= >
9(a) 4 9(a)

Therefore, if a < a < a + 9, we have that

10 _19), M) (,_90))

9(@)  g(@)  g'(cap g9(a)
M 1 M
T

5"

> 4 M- =
=Ty TG

Since M > 0 was arbitrary, we obtain that

flz) _

r—a+ g(:[;)

as desired.

The proof is nearly identical when we replace a+ with b— (change the role
of @ and (). To demonstrate what occurs when a+ is replaced with —oo and
b— is replaced with oo, we will demonstrate how the proof of part (a), case
(i) can be adapted when when we replace a+ with —oo as the adaptation to
all other parts/cases are similar.

Assume lim, o f(z) = lim,— oo g(z) = 0 and lim,—, o Jgf,lég =LeR.

Let h(z) = f (%) and k(x) =g (%) for all x € (—o0,b). Notice

lim A(z) = lim f(z)=0= lim g(z)= lim k(x).

z—0— r——00 Tr——00 r—0—

Also notice that h and k are differentiable on (—o0,b) \ {0} via the Chain

Rule (Theorem [5.1.20]) with
1 1 1 1
B (z) = _ﬁf/ (x) and  K'(z) = —Pg’ (m) .
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Therefore

W rG)
rl—l>r(1)1— k’gii - zli{(gl— q Elg - IEIEIOO g éi; L.

i @) _

r—0— k(x)
Since the existence of the above limit implies lim,_, % exists and since
limg, o % = lim,_o— %, the result follows. ]

To demonstrate some uses of L’Hospital’s rule, consider the following
examples.

Example 5.6.3. Using L'Hospital’s rule we can compute lim; o 5. Indeed,
since ()’ =1 and (e”)’ = ¥, and since

we obtain by L'Hospital’s rule that lim; o 2z = 0. Similarly, using induction,
we can use L’Hospital’s rule to show that

for all n € N; that is, e¥ grows substantially faster than any power of x!
Example 5.6.4. Using L’Hospital’s rule, we can compute

zli)I(I]1+ xIn(x).

Although it does not appear that we may apply L’Hospital’s rule, notice that
_ In(x) : : _ : 1_
rIn(r) = =3~. Therefore, since lim, o4 —In(z) = oo whereas lim; .o, 5 =

00, the hypotheses of L’Hospital’s rule may apply to compute lim,_,04 — hi(x),

so, upto multiplying by —1, we may be able to compute the desired limit.

Since (In(z)) = 1 and (%)/ = —-5, and since

1
T

lim = lim —z=0
z—0+ — 2 z—0+

we obtain that lim, o+ zIn(x) = 0 by L’Hospital’s rule.
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Example 5.6.5. Using similar techniques, we may compute

1 x
lim <1 + ) .
T—00 T
First, note that for a,z > 0, a natural way to define a” is by a” = € In(a) -~ 1f
s0, notice that In(a®) = In(e*™®) = z1n(a) by definition. Moreover

atal = v In(a)ey In(a) _ e In(a)+yIn(a) _ e(a;—i—y) In(a) _ a®ty

where the second equality comes from properties of the exponential function
that will be developed in MATH 3001.

To compute the desired limit, we will instead first compute

T In 1—|—l
(15 2)) = o (1 2) = i m(1+3)

T—00 T T—00 T T—00

8] =

Notice that limg,_,so % =0 and lim,_,o In (1 + %) =In(1) = 0. Furthermore,

since (%)I = —;12 and (ln (1 + %))/ = li% (—x—lg), and since

lim T = lim T =1
T—00 = x—00 | 4+ b

)

we obtain that lim, _, In ((1 + %)x) = 1 by L’Héspital’s rule. Therefore,
as e’ is continuous,

1\* @
lim (1 + > = lim eln((lJr%) ) = el —e.
T—00 x T—00

Hence, using the sequential definition of limits, we obtain the well-known
limit
1 n
lim (1 + ) =e.
n—o0 n

5.7 Taylor’s Theorem

Another application of the Mean Value Theorem is the ability to approximate
a differentiable function f pointwise using polynomials. To go beyond a
first-order (i.e. linear) approximation, we will need more than just one
derivative of f.

Definition 5.7.1. Let I be an open interval and let f : I — R be differen-
tiable. If f’ is differentiable at o € I, the derivative of f” at « is called the
second derivative of f and is denoted f”(a). In particular

/ ol

T—Q Tr — ¢
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In general, for any n € N, the (n + 1)%-derivative of f is

£ (4) = Tim S (@) = F™ (o)

T—Q €Tr — O

provided f (") exists on an open interval containing « and the above limit
exists. For convenience, f(©) = f.

When a functions f is has n + 1 derivatives at a point, our goal is to
approximate f with the following polynomials.

Definition 5.7.2. Assuming that f is n-times differentiable at « (which
means it is (n — 1)-times differentiable in an open interval containing «/), the
n-degree Taylor polynomial of f centred at « is

Pran(e) = 3 T @ - a)t
k=0
Example 5.7.3. If f : R — R is defined by f(x) = 22 for all € R, then
Pron(z) =22 for all n > 2.

Example 5.7.4. If f: R — R is defined by f(z) = e” for all z € R, then

Pron(x) = Z Ha:k,

which are the polynomials that define e® up to a limit in Remark

The following shows the use of the Taylor polynomials: provided x is
close to a and the (n + 1) derivative of f is not too large, then f(x) is
almost Py o ().

Theorem 5.7.5 (Taylor’s Theorem). Let I be an open interval, let o € I,
and let f : I — R be n+ 1 times differentiable on I. If x € I\ {a}, then
there exists a ¢, € (o, z) U (z, ) such that

f(n—i-l)(%)

(@) = Prana) + o

Proof. To prove this result, we will again follow the proof of the Mean Value
Theorem (Theorem by constructing a specific function and then use
Rolle’s Theorem (Lemma to obtain the desired result

To begin, fix € I\ {a}. Consider the function g : I — R defined by

n_ r(k)
o) = £) — 10 - - O -
k=1 ’
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for all ¢ € R. Notice that
g(a) = f(x) = Pran(z) and g(z) = 0.

Moreover, since f is (n + 1)-times differentiable on I, we see that g is
continuous and differentiable on I. Since x is fixed, differentiating with
respect to t yields

1 1 1
S p(k) Y — p(k+1) Nk (k) _ p\k—1
QO ="y G OE -0+ g OO -1
for all 0 < k£ <n. Therefore
fFntD) (¢ .
g =Ty

Unfortunately, g is not the function we are looking for. The function we
are looking for is h : I — R which is defined by

) = o)~ (225 gt

r—«

for all ¢t € I. Notice that
ha)=g(a)—gla)=0 and  h(z)=g(z)—0=0.

Since g is differentiable on I, h is continuous on [a, z]U|z, a] and differentiable
on (a,z)U (z,a). Hence Rolle’s Theorem (Lemma [5.3.2)) implies that there
exists a ¢ € (a,z) U (z,a) such that h'(c) = 0. Since

(n+1) _ T — n
w0 =T 0w+ e (255 gt

n! T—a \T—«o
we obtain that

M(x_c)": (n+1) L <x0>n9(a).

n! T—a \T—

Therefore, since ¢ # x, we obtain that
Fr (o)
(n+1)!

as desired. ]

(2 = )" = g(a) = f(z) = Pran(z)

Remark 5.7.6. The most important use of Taylor’s Theorem is when one
knows bounds for f"*1(c,). Indeed, if one knows that |+ (¢)| < M for
all ¢ € (o« — 6,0 + 0) for some M > 0, then we have that

M n
|f(z) = Ppan(z)] < m(x —a)"

for all x € (o — 0, + 9). Consequently, provided we can approximate M
well, we can approximate f(x) with Pfq,(2) on this interval! This can be
quite useful as dealing with polynomials is substantially easier than dealing
with an arbitrary function.
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5.8 Anti-Derivatives

For our final application of the Mean Value Theorem, we will demonstrate
that functions with the same derivative on an open interval must differ by a
constant. To obtain this result, we begin with a lemma.

Corollary 5.8.1. If I is an open interval and if f: I — R is differentiable
on I with f'(x) = 0 for all x € I, then there exists an o € R such that
f(z) =« forallz e 1.

Proof. Let a,b € I be arbitrary points such that a < b. Since f is continuous
on [a,b] (by Theorem [5.1.7) and differentiable on (a,b), the Mean Value
Theorem (Theorem [5.3.3) implies there exists a ¢ € (a,b) such that

However, since f'(z) = 0 for all € I, we see that f’(¢) = 0 and thus
f(b) = f(a).

Fix a point xg € I and let a = f(xg). If x € I and x # x¢, then either
x >z or x < xp. In either case the above shows that f(x) = f(z9) = «.
Hence f(z) = «a for all z € I. N

Corollary 5.8.2. If I is an open interval and f,qg: I — R are differentiable
on I with f'(x) = ¢'(x) for all x € 1, then there exists an o € R such that
f(z) =g(x) +a forallx € 1.

Proof. Let h: I — R be defined by h(z) = f(x) — g(z). Then h is differen-
tiable on I and

W(x)=f'(z) - g'(x) =0
for all z € I. Hence there exists an a € R such that h(z) = a for all z € I.
Hence f(z) = g(z) + « for all x € I. n

Based on the above, we make the following definition.

Definition 5.8.3. Let I be an open interval and let f: I — R. A function
F : I — R is said to be an anti-derivative of f on I if F' is differentiable on
I and F'(z) = f(x) for all x € I.

Thus Corollary implies that if F' is an anti-derivative of f, then all
anti-derivatives of f are of the form F(z) + ¢ for some fixed constant ¢ € R.
Anti-derivative are important tools for our next chapter.
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Chapter 6

Integration

For our final chapter, we will study what will be shown to be the opposite of
differentiation; namely integration. Integration has a wide variety of uses in
calculus as it allows the computation of the area under a curve and permits
the averaging of the values obtained by a function over an integral. However,
as students have taken MATH 1310 and know how to integrate, the purpose
of this chapter is to formal defined the Riemann integral, develop and prove
the basic properties of the Riemann integral, and demonstrate and prove the
connections between differentiation and integration through the Fundamental
Theorems of Calculus (Theorems and to further enhance students’
repertoire of analysis arguments.

6.1 The Riemann Integral

The formal definition of the Riemann integral is modelled on trying to ap-
proximate the area under the graph of a function. The idea of approximating
this area is to divide up the interval one wants to integrate over into small
bits and approximate the area under the graph via rectangles. Thus we must
make such constructions formal. Once this is done, we must decide whether
or not these approximations are good approximations to the area. If they
are, the resulting limit will be the Riemann integral.

6.1.1 Partitions and Riemann Sums

In order to ‘divide up the interval into small bits’, we will use the following
notion.

Definition 6.1.1. A partition of a closed interval [a, b] is a finite list of real
numbers {t;}}_, such that

a=thg<ti<ta<- - <tp_1<t,=h
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Eventually, we will want to ensure that |t; — tx—1| is small for all k in
order to obtain better and better approximations to the area under a graph.
To obtain a lower bound for the area under a graph, we can choose our
approximating rectangles to have the largest possible height while remaining
completely under the graph. This leads us to the following notion.

Definition 6.1.2. Let P = {t;}}_, be a partition of [a,b] and let f :
[a,b] — R be bounded. The lower Riemann sum of f associated to P,
denoted L(f,P), is

L(f,P) =Y my(ty — tp-1)
k=1
where, for all k € {1,...,n},
my = inf{f(x) | € [tr—1,tx]}

Example 6.1.3. If f :[0,1] — R is defined by f(z) = z for all z € [0, 1]
and if P = {t;}}_, is a partition of [0,1], it is easy to see that

L(f,P) = ti—1(ti — te-1)
k=1

as f obtains its minimum on [tx_1,tx] at tx_1.
If it so happens that ¢, = % for all k € {0,1,...,n}, we see that

L(f’P):z":k—1<k_k—1>

= on n n
n
1
=> —(k-1)
5 (
k=1""
1 n—1 '
j=1
_lnn-1) _ 1-1
n? 2 2
where the fact that Z?;ll j = @ follows by an induction argument.

Clearly, as n tends to infinity, L(f, P) tends to % for this particular partitions,
which happens to be the area under the graph of f on [0, 1].

Although lower Riemann sums accurately estimate the area under the
graph of the function in the previous example, perhaps we also need an upper
bound for the area under the graph. By choose our approximating rectangles
to have the smallest possible height while remaining completely above the
graph, we obtain the following notion.
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Definition 6.1.4. Let P = {t;}}!_, be a partition of [a,b] and let f :
[a,b] — R be bounded. The upper Riemann sum of f associated to P,
denoted U(f,P), is

U(f.P) = znj Mty — ti1)
k=1

where, for all k € {1,...,n},

My, = sup{f(z) | z € [tk—1, 1k}

Example 6.1.5. If f : [0,1] — R is defined by f(z) = « for all z € [0, 1]
and if P = {t;}}_, is a partition of [0,1], it is easy to see that

U(f,P) = Zn:tk(tk — tp1)
k=1

as f obtains its maximum on [ty_1,tg] at t.
If it so happens that ¢, = % for all k € {0,1,...,n}, we see that

v =y k(52

n n

(]

e
[N
S

b
Il
—

I I
3= T
g o
o

3[0‘ —
[\]
[N

where the fact that > ) _ k = n(n;l) follows by an induction argument.
Clearly, as n tends to infinity, U(f, P) tends to % for this particular partitions,

which happens to be the area under the graph of f on [0, 1].

Although we have been able to approximate the area under the graph of
f(x) = x using upper and lower Riemann sums, how do we know whether
we can accurate do so for other functions? To analyze this question, we must
first decide whether we can compare the upper and lower Riemann sums of a
function. Clearly we have that L(f, P) < U(f,P) for any bounded function
f :[a,b] — R and any partition P of [a, b]. However, if Q is another partition
of [a,b], is it the case that L(f, Q) < U(f,P)? Of course our intuition using
‘areas under a graph’ says this should be so, but how do we prove it?

To answer the above question and provide some ‘sequence-like’ structure
to partitions, we define an ordering on the set of partitions.
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Definition 6.1.6. Let P and Q be partitions of [a,b]. It is said that Q is a
refinement of P, denoted P < Q, if P C Q; that is Q has all of the points
that P has, and possibly more.

It is not difficult to check that refinement defines a partial ordering
(Definition on the set of all partitions of [a,b] (see Example [1.2.10).
Furthermore, the following says that if Q is a refinement of P, then we
should have better upper and lower bounds for the area under the graph of
a function if we use Q instead of P.

Lemma 6.1.7. Let P and Q be partitions of [a,b] and let f : [a,b] — R be
bounded. If Q is a refinement of P, then

L(f,P) < L(f,Q) <U(f, Q) < U(/,P).

Proof. Note the inequality L(f, Q) < U(f, Q) is clear. Thus it remains only
to show that L(f,P) < L(f, Q) and U(f, Q) < U(f,P). Write P = {tx}}_,
where

a=ty<t1 <ty <- -+ <tp_1<t,=h

To show the desired inequalities, we will first show that adding a single point
to P does not decrease the lower Riemann sum and does not increase the
upper Riemann sum. As there are only a finite number of points one needs
to add to P to obtain Q, the proof will follow.

To implement the above strategy, assume Q = P U {t'} where t’ € [a, b]
is such that t,_1 <t <t, for some ¢ € {1,...,n}. Forall k € {1,...,n}, let

my = inf{f(z) | © € [tx—1,tx]} and My =sup{f(z) | x € [tp_1,tk|}

Therefore
L(f,P) = mp(ty —te—1) and  U(f,P) =D My(ty — tx_1).
k=1 k=1
Moreover, if we define
mly = f{f(2) | = € [fg1,7]).
mg = inf{f(z) | € [t', 4]},

z) | x € [ty—1,t']}, and
) | @€t b4},

M, = sup{f
M = sup{f
then we easily see that m, < mg, my, that Mg, M) < M, and that

(
(

L(f, Q) = ml(t' —tq—1) +mi(ty—t') + > my(ty, — ty_1), and

k=1
k#q
n
U(f, Q) = My(t' —tq1) + My (ty —t') + Y My(tx —tr—1).
k=1
k#q
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Therefore
L(f, Q) — L(f,P) = m/q(t/ —tg-1) + m/q/(tq —t') —my(tg — tg-1)
> mg(t' —tg-1) + mg(ty —t') — mg(ty — tg-1) =0
so L(f,P) < L(f,Q). Similarly
U(f,Q) -U(f,P)= Mé(t/ —tg-1) + Mé,(tq - t/) — My(tg —tg-1)
= Mq(t, —tg-1) + Mq(tq — t/) — My(tg —tg-1) =0
soU(f,Q) <U(f,P). Hence the result follows when Q = P U {t'}.
To complete the proof, let Q be an arbitrary refinement of P. Hence we

can write Q@ = P U {t, }}7*, for some {t} }}"; C (a,b). Thus, by adding a
single point at a time, we obtain that

L(f,P) < L(f,PU{ti}) < L(f,PU{t},t5}) < - < L(f, Q)
and
U(f>73) > U(f7PU{t/1}) > U(f,'PU {tllvt,Q}) > 2 U(fa Q)a

which completes the proof. n

In order to answer our question of whether L(f, Q) < U(f,P) for all
partitions P and Q, we can use Lemma [6.1.7] provided we have a partition
that is a refinement of both P and Q: that is, there is a least upper bound
of P and Q.

Definition 6.1.8. Given two partitions P and Q of [a,b], the common
refinement of P and Q is the partition P U Q of [a, b].

Remark 6.1.9. Clearly, given two partitions P and Q, P U Q is a partition
that is a refinement of both P and Q. Consequently, if f : [a,b] — R is
bounded, then Lemma [6.1.7] implies that

L(f,P) < L(f,PUQ) <U(f,PUQ) <U(f, Q)

Hence any lower bound for the area under a curve is smaller than any upper
bound for the area under a curve.

Remark 6.1.10. Before moving on, we note the above shows that the
partially ordered set of partitions of a closed interval [a, b] is a direct set (that
is, a partially ordered set with the property that if P and O are elements of
the partially ordered set, then there exists an element R such that P <R and
Q <TR). A set of real numbers indexed by a direct set is called a net and one
can discuss the convergences of nets in R as we did with sequences. It turns
out nothing new is gained by using nets instead of sequences and we can avoid
the discussion of nets in our discussion of integrals (although they exist in
the background). However, in later courses (e.g. MATH 4081 - Topology) it
is necessary to replace sequences with nets. Thus Riemann integration serves
the additional purpose of giving students their first fundamental example of
convergence of a net.
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6.1.2 Definition of the Riemann Integral

In order to define the Riemann integral of a bounded function on a closed
interval, we desire that the upper and lower Riemann sums both better and
better approximate a single number. Using the above observations, we notice
that if f : [a,b] — R is bounded, then

sup{L(f,P) | P a partition of [a, b}
<inf{U(f,P) | P a partition of [a, b]}.

Therefore, in order for there to be no reasonable discrepancy between our
approximations, we will like an equality in the above inequality, in which
case the value obtained should be the area under the graph. Unfortunately,
this is not always the case.

Example 6.1.11. Let f: [0,1] — R be defined by

1 ifzeQ
f(x)_{o ifzeR\Q

for all x € [0, 1]. Since each open interval always contains at least one element

from each of Q and R\ Q by Propositions and we easily see that
L(f,P)=0and U(f,P) =1 for all partitions P of [0,1]. Hence

sup{L(f,P) | P a partition of [0,1]}
# inf{U(f,P) | P a partition of [0, 1]}.

So what should be the area under the graph of this function?

Instead of focusing on correcting our notion of the integral to remove
Example6.1.11| (something that will be done in MATH 4012), we will instead
simply just restrict our attention to the following type of functions.

Definition 6.1.12. Let f : [a,b] — R be bounded. It is said that f is
Riemann integrable on |[a, b] if

sup{L(f,P) | P a partition of [a, b]}
= inf{U(f,P) | P a partition of [a,b]}.

If f is Riemann integrable on [a, b], the Riemann integral of f from a to b,
denoted fab f(z)dz, is defined to be

/b f(x)dx = sup{L(f,P) | P a partition of [a,b]}
= inf{U(f,P) | P a partition of [a,b]}.
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Remark 6.1.13. Notice that if f is Riemann integrable on [a, b], then

L(f,P) < /b " fe)de <U(SP)

for every partition P of [a, b] by the definition of the Riemann integral.

Clearly the function f in Example is not Riemann integrable.
However, which types of function are Riemann integrable and how can we
compute the value of the integral? To illustrate the definition, we note the
following simple examples (note if the first example did not work out the
way it does, we clearly would not have a well-defined notion of area under a
graph using Riemann integrals).

Example 6.1.14. Let ¢ € R and let f : [a,b] — R be defined by f(z) = ¢
for all « € [a,b]. If P = {tx}}_, is a partition of [a,b], we see that

L(f,P) = U(f,P) = znzc(tk_tk—l) = Czn:tk_tk—l = C(tn—to) = c(b—a).
k=1 k=1

Hence f is Riemann integrable and | ; f(z)dr = c¢(b—a). (Was there any
doubt?)

Example 6.1.15. Let f: [0,1] — R be defined by f(x) =z for all z € [0, 1].
For each n € N, note Example [6.1.3| demonstrates the existence of a partition

_1
Py, such that L(f,P,) = ! 5. Hence

1-1 1
sup{L(f,P) | P a partition of [a,b]} > lim sup no=
n—00 2 2
Similarly, for each n € N, Example demonstrates the existence of a

partition Q,, such that U(f, Q,) = 1—;5. Hence

1++ 1
inf{U(f,P) | P a partition of [a,b]} < liminf J; n-

Therefore, since

sup{L(f,P) | P a partition of [a, b]}
< inf{U(f,P) | P a partition of [a, b]},

the above computations show both the inf and sup must be % Hence f is

Riemann integrable on [0, 1] and [ = dz = 1.
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Example 6.1.16. Let f : [0,1] — R be defined by f(z) = 22 for all x € [0, 1].
We claim that f is Riemann integrable on [0, 1] and fol z? dx = £. To see this,
let n € N and let P, = {t;}7_; be the partition of [0,1] such that t;, = £
for all n € N. Then, by an induction argument to compute the value of the
sums,

1 (m=1)m)2mn-1)+1) 2n*—3n*+n
3 6 B 6n3

2<k kl)
n n

and

o

=
=
3
Il
M-
3[\7‘

I
(]
1) =

no

>
N
S

I
:OJ‘ —_
N
NE
oy
[\
N————

k=1
_ 1lam+1)2n+1)  20°+3n%+n
- n3 2 N 6n3 '
. . 3_3p2 . 322
Hence, since lim,,_, % = lim,—y00 % = %, we see that

< sup{L(f,P) | P a partition of [a, b]}

Wl =

< inf{U(f,P) | P a partition of [a,b]} < %

Hence the inequalities must be equalities so f is Riemann integrable on [0, 1]
by definition with fol r?dr =%

Note in the previous two examples, the functions were demonstrated
to be Riemann integrable on [0, 1] via partitions P such that L(f,P) and
U(f,P) were as closes as one would like. Coincidence, I think not!

Theorem 6.1.17. Let f : [a,b] — R be bounded. Then f is Riemann
integrable if and only if for every e > 0 there exists a partition P of |a,b]
such that

0<U(f,P)—L(f,P) <e.
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Proof. Note we must have that 0 < U(f,P) — L(f,P) for any partition P
by earlier discussions.

First assume that f is Riemann integrable. Hence, with I = | : f(z)dx,
we have by the definition of the integral that

I =sup{L(f,P) | P a partition of [a,b]}
= inf{U(f,P) | P a partition of [a, b]}.
Let € > 0 be arbitrary. By the definition of the supremum, there exists a
partition P; of [a, b] such that
I-5 < L(f.P).

Similarly, by the definition of the infimum, there exists a partition P2 of
[a, b] such that

U(f,P2) < I+ %

Let P = P1 U Py which is a partition of [a,b]. Since P is a refinement of
both P; and P,, we obtain that

by Lemma [6.1.7] Hence
U<f77)) - L(f77)) < U(f,Pg) - L(fapl)
- (U(f7p2) - I) + (I_ L(f,P1)>
< 54‘5 = €.

Therefore, since € > 0 was arbitrary, this direction of the proof is complete.
For the other direction, assume for every € > 0 there exists a partition P
of [a, b] such that
0<U(f,P)—L(f,P) <e.

In particular, for each n € N there exists a partition P, of [a, b] such that

0= U(fPa) = LU Pa) < -

Let

L =sup{L(f,P) | P a partition of [a,b]} and
U =inf{U(f,P) | P a partition of [a, b]}.

Then L,U € R are such that L < U. Moreover, for each n € N
1

Therefore, by the Archimedian Property (Theorem [1.3.7)), it follows that
U = L. Hence f is Riemann integrable on [a, b] by definition. N
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Remark 6.1.18. Using Theorem [6.1.17] there is an easier method for
approximating the Riemann integral of a Riemann integrable function. Indeed
suppose P = {t}}_, is a partition of [a,b] with

a=tyg<ti1 <tag<- - <th1<t,=0b

and let f : [a,b] — R be bounded. For each k, let xy € [tx_1,tx] and let
R(f, P {artizr) = D flan)(tr — tea)-
k=1

The sum R(f,P,{zx}}_) is called a Riemann sum.
Clearly

by definitions. Hence, if f is Riemann integrable, we obtain via Theorem
that for any € > 0 there exists a partition P’ of [a, b] such that

L(f,P) < /b " f@)dz <U(S,P) < L(f,P) +e

and thus ,
| f@) de = RO i) < e

for any choice of {z}}}_,. Consequently, if one knows that f is Riemann
integrable, one may approximate |, (f f(z) dz using Riemann sums oppose to
lower /upper Riemann sums. This is occasionally useful as convenient choices
of {xy,}}_; may make computing the sum much easier.

Of course, our next question is, “Which types of functions are Riemann
integrable?”

6.1.3 Some Integrable Functions

If the theory of Riemann integration will be of use to us, we must have a
wide variety of functions that are Riemann integrable. It is easy to show
some functions are Riemann integrable.

Proposition 6.1.19. If f : [a,b] — R is monotonic and bounded, then f is
Riemann integrable on [a,b].

Proof. Assume f : [a,b] — R is monotone and bounded. In addition, we will
assume that f is non-decreasing as the proof when f is non-increasing is
similar.

Let € > 0. Since

lim (b — a)(f(b) — f(a)) = 0,

n—oo n,
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there exists an NV € N such that
1
0< (- a)(f0) - fa) <

Let Py = {tx}4_, be the partition such that
k
tk =a-+ N(b — a)

for all k£ € {0,...,N}. Notice ty —tp_1 = L(b—a) for all k (and thus we call

n
Pn the uniform partition of [a, b] into N intervals). Since f is non-decreasing,

if forall k € {1,...,N}

my, = inf{f(z) | = € [tk—1,tx]} and My =sup{f(z) | © € [tr_1,t]},

then
my = f(tkfl) and M, = f(tk)

Hence

k=1 k=1

N N
= kz::lf(tk)ﬁ(b —a)— kzzjlf(tk—l)ﬁ(b —a)
= f(t) 3 (0= @)  fto) 1o (b~ )

Therefore, since € > 0 was arbitrary, Theorem [6.1.17] implies that f is
Riemann integrable on [a, b]. ]

Of course, if continuous functions were not Riemann integrable, Riemann
integration would be worthless to us. The fact that continuous functions on
closed intervals are uniformly continuous is vital int he following proof.

Theorem 6.1.20. If f : [a,b] — R is continuous, then f is Riemann
integrable on [a,b].

Proof. Assume f : [a,b] — R is continuous. Therefore f is bounded by the
Extreme Value Theorem (Theorem . Hence it makes sense to discuss
whether f is Riemann integrable.

In order to invoke Theorem to show that f is Riemann integrable,
let ¢ > 0 be arbitrary. Since f : [a,b] — R is continuous, f is uniformly
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continuous on [a, b] by Theorem Hence there exists a § > 0 such that
if z,y € [a,b] and |z —y| < d then |f(z) — f(y)| < ;5

By the Archimedean Property (Theorem , there exists an n € N
such that % < 4. Let P be the uniform partition of [a,b] into n intervals;
that is, let P = {t;}}_, be the partition such that

k
tk:a—i-*(b—a)
for all k € {0,...,n}. For all k € {0,...,n}, let

my = inf{f(z) | = € [ty—1,tx]} and My =sup{f(z) | x € [tp-1,tk|}.

Since [ty —tp_1| = L < dsojz—y| < for all x,y € [tp— 1,tk], it must
be the case that My — mk = |My —my| < 35, forall k € {1,...,n}. Hence

0<U(f,P)—L Mk*mk (th — th—1)

| N

tk —tp—1)

—bja(b—a)ze.

Thus, as € > 0 was arbitrary, f is Riemann integrable on [a,b] by Theorem

6.1.17 u

Of course, not all functions we desire to integrate are continuous. How-
ever, many functions one sees and deals with in real-world applications are
continuous at almost every point. In particular, the following shows that if
our functions are piecewise continuous, then they are Riemann integrable.

Corollary 6.1.21. If f : [a,b] — R is continuous on [a,b] except at a finite
number of points and f is bounded on [a,b], then f is Riemann integrable on

[a, b].

Proof. Assume f : [a,b] — R is continuous except at a finite number of
points and f([a,b]) is bounded. Let {aj}i_, contain all of the points for
which f is not continuous at and be such that

a:a0<a1<a2<---<aq:b.
The idea of the proof is to construct a partition such that each interval of the
partition contains at most one ay, and if an interval of the partition contains

an ay, then its length is really small.
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Let € > 0 be arbitrary. Since f([a,b]) is bounded, there exists a K > 0
such that |f(z)| < K for all z € [a,b]. Therefore, if

L =sup{f(z) = f(y) | 2,y € [a, 0]},

then 0 < L < 2K < oo.
Let .
"z
By taking a and b together with endpoints of intervals centred at each aj of

radius less than 3, there exists a partition P’ = {t; }2q+1 with

(I:t0<t1<t2<"'<t2q+1:b

such that o1 — tor < d for all k € {0,...,q} and tor < ap < tor4q for all
ke{l,...,q—1}. Forall k € {1,...,2¢+ 1}, let

my, = inf{f(z) | = € [tk—1,tx]} and My =sup{f(z) | © € [tr_1,tk]|}.

Thus My — my < L for all k € {1,...,2¢ + 1}.

Since f is continuous on [tor_1,t9r] for all k € {1,...,q}, f is Riemann
integrable on [tor—_1,tox] by Theorem Hence, by the definition of
Riemann integration, there exist partitions Py of [tor_1, tor] such that

0<U(f,Pr) — L(f,Px) < 5=

Let P =P'U(Uj_; Px). Then P is a partition of [a, b] such that
0<U(f,P) = L(f,P)
q

q
Z (fPr) = LU, P)) + > (Makr — moks1) (tars1 — tor).

k=0

(that is, on each [to—_1, tox] the partition behaves like Py and thus so do the
sums, and the parts of the partition remaining are of the form [to, togt1]
each of which contains at most one a;). Hence

OSU(fa )_ (fa )
§§:—+§:m

k=1
< S+ (a+1)Ls

€ € € €
<£ L <fif_ .
Syt sy S22t ¢

Thus, as € > 0 was arbitrary, f is Riemann integrable on [a,b] by Theorem

6.1.17 ]
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Using the similar ideas to those used to prove Corollary [6.1.21] it is
possible to show that some truly bizarre functions are Riemann integrable.

Example 6.1.22. Let f:[0,1] — R defined by

if x is irrational
ifz=0

fz) = :
if z = § where a € Z\ {0}, b € N, and gcd(a,b) =1

= = O

Clearly f is bounded.

We claim that f is Riemann integrable on [0, 1]. To see this, let € > 0 be
arbitrary. By the Archimedian Property (Theorem [1.3.7)), there exists an
N € N such that + < &.

By the definition of f, let {ay}7_, be the finite set of 2 € [0, 1] such that
f(z) < + and

O=ay<ar<ay<---<ag=1

Let

€
§=—">0.
2(q+1)

By taking 0 and 1 together with endpoints of intervals centred at each ay of
radius less than %, there exists a partition P = {tk}i‘zgl with

0:t0<t1<t2<"'<t2q+1:1

such that top+1 — top < ¢ for all k € {0, C ,q} and tor < ap < tok+1 for all
ke{l,...,q—1}.
For all k € {1,...,2¢+ 1}, let

my = inf{f(z) | © € [ty—1,tx]} and My =sup{f(z) | = € [tp-1,tk]}.

Since 0 < f(xz) < 1 for all z € [0,1], we see that M} — my < 1 for all
ke {l,...,2g+1}. Moreover, since to, < aj < top4q forall k € {1,...,q¢—1},
we have that

1 €
M2k_m2k§N—0<§
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for all k € {1,...,q}. Therefore

q
(May, — mag) (tor, — tor—1) + > (Mags1 — mogsr) (tors1 — to)

I
M=

k=1 k=0
q € q
<> 5 (o = tap—1) + > 16
k=1 k=0
€ q
<3 > (tar —top—1) | + (g +1)d
k=1
§§(1—0)+(q+1)5
<E_|_( +1);<E+E_E
I TP e R B

Thus, as € > 0 was arbitrary, f is Riemann integrable on [0, 1] by Theorem
0.1.17

Remark 6.1.23. Notice the main idea in the proofs of Corollary and
Example[6.1.22]is to construct a finite number of open intervals which contain
all of the ‘bad’ points such that the sum of the lengths of the open intervals
is as small as possible. In fact, similar arguments along with the knowledge
that the set of discontinuities of a function can be used to show a bounded
function on is Riemann integrable if and only if its set of discontinuities has
“zero length”. However, this discussion is better considered in MATH 4012
(Lebesgue Measure Theory).

6.1.4 Properties of the Riemann Integral

Now that we know several functions are Riemann integrable, we desire to
derive the basic properties of the Riemann integral just as we did for limits
of sequences and functions. We begin with the following that enables us to
divide up a closed interval into a finite number of closed subintervals when
considering Riemann integration.

Proposition 6.1.24. Let f : [a,b] — R be bounded and let ¢ € (a,b). Then
f is Riemann integrable on [a,b] if and only if f is Riemann integrable on

[a,c] and [c,b]. Moreover, when f is Riemann integrable on [a,b], we have
that

/abf(x)d:c: /acf(a:)da:—i—/cbf(ﬂc)dx.

Proof. To begin, assume that f is Riemann integrable on [a,b]. To see that
f is Riemann integrable on [a, c] and [c, b], let € > 0 be arbitrary. Since f
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is Riemann integrable on [a,b], Theorem [6.1.17| implies that there exists a
partition P of [a, b] such that

L(f,P) <U(f,P) < L(f,P) +e.

Therefore, if Py = P U {c}, then Py is a partition of [a,b] containing ¢ that
is a refinement of P. Therefore, by Remark and Lemma [6.1.7]

L(f,Po)

VAN VAN VAR VAN

Let
P1="PoN]a,c| and Py ="PyN]cb].

Then P; is a partition of [a,c] and Py is a partition of [c, b]. Furthermore,
due to the nature of these partitions and the definitions of the upper and
lower Riemann sums, we easily see that

L(f,Po) = L(f,P) + L(f,P)  and  U(f,Po) = U(f,P1) + U(f, Py).
Hence
0< (U(f, 771) — L(f, 771)) + (U(f, PQ) — L(f, PQ)) = U(f, 'Po) — L(f, 'Po) <.

Therefore, since 0 < U(f,P1)— L(f,P1) and 0 < U(f,P2) — L(f, P2), it must
be the case that

0<U(f,P1)—L(f,P1)<e and 0<U(f,P2)— L(f,Ps) <.

Hence f is integrable on both [a, ] and [¢, b] by Theorem

To prove the converse and demonstrate the desired integral equation,
assume that f is Riemann integrable on [a,c] and [c,b]. To see that f is
Riemann integrable on [a,b], let € > 0 be arbitrary. Since f is Riemann

integrable on [a, c| and [c, b], Remark [6.1.13[ together with Theorem [6.1.17]
imply that there exists partitions P; and Ps of [a,c| and [c, b] respectively

such that

LU P < [ F@)de <UL P < LU P + 5 and

b €
L(f.Po) < [ f(@)do <UL P S LR + 5,
Let P = Py UPs. It is elementary to see that P is a partition of [a,b].

Moreover, due to the nature of these partitions and the definitions of the
upper and lower Riemann sums, we easily see that

L(f,P) :L(f,P1)+L(f,P2) and U(f,P) :U(f,P1)+U(f,P2)
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Hence
0< ( ) ( ,P)
( (f 77’) (f77’1)) (U(faPQ)_L(f7P2))

Therefore, since € > 0 was arbitrary, f is Riemann integrable on [a, b] by
Theorem Moreover, we have for all € > 0 that

ch(x)dz+/cbf(x)dx—egL(f,P1)+L(f,772)

/f dx
<U(f,P)

U, P + U P)
< [ s@ar+ [ p@d e

x)d:c—i—/cbf(a;)da:—/abf(x)d:c

Therefore, since € > 0 was arbitrary, we obtain that

/abf(x)dx—/acf(:c)dac—i-/cbf(a:)d:c

as desired. ]

Hence

< €.

Of course, integrals behave well with respect to many of the same arith-
metic properties that limits satisfy as the following result shows. Unfortu-
nately, notice that multiplication is absent from this result.

Proposition 6.1.25. Let f, g : [a,b] — R be Riemann integrable functions
on la,b]. The following are true:

a) If a« € R, then af is Riemann integrable on [a,b] and

[en@ar=a [ i@

b) f+ g is Riemann integrable on [a,b] and

[Gro@ar= [ s [ gwa
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c) If f(x) < g(x) for all x € [a,b], then
/bf(:L‘) dzr < /bg(:l:) dzx.
d) If m < f(x) < M for all x € [a,b], then
b
m(b—a) < / F(x)de < M(b—a).

Proof. a) Assume f : [a,b] — R is a Riemann integrable function and « € R.
To see that af is Riemann integrable, consider an arbitrary partition P of

[a, 0].
Notice if & > 0 then Lemma implies that sup(aA) = asup(A) and
inf(aA) = ainf(A) for all subsets A C R. Therefore, if a > 0, we have that
L(af,P) =aL(f,P) and U(af,P)=aU(f,P)

Furthermore, since if A is a bounded subset of R then inf(—A) = —sup(A)
by Lemma [I.37] it follows that if v < 0 then

L(af,P)=aU(f,P) and U(af,P) =aL(f,P)

Since f is Riemann integrable on [a, b], we obtain by the definition of the
Riemann integral that

/b f(x)dx = sup{L(f,P) | P a partition of [a,b]}
= inf{U(f,P) | P a partition of [a,b]}.

Therefore, the previous above computations along with Lemmas [I.3.1] and
we obtain that

a/bf(x) dz = sup{L(af,P) | P a partition of [a, b]}
= inf{U(af,P) | P a partition of [a, b]}.

Hence af is Riemann integrable on [a, b] with

/ab(af)(x) dx = a/abf(ar) dx.

b) Let f,g : [a,b] — R be Riemann integrable. To begin the proof,
consider an arbitrary partition P of [a,b]. Since

sup{f(z)+g(z) | = € [e,dl} <sup{f(z) | = € [e,d]}+sup{g(z) | = € [c,d]}
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and
inf{f(z) +g(x) | z € [e,d]} > inf{f(z) | = € [¢,d]} + inf{g(z) | = € [¢,d]}
for all ¢,d € [a, b] with ¢ < d, we obtain that

L(f,P)+ L(g9,P) < L(f +9,P) <U(f+9,P) <U(f,P) + U(g,P)

by the definition of the Riemann sums.

To prove that f + g is Riemann integrable and obtain the desired integral
equation, let € > 0 be arbitrary. Since f is Riemann integrable on [a, b],
Remark together with Theorem [6.1.17] imply that there exists a
partition P; of [a, b] such that

b €
L(f,P1) < / f@)dz <U(f,P1) < L(f,P1) + 5

Similarly, since ¢ is Riemann integrable on [a, b], Remark |6.1.13| together
with Theorem [6.1.17| imply that there exists a partition Pz of [a, b] such that

L(g,P2) < /bg(m) dz < U(g,P2) < L(g,Ps) + %

a

Let P = P; UPsy. Then P is a partition of [a, b] that is a refinement of both
P1 and Py. Therefore, Remark [6.1.13] together with Lemma [6.1.7] imply that

IN

f? )

f2P1)
L(f,P1)

L(f,P)+

b
L(f,P) < / f@)dz <U(f,P
U(f,P

IA N

IN
N

and similarly
Lo P) < [ o) de UGP) S L0.P) 45,
Hence, since we know that
L(f,P)+ L(g,P) < L(f +9,P) <U(f +9,P) <U(f,P) + U(g,P)
we obtain that

L(f,P)+ L(9,P) < L(f +¢9,P) SU(f +9,P) < L(f,P) + L(9, P) + €.

Hence 0 < U(f+g,P) — L(f + g, P) < e. Therefore, since € was arbitrary,
Theorem implies that f 4 ¢ is Riemann integrable on [a, b]. Moreover,
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by repeating the above now knowing that f + ¢g is Riemann integrable on
[a, b], we obtain that for all € > 0 there exists a partition P such that

b b
/af(:v)der/a g(@)dz —e < L(f,P) + L(g, P)
<L(f+g,7P)

[+

<U(f+g,P)
<U(f,P)+Ul(g,P)

S/abf(:n)dx—&—/abg(x)dx—ke.

Hence

<e.

[ s@ars [Cg@a— [+ g e

Therefore, as € > 0 was arbitrary, we obtain that

[Gro@ar= [ s [ g a

as desired.

c) Let f,g : [a,b] = R be Riemann integrable and assume f(z) < g(z)
for all z € [a,b]. To see the desired result, let € > 0 be arbitrary. Remark
together with Theorem imply that there exists a partition P of
[a, b] such that

b
LS.P) < [ f@)de SUWLP) S LULP) +e
However, since f(z) < g(z) for all x € [a, b], we know that
inf{f(z) | © € [¢,d]} <inf{g(z) | x € [c, d]}

for all ¢,d € [a,b] with ¢ < d. Therefore L(f,P) < L(g,P). Hence
b

b
/a flx)de —e < L(f,P) < L(g,P) < / g(x) dz.

Hence, for all € > 0, we have that
b b
/ f(z)dx S/ g(z)dzr + €.

Therefore, we have (“by sending € to 0”) that

/abf(x)dx g/abg(x)cm
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as desired.
d) By part ¢) and Example [6.1.14] we have that

b b b
m(b—a):/mdarg/f(x)dxg/de:M(b—a)
as desired. m

Remark 6.1.26. Note that Proposition [6.1.25|does not produce a formula for
the Riemann integral of the product of Riemann integrable functions. Indeed

it is almost always the case that f:(fg)(x) dx # (ff f(x) dx) (ffg(x) dm).
For example, using Examples [6.1.15] and [6.1.16] we see that

1 9 1 1 2 1
= — = — .
/0 x° dx 3 whereas </0 T d:l?) 1

In lieu of the above remark, it is still possible to show that if f and g
are Riemann integrable on [a, b], then fg is Riemann integrable on [a, b]. To
begin this proof, we first must deal with the case that f = g.

Lemma 6.1.27. Let f : [a,b] — R be a Riemann integrable function on [a,b].
The function f% : [a,b] — R defined by f?(x) = (f())? for all x € [a,b] is
Riemann integrable on [a,b].
Proof. Since f is bounded by the definition of Riemann integrable,

K = sup{|f(@)] | = € [a,8]} < oo.

To see that f? is Riemann integrable, let ¢ > 0 be arbitrary. Since f
is Riemann integrable on [a,b], Theorem [6.1.17| implies that there exists a
partition P of [a, b] such that

0 < U(f,P) = L(f,P) < 2(K1+1)e.

Write P = {t)}}_, where
a=th<ti<to<---<tph_1<t,=0

For each k € {1,...,n} let
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Notice for all x,y € [a,b] we have that

|(f(@))” = (FW))?| = |f (=) + FW)IIf(x) = f(y)l
< (If @[+ [f@DIf(x) = f(y)]
< (K + K)|f(z) = f(y)| = 2K[f(x) = f(y)].

Hence we obtain that

Mi(f?) — mi(f?) < 2K (Mg (f) — mi(f))

for all k € {1,...,n}. Therefore

1
<U(f*P)— L(f*P) <2K - L <2K :
0 U(f%P) = L P) S 2K(U(f.P) = LS, P)) < 2K g e < e
Hence f? is Riemann integrable by Proposition [6.1.29 ]

Using the above and a clever decomposition of functions, we obtain the
product of Riemann integrable functions is Riemann integrable.

Proposition 6.1.28. Let f, g : [a,b] — R be Riemann integrable functions
on [a,b]. Then fg: [a,b] — R is Riemann integrable on |a,b].

Proof. Since

F)o(a) = 5 () + 9@)?  F) — o))

and since f + g, f2,¢%, and (f + g)? are Riemann integrable by Proposition
and Lemma it follows by Proposition that fg is Riemann

integrable. |

To complete our section on the properties of the Riemann integral, we
have one more useful result. The main reason why this result is useful in
analysis is that it plays the same role for integrals as the triangle inequality
plays for sums.

Proposition 6.1.29. Let f : [a,b] = R a Riemann integrable function on
[a,b]. Then the function |f| : [a,b] — R defined by |f|(x) = |f(z)| for all
x € [a,b] is Riemann integrable on [a,b] and

< [@la.

Proof. Let € > 0 be arbitrary. By Theorem [6.1.17] there exists a partition P
of [a,b] such that

x)dx

OSU(faP)iL(faP)<€
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Write P = {t;, }}_, where
a=th<ti<ta<- - <tp_1<t,=h

For each k € {1,...,n} let

my(f) = inf{f(2) | = € [ty—1,txl},

Mi(f) =sup{f(z) | = € [tp—1,t]},
mi(|f]) = inf{|f(2)| | © € [tk-1,%]}, and
My (|f1) = sup{[f(z)| | = € [tr—1,tk]}-

We claim that
M (1) = ma(If]) < Me(f) — me(f)

for all k € {1,...,n}. Indeed notice if z,y € [ty_1, %] are such that:
« f(x), f(y) =0, then
@) = 1f W)l = (@) = fly) < Mi(f) = ma(f).
e f(x) >02> f(y), then
[f @) = 1fW)] < fz) = fly) < Mi(f) = me(f)
e f(y)>02> f(x), then
[f @) = 1f W) < fly) = f(z) < My (f) = me(f).

° f(x)7f<y) S O, then

[f @) =1f W) = fly) = f(z) < My (f) —mr(f)

Using Lemma [I.3.5] by considering the supreme of the above equations over
x followed by the infimum of the above equations over y, we obtain that

Mi(1f1) = mi(1f1) < Mi(f) = mi(f)-

Hence

(M (| f]) = mu(1fD) (te — tr—1)

I
NE

U(lf1,P) = L1, P)

B
Il
—

(My(f) — ma(f))(tr — th-1)

NE

I
ST

(f,P) = L(f,P) <e.
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Therefore, since ¢ > 0 was arbitrary, |f| is Riemann integrable on [a, b] by
Theorem

Since |f| is Riemann integrable, Proposition [6.1.25 implies that —|f] is
Riemann integrable. Moreover, since

—[f(@)] < f(z) < [f(2)]
for all = € [a, b], Proposition also implies that
b b b
- [ @lde < [ p@yde < [Cif@)do
Hence
b b
| @ sl < [1r@l .

which completes the proof. ]

6.2 The Fundamental Theorems of Calculus

For our final section of the course, note that although we have developed the
Riemann integral and its properties, we still lack a simple way to compute the
integral of even some of the most basic functions. Indeed the only integrals
we have actually computed were Examples [6.1.15] and [6.1.16] where specific
sums were used.

The goal of this final section is to prove what is know as the Fundamental
Theorems of Calculus. Said theorems are named as such since they provide
the ultimate connection between integration and differentiation via anti-
derivatives as introduced in Section To study these theorems, we will
need to define some functions based on integrals.

To begin, assume f : [a,b] — R is Riemann integrable on [a,b]. For
simplicity, let us define

/ f(x)dx =0.
Therefore, if we define F' : [a,b] — R by
Flz) = / (b dt

for all x € [a, b], we see that F' is a well-defined since f is Riemann integrable
on [a,z] by Proposition [6.1.24

Lemma 6.2.1. Let f : [a,b] — R be Riemann integrable on [a,b] and let
F : [a,b] — R be defined by

for all € [a,b]. Then F is continuous on [a, b)].
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Proof. To show that F' is continuous on [a, b], we will show that F' is uniformly
continuous on [a,b]. To do this, let € > 0 be arbitrary.
Since f is bounded,

0 < M =max{|f(z)] | « € [a,b]} < .

Let 6 = 4747 Clearly 6 > 0.

To see that § works for € in the definition of uniform continuity, notice if
x1,x2 € [a,b] are such that x; < xg, then f is Riemann integrable on [z, x2]
by Proposition and by Proposition [6.1.25] we have that

[ sy < [F1501d < Mgz ).

1 1

Therefore, since for all z1 < 3

Flaz) = Flar) = [ f0ydt= [ foyar

T To T
_ (/ £(t) dt+/ (1) dt) —/ (1) dt
x(; T a
_ / F(t) dt
1
by Proposition it easily follows
|F(22) — F(z1)] < Mzy — 21

for all x1,z9 € [a,b] with 1 < 2. Hence, if x1,29 € [a,b] are such that
x1 < x9 and |z9 — x1| < §, then

€
<e.

[Pla) = Flan)| < Moy — 1] € Mo <

Therefore, as € > 0 was arbitrary, F' is uniformly continuous on [a, b). N

Since the function F' from Lemma [6.2.1]is continuous, it is possible that
F is differentiable. The First Fundamental Theorem of Calculus shows this
is indeed the case provided f is continuous and enables us to compute the
derivative. In fact, the following shows that if we integrate a function f to
obtain F', then F is an anti-derivative of f. Hence differentiation undoes
integration!

Theorem 6.2.2 (The Fundamental Theorem of Calculus, I). Let
f i [a,b] = R be continuous on [a,b] and let F : [a,b] — R be defined by

Fz) = /m £t dt

for all x € [a,b]. Then F is differentiable on (a,b) and F'(x) = f(x) for all
x € (a,b).
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Proof. Let f:[a,b] — R be continuous and fix an x € (a,b). To see that F'
is differentiable at x and F’'(x) = f(z), we must show that

F(x+h)—F(x)
) ),

To see this, let € > 0 be arbitrary. Since f is continuous at z, there exists a

0 > 0 such that if ¢ € [a,b] and |t — 2| < §, then |f(t) — f(x)| < e. Notice if
0 < h <6 then

’ (93+h)— F(z)

lim
h—0

—f(x)]
. h/ £ dt — f(2)1
_ h/ tydt— f ()<}1l/:+h1dt>

by Proposition [6.1.24

1 x+h
since — / 1dt=1
hJz

1 T+
= E/ f(t)dt — 7/ by Propostion [6.1.25]
1 rzt+h
== / f(t) — f(z)dt by Propostion [6.1.25|
<= / ()| dt by Propostion [6.1.29]
ince |[t—z|<d
< - h / for all Le[;,‘:c_-i—h]
= h ) = €.
Similarly, notice if —6 < h < 0, then
F(rx+h) - F(x
et
1 T
=3 f(t)dt — f(x)l‘ by Proposition [6.1.24]
z+h
L rwya f()( 1/95 1dt>’ since 1//90 Ldt =1
S — f(z) | —= ince — — =
h z+h h z+h h z+h
1 T 1 T
=1 L f(t)dt + N /+h f(x)dt by Propostion
1 T
=7 f@&) = f(z) dt‘ by Propostion [6.1.25
z+h
1 xT
< -7 |f(t) — f(x)|dt by Propostion [6.1.29
z+h
1 [* since |t—z|<d
> _E th edt for all t€[z+h,x]
1
= E(he) =€
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Hence, for all h with 0 < |h| < 9,

F(zx+ h) — F(z)
h

—flx)] <e

Therefore, as € was arbitrary, the definition of the limit implies that

F(z +h) — F(z)

) h = /().
Hence F'(z) exists and F'(z) = f(z) as desired. "

Remark 6.2.3. It is important to note that we cannot replace “f is contin-
uous” with “f is Riemann integrable” in the statement of the First Funda-
mental Theorem of Calculus. Indeed if we define f : [—1,1] — R by
-1 ifz<0
flz) = . ,
1 ifz>0

then f is Riemann integral by Corollary [6.1.21] However, we see that if
F :[-1,1] — R is defined by

Flo)= [ ft)t

then
—x—1 ifz<0

F(ZU):{ = x| -1

r—1 ifx>0
so F' is not differentiable at 0.

In contrast to how the First Fundamental Theorem of Calculus shows
that derivatives undo integration, the Second Fundamental Theorem of
Calculus shows that integration undoes derivatives. In particular, the Second
Fundamental Theorem of Calculus shows us that if we know the antiderivative
of a function f, then we can compute the Riemann integral of f. Note we
will provide two proofs of the Second Fundamental Theorem of Calculus;
one that assumes f is continuous and is simpler, and one that makes no
assumptions on f other than that f is Riemann integrable.

Theorem 6.2.4 (The Fundamental Theorem of Calculus, II). Let f, g :
[a,b] — R be such that f is Riemann integrable on [a,b], g is differentiable
on [a,b], and ¢'(z) = f(z) for all x € (a,b). Then

[ sy = 906) ~ g(a)
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Proof of Theorem [6.2.4) when f is continuous. Assume f is continuous. De-
fine F': [a,b] — R by

Fz) = /x £t dt

for all x € [a,b]. Since f is Riemann integrable, F is well-defined by
Proposition

Since f is continuous, the First Fundamental Theorem of Calculus (The-
orem implies that F' is differentiable on (a,b) with

Fl(z) = f(z) = g'(2)

for all z € (a,b). Hence Corollary implies that there exists a constant
a € R such that F(x) = g(x) + « for all z € (a,b). Since F is continuous on
[a, b] by Lemma and since g is continuous on [a, b] by assumption, we
have that F(x) = g(x) 4+ « for all = € [a,b]. Hence

/bf(t) dt = F(b) - 0
F(b) - F(a)
(9(b) + ) = (g(a) + ) = g(b) — g(a). n

Proof of Theorem[6.2.]], no additional assumptions. Let f, g : [a,b] = R be
such that f is Riemann integrable on [a, ], g is differentiable on [a, b], and
g'(z) = f(z) for all z € (a,b). Note g is continuous on [a, b] by definition.

Let € > 0 be arbitrary. By Remark and Theorem there
exists a partition P of [a, b] such that

L(f,P) < /abf(t) dt <U(f,P) < L(f,P) + .

Write P = {t;, }}_, where
a=1ty <t <ta<---<th_1<t,=0.

Since g is differentiable on [a, b], the Mean Value Theorem (Theorem
5.3.3]) implies for each k € {1,...,n} that there exists a x € (tx_1,tx) such
that (k) (i)

I\lk) — G\lk—
S = g (w) = f(a),
tp — t—1
Thus
9(tk) — 9(te—1) = f (@) (ty — tr—1)
for all k € {1,...,n}.
Notice that

S Pt — i) = 3 g(t) — gltir) = g(t) — glto) = 9(b) — g(a).
k=1

k=1
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Moreover, by the definition of the upper and lower Riemann sums, we know
that

L(f.P) < D flaw)(te — th—1) SU(f,P) < L(f,P) + .
k=1
Hence, we obtain that
L(f,P) < g(b) — g(a) < L(f,P) +e.

Since
b

Lf.P) < [ ft)dt <U(F.P) < LUFP) e,

a

we obtain that

<e.

o)~ ga) ~ [ 50yt

Therefore, as € > 0 was arbitrary,

[ 50 = 9(6) ~ g(a)
as desired. m

Before discussing the uses of the second Fundamental Theorem of Calculus,
it is useful to have an example on why we cannot simply assume f is
continuous in order to use the easier proof.

Example 6.2.5. Let f,g:[—1,1] — R be defined by

B xzcos<i) ifx#0 B QIECOS(%)—SiD(%) ifx#0
g(x)—{o r—o f(x)_{o if =0

for all x € [—1,1].

Note
1 . (1 1 vl
2x cos () — sin <>‘ < 2|z |cos ()’ + [sin ()’ <3
x x x x

for all x € [-1,1]. Therefore f is bounded on [—1,1]. Moreover, f is

continuous on [—1,0) U (0, 1] since x, %, cos, and sin are continuous functions.

However, f is not continuous at 0 since

. 1
lim 2z cos () =0
x

z—0

by the Squeeze Theorem (Theorem |4.1.23|), but lim,_,¢sin (%) does not

exist. Hence f is not continuous on [—1, 1|. However, since f is bounded and
continuous except at z = 0, f is Riemann integrable on [—1, 1] by Corollary

61211
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It follows by the Chain Rule (Theorem [5.1.20) that
1 1
g'(x) = 2x cos . sin | — f(zx)

for all z € (—1,0) U (0, 1). Moreover, notice

lim 9(z) = 9(0) = lim x cos <1) =0=f(0)

z—=0 x—0 z—0 T
by the Squeeze Theorem (Theorem [4.1.23)). Therefore, since g is continuous
at £ = 1 and z = —1, we obtain that ¢ is differentiable on [—1, 1] with

g (z) = f(x) for all z € (—=1,1). Therefore
1
[ f@)d = g(1) = g(-1)
by the second Fundamental Theorem of Calculus, even though f is not

continuous.

Remark 6.2.6. Using the second Fundamental Theorem of Calculus, our
knowledge of derivatives from Subsection and derivatives of inverse
functions from Section [5.5] we easily can compute some integrals:

T :L,n—&—l 0n+1 x""'l
/ thdt = — =
0 n+1 n+1 n—+1
T
/ edt =e* — e =e* — 1
0

o\&
7))
@
@

o
—~
~
N—
QU
~
Il
—+
Q0
B
—~
S
S~—
|
—+
<
B
—~~
(@)
SN—
Il
—+
<
=i
—
8
SN—

}\H
S
U
~
Il
E
—~
8
~—

\
—
E
~—
Il
E
—
8
~—

z 1
/ ————dt = arccos(x) — arccos(0) = arccos(z) —
0

Vi P
r o1
/0 Ty dt = arctan(z) — arctan(0) = arctan(x).

o X

To complete our course, we demonstrate that the Fundamental Theorems
of Calculus immediately give us two common methods used to compute the
value of an integral from calculus: Integration by Substitution and Integration
by Parts. To prove the Integration by Substitution result, we first need a
lemma.
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Lemma 6.2.7. Let a,b € R be such that a < b and let f : [a,b] — R be
continuous. Then f([a,b]) is a closed interval.

Proof. Since f : [a,b] — R is continuous, the Extreme Value Theorem (Theo-
rem [4.6.2)) implies there exists z1, 22 € [a, b] such that f(z1) < f(x) < f(z2).
Hence f([a,b]) C [f(x1), f(z2)]. Since z1,x2 € [a,b], the Intermediate
Value Theorem (Theorem implies that for all ¢ € (f(x1), f(z2))
there exists an x € (x1,x2) U (22, x1) such that f(x) = c¢. Therefore, since
f(z1), f(z2) € f([a,b]), we obtain that [f(z1), f(z2)] € f(]a,b]). Therefore
f([a,b]) = [f(x1), f(x2)] so f([a,b]) is a closed interval. ]

Corollary 6.2.8 (Integration by Substitution). Let a,b,c,d € R be such
that ¢ < a < b < d so that [a,b] C (¢,d). Let g: (¢,d) — R be differentiable
at each point in [a,b] so that ¢’ is continuous on [a,b]. Note I = g([a,b]) is
an interval by Lemma . If f : I — R be continuous, then (f o g)g’ is
Riemann integrable on [a,b] with

9(b)

[ song @iz = [ jwdu

g(a)
(Note if g(b) < g(a) then fgg(g))) f(u)du is defined to equal —fgg((bo;) f(u)du.)

Proof. To begin, we must check that the functions we are considering are
Riemann integrable. Since f is continuous on I, f is Riemann integrable on
I by Theorem Since ¢’ is continuous on [a, b], ¢ is continuous on [a, b].
Therefore f o g is continuous on [a, b] by Theorem Hence (fog)g is
continuous on [a, b] and thus Riemann integrable on [a, b] by Theorem

Thus it remains only to show the desired integral equation. To see this,
first note that I = [«, ] for some o, f € R with a < 8 so we can extend f
to a continuous function A on R by

flx) ifx € [a,p]
hz) =4 fla) ifz<a
fB) ifz=>p

Therefore, by the First Fundamental Theorem of Calculus (Theorem [6.2.2)),
if F:]a—1,84 1] — R is defined by

Fz) = /;1 h(t) dt,

then F is differentiable on (o — 1,8 4 1) with F'(z) = h(z) = f(z) for all
z € [, pf]=1.

Since ¢ : (¢,d) — I is continuous on [a,b] so that g((a — §,b+ 9)) C
(= 1,8+ 1) for some § > 0, the Chain Rule (Theorem [5.1.20) implies that
F o g is differentiable on [a, b] with

(Fog)(x)=F(g(x))g'(x) = fg(x))g'(x)
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for all = € [a,b]. Therefore, we obtain that

/“f dm—[}Fog<@

)
=(Fog)b) — (Fog)a) ™ mianer Catcae
= F(g(b)) = F(g(a)

b
— 9(®) f(l') dx by the Second Fundamental
Theorem of Calculus

as desired. n

Corollary 6.2.9 (Integration by Parts). Let a,b,c,d € R be such that
c < a<b<dso that [a,b] C (¢,d). If f,g : (¢,d) — R are continuous
and differentiable at each point in [a,b] and f',¢" : [a,b] — R are Riemann
integrable, then f'g and fg' are Riemann integrable on [a,b] with

b b
| 1@ @) de = £(b)gl) = f(@g(a) = | F@)gl@)da
Proof. Let h : [a,b] — R be defined by

h(z) = f'(z)g(z) + f(2)g'(x).

Since f'g, f¢’, and h are Riemann integrable on [a, b] by Theorem and
Propositions [6.1.25{and |6.1.28] and since fg is differentiable on (¢, d) with
(f9)'(z) = h(z) for all z € [a,b] by the Product Rule (Proposition [5.1.12),
we obtain by the Second Fundamental Theorem of Calculus (Theorem @ ,
and by Propositions [6.1.25| and [6.1.28| that

b
£B)g(b) ~ f(@g(a) = [ hiz)do
= [ 7@@) + f@) @) do

- /ab f(x)g(x) dz + /ab f(2)g'(z) dz

as desired. n
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Appendix A

MATH 1200 Background

In this appendix chapter, we will quickly review the basic background material
from MATH 1200 that students should be familiar with when entering this
course.

A.1 Set Notation

All mathematics must contain some notation in order for one to adequately
describe the objects of study. As such, we begin by developing the notation
surrounding one of the most basic objects in mathematics.

Heuristic Definition. A set is a collection of distinct objects.

To utilize sets, we must first develop notation to adequately describe sets
and symbols to adequetly describe operations on sets. First we begin with
how to write an explicit set.

Notation A.1.1. There are two notations commonly used to describe a set:
namely
{objects}

and
{objects | conditions on the objects}.

The following are some examples of how one can use set notation to
describe a set.

Example A.1.2. The set of natural numbers, denoted N, is the set
N=1{1,2,3,4,...}.
Example A.1.3. The set of integers, denoted Z, is the set
7Z=4{0,1,-1,2,-2,3,-3,...}.
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Example A.1.4. The set of rational numbers, denoted Q, is the set

e-{3

Considering the above, it is useful to have some terminology and notation
to determine when an object is in a given set.

a, b are integers with b # 0} .

Definition A.1.5. Given a set X and an object x, we say that z is an
element of X if x is one of the objects that make up X. We denote that “xz
is an element of X” by z € X and we use x ¢ X to denoted when x is not
an element of X.

Example A.1.6. It is clear based on the above definitions that % € Q yet
+ ¢ Z. Similarly 0 € Z but 0 ¢ N.

It is also useful to have terminology and notation to describe when one
set contains another.

Definition A.1.7. Given a set A, a subset of A is any set B such that if
b € B then b € A. We denote “B is a subset of A” by B C A and we use
B ¢ A when B is not a subset of A.

Example A.1.8. It is clear based on the above definitions that N C Z C Q,
Q¢ Z,and Z ¢ N.

There is one special set that is a subset of every set and is quite useful
to describe.

Definition A.1.9. The empty set, denoted (), is the set with no elements.

Remark A.1.10. If A is any set, then it is vacuously true that if x € () then
x € A since there are no objects x so that = € (). Hence () C A for all sets A.

Of course, the notion of when two sets are equal should be obvious.

Definition A.1.11. Two sets A and B are said to be equal if A and B have
precisely the same elements. We write A = B to denote that A and B are
equal.

Remark A.1.12. If one is trying to prove two sets A and B are equal, one
needs to demonstrate that x € A if and only if x € B. If we divide this
bi-conditional statement into its two components, we need to prove “if x € A
then x € B” and “if x € B then x € A”. Theses conditional statements are
asking us to prove A C B and B C A. Hence A = B if and only if A C B
and B C A.

When trying to prove two sets are equal, keep the above in mind as these
ideas are the most common techniques to show that two sets are equal.

©For use through and only available at pskoufra.info.yorku.ca.



A.1. SET NOTATION 201

Now that the basics of sets have been established, we can start to
construct new, larger sets from other sets. The following is a generalization
of something students have seen in high school.

Definition A.1.13. Given an n € N and sets Ay, Ao, ..., A,, the Cartesian
Product of Ay, As, ..., A, is the set

Ap x Ag x -+ x Ay = {(a1,a2,...,ay) | ap € A for all k € {1,2,...,n}}.

Remark A.1.14. The most common Cartesian Product students have seen
and are familiar with is R™ (where R denotes the set of real numbers). Indeed
R" =R xR X --- xR where we have taken the Cartesian Product of n copies
of R. For example

R? = {(z,y) | =,y € R}

and
R® = {(2,9,2) | &y, € R}.

More generally,
Rn:{(x17"‘7xn) ‘«Tl;--.,mneR}
is one of the main objects of study in MATH 1021.

Instead of combining sets in pairs or, more generally, n-tuples, there is
another common way to combine sets.

Definition A.1.15. Let I be a non-empty set and for each « € I, let A, be
a set. The union of {As | a € I}, denoted U,y Aa, is the set

UAa:{x | © € A, for some a € I}.
acl

Example A.1.16. For two examples, if A denotes the set of all odd natural
numbers and B denotes the set of all even natural numbers, then N = AU B.
Furthermore

o0
N=J{2n—1,2n}.
n=1
Instead of taking the set that contains all of the elements of a collection

of sets, we can take the set of elements that are common to each set.

Definition A.1.17. Let I be a non-empty set and for each o € I, let A, be
a set. The intersection of {An | o € I}, denoted Nyer Aa, is the set

ﬂAa:{x | z € A, for all a € I}.
ael

Example A.1.18. For example, {1} = (o2 ;{1,n,n+1,...} as the number
1 is the only element of each set.
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Furthermore, it is possible to ‘take away’ one set from another.

Definition A.1.19. Given two sets A and B, the set difference of A by B,
denoted A\ B, is the set

A\B={z | x € Aand x ¢ B}.
To summarize the above set operations, consider the following example.
Example A.1.20. If X ={1,2,3} and Y = {2,4,6}, then
XUY ={1,2,3,4,6}, XNnY ={2}, and X\Y ={1,3}.

Remark A.1.21. In this course, we will often have a set X (usually R) and
will be considering subsets of X. Consequently, given a subset Y of X, the
set difference X \ Y will be called the complement of Y (in X) and will be
denoted Y for convenience.

It turns out that the operation of taking the complement of a set turns
unions into complements and vice versa as the following result shows.

Theorem A.1.22 (De Morgan’s Laws). Let X and I be non-empty sets
and for each o € I let X, be a subset of X. Then

<LJX@>C: (X  and (f]xa)cz U x:.

acl acl acl acl

Proof. Notice that

x € (U Xa> if and only if = ¢ UXa

acl ael
if and only if z ¢ X, for all « € T

if and only if x € X for all v € 1

if and only if z € ﬂ X
acl

which completes the proof of the first equation.

It is possible to repeat the same proof technique to show that the other
equation holds. Alternatively, it is possible to use the first result to prove
the second. To do this, we must first claim that that if Y C X and Z = Y€,
then Z¢ =Y; that is, the complement of the complement is the original set.
Indeed notice x € Z¢ if and only if ¢ X if and only if z ¢ Y if and only if
r €Y. Hence Z¢ =Y.

To prove the second equality using the first, for each a € I let Y, = X¢.
By applying the first equation using the Y,’s instead of the X,’s, we obtain

that .
(Un):ﬂm

acl ael
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Since Y, = X so Y = X, for all a € I, we have that

(LJKQCZ(WKM

acl acl
Hence
c
Um:<ﬂn>
ael acl
by taking the complement of both sides. ]

Sets will play an important role in this course. However, one important
question that has not been addressed is, “What exactly is a set?” This
questions must be asked as we have not provided a rigorous definition of a
set. This leads to some interesting questions, such as, “Does the collection
of all sets form a set?”

To consider these questions, let us assume that there is a set of all sets;
that is the set

Z ={X | X is a set}

makes sense. Note Z has the interesting property that Z € Z. Since Z is a
set, we would think that

Y={X | Xisasetand X ¢ X}

is a valid subset of Z and thus a set. Considering Y, there are two disjoint
possibilities: either Y € Y or Y ¢ Y.

If it were the case that Y € Y, then the definition of Y implies Y ¢ YV’
which is a contradiction since we cannot have both Y € Y and Y ¢ Y. Thus,
as Y € Y must be false, then it must be the case that Y ¢ Y.

However, Y ¢ Y implies by the definition of Y that Y € Y. Again this is
a contradiction since we cannot have both Y ¢ Y and Y € Y. Therefore, if
Y is a set, we would have reached a logical inconsistency in mathematics.

The above argument is known as Russell’s Paradox and demonstrates that
there cannot be a set of all sets. Russell’s Paradox illustrates the necessity
of a rigorous definition of a set. However, said definition takes us beyond
the study of this class.

A.2 Functions
With our knowledge of sets, we turn next to the morphisms between sets:
functions. In order to formally define what a function is and for future use

in the next section, we begin with the following more general object.
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Definition A.2.1. Let X and Y be sets. A relation from X to Y is any
subset R of X xY. For z € X and y € Y, we write xRy if (x,y) € R and we
write 2Ry if (z,y) ¢ R. In the case that Y = X, we say that R is a relation
on X.

For a natural example of a relation and to see where the notation =Ry
comes from, consider the following.

Example A.2.2. For example
R={(z,y) eR* | 2 <y}

is a relation on R that we normally denote as <. Consequently, one sees that
the notation ‘xRy’ for ‘(x,y) € R’ makes sense for this relation since z <y
exactly when (z,y) € R.

The most formal definition of a function is that functions are specific
types of relations.

Definition A.2.3. Let X and Y be sets. A function f from X toY is a
relation from X to Y such that if x € X then there exists a unique y € Y
such that (z,y) € f. We write f : X — Y to denote that f is a function
from X to Y and for x € X we write f(x) for the unique y € Y such that
(z,y) € f. The set X is called the domain of f and the set Y is called the
codomain of f.

Functions go far beyond what one considers in calculus. For example,
consider the following.

Example A.2.4. Let (a)n>1 be a sequence of real numbers. Define f :
N — R by f(n) = ay, for all n € N. Then f is a function with domain N and
range R.

Remark A.2.5. Given f : X — Y, it is important to remember that f
is the function whereas f(x) is not the function; f(x) is the value of the
function f at the point x € X and thus f(z) is a single element of Y.

As functions are really subsets of a Cartesian Product and we have a
notion for when two sets are equal, we have a notion for when two functions
are equal.

Definition A.2.6. Let f: X — Y and let g : A — B. We say that f equals
g, denoted f = g, if

e X :A, and
o f(z)=g(x) for all z € X.

That is, two functions are equal if they have the same domain and the same
value on each element of the domain.
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There are many ways to construct new functions from other functions
depending on the circumstances. The following is one common and useful
way to construct new functions.

Definition A.2.7. Let XY, and Z be sets and let f : X — Y and let
g:Y — Z. The composition of f and g is the function go f : X — Z such
that

(9o f)(z) = g(f(z))

for all z € X.

Example A.2.8. Consider the functions g : R — R and f : [0,00) — R
defined by g(z) = 22 +2x — 1 for all z € R and f(z) = \/z + 1 for all
x € [0,00). The function go f : [0,00) — R is well-defined. Moreover, for all
x € [0,00), we have that

(9o f)(z) =g(f(x))
=g(Vr+1)
=(Wr+1)?+2(Vz+1) -1
=x+4yz —1

for all z € [0, 00).

There are many properties and information one may want to describe
about a function. We begin with the following.

Definition A.2.9. Let f: X — Y and let Z C X. The image of Z under
f, denoted f(Z), is the set

[(Z2)={f(z) | ze Z; Y.
The range (or image) of f is the set

Range(f) = f(X) = {f(z) | = € X}.

Example A.2.10. Let f : [0,00) — R be defined by f(z) = z +1
for all z € [0,00). Assuming a knowledge of calculus, we can show that
Range(f) = [1,00). Furthermore f([4,9]) = [3,4].

Definition A.2.11. A function f: X — Y is said to be surjective (or onto)
if f(X) =Y that is, for all y € Y there exists an z € X such that f(z) =y.

Example A.2.12. Clearly the function f : [0,00) — R defined by f(z) =
Vo + 1 for all € [0,00) is not surjective since Range(f) = [1,00) # R.
However, the function g : [0,00) — [1,00) defined by g(z) = \/z + 1 for
all 2 € [0, 00) is surjective since Range(g) = [1,00). Thus the notion of when
a function is surjective or not is really a consideration of what one is thinking
of for the codomain of the function. We can always decrease the codomain
of a function to be equal to its range thereby making the function surjective.
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One way to think of a surjective function is that it is a function that
obtains all possible outputs. There is another property one might want to
consider of a function: when does the function yield unique outputs given
distinct inputs.

Definition A.2.13. A function f : X — Y is said to be injective (or
one-to-one) if for all x1,x9 € X with x1 # x9, we have that f(x1) # f(z2).

Remark A.2.14. Note by taking the contrapositive of the definition of an
injective function, we immediately see that a function f: X — Y is injective
if whenever z1, 29 € X are such that f(x1) = f(z2), then 21 = zs.

Example A.2.15. The function f : R — R defined by f(z) =22 -2z +1 =
(x—1)% for all € R is not injective since 0 # 2 yet f(0) = (0—1)2 = (-1)2 =1
and f(2) =(2-1)2=12=1= f(0).

However, it is possible using calculus to show that the function g :
[1,00) — R defined by g(z) = (z — 1)? for all 2 € [1, 00) is injective. Thus
the notion of when a function is injective or not depends on the domain of
the function.

Of course, we can combine the notions of injective and surjective.

Definition A.2.16. A function f : X — Y is said to be bijective if f is
injective and surjective.

Example A.2.17. The function f : [0,00) — [1,00) defined by f(z) = y/z+1
for all z € [0,00) has already been seen to be surjective. As it is possible
using calculus to show that f is injective, we obtain that f is a bijective
function.

Similarly, the function g : [1,00) — [0,00) defined by g(z) = (z — 1)?
for all x € [1,00) has already be seen to be injective with the given domain.
With the codomain written, it is possible using calculus to show that g is
surjective. Hence g is a bijective function.

With f and ¢ as in the above example, notice for all z € [0, 00) that
J(f@) =g (Va+1) = (Ve +1) 1) = V2’ =
and for all y € [1,00) that
Faw) =f(r-10%) = -1 +1=(y-1D+1=y.

Thus perhaps there is a connection between bijective functions and the
following type of function.

Definition A.2.18. A function f: X — Y is said to be invertible if there
exists a function g : Y — X such that
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e (gof)(z)=g(f(x)) = for all z € X, and

o (fog)ly) = flgly)) =y forallyeY.

The function g is called an inverse of f.

Remark A.2.19. Note the two conditions required for f to be an invertible
function make this a ‘two-sided inverse’. This is similar to how wants to be
able to multiple the inverse of a matrix A on either side of A and still get
the identity.

Notice in Definition that we called ¢ ‘a’ inverse of f and not ‘the’
inverse of f. This is because, for all we know, it might be possible that f
has multiple inverses. The following shows this is not the case.

Lemma A.2.20. Let f: X — Y be invertible. If g1 and go are inverse of f,
then g1 = go.

Proof. Assume g1 and go are both inverses of f. Then for all y € Y, we see
by the defining properties of an inverse that

91(y) = (920 f)(g1(y))
= g2(f(91(v))
=g2((fog1)(w))
= g2(y)-

Hence g1 = go as desired. ]

As Lemma [A.2.20] demonstrates that there can be at most one inverse of
an invertible function, we desire some notation to denote this function.

Notation A.2.21. If f: X — Y is an invertible function, the inverse of f
is denoted by f~L.

To culminate our exploration of bijective and invertible functions, we
prove the following.

Theorem A.2.22. Let f: X — Y. Then f is invertible if and only if f is
bijective.

Proof. First, assume f is invertible. Thus f~! exists. To see that f is
bijective, we must show that f is injective and surjective.
f is injective. To see that f is injective, let x1,22 € X be such that

f(xl) = f(.l‘g) Then

r1 = g(f(21)) = g(f(22)) = 22

where the middle equality follows since f(z1) = f(z2). Therefore f is
injective by definition.
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f is surjective. To see that f is surjective, let y € Y be arbitrary. Let

x=g(y) € X. Then

f@)=flg() =y
Hence y € f(X). Therefore, since y € Y was arbitrary, f(X) =Y. Hence f
is surjective by definition.

Since f is injective and surjective, f is bijective as desired.

To see the converse direction, assume f : X — Y is bijective. To show
that f is invertible, we must construct an inverse of f. To do this, let y € Y
be arbitrary. Since f is surjective, we know that there exists an 1 € X such
that f(x1) = y. Moreover, since f is injective, we know that if x9 € X such
that f(x2) =y, then f(x2) = f(x1) so that xo = x1. Hence, for each y € Y
there exists a unique element of z, which we will denoted by x,, such that
flzy) =y.

Consider the function g : ¥ — X defined by g(y) = x, for. Note g is
well-defined by the above paragraph. We claim that ¢ is an inverse of f. To
see this, first note for all y € Y that

flow) = f(xy) =y

as desired. To see that g(f(z)) = x for all x € X, let x € X be arbitrary.
Since f(z) =y, we have that z = x,, by the definition of =, being the unique
element of X that f sends to y. Hence

9(f(x) =gly) =ay ==
as desired. Thus ¢ is the inverse of f thereby completing the proof. ]

To complete our introduction to functions, there is one more set based
on functions we desire to study.

Definition A.2.23. Given f: X — Y and a subset Z C Y, the preimage
of Z under f (or inverse image), denoted f~1(Z), is the set

U2y ={ze X | f(x) € Z}.
Example A.2.24. Let f: R — R be defined by f(z) = 22 for all z € R.
Then

) = {1, -1
F7H([4,00)) = (=00, =2] U [2,00)
FH((=00,0)) = 0.

Remark A.2.25. It is important to note that although the notation f~!(2)
is used for the preimage of a set Z under f, the preimage of a set has nothing
to do with invertibility and one does not need a function to be invertible to
consider the preimage.
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However, when f : X — Y is invertible and Z C Y, then, because f is
bijective, it is possible to show that the preimage of Z under f is the equal to
the image of Z under f~!. To see this, assume f : X — Y is invertible and
let Z CY. As we normally use f~!(Z) to denote both sets we are interested
in, let

A={ze X | f(z) € Z} (i.e. the preimage of Z under f)
B={f"12) | z€ 7} (i.e. the image of Z under f~1).

To see that A = B, we will show that A C B and B C A.

To see that A C B, let a € A be arbitrary. By the definition of A, this
implies f(a) € Z. Therefore, by the definition of B, f~1(f(a)) € B. Since
a = f~1(f(a)), we obtain that a € B. Therefore, since a € A was arbitrary,
ACB.

To see that B C A, let b € B be arbitrary. By the definition of B, there
exists a z € Z such that f~1(z) = b. Hence

fo)=f(f12)=z2¢€2

Therefore b € A by the definition of A. Hence, as b € B was arbitrary,
B C A.

Hence A = B so, when f is invertible, the preimage of Z under f is the
equal to the image of Z under f~1.

To prove some results in this course, it is helpful to know how the preimage
of sets behave under unions and intersections.

Proposition A.2.26. Let f: X — Y, let I be a non-empty set, and for
each a € I let Z,, CY. Then

ft (U Za> = () and ! (ﬂ Za> =" (Z).

acl ael ael ael

Proof. The proof of this result is very similar to the proof of De Morgan’s
Laws.
Notice that

ref! (U Za>if and only if f(x) € U Zo

acl a€cl
if and only if f(x) € Z, for at least one a € I

if and only if z € f~1(Z,) for at least one o € T

if and only if z € U f1(Z.)
acl

which completes the proof of the first equation.

©For use through and only available at pskoufra.info.yorku.ca.



210 APPENDIX A. MATH 1200 BACKGROUND

Similarly, notice that

ze f! (ﬂ Za>if and only if f(x) € m Lo

acl ael
if and only if f(z) € Z, for all « € T

if and only if x € f~1(Z,) for all @ € T

if and only if z € ﬂ 1(Z,)
ael

which completes the proof of the second equation. ]

A.3 Equivalence Relations

Functions, although the most prevalent type of relation, are not the only
special type of relation that is useful in analysis. Specifically, this section
will focus on another type of relation that mimics the basic properties of
equality.

Definition A.3.1. A relation R on a set X is said to be an equivalence
relation if R has the following three properties:

o (reflexive) xRx for all z € X.
o (symmetric) If z,y € X are such that zRy, then yRx.
o (transitive) If z,y, z € X are such that xRy and yRz, then zRz.

Remark A.3.2. It is common in mathematics to denote an equivalence
relation by ~.

Example A.3.3. Let R = {(v,y) € R? | z = y}. We claim that R is an
equivalence relation. To see this, we must show that the three properties of
an equivalence relation hold.

Reflexivity. To see that R is reflexive, let € R be arbitrary. Since z = «,
we have by the definition of R that zRx. Hence, since z € R was arbitrary,
R is reflexive.

Symmetry. To see that R is symmetric, let x,y € R be such that xRy.
Thus the definition of R implies that z = y. Hence y = z so that yRx.
Therefore, since x,y € R were arbitrary, R is symmetric.

Transitivity. To see that R is transitive, let z,y, 2 € R be such that xRy
and yRz. Therefore x = y and y = z by definition. Hence = = z so zRz.
Therefore, since x,y, z € R were arbitrary, R is transitive.

Therefore, since R is reflexive, symmetric, and transitive, R is an equiva-
lence relation.
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Example A.3.4. Let R = {(z,y) € R? | z < y}. To determine whether R
is an equivalence relation, we will examine whether the three properties of an
equivalence relation hold. If all three hold, then R is an equivalence relation.
However, if at least one property fails, then R is not an equivalence relation.

Reflexivity. We claim that R is reflexive. To see this, let z € R be
arbitrary. Since x < x, we have that xRx. Therefore, since z € R was
arbitrary, R is reflexive.

Symmetry. We claim that R is not symmetric. To see this, note that 2R3
since 2 < 3, but 3R2 since 2 ﬁ 3. Hence R is not symmetric.

Transitivity. We claim that R is transitive. To see this, let z,y,2 € R be
such that xRy and yRz. Therefore x < y and y < z by definition. Hence
x < z so xRz. Therefore, since z,y, z € R were arbitrary, R is transitive.

Since R is not symmetric, R is not an equivalence relation.

Example A.3.5. Recall given m,n € Z, it is said that n divides m, denoted
n|m if there exists a d € Z such that dn = m.
Fix n € N and consider the relation

R={(m,k) € Z* | n|(m —k)}.

We claim that R is an equivalence relation on Z. To see this, we must show
that the three properties of an equivalence relation hold.

Reflexivity. To see that R is reflexive, let m € Z be arbitrary. Since
On = 0 and 0 € Z, we have by definition that n|0. Hence, since m —m = 0,
we have that n|(m — m) so mRm by definition. Therefore, since m € Z was
arbitrary, R is reflexive.

Symmetry. To see that R is symmetric, let m, k € Z be such that mRk.
Hence n|(m — k) by the definition of R. By the definition of divides, this
implies there exists a d € Z such that dn = m — k. Therefore, since

(=dn=—-dn=—-(m—k)=k—m

and since —d € Z, we have that n|(k — m) by the definition of divides and
thus kRm. Hence, since m, k € Z was arbitrary, R is symmetric.

Transitivity. To see that R is transitive, let m, k, ¢ € Z be such that mRk
and kR(. Hence n|(m — k) and n|(k — £) by definition. By the definition of
divides, this implies there exist d,b € Z such that dn = m —k and bn = k —£.
Therefore, since

(d+bn=dn+bn=(m—-—k)+(k—¢) =m—1¢

and since d 4+ b € Z, we have that n|(m — ¢) by the definition of divides and
thus mRL. Hence, since m, k,{ € Z was arbitrary, R is transitive.

Since R is reflexive, symmetric, and transitive, R is an equivalence relation.
The equivalence relation R is called the equivalence modulo n equivalence
relation. Moreover, if mRk, we say that m is equivalent to k modulo n and
write m = k£ mod n.
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Equivalence relations related to analysis can be seen in Sections
and [B:2] and in Lemma [3.1.8] For now, we turn to trying to think of
equivalence relations as a form of equality. Of course there can exist objects
that are equivalent with respect to an equivalence relation that are not equal.
However, if we combine all elements that are equivalence to a given element,
we get sets that are quite useful. These sets are some form of ‘modding out
by the equivalence relation’ to construct objects that are equal based on the
equivalence relation. To begin, let’s be formal about these sets of equivalent
elements.

Definition A.3.6. Let ~ be an equivalence relation on a set X. For each
a € X, the equivalence class of a with respect to ~ is

[a] ={z € X | © ~a}.

Example A.3.7. Consider the equivalence modulo 2 equivalence relation.
Then
[1] = {odd integers} and [0] = {even integers}.

To show that elements being equivalent under an equivalence relation
relates to equality of the equivalence classes, we prove the following.

Lemma A.3.8. Let ~ be an equivalence relation on a set X and let a,b € X.
Then a ~ b if and only if [a] = [b].

Proof. To begin, assume that a ~ b. To show that [a] = [b], we will show
that [a] C [b] and [b] C [a].

To see that [a] C [b], let = € [a] be arbitrary. Hence x ~ a by the
definition of an equivalence class. Since equivalence relations are transitive,
x ~ a and a ~ b implies that = ~ b. Hence x € [b] by the definition of an
equivalence class. Therefore, since © € [a] was arbitrary, [a] C [b].

To see that [b] C [a], note since equivalence relations are symmetric that
a ~ b implies b ~ a. Therefore by interchanging a and b in the previous
paragraph, we obtain that [b] C [a]. Hence [a] = [b] as desired.

To see the converse direction, assume [a] = [b]. Since equivalence relations
are reflexive, we know that a ~ a so a € [a] by the definition of an equivalence
class. Therefore a € [a] = [b]. Since a € [b], the definition of an equivalence
class implies that a ~ b as desired. ]

The main benefit of considering equivalence classes is that they provide
a partition of the entire space into sets of equivalent elements. The following
result formalize this.

Proposition A.3.9. Let ~ be an equivalence relation on a set X and let
C=A{[a] | a € X}.
Then
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a) forall AeC, A+,
b) for all x € X there exists an A € C such that x € A, and
c) if A,Be€C and A+# B, then AN B = ().

Proof. a) Let A € C be arbitrary. By the definition of C, A = [a] for some
a € X. Since equivalence relations are reflexive, we know that a ~ a so
a € [a] = A by the definition of an equivalence class. Since a € A, A # ().
Therefore, since A € C was arbitrary, the result holds.

b) Let € X be arbitrary. Let A = [z] so that A € C. Since equivalence
relations are reflexive, we know that x ~ x so « € [z] = A by the definition
of an equivalence class. Therefore, since € X was arbitrary, the result
follows.

c) Let A, B € C be such that A # B. Since A, B € C, the definition of C
implies that there exists a,b € X such that A = [a] and B = [b].

Suppose for the sake of a contradiction that A N B # (). Hence there
exists an x € X such that vt € AN B. Thus v € A = [a] and x € B = [b].
Since x € [a] and x € [b], we have by the definition of an equivalence class
that x ~ a and = ~ b. Since equivalence relations are symmetric, x ~ a
implies a ~ b. Therefore, since equivalence relations are transitive and since
a ~ x and z ~ b, we obtain that a ~ b. Hence Lemma implies that
A = [a] = [b] = B. Hence we have a contradiction to the fact that A # B so
AN B # () as desired. n

One reason equivalence classes are important will be see in Sections
and [B.2] where equivalence classes are used to construct the integers and
rational numbers from the natural numbers. Moreover, equivalence classes
are used in Proposition [3.1.9] to describe all of the open subsets of the real
numbers.
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Appendix B

Constructing Number
Systems

This appendix chapter is completely devoted to proving the existence and
uniqueness of a totally ordered field with the Least Upper Bound Property;
that is, the existence and uniqueness of the real numbers.

To begin, Section [B.I]will construct and verifying the necessary properties
of the integers from the natural numbers and Peaon’s Axioms (Definition
. Of course, since the existence and properties of the integers may seem
elementary to the reader, so it possible to skip this section. However, we
have included it to be completely formal in our axiomatic construction of
the real numbers, to demonstrate the techniques that will be used in the
subsequent section, and as it will simplify one argument in Section [B.5

Section [B:2] will construct the rational numbers from the integers. In
particular, it will be demonstrated that the rational numbers are a totally
ordered field. From the rational numbers, we will then construct the real
numbers in two ways.

Section will derive the real numbers from the rational numbers in
a set theoretic way. In particular, the real numbers will be defined to be
certain subsets of the rational numbers known as Dedekind cuts. It will be
demonstrated that there are operations on Dedekind cuts that turn the real
numbers into a field, although this is a colossal pain. The benefits of this
approach are that it requires absolutely no knowledge of real analysis and
that the total ordering and Least Upper Bound Property of the real numbers
is very natural and are easily proved.

Section [B.4] will derive the real numbers from the rational numbers in
a more analytic way. Specifically, the real numbers will be defined to be
equivalence classes of Cauchy sequences of rational numbers. It will easily
follow that there are operations on these equivalence classes that turn the
real numbers into a field. However, with this approach, the total ordering
and Least Upper Bound Property are more complicated. The benefits of this
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approach are that it is generally viewed to be as an easier approach, it can be
generalized to other objects (see MATH 4011), and it is much more thematic
with this course on real analysis as it utilizes many of the techniques and
ideas learnt throughout the course.

Section will demonstrate that every totally ordered field with the
Least Upper Bound Property must be the real numbers. By this we mean any
two ordered fields with the Least Upper Bound Property must be ‘isomorphic’
in the appropriate sense. In particular, the two objects that were constructed
in Section and Section [B.4] are the same even though they look different.
To prove the desired result, we will first show that every totally ordered field
with the Least Upper Bound Property contain the rational numbers (with
the same ordering). Then the Least Upper Bound Property to show that
any two totally ordered field with the Least Upper Bound Property must be
isomorphic and thus equal to the real numbers.

B.1 Integers

In this section, we will construct the integers from the natural numbers.
To do this, we will be assuming the existence of the natural numbers, the
operations of addition and multiplication on the natural numbers, the total
ordering on the natural numbers, and that the total ordering on the natural
numbers has the additive property. All of these assumptions follow from
Peaon’s Axioms (Definition once think about them for long enough.

To construct the integers, the idea is that we want to close the natural
numbers under subtraction; that is, for all m,n € N we want m — n to make
sense. Of course we can consider the set of all pairs (m,n) and think of this
pair as representing m — n. However, as 3 — 1 =5 — 3, we want to be able
to identify two pairs (m1,n1) and (me,n2) as equal via a property of the
natural numbers. Note that mi; — ny = m9 — ng in what we think of as the
integers if and only if mq 4+ no = m9 + ni. Since the latter only involves
natural numbers, we can define an equivalence relation on pairs of natural
numbers that will lead to the integers:

Lemma B.1.1. Let Xz = {(m,n) | m,n € N} and define a relation ~z on
Xz by (my,n1) ~z (ma,n2) if and only if m1 + no = ma +ny. Then ~yz is
an equivalent relation.

Proof. To see that ~z is an equivalence relation, we need to show that ~y
is reflexive, symmetric, and transitive.
Reflexive: To see that ~y is reflexive, let (m,n) € Xz. Since m +n =
m + n, we see that (m,n) ~z (m,n) by the definition of ~z as desired.
Symmetric: To see that ~yz is symmetric, let (mqy,n1), (me,n2) € Xz
be such that (mi,n1) ~z (ma,n2). Hence mi + na = mg + ny. Thus
mg + np = my + ng so that (me,n2) ~z (m1,n1). Hence ~z is symmetric.
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Transitive: To see that ~y is transitive, let (my,ny), (ma, na), (ms,ng) €
X7z be such that (mi,n1) ~z (ma,ng2) and (mg,n2) ~z (ms,ng). Hence
m1 + no = ma +ny and mo + n3 = m3 + ne. By adding these two equations,
we obtain that

mi + ng + ma + n3g = ma + nyp + m3 + no.

Hence
mi + n3 + (ng + ma) = ms + ny + (ng + ma).

Therefore, by the properties of the natural numbers, we obtain that mi+ns =
ms + ny. Hence (my,n1) ~z (ms,n3). Thus ~y is transitive.

Therefore, since all three properties have been verified, ~y7 is an equiva-
lence relation. |

By taking the equivalence class of the equivalence relation in Lemma
we have constructed the integers.

Definition B.1.2. Let X7 and ~7 be as in Lemma The integers,
denoted Z, are the set of equivalence classes of ~z; that is,

Z = {[(m,n)] [ m,n € N}
where [z] denotes the equivalence class of = with respect to ~z.

Now that the integers have been constructed, we desire to extend the
notions of addition and multiplication from the natural numbers to the
integers. Later we will extend the partial ordering on the natural numbers
to the integers.

Clearly if (m,n) represents m — n, we want to define (m,ny) + (ma, na)
and (mq,n1) - (mg,ng) as we would expect; namely

(m1 — nl) -+ (mQ — ng) = (m1 + MQ) — (7”L1 -+ ng)
(m1 — nl) . (mQ — 712) = (m1m2 + nlng) — (m1n2 + mgnl).
The only possible problem with this is that the integers have been constructed
as a set of equivalence classes. This means that there are more than one
representative for each equivalence class. Therefore, to make sure that we
have a well-defined definition for addition and multiplication that we can use

without worrying whether it depends on the representative of the equivalence
class, we prove the following.

Lemma B.1.3. Let (m1,n1), (mg,n2), (m},n}), (mh,nh) € Xz be such that
(my,n1) ~z (m},n}) and (ma,n2) ~z (mh,nb). Then

a) (my + ma,ny + na) ~z (M) +mb,nf +nb).

! ! / / ! ! !/ !/
b) (mimg + ning, ming + maony) ~z (mimsh + niny, miny +myny).
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Proof. Since (my,n1) ~z (mf,n}) and (ma, na) ~z (mh,nh), we know that
m1 + n} =m) + n1 and ma + nbh = mh + na.

a) To see that (mq+ma,n1+n2) ~z (m} +mb, n} +nh), notice by adding
the two equations above that we obtain

(m1 +ms) + (0] +nbh) = (m) +mb) + (n1 + n2).

Hence (my + ma,ni 4+ na) ~z (m} +mbh,n} + nb) by definition.
b) To see that

(mams + ning, ming +mani) ~z (mimj + ninh, miny +mony),
notice by multiplying my + n} = m) + n1 by mg and ng, we obtain that

mimsg + man’ = mims + maony and

ming + n’lng = m’lng + ninsg.
Hence
(myma 4+ many) + (myng + ning) = (myma 4+ many) + (ming + nng).
Similarly, by multiplying mo + ny = mé + ng by m} and n/, we obtain that

mom +miny = mimf +m/ny and

maon) + ninbh = mhn! + nins.
Hence
(mam| +m!nb) + (mhn| + ning) = (mimh + ming) + (man) + ninl).
By adding these two large equations together, we obtain that

((mima + ning) + (miny + mhn)) + (many + ming + mam! + nins)

= ((mymf + ninb) + (ming + many)) + (mima + ning + ming + man}) .
Hence, by the properties of the natural numbers, we obtain that
(mimag + ning) + (minb +mhn) = (mimb +ninb) + (ming + many).
Thus
(m1mso + ning, ming + maony) ~z (mimb + ninb, min, +mhn),
by definition. m

Due to Lemma the following operations on Z are now well-defined.
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Definition B.1.4. The operations of + and - on Z are defined by

[((m1,n1)] + [(m2,n2)] = [(M1 + m2, n1 + n2)]

[(m1,n1)] - [(m2,n2)] = [(Mima + ning, ming + many)].

Since we have just constructed Z from N, we must verify that addition
and multiplication on Z satisfy the natural desired properties.

Theorem B.1.5. For all [(my,n1)], [(m2,n2)], [(m3,n3)] € Z, the following
hold:

a) (Commutativity of +) [(m1,n1)] + [(m2,n2)] = [(ma2, n2)] + [(m1, n1)].
b) (Commutativity of -) [(m1,n1)] - [(m2, na)] = [(ma,n2)] - [(m1,m1)].
¢) (Associativity of +)

([(m1, 1) ]+ [(ma, no)])+ [(ms, ns)] = [(m1, n1)]+([(m2, n2)]+[(m3, n3)]).-
d) (Associativity of -)

([m1, n1)] - [(ma2, n2)]) - [(m3, n3)] = [(m1,n1)] - ([(m2, n2)] - [(ms3, n3)]).
e) (Distributivity)

[(m1, n1)]-([(m2, n2)]+[(ms, n3)]) = ([(m1, n1)]-[(m2, n2)])+([(m1, n1)]-[(m3, n3)]).-
f) (Additive Unit) [(m1,n1)] + [(1,1)] = [(m1,n1)].
g) (Multiplicative Unit) [(my1,n1)]-[(2,1)] = [(m1,n1)] and [(2,1)] # [(1,1)].
h) (Additive Unit) [(m1,n1)] + [(n1,m1)] = [(1, 1)]
Proof. a) Notice that

[(m1,n1)] + [(m2,n2)] = [(m1 + m2, n1 + n2)]
= [(mg + m1,n2 + n1)]
[(m2,n2)] + [(m1,n1)]

as desired.
b) Notice that

[(m1,n1)] - [(m2,n2)] = [(mima + ning, ming + many )]
= [(m2m1 + noni, mony + mlng)]

[(ma2,n2)] - [(m1, n1)]

as desired.
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c) Notice that

—~

[

—

mi,n1)] + [(ma2, n2)]) + [(m3, n3)]
[(m1 + ma,n1 + n2)] + [(m3, n3)]
[((m1 +ma) +m3, (n1 + n2) + n2)]
[(m + 1+ (ma +m3),n1 + (n2 + n3)]
[(

[(

m1,n1)| + [(m2 + ms, n2 + n3)]
my,n1)] + ([(mz2,n2)] + [(m3,n3)])

as desired.
d) Notice that

([(m1,n1)] - [(m2,n2)]) - [(m3,n3)]
= [

mimg + ning, ming + maony)| - [(ms, n3)]

(m1m2 + nmg)mg + (m1n2 + mgnl)ng, (m1m2 + nmg)ng + mg(mmg + mgm))]

mi (m2m3 + ngng) “+ nq (m2n3 + m3n2), my (m2n3 + m3n2) -+ (m2m3 + n2n3)n1)]

my,n1)] - ([(mams + nanz, mang + manz)|)

(m

(

(mimamsg + ninems + mingng + nymans, mimans + ningns + minams -+ nimams)]
(

( 1

( 1

=
=
=
=
= )] - ([(ma, n2)] - [(m3, n3)))

mi,n

as desired.
e) Notice that

mi,n1)] - ([(ma, n2)] + [(m3,n3)])
[(m1,n1)] - [(m2 + m3,n2 + n3)]
[((m1(m2 +m3) + ni(n2 +n3), mi(n2 +n3) + (m2 + mz)n1)]
[((m1ma + ning) + (mims + ning
[(
([

—
II/‘

(mlng + mgnl) + (m1n3 + mgnl))]

)
mima + ning, ming + maony )| + [(mims + nins, ming + msny )]
) - [(ms,n3)])

(m1,n1)] - [(m2,n2)]) + ([(m1, 71

as desired.
f) First note that 2+1=3#2=1+1s0 (2,1) =z (1,1) so [(2,1)] #
[(1,1)]. Next notice that

[(m, )] + [(1, D] = [(m1 +1,n1 + 1))

Since
(mi+1)+n=mi+ (n1 + 1),

we see that
(m1+1,n1 +1) ~z (m1,n1)

and thus

[(ma, n)] + [(1, D] = [(m1 + 1,01 + 1] = [(ma, )]
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as desired.
g) Notice that

[(m1,n1)] - [(2,1)] = [(2m1 + n1,m1 + 2nq)].
Since
(27711 + nl) +ny=m;+ (m1 + 2n1),

we see that
(2m1 + ni,my1 + 2n1) ~z (m1,n1)

and thus
[((m1,m1)] - [(2,1)] = [(2m1 +n1,ma + 2n1)] = [(ma,11)]

as desired.
h) Finally, notice that

[(ma, n1)] + [(n1, ma)] = [(ma + na, my + )]

Since
(m1+n1)+1:1+(m1+n1),

we see that
(m1+n1,my +n1) ~z (1,1)

and thus
[(ma,n1)] + [(n1,ma)] = [(ma + na,ma +na)] = [(1,1)]
as desired. m

Remark B.1.6. Note Theorem shows some important properties when
it comes to viewing Z via these equivalence classes. First, Theorem
shows that [(1,1)] is the additive unit of Z (after all 1 — 1 = 0). Thus we will
use 0 to denote [(1,1)]. Moreover, for all [(m,n)] € Z, we see that —[(m,n)]
(the additive inverse of [(m,n)]) is [(n,m)] (after all —(m —n) =n —m).
Furthermore Theorem shows that [(2,1)] is the multiplicative unit of
Z (after all 2 —1 = 1). Thus we will use 1 to denote [(2,1)]. Notice that
—1=1[(1,2)] by these discussions. Moreover we see from part f) that 0 # 1.

Before extending the partial order on N to Z, we will note some properties
of the integers relating to addition and multiplication that are required in
Section We begin with the following.

Lemma B.1.7. For all [(m,n)] € Z, [(m,n)] =0 if and only if m = n.

Proof. Notice that [(m,n)] = 0 = [(1,1)] if and only if (m,n) ~z (1,1) if
and only if m + 1 =n+ 1 if and only if m = n as desired. ]
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It will be useful for us to know that the additive inverse of an element is
equal to —1 times the element. This is not immediate from the properties
demonstrated for Z and needs to be proved.

Lemma B.1.8. For all [(m,n)] € Z, —[(m,n)] = (1) - [(m,n)].
Proof. Notice that

(=1) - [(m,n)] = [(1,2)] - [(m, n)]
= [(1(m) +2(n), 1(n) 4 2(m))]
= [(m 4+ 2n,n + 2m)]
= [(m +n,m +n)] + [(n,m)]
=0+ [(n,m)] by Lemma [B.1.7]
= [(n,m)] = =[(m,n)]
as desired. [

The following shows that our natural view that
Z={n|neN}u{-n | neN}u{0}
can give a nice representation of the equivalence relations.

Lemma B.1.9. For all [(m,n)] € Z there exists a k € N such that [(m,n)] =
[(k, D] or [(m,n)] = [(1, k)].

Proof. Let [(m,n)] € Z. To prove that there exists a k& € N such that
[(m,n)] = [(k,1)] or [(m,n)] = [(1, k)], we divide the proof into three cases.

Case 1: m = n. In this case, we claim that [(m,n)] = [(1,1)]. To see this,
notice since m = n that

m+1=n+1.

Hence (m,n) ~z (1,1) so that [(m,n)] = [(1,1)] as desired.

Case 2: m > n. In this case, there exists a £ € N such that n + ¢ =m
Let k = ¢+ 1 so that kK € N and k # 1. We claim that [(m,n)] = [(k,1)]. To
see this, notice that

m+l=mn+{+1=n+k.

Hence (m,n) ~z (k,1) so that [(m,n)] = [(k,1)] as desired.
Case 3: m < n. In this case, there exists a £ € N such that m + ¢ = n.
Let k = ¢+ 1 so that k € N and k # 1. We claim that [(m,n)] = [(1,k)]. To

see this, notice that

m+k=(m+L)+1=n+1.

Hence (m,n) ~z (1, k) so that [(m,n)] = [(1, k)] as desired.
As the three cases cover all possibilities for (m,n) € Xz, the proof is
complete. ]
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The next property we desire is to know what elements of Z when multiplied
together can yield zero. Of course this is obvious to us considering out
knowledge of the integers, but it needs to be verified based on our definition.

Lemma B.1.10. Let [(m1,n1)], [(me,n2)] € Z. Then [(m1,n1)]-[(m2, n2)] =
0 if and only if [(m1,n1)] =0 or [(ma,ne)] = 0.

Proof. To begin, assume [(m1,n1)] = 0. Thus Lemma implies that
my = ny. Therefore, Lemma [B.1.7] implies that

[(m1,n1)] - [(ma2,n2)] = [(Mmima + ning, ming + many )]

= [(m1mga + ming, ming + mamy )] = 0

as desired.

Similarly if [(ma2, n2)] = 0 then [(m1,n1)] - [(ma,n2)] = 0.

To complete the proof, assume [(m1,n1)], [(m2,n2)] € Z are such that
[(m1,n1)] # 0 and [(me,n2)] # 0. Our goal is to show that [(mi,n1)] -
[(ma,n2)] # 0. By Lemma [B.1.9] we can divide the proof into four cases.

Case 1: [(m1,n1)] = [(k1,1)], [(ma,n2)] = [(k2,1)] for ki, ke € N\ {1}. No-
tice in this case that

[(m1,ma)] - [(ma2, n2)] = [(kik2 + 1, k1 + k2)].
Notice since k1, ko € N\ {1} that
kike > 2max{k1, ka} > k1 + ko.
Hence k1ka + 1 > ki + ko so Lemma [B.1.7] implies that
[(m1,n1)] - [(ma2, n2)] = [(kik2 + 1, k1 + k)] # 0

as desired.
Case 2: [(m1,n1)] = [(1,k1)], [(ma,n2)] = [(k2,1)] for ki, ke € N\ {1}. No-
tice in this case that

[(m1,n1)] - [(ma2,n2)] = [(k1 + k2,1 + k1k2)].
Notice since ki, ko € N\ {1} that
kiks > 2max{ky, ka} > ki + ko.
Hence 1 + kiko > ki + ko so Lemma [B.1.7] implies that
[(m1,n1)] - [(ma, n2)] = [(k1 + k2, 1+ krka)] # 0

as desired.
Case 3: [(m1,n1)] = [(k1,1)], [(ma,n2)] = [(1, k2)] for k1, ke € N\ {1}. This
follows by Case 2 and commutativity of -.
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Case 4: [(m1,n1)] = [(1,k1)], [(m2,n2)] = [(1, k2)] for ki, ke € N\ {1}. No-
tice in this case that

[(ma, )] - [(m2, n2)] = [(1 + kika, k1 + k2)].
Notice since k1, ko € N\ {1} that
kiks > 2max{ky, kot > k1 + ko,
Hence 1 + ki1ky > k1 + ko so Lemma implies that
[(ma,n1)] - [(m2, n2)] = [(k1 + ka2, 1+ k1k2)] # 0

as desired.
Hence the proof is complete. ]

The benefit of Lemma is that it enables one to cancel off multipli-
cation as the following result shows.

Corollary B.1.11. If [(m1,n1)],[(m2, n2)], [(ms3,n3)] € Z are such that
[((m1,m1)] # 0 and [(m1,n1)] - [(m2,n2)] = [(m1,n1)] - [(m3,n3)], then
[(m2,n2)] = [(m3,n3)]

Proof. Suppose [(m1,n1)], [(m2,n2)], [(m3,n3)] € Z are such that [(m1,n;)] #
0 and [(m1,n1)] - [(m2,n2)] = [(m1,n1)] - [(m3, n3)]. To begin, we claim that

([(ma,n1)] - [(m3,n3)]) + ([(m1,11)] - [(n3,m3)]) = 0.

To see this, notice that

(I

—

my,n1)] - [(m3,n3)]) + ([(m1,n1)] - [(n3,m3)])

(
[(mimg + ninz, ming + mani)| + [(ming + nims, mims + nins)|
[(

0

(m1m3 + nlng) + (m1n3 -+ nlmg), (m1n3 + mgnl) + (m1m3 + 711713))]

by Lemma Therefore

0

([(m1,n1)] - [(m3,n3)]) + ([(m1,11)] - [(n3,m3)])
([(m1,n1)] - [(m2,n2)]) + ([(m1,11)] - [(n3,m3)])
= [(m1,n1)] - ([(m2, n2)] + [(n3,m3)]).

Hence, since [(m1,n1)] # 0, Lemma [B.1.10[ implies that
[(ma, n2)] + [(n3, m3)] = 0.
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Therefore, since [(mg, n3)] + [(n3, m3)] = 0 by Theorem part h), we
obtain that

[(m3,n3)] = [(m3,n3)] +0 Theorem [B.1.5 part )
= [(m3, n3)] + ([(m2,n2)] + [(n3,m3)))
= [(ma,n2)] + ([(ms, ng)] + [(n3,ma)]) ooty
= [(m2,n2)] +0
= [(ma, n2)] Theorem part f)
as desired. B

With the above technical details out of the way, we can turn our attention
to defining the partial ordering on Z. Clearly if (m,n) represents m — n, we
want to define (mqy,n1) < (meg,n2) so that m; — ny < mg — ny. Thinking of
how we want the order on Z to behave, we can reduce this to the equivalent
characterization my 4+ no < ms 4+ ny which only the ordering on N. As
with addition and multiplication, the only possible problem with this is that
the integers have been constructed as a set of equivalence classes. This
means that there are more than one representative for each equivalence
class. Therefore, to make sure that we have a well-defined definition for the
partial ordering that we can use without worrying whether it depends on
the representative of the equivalence class, we prove the following.

Lemma B.1.12. Let (mq,n1), (m2, na), (my,n}), (mh,nb) € Xy be such that
(my,n1) ~z (m},n}) and (ma,ng) ~z (mh,nb). Then my + ng < mg +ny if
and only if my + nh < mb + nf.

Proof. Since (my,n1) ~z (mf,n}) and (ma,na) ~z (mh,nb), we know that
my +ny = m} +ny and mg + ny = mf + na. Therefore, by the properties of
the natural numbers,

mi1 + ne < mo + nq if and only if

(m1 +mn2) + (0} +ny) < (mo +n1) + (0] +nj) if and only if
(m1 +n}) + na + nfh < (ma + njh
(m} + n1) + na + nfh < (mh + no
(m3 +7n3) + (1 +n2) < (my +ny

/ / / /
my + ny < my +ny

+n1 +n) if and only if
+n1 + nf if and only if
+ (n1 + n2) if and only if

~— — ~—

as desired. n
By Lemma [B:1.12] the following is well-defined.

Definition B.1.13. The relation of < in Z is defined by [(m1,n1)] <
[(mg,ng)] if and only if mq 4+ ne < mao + nq.
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Of course it is necessary to prove that Definition does yield a
partial ordering.

Theorem B.1.14. The relation of < on Z is a partial ordering on Z. That
is, for all [(m1,n1)], [(ma,n2)], [(ms3,n3)] € Z,

a) (Reflexivity) [(my1,n1)] < [(m1,n1)].

b) (Antisymmetry) If [(m1,n1)] < [(ma, n2)] and [(ma,n2)] < [(m1,n1)], then
[(m1,m1)] = [(m2, n2)].

c) (Transitivity) If [(m1,n1)] < [(m2,n2)] and [(me,n2)] < [(ms3,n3)], then
[(m1,m1)] < [(m3, n3)].

Proof. a) To see that [(m1,n1)] < [(m1,n1)], notice that my +ny < mq +mnq
and thus [(m1,n1)] < [(m1,n1)] by definition.

b) Assume that [(m1,n1)] < [(m2,n2)] and [(me, n2)] < [(m1,n1)]. There-
fore m1 +ns < mo+ny and mo +ny < my+ng. Therefore, by the properties
of <on N, my + ng = mg + ny. Thus (mq,n;1) ~z (me,n2) by definition so
that [(m1,n1)] = [(m2,n2)] as desired.

¢) Assume that [(m1,n1)] < [(mg,n2)] and [(ma, ng)] < [(ms, ng)]. There-
fore m1 + no < mo + nq and ms + ng < ms + no. Notice that

= (m1 + ng2) + ng3
S( )+7’L3
= (ma +n3) +ny
< (m3 +n2) +nq
= ) + ng.

(m1 + n3) + na

mg + Ny

mg + ni

Therefore, by the properties of < on N, we obtain that mi + n3 < mg + ny.
Hence [(m1,n1)] < [(ms,n3)] as desired. ]

Since we will want to show that the ordering on the real numbers is a
total ordering with the additive and multiplicative properties, it is important
for us to prove the following as a first step.

Lemma B.1.15. The partial ordering < on Z has the following additional
properties:

a) < is a total ordering; that is, if [(m1,n1)], [(me, ne)] € Z, then [(my,n1)] <
[(m2, n2)] or [(ma, na)] < [(ma,n1)].

b) < has the additive property; that is, if [(m1,n1)], [(m2, n2)], [(ms,n3)] € Z
?(”d [(m>1]7n1)] < [(ma,n2)] then [(m1,n1)] + [(m3,n3)] < [(m2,n2)] +
ms3,n3)|.

¢) < has the multiplicative property; that is, if [(m1,n1)], [(ma,n2)] € Z are
such that 0 < [(m1,n1)] and 0 < [(m2,n2)], then 0 < [(m1,n1)]-[(ma, n2)].
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Proof. a) To see that < is a total ordering, let [(m1,n1)], [(m2,n2)] € Z be
arbitrary. Note by the properties of the ordering on the natural numbers
that my +mng < ma+n; or mo+n; < my+ng. Hence [(m1,n1)] < [(ma, n2)]
or [(mg,n2)] < [(m1,n1)] as desired.

b) Assume [(m1,n1)], [(m2, n2)], [(ms3,n3)] € Z are such that [(my,n1)] <
[(m2,n2)]. To see that [(m1,n1)] + [(mg,n3)] < [(m2,n2)] + [(ms, n3)], note
[(m1,n1)] < [(mg,n2)] implies that mq + na < mgy + ny. Therefore

(m1 +m3) + (n2 + n3) = (m1 +n2) + (m3 + n3)
< (m2 + nl) + (m3 + ng)

= (ma +m3) + (n1 + n3).

Hence
[(m1,n1)] + [(m3,n3)] = [(m1 + m3,n1 + n3)]
< [(m2 + m3,ng + n3)]
= [(ma, n2)] + [(m3, n3)]
as desired.

c) Assume [(my,n1)], [(me,ne2)] € Z are such that 0 < [(m1,n1)] and 0 <
[(ma2, n2)]. By Lemma [B.1.9] there exists k, ¢ € N so that [(mq,n1)] = [(k, 1)]
or [(m1,n1)] = [(1, k)], and [(m2,n2)] = [(¢,1)] or [(m2,n2)] = [(1,£)]. Notice
if [(m1,n1)] = [(1, k)], then the facts that 0 < [(m1,n1)] and 0 = [(1,1)]
imply that 1 +k < 1+ 1 so that £k = 1 by the properties of the ordering
on the natural numbers and thus [(m,n)] = [(1,1)]. Therefore, without loss
of generality [(m1,n1)] = [(k,1)]. Similarly we can assume without loss of
generality that [(mg,n2)] = [(£,1)].

To complete the proof, we consider three cases.

Case 1: k= 1. Assume k = 1. Then [(m1,n1)] = [(1,1)]. Therefore, since
< is a partial ordering,

(1, )] < [(1,1)] = [(m2 + n2, n2 + ma)] = [(m1,n1)] - [(ma, n2)]

as desired.
Case 2: £ =1. Assume ¢ = 1. Then [(ma,n2)] = [(1,1)]. Therefore, since
< is a partial ordering,

(1, 1] < [(1,1)] = [(m1 + n1,n1 +ma)] = [(m1,n1)] - [(m2,n2)]

as desired.

Case 2: k# 1 and ¢ # 1. Assume k # 1 and ¢ # 1. Therefore, by the
properties of the ordering on the natural numbers, we know that k + ¢ < k.
Hence 1+ (k+/) < (kf+ 1)+ 1. Therefore, by the definition of <, we obtain
that

0=[(LD] <[kt + 1k + 0] = [(k, )] - [(6, )] = [(m1,m1)] - [(ma,n2)]
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as desired.
Therefore, as the above three cases cover all possibilities, the result
follows. [ |

To conclude this section, it is useful to note that the integers are indeed
an extension of the natural numbers. After all, because of the way we defined
the integers as equivalence relations of pairs of natural numbers, this is by
no means clear. However, there is a natural way the natural numbers embed
into the integers. Of course, since (n + 1) — 1 = n, we should be able to
represent n as [(n + 1,1)] for all n € N.

Lemma B.1.16. There exists a map f : N — Z such that

o f is injective,

o f(1) is the multiplicative unit of Z,

o f(n+m)= f(n)+ f(m) for all n,m € N,

o f(nm)= f(n)- f(m) for alln,m € N, and

o forn,m e N, n <m if and only if f(n) < f(m).
Proof. Define f: N — Z by

f(n) =[(n+1,1)]

for all n € N. We claim that f is the map we are looking for.

To see that f is injective, assume n,m € N are such that f(n) = f(m).
Therefore [(n +1,1)] = [(m + 1,1)] so that (n 4+ 1,1) ~z (m + 1,1) and thus
(n+1)4+1=(m+1)+1. Thus n+ 2 =m+ 2 so, by the properties of the
natural numbers, we have that n = m. Therefore, as n and m were arbitrary,
f is injective.

Clearly f(1) = [(2,1)] is the multiplicative unit of Z. Next, assume
n,m € N. Then

f(n)+ fm)=[(n+1,D]+[(m+1,1)] =[(n+m+2,2)].

Therefore, since (n+m+2)+1 = (n+m+1)+2, we have that (n+m+2,2) ~z
(n+m+1,1) so that

fm)+fm)=[n+m+2,2)]=[n+m+1,1)] = f(n+m)

as desired.
Next, assume n,m € N. Then
fn)- f(m) =[(n+1,1)]-[(m+1,1)]

[((n+1)(m +1) + (1)(1), (n + 1)(1) + (m + 1)(1)]
[(nm+n+m+2,n+m+2)].
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Therefore since
(nm+n+m+2)+1=mm+1)+ (n+m+2),
we have that
(nm4+n+m+2,n+m+2)~z (nm+1,1)
and thus
fn)-fm)=[nm+n+m+2,n+m+2)]=[nm+1,1)] = f(nm)

as desired.
Finally, for n,m € N, we notice that

f(n) < f(m) if and only if

[(n+1,D)] <[(m+1,1)] if and only if

m+1)+1<(m+1)+1 if and only if

n—+2<mso if and only if

n<m
as desired.

Hence f has all of the desired properties so N naturally lies inside of
7. [

B.2 Rational Numbers

With the construction of the integers complete, we will turn to constructing
the rational numbers. Due to Section we know that Z has all the
necessary properties to prove the results in this section. Moreover, we will
be reverting to our usual notation for the integers.

To construct the rational, the idea is that we want to close the integers
under division by non-zero numbers; that is, for all a,b € Z with b # 0 we
want ¢ to make sense. Of course we can consider the set of all pairs (a,b)
and think of this pair as representing 3. However, as % = %, we want to be
able to identify two pairs (a1,b1) and (ag,b2) as equal via a property of the
integers. Note that ‘b‘—ll = ‘g—j in what we think of as the rational numbers if
and only if a1bo = agby. Since the latter only involves integers, we can define
an equivalence relation on pairs of integers that will lead to the rational

number:

Lemma B.2.1. Let
Xo={(a,b) | a,be Z,b#0}

and define a relation ~g on Xq by (a1,b1) ~q (az,b2) if and only if a1by =
agby. Then ~q is an equivalent relation.
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Proof. Exercise. [

By taking the equivalence class of the equivalence relation in Lemma
[B:271] we have constructed the integers.

Definition B.2.2. Let Xgp and ~g be as in Lemma The rational
numbers, denoted Q, are the set of equivalence classes of ~gq; that is,

Q={[(a,b)] | a,be Z,b+#0}
where [z] denotes the equivalence class of x with respect to ~q.

Now that the rational numbers have been constructed, we desire to extend
the notions of addition and multiplication from the integers to the rational
numbers. Later we will extend the partial ordering on the integers to the
rational numbers.

Clearly if (a,b) represents 7, we want to define (a1,b1) + (az,b2) and
(a1,b1) - (ag,b2) as we would expect; namely

ar | az  aiby+ asby

by by b1b2
a1 a2 a2
by by biby’

The only possible problem with this is that the rational numbers have been
constructed as a set of equivalence classes. This means that there are more
than one representative for each equivalence class. Therefore, to make sure
that we have a well-defined definition for addition and multiplication that
we can use without worrying whether it depends on the representative of
the equivalence class, we prove the following. (Note Lemma implies
if by,by € Z \ {0}, then b1bs # 0 so all of the objects in the following are
well-defined.)

Lemma B.2.3. Let (a1,b1), (az,b2), (a}, b)), (a5, b5) € Xqg be such that
(a1,b1) ~q (af,b}) and (az,ba) ~q (ah,b5). Then

a) (a1by + aghy, biba) ~q (a) by + abbl, bibs) and

b) (araz,biby) ~q (ajay, bib5)

Proof. Exercise. ]
Due to Lemma [B:23] the following operations on Q are now well-defined.

Definition B.2.4. The operations of + and - on Q are defined by

[(a1,b1)] + [(a2, b2)] = [(a1b2 + azby, bibs)]
[(a1,b1)] - [(az,b2)] = [(a1a2, b1ba)].
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Since we have just constructed Q from Z, we must verify that addition
and multiplication on QQ satisfy the natural desired properties. In particular,
we desire to show that Q is a field.

Theorem B.2.5. The rational numbers Q together with the operations + and

- are a field. That is, for all [(a1,b1)], [(az,b2)],[(as,b3)] € Q, the following
hold:

a) (Commutativity of +) [(a1,b1)] + [(az, b2)] = [(az,b2)] + [(a1, b1)].
b) (Commutativity of -) [(a1,b1)] - [(az,b2)] = [(az,b2)] - [(a1,b1)].

¢) (Associativity of +) ([(a1,b1)]+[(az, b2)])+[(as, b3)] = [(a1,b1)]+([(az, b2)]+
[(a3,b3)])-

d) (Associativity of -) ([(a1,b1)] - [(a2,b2)]) - [(a3,b3)] = [(a1,b1)] - ([(az,b2)] -
[(as,03)])-

e) (Additive Unit) [(a1,b1)] 4+ [(0,1)] = [(a1,b1)].
f) (Multiplicative Unit) [(a1,b1)] - [(1,1)] = [(a1,b1)] with [(1,1)] # [(0,1)].

9) (Distributivity) [(a1,b1)] - ([(az, b2)] + [(as, b3)]) = ([(a1,b1)] - [(az, b2)]) +
([(a1,61)] - [(az, b3)])-

h) (Additive Inverse) [(a1,b1)] + [(—a1,b1)] = [(0,1)].

i) (Multiplicative Inverse) if [(a1,b1)] # [(0,1)], then (bi,a1) € Xg and
[(b1; a1)] - [(a1, b1)] = [(1, 1)]-

Proof. a) Notice that

[(a1,01)] + [(az2, b2)] = [(a1b2 + a2b1, b1b2)]
= [(agbl + a1bs, bgbl)}
= [(az, b2)] + [(a1,b1)]

as desired.
b) Notice that

[(a1,01)] - [(a2,b2)] = [(a1az2, b1b2)]
= [(aza1, b2b1)]
= [(az,b2)] - [(a1,b1)]

as desired.
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c) Notice that

((a

a1, b1)] + [(az, b2)]) + [(as, bs)]

[(a1b2 + agbi, bib2)] + [(as3, b3)]

[((@1b2 + agb1)bs + az(bibz), (b1b2)bs3)]
[(a1(bab3) + (a2bs + asba)bi, by (babs))]
[(
[(

ai, bl)] [(agbg + agbg,bgbg)]
a1, b1)] + ([(az, b2)] + [(as, b3)])

as desired.
d) Notice that

([(a1,b1)] - [(a2, b2)]) - [(a3,b3)] = [(a1a2,b1b2)] - [(as3, b3)]
(a1a2)as, (b1b2))bs]

[(
[(
[(a1(azas), b1(b2bs3))]
[(
[(

ai,b1)] - [(azas, babs)]
ai,b1)] - ([(az, b2)] - [(as, b3)])

as desired.
e) Notice that

(a1, 51)] 4+ 1(0, 1)] = [(a1(1) + 0(b1), br1)] = [(a1 +0,b1)] = [(ar, by)]

f) Notice that

[(a1,b0)] - [(1, D] = [(ax (1), b1.(1))] = [(a1, b1)].

Moreover, since 1(1) = 1 # 0 = 0(1), we see that (1,1) =g (0,1) so

[(1, D] # [(0, 1)].
g) To begin, first notice if b € Z \ {0}, then b(1) = 1(b) so that (b, b) ~q
(1,1) and thus [(b,b)] = [(1,1)]. Therefore, by using part f), we obtain that

(a1,01)] - ([(a2, b2)] + [(as, b3)])
= [(a1,b1)] - [(a2bs + azbz, babs)]
a1 (azbs + asba), b1 (babs)]
(a1a2)bs + (aras)ba, b1babs)]

(a1a2)bs + (araz)by, bibabz)] - [(1,1)]
(ayag)bs + (a1az)ba, b1babs)] - [(by, by)]
(

(

(a1a2)bs 4 (a1az)b2)by, (b1babs)by)]
araz)(b1bs) + (a1a3)(bibz), (b1b2)(b1b3)]
araz, b1ba)| + [(aras, bibs)]

(a1,b1)] - [(az,b2)]) + ([(a1,b1)] - [(as, b3)])

[(
[(
[(
[(
[(
[(
[(
[(
(1

©For use through and only available at pskoufra.info.yorku.ca.



B.2. RATIONAL NUMBERS 233

as desired.
h) First notice since b; € Z \ {0} that 0(1) = 0b? so that (0,b3) ~g (0,1)
and thus [(0,b%)] = [(0,1)]. Therefore

[(a1,01)] + [(—az, 51)]

as desired.

i) To complete this proof, assume [(a1,b1)] # [(0,1)]. We claim that this
implies a1 # 0. To see this, suppose for the sake of a contradiction that
a1 = 0. Then a;(1) = 0(1) = 0 = 0(b1). Therefore (a1,b1) ~qg (0,1) so that
[(a1,b1)] # [(0,1)]. As this is a contradiction, we obtain that a; # 0. Hence
(bh al) S XQ.

Finally, notice that (bja1)(1) = (1)(a1b1) so that (biai,a1b1) ~q (1,1)
and thus [(a1b1,a1b1)] = [(1,1)]. Hence

[(b1,a1)] - [(a1,01)] = [(bra1, a1b1)] = [(1,1)]

as desired. m

Remark B.2.6. Note Theorem [B.2.5|shows some important properties when
it comes to viewing Q via these equivalence classes. First, Theorem [B.2.5
shows that [(0,1)] is the additive unit of Q (after all $ = 0). Thus we will
use 0 to denote [(0,1)]. Moreover, for all [(a,b)] € (@, we see that —[(a,b)]
(the additive inverse of [(a, b)]) is [(—a, )] (after all =3 = 5*). Furthermore
Theorem shows that [(1,1)] is the multiplicative unit of Q (after all
1=1). Thus we will use 1 to denote [(1, 1)]. Finally, for all [(a,b)] € Q with

[(a,b)] # [(0,1)], we see that [(a,b)] ™' = [(b,a)] (after all (%)71 = b,

a

It is also useful to note since Q is a field that all the field properties from
Lemma [I1.2.1 hold. Specifically, we know that 0 is the unique additive unit, 1
is the unique multiplicative unit, —x = (—1) -z forallz € Q,and 0-z =0
for all x € Q. This immediately implies which element of Q can multiple to
give 0.

Lemma B.2.7. Let [(al,bl)], [(ag,bg)] € Q Then [(al,bl)] . [((IQ, bg)] =0 Zf
and only if [(a1,b1)] = 0 or [(az,b2)] = 0.

Proof. By Lemma [1.2.1} if [(a1,b1)] = 0 or [(ag,b2)] = 0 then [(ay,b)] -
[(az,b2)] = 0.

©For use through and only available at pskoufra.info.yorku.ca.



234 APPENDIX B. CONSTRUCTING NUMBER SYSTEMS

To complete the proof, assume [(a1,b1)],[(a2,b2)] € Q are such that
[(a1,b1)] # 0 and [(ag, b2)] # 0. Suppose for the sake of a contradiction that
[(a1,b1)] - [(a2,b2)] = 0. Therefore

0= [(a1,b1)] 7" -0
= [(a1,b0)] 7" ([(a1,bu)] - [(az, bo)])
= (I(ar,b0)] ™" - [(@r,b0)]) - [(a2,b2)]

=1-[(a2,by)]

= [(az, b)].
Since this contradicts the fact that [(a2,b2)] # 0, we have a contradiction.
Thus the result follows. [

Before moving on to constructing the partial ordering on QQ, we note the
following descriptions of the additive and multiplicative identities in Q.

Lemma B.2.8. For all [(a,b)] € Q, [(a,b)] = 0 if and only if a = 0.

Proof. Notice that [(a,b)] = 0 if and only if (a,b) ~q (0,1) if and only if
a(1) = 0(b) if and only if a = 0 as desired. n

Lemma B.2.9. For all [(a,b)] € Q, [(a,b)] =1 if and only if a = b.

Proof. Notice that [(a,b)] = 1 if and only if (a,b) ~g (1,1) if and only if
a(1l) = 1(b) if and only if a = b as desired. N

To construct the partial ordering on Q, it is first useful to have a better
representation of the equivalence class defining Q. In particular, thinking
about Q as we normally would, if we are given ¢ for a,b € Z with b # 0
then we can always force b > 0 by multiplying the top and bottom by —1 if
needed. To make this formal with the actual definition of QQ, we prove the

following.

Lemma B.2.10. For all [(a,b)] € Q, there exists o',V € Z such that b’ >0
and [(a,b)] = [(d’,1)].
Proof. Let [(a,b)] € Q. Since this implies b € Z \ {0}, we know that b > 0 or
b < 0. Thus we divide the proof into two case.

Case 1: b > 0. In this case, we simply let ' = a and o = b. Clearly
b > 0 and [(a,b)] = [(d/, V)] as desired.

Case 2: b < 0. In this case, let @’ = —a and V/ = —b. Since b < 0, we
know by Lemma that b+ (—b) < 0+ (—b) and thus 0 < b'. Moreover,
since —a = (—1)a and —b = (—1)b by Lemma [B.1.8] we see that

a'b = (—a)b = (—=1)(ab) = a(—1)(b) = a(-b) = ab'.

Hence (a',V') ~z (a,b) so [(a,b)] = [(d’,b)] as desired.
Therefore, as the above two cases cover all possibilities, the result follows.
|
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When constructing the partial order on @Q, by Lemma we only
need consider elements [(a,b)] € Q with b > 0. This enables us to greatly
simplify the definition of the partial ordering.

With the above technical details out of the way, we can turn our attention
to defining the partial ordering on Q. Clearly if (a,b) represents ¢, we want
to define (a1,b1) < (ag,b2) so that “1 < “2 Thinking of how we want the
order on Q to behave and by assumlng b1, bg > (0, we can reduce this to the
equivalent characterization a1bs < a — 2b; which only the ordering on Z. As
with addition and multiplication, the only possible problem with this is that
the rational numbers have been constructed as a set of equivalence classes.
This means that there are more than one representative for each equivalence
class. Therefore, to make sure that we have a well-defined definition for the
partial ordering that we can use without worrying whether it depends on
the representative of the equivalence class, we prove the following.

Lemma B.2.11. Let (a1,b1), (ag,b2), (a},0}), (a],b5) € Xq be such that
by, bo, by, b5 > 0, (a1,b1) ~q (a},b}), and (az,b2) ~q (a5, by). Then ajby <
azby if and only if ajby < abhd).

Proof. Since (ay,b1) ~q (a},b)), and (ag,b2) ~q (ah,bs), we know that
a1by = d}by and asb, = ahbe. Note by the properties of the ordering of the
integers, we have by the same proof of Lemma [[.2.1§| that if a, b, ¢ € Z are
such that b > 0 then a < ¢ if and only if ab < ¢b. Therefore, we have that

a1bas < asby if and only if
(a1b2)(b)by) < (agby)(bybh) if and only if
(a1b))(baby) < (b1b])(agbh) if and only if
(a1 b1)(bably) < (b1b])(abbe) if and only if
(b1ba)(a’by) < (b1be)(ahb)) if and only if
ayby < ayby
as desired. []

Using Lemmata [B.2.10] and [B.2.11], the following relation on Q is well-
defined.

Definition B.2.12. The relation of < in Q is defined for all [(a1, b1)], [(az, b2)] €
Q with bl, by >0 by [(al, bl)] < [(CLQ, bg)] if and only if a1by < ashy.

Of course it is necessary to prove that Definition does yield a
partial ordering.

Lemma B.2.13. The relation of < on Q is a partial ordering on Q. That
18, fOT‘ all [(al, bl)], [(CLQ, bg)], [(ag, b3)] € Q with by, bs, b3 > 0,

a) (Reflezivity) [(a1,b1)] < [(a1,b1)].
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b) (Antisymmetry) If [(a1,b1)] < [(ag2,b2)] and [(a2,b2)] < [(a1,b1)], then
[(a1,b1)] = [(az, ba2)].

)
¢) (Transitivity) If [(a1,b1)] < [(a2,b2)] and [(a2,b2)] < [(as,bs)], then
[(a1,b1)] < (a3, b3)].

Proof. a) To see that [(a1,b1)] < [(a1,b1)], notice that a;b; < a1b; and thus
[(al, bl)] < [(al, bl)] by definition.

b) Assume that [(a1,b1)] < [(a2,b2)] and [(ag, b2)] < [(a1,b1)]. Therefore
a1by < agby and ashy < ai1bs. Therefore, by the properties of < on Q, a1by =
asby. Thus (a1, b1) ~q (az,b2) by definition so that [(a1,b1)] = [(a2,b2)] as
desired.

c¢) Assume that [(a1,b1)] < [(ag,b2)] and [(a2,b2)] < [(as,bs)]. Therefore
a1by < agby and agbg < asbs. Recall by the properties of the ordering of the
integers, we have by the same proof of Lemma [[.2.18| that if a, b, c € Z are
such that b > 0 then a < c if and only if ab < ¢b. Therefore

(a1b3)ba = (a1b2)bs
(azb1)bs
= (azb3)b1
(agb2)b1
= (asb1)

a3b1 bQ
and thus a1b3 < asb;. Hence [(a1,b1)] < [(a3,bs3)] as desired. N

Since we will want to show that the ordering on the real numbers is a
total ordering with the additive and multiplicative properties, it is important
for us to prove the following as a first step.

Lemma B.2.14. The partial ordering < on Q has the following additional
properties:

a) < is a total ordering; that is, if [(a1,b1)], [(az,b2)] € Q with by, by > 0,
then [(a1,b01)] < [(a2,b2)] or [(az,b2)] < [(a1,b1)].

b) < has the additive property; that is, if [(a1,b1)], [(az,b2)], [(as,b3)] € Q
with bl,bg,bg > 0 and [(al,bl)] < [(ag,bg)] then [(al,bl)] + [(CLg,bg,)] <
[(az,b2)] + [(as, bs)].

¢) < has the multiplicative property; that is, if [(a1,b1)], [(az, b2)] € Q with
b1,be > 0 are such that 0 < [(a1,b1)] and 0 < [(az, ba)], then 0 < [(a1,b1)]-
[(a2,b2)].

Proof. a) To see that < is a total ordering, let [(a1,b1)], [(az2,b2)] € Q with
bi1,ba > 0 be arbitrary. Since the ordering on Z is a total ordering, we
know that aiby < agby or ashy < ajbe. Hence [(a1,b1)] < [(az2,b2)] or
[(ag2,b2)] < [(a1,b1)] as desired.
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b) Assume [(a1,b1)], [(a2,b2)], [(a3,b3)] € Q with by, b, b3 > 0 are such
that [(a1,b1)] < [(ag2,b2)]. To see that [(a1,b1)] + [(as,b3)] < [(ag2,b2)] +
[(as, b3)], note [(a1,b1)] < [(az,b2)] implies that a;bs < agb;. Therefore, since
the ordering on Z has both the additive and multiplicative properties, we
have by the same proof of Lemma that if a,b,c € Z are such that
b > 0 then a < ¢ if and only if ab < ¢b and that

(a1bs + azby)babs = (a1be)b3 + azbibabs
< (a2b1)b§ + azbibobs

= (agbg + (Igbg)(blbg).
Hence
[(a1,01)] + [(as, b3)] = [(a1bs + asbi, bibs)]
< [(a2bs + azba, babs)]
= [(az, b2)] + [(as, b3)]
as desired.

c¢) Assume [(a1,b1)], [(az,b2)] € Q with b;,by > 0 are such that 0 <
[(a1,b1)] and 0 < [(ag, b2)]. Since 0 = [(0, 1)], this implies that 0b; < a;(1)
and 0b2 < ag(1) so that 0 < a3 and 0 < ay. Therefore 0 < ajas by the
multiplicative property of the ordering on Z. Therefore 0(b1by) = 0 <
ajag = (alag)(l) so that 0 = [(0, 1)] < [(alag,b1b2)] = [(al,b1)] . [(ag,bg)} as
desired. ]

In particular, we have now proved the following.

Corollary B.2.15. The rational numbers Q with the operations + and -
and the total ordering < are a total ordered field.

Proof. This follows immediately from Theorem [B.2.5] and Lemmata [B:2.13]
and n

In particular, Q has all of the properties we want R to have except for
the Least Upper Bound Property. These properties will be quite useful in
Sections B3] and [B.4] which construct the real numbers in two different ways.

To conclude this section, it is useful to note that the rational numbers are
indeed an extension of the integers. After all, because of the way we defined
the rational numbers as equivalence relations of pairs of integers, this is by
no means clear. However, there is a natural way the integers embed into the

n

rational numbers. Of course, since § = n, we should be able to represent n
as [(n,1)] for all n € Z.

Lemma B.2.16. There exists a map [ : Z — Q such that

o [ is injective,
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e £(0) is the additive unit of Q,

e f(1) is the multiplicative unit of Q,

o f(n+m)=f(n)+ f(m) for alln,m € Z,

e f(nm) = f(n)f(m) for alln,m € Z, and

o forn,m €N, n <m if and only if f(n) < f(m).

Proof. Define f :7Z — Q by

f(n) = 1[(n,1)]

for all n € Z. We claim that f is the map we are looking for.

To see that f is injective, assume n,m € Z are such that f(n) = f(m).
Therefore [(n,1)] = [(m, 1)] so that (n,1) ~g (m, 1) and thus n(1) = m(1)
so n = m. Therefore, as n and m were arbitrary, f is injective.

Clearly f(0) = [(0,1)] is the additive unit of @ and f(1) = [(1,1)] is the
multiplicative unit of Q.

Next, assume n,m € Z. Then

fn) + f(m) = [(n, )] + [(m,1)] = [(n(1) + m(1),1(1))] = [(n +m,1)] = f(n +m)
as desired. Moreover
f(n)- f(m) =[(n,1)] - [(1,1)] = [(nm, 1(1))] = [(nm, 1)] = f(nm)

as desired.
Finally, for n,m € N, we notice that

f(n) < f(m) if and only if
[(n,1)] < [(m,1)] if and only if
n(l) <m(1) if and only if
n<m
as desired.
Hence f has all of the desired properties so Z naturally lies inside of
Q. u

B.3 Real Numbers via Dedekind Cuts
With the construction of the rational numbers complete, we turn to the first
of two ways we will construct the real numbers. By Section [B.2] we know the

rational numbers have all the necessary properties required in this section.
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The idea of the construction this first construction is that each real
number « should be uniquely identified by the set

{geQ | g<a}.

Consequently, we will construct the real numbers by taking the collection of
subsets of the rational numbers with certain properties that the above set has.
The real challenge (and pain in the ...) is to define the operations of addition
and multiplication on these sets in order to obtain that the real numbers are
a field. It turns out that this approach makes demonstrating that the real
numbers are totally ordered with the Least Upper Bound Property quite
easy. In addition, one needs just mathematical logic and properties of sets
to complete this construction.

To begin, we define the type of sets we will be working with in this
section.

Definition B.3.1. A Dedekind cut of Q is any subset A C Q that has all of
the following four properties:

« A#D,
- AZQ,

o A is downward closed; that is, if a € A and g € Q are such that ¢ < a,
then g € A, and

e 1o element of A is an upper bound for A; that is, if a € A there exists
a q € A such that a < q.

One fact that will be useful in the arguments to come is that the comple-
ment of a Dedekind cut is upward closed as the following result shows.

Lemma B.3.2. Let A be a Dedekind cut of Q and let g € Q\ A. If r € Q
and r > q, then r ¢ A.

Proof. Let A be a Dedekind cut of Q and let ¢ € Q \ A. To see the desired
result, let » € Q be such that r > ¢. To see that r ¢ A, suppose for the sake
of a contradiction that » € A. Since ¢ < r and since A is a Dedekind cut
and thus downward closed, this implies that ¢ € A. Since this contradicts
the fact that 2 € Q\ A, we have a contradiction. Hence r ¢ A as desired. m

We are finally ready to provide our first definition of the real numbers!
Throughout this section, we will be using lower case letters for elements of
Q and upper case letters for subsets of Q. Therefore, since the following
defines the real numbers to be certain subsets of QQ, the elements of the real
numbers will be denoted by capital letters in this section.
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Definition B.3.3. The real numbers , denoted R, is the set
R={ACQ | Aisa Dedekind cut of Q}.

Although the operations of addition and multiplication on R are by no
means clear, the partial ordering < on R is quite easy to define.

Definition B.3.4. For A, B € R, we define A < Bif A C B.

It is elementary to see that < is a partial ordering on R (see Example
1.2.10)). In fact, proving < is a total ordering on R is fairly straightforward.

Lemma B.3.5. The partial ordering < on R is a total ordering.

Proof. To see that < is a total order, suppose for the sake of a contradiction
that < is not a total ordering. Therefore there exists A, B € R such that
A< Band B<£ A. Hence A Z B and B ¢ A. Therefore there exists a € A
and b € B such that a ¢ B and b ¢ A. As clearly these conditions imply
a # b, we divide the proof into two cases:

Case 1: a <b. Since a ¢ B, a € Q\ B. Therefore, since b > a in this
case, Lemma implies that b ¢ B. Since this contradicts the fact that
b € B, we have a contradiction in this case.

Case 2: b < a. Since b ¢ A, b € Q\ A. Therefore, since a > b in this case,
Lemma implies that a ¢ A. Since this contradicts the fact that a € A,
we have a contradiction in this case.

Since the above two cases cover all possibilities, we have a contradiction.
Hence < is a total ordering as desired. [ |

Perhaps more surprisingly considering how difficult determining what
the real numbers are has been, it is quite easy to show that R has the Least
Upper Bound Property.

Theorem B.3.6. The real numbers have the Least Upper Bound Property;
that is, every non-empty subset of R that is bounded above has a least upper
bound with respect to <.

Proof. Let X be a non-empty subset of R that is bounded above. To see
that X has a least upper bound, consider the set

L= {J A
AeXx
Since A C Q for all A € X, it follows that L C Q.

We claim that L € R. To prove this, we will show that L is a Dededkind
cut by showing that L has the defining four properties of a Dedekind cut
from Definition [B.3.1]

L # (. To see that L # (), notice since X is non-empty there exists an
A € X. Since A is a Dedekind cut, we know that A # (). Therefore, there
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exists an a € A. By the construction of L, we see that a € A C L. Hence
L # 0 as desired.

L # Q. To see that L # Q, recall that X is bounded above so there exists
a B € R such that A < B for all A € X. Since B is a Dedekind cut, B # Q
so there exists a b € Q\ B. Since A < B and thus A C B for all A € X,
we see that b ¢ A for all A € X. Therefore b ¢ L by the construction of L.
Hence L # Q as desired.

L is downward closed. To see that L is downward closed, assume y € L
and g € Q are such that ¢ <y. Since y € L, the construction of L implies
there exists an A € X such that y € A. Since A is a Dedekind cut, A is
downward closed. Hence y € A and ¢ < y implies that ¢ € A C L as desired.
Hence L is downward closed as desired.

No element of L is an upper bound for L. To see this, suppose for the
sake of a contradiction that there exists an ¢ € L such that ¢ is an upper
bound for L. By the construction of L, there exists an A € X such that
q € A. Since A C L and y < ¢ for all y € L, it follows that a < ¢ for all
a € A. Hence ¢ is an upper bound for A in QQ that is in A. However, since
A is a Dedekind cut, we have a contradiction. Hence no element of L is an
upper bound of L as desired.

Therefore L is a Dedekind cut by Definition so L € R. Moreover, it
is clear by the construction of L that A C L and thus A < L for all A € X.
Hence L is an upper bound for X.

We claim that L is the least upper bound for X'. To see this, let B € R be
an arbitrary upper bound for X. Therefore A < Bso A C B forall A€ X.
Hence, by the construction of L, we have that L C B so L < B. Therefore,
since B was arbitrary, L is a least upper bound for X. Hence X has a least
upper bound as desired. n

To demonstrate that R is a field, we must define the addition and
multiplication operations on R. Luckily addition is not too bad as there
is a natural way to add two subsets of Q together. Of course, to have a
well-defined operation on R, we need to ensure that adding two Dedekind
cuts together produces a Dedekind cut.

Lemma B.3.7. If A and B are Dedekind cuts of Q, then
X={a+b|acAandbec B}
is a Dedekind cut of Q.

Proof. Let A and B be Dedekind cuts of Q. To see that X is a Dededkind cut,
we will verify the defining four properties of a Dedekind cut from Definition
B31

X # (). To see that X # (), recall since A and B are Dedekind cuts that
A # () and B # (. Therefore, there exists an a € A and a b € B. Hence
a+ b € X by definition so X # () as desired.
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X # Q. To see that X # Q, recall since A and B are Dedekind cuts that
A # Q and B # Q. Therefore there existsay € Q\ Aand a z € Q\ B. By
Lemma it follows that a < y for all a € A and b < z for all b € B.
Thus, as y € Q\ A and a z € Q\ B, we have that a < y for all a € A and
b<zforallbe B. Hence a +b < y+ z for all a € A and b € B. Therefore
x<y+zforalzeXsoy+z¢ X. Hence X # Q as desired.

X is downward closed. To see that X is downward closed, assume x € X
and ¢ € Q are such that ¢ < x. By the definition of X there exists an a € A
and a b € B such that © = a + b. Since ¢ < z = a + b, we obtain that
q — b < a. Therefore, since A is a Dedekind cut and thus downward closed,
qg—b € A. Hence, with @’ = ¢—b € A, we have that ¢ = d’ +b € X by
definition. Therefore X is downward closed as desired.

No element of X is an upper bound for X. To see this, suppose for the
sake of a contradiction that there exists an ¢ € X such that ¢ is an upper
bound for X. By the definition of X there exists an a’ € A and a b’ € B
such that ¢ = @’ +b'. Since x < ¢ for all z € X, it follows that a +b < a’ + V'
for alla € A and b € B. Thus, sincea’ € A, d’ +b<d +V forallbe B
so b <V for all b € B. Therefore i is an upper bound for B in Q such that
b € B. However, since B is a Dedekind cut, we have a contradiction. Hence
no element of X is an upper bound of X as desired.

Therefore X is a Dedekind cut by Definition [B:3:1} n

By Lemma [B:3.7] the following addition operation on R is well-defined.
Definition B.3.8. The operation + is define on R by
A+B={a+b|acAandbe B}
for all A,B € R.

Before we demonstrate that the addition operation on R has the desired
field properties, we note that < has the additive property as we desire.

Lemma B.3.9. The total ordering < on R has the additive property. That
is, if A, B,C € R are such that A < B, then A+ C < B+ C.

Proof. Assume A, B,C € R are such that A < B. Hence A C B. Therefore

A+C={a+c|acAand ce C}
C{b+c|beBandceC}
=B+C

so A+ C < B+ C by definition as desired. ]

Returning to showing that R is a field, we note that three of the four
defining field properties that depend only on addition hold without much
difficulty.
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Lemma B.3.10. The addition operator on the real numbers R has the
following properties:

a) (Commutativity of +) A+ B = B+ A for all A, B € R.
b) (Associativity of +) (A+ B)+C =A+ (B+C) forall A,B,C € R.

c) (Additive Unit) If O ={qe€ Q | ¢ <0}, then O € R and O+ A= A for
all A e R.

Proof. a) Notice that

A+B={a+b|acAandbe B}
={b+a | be Bandae€ B}
=B+ A

as desired.
b) Notice that

(A+B)+C={a+b|acAandbe B} +C
={(a+b)+c| (ae Aand b€ B) and c € C}
={a+(b+c)|acAand (be Band ce ()}
=A+{b+c|beBandceC}
=A+(B+C)

as desired.

c¢) To begin, to show that O € R we must show that O is a Dedekind cut.
Clearly O # 0 and O # Q by construction.

To see that O is downward closed let ¢ € Q and r € O be such that ¢ < r.
Since r € O, we have that r < 0. Hence ¢ <r <0so ¢ <0. Thus g € O as
desired.

To see that O does not contain any of its upper bounds, suppose for the
sake of a contradiction that there exists a ¢ € O such that r < ¢ for all r € O.
Since ¢ € O, we know that ¢ < 0. Therefore %q < 0 so %q € O. However
since ¢ < 0 and since %q % ¢, we have a contradiction to the fact that r <g¢
for all » € O. Hence O does not contain any of its upper bounds. Hence O
is a Dedekind cut by Definition so O € R.

To complete the proof, let A € R be arbitrary. To see that O + A = A,
we will demonstrate that O+ A C A and A C O + A.

To see that O + A C A, let x € O + A be arbitrary. Hence there exists
aq € O and an a € A such that x = ¢+ a. Since ¢ € O, we know that
g < 0sox=qg+a < a Therefore, since A is a Dedekind cut and thus
downward closed, this implies that x € A. Hence, since z € O + A was
arbitrary, O + A C A.
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To see that A C O + A, let a € A be arbitrary. Since A is a Dedekind
cut, a is not an upper bound for A so there exists an a’ € A such that a < a’.
Therefore g = a—a’ < 0so ¢ € O. Since a = ¢+a’, we obtain that a € O+ A
by definition. Hence, since a € A was arbitrary, A C O + A.

Hence O € R and O + A = A as desired. n

Remark B.3.11. For clarification, we will use O = {q € Q | ¢ < 0} for the
additive unit (i.e. zero element) for R throughout this section whereas we
will reserve 0 for the zero element of Q.

The remaining field property depending only on addition is to show that
every element of R has an additive inverse. This turns out to be a non-trivial
task. Before we proceed with this task, we will prove the following result for
latter use. Note the proof of this result only requires the field properties we
have already demonstrated.

Corollary B.3.12. If X € R is such that A+ X = A for all A € R, then
X =0.

Proof. Assume X € R is such that A+ X = A for all A € R. Then

X=X+0 by Lemma [B.3.10| part c)
=0+ X by Lemma [B.3.10| part a)

=0 by assumption
as desired. m

In order to prove that every element of R has an additive inverse, we will
require the following technical result that states if we have a Dedekind cut
A, there are elements of A and Q \ A that are as close together as we want.

Lemma B.3.13. Let A € R, let a € A, and let € € Q be such that € > 0.
Then there exists an o' € A and a § € Q such that ' +0 € Q\ A, a < d,
and 0 < J < e.

Proof. To begin, recall since A is a Dedekind cut that A # Q. Therefore
there exists a by € Q \ A. Let a; = a. Since A is a Dedekind cut and thus
downward closed, by > a1. Therefore if 61 = by — a; € Q, then §; > 0.

Let ¢; = %(al + b1). Notice that ¢; € Aorec; € Q\ A. If ¢; € A, let
ag =c; € Aand let bp = b € Q\ A, and if c; € Q\ 4, let ay =a; € A
and let bo = ¢; € Q\ A. Thus ay € A, by € B, and a < ay. Moreover, if
52:bg—a2:%51 € Q, then 65 > 0.

By repeating the above recursively, we obtain a sequence (ay),> of
elements of of A, a sequence (b,)n>1 of elements of Q \ A, and a sequence
(0n)n>1 of elements of Q such that a < a,, for all n € N and ¢,, = b, — a,, =
2,%151 > 0 for all n € N.

©For use through and only available at pskoufra.info.yorku.ca.



B.3. REAL NUMBERS VIA DEDEKIND CUTS 245

Since €,01 € Q and €,01 > 0, there exists m, k, ¢, d € N such that ¢ = %
and 6 = 5. Notice, for n € N, 2,%151 < € if and only if m¢ < 2" 1kd.
Moreover, since m¢ € N, there exists an N € N such that m¢ < 2N-1
and thus mf < 2V kd by Peano’s Axioms (Definition . Hence, with
a’:aN6AandézzN%lélEQ,Weseethata’eA,a/—l—észeQ\A,
a<d,and 0 < § < € as desired. n

To demonstrate that every element of R has an additive inverse, consider
a Dedekind cut A. Our goal is to find a Dedekind cut B such that A+ B = O.
In particular, we want B to have exactly the elements that yield a number
less than 0 when added to an element of A. Since elements of Q \ A are
upper bounds for A, the following turns out to be the correct set to consider.

Lemma B.3.14. Let A € R. If
X={q—7r|reQ\AqeQ, and g <0},

then X e R and A+ X = O.
Hence X is the additive inverse of A so every element of R has an additive
1nverse.

Proof. To see that X € R, we will show that X is a Dededkind cut by verify
the defining four properties of a Dedekind cut from Definition [B:3.1}

X # (. To see that X # (), recall since A is a Dedekind cut that A # Q.
Therefore, there exists an r € Q \ A. Since —1 € Q and —1 < 0, we obtain
that (—1) —r € X by definition so X # () as desired.

X # Q. To see that X # Q, recall since A is a Dedekind cut that A # (.
Therefore there exists a a € A. Moreover, since A is a Dedekind cut, A is
downward closed so r > a for all r € Q\ A. Therefore for all ¢ € @ with
q <0 and for all » € Q \ A, we have that

qg—r<qg—a< —a.

Hence, by the definition of X, we have that x < —a for all z € X. Therefore
—a ¢ X so X # Q as desired.

X is downward closed. To see that X is downward closed, assume z € X
and g € Q are such that ¢ < z. By the definition of X there existsar € Q\ A
and a ¢’ € Q such that ¢ < 0 and z = ¢’ — r. Since ¢ < = ¢’ — r, we obtain
that » < ¢’ + ¢q. Therefore, since A is a Dedekind cut, Lemma implies
that ¢’ + ¢ € Q\ A. Hence there exists an ' € Q \ A so that v’ = ¢’ + ¢.
Therefore ¢ = ¢’ — 1’ with 7/ € Q\ A and ¢’ € Q with ¢ < 0so qg € X as
desired.

No element of X is an upper bound for X. To see this, suppose for the
sake of a contradiction that there exists an y € X such that y is an upper
bound for X. By the definition of X there exists an 7’ € Q\ A and a ¢ € Q
such that ¢ <0 and y = ¢ — 1. Since x < ¢ — ¢/ for all x € X, it follows
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that g —r < ¢ — 7' forallr € Q\ A and ¢ € Q with ¢ < 0. Thus, since
" € Q\ 4, it follows that ¢ — ' < ¢’ — 1/ for all ¢ € Q with ¢ < 0 so that
q < ¢ for all ¢ € Q with g < 0. Therefore, since ¢’ < 0, see that if ¢ = %q’,
then ¢ € Q, ¢ < 0, but ¢ > ¢’. Hence we have a contradiction. Therefore no
element of X is an upper bound of X as desired.

Hence X is a Dedekind cut by Definition so X € R. To see that
A+ X = 0O, we will demonstrate that A+ X C O and O C A+ X.

To see that A4+ X C O, let z € A+ X be arbitrary. Hence there exists a
g € O and an r € Q\ A such that x = ¢ — r and there exists an a € A such
that z =a+x =a+q—r. Since a € A, since r € Q \ A, and since A is
a Dedekind cut and thus downward closed, we have that a < r. Therefore,
since ¢ € O so that ¢ < 0, we have that

z=q+(a—r)<04+0=0

and thus z € O. Hence, since z € X + A was arbitrary, X + A C O.

To see that O C A+ X, let z € O be arbitrary. Thus z < 0 so if € = —%z,
then € > 0. Since is a Dedekind cut and thus A # ), Lemma [B.3.13] implies
that there exists an o’ € Aand a d € Q such that o'+ € Q\Aand 0 < § < e.
Let r =a’ +6 € Q\ A. Notice that

1
z+r—a’<z+5<z—|—e:§z<0.

Therefore, if g =2 +1r —d’ € Q, then ¢ < 0 so g € O. Moreover, we see that
z=q—(r—d)=d+(q-r)e A+ X

as desired. Therefore, since z € O was arbitrary, O C A + X.
Hence X € R and A 4+ X = O as desired. n

Remark B.3.15. By Lemma [B.3.14] we know that if A € R, then —A, the
additive inverse of A, is the set

—A={q—r|reQ\AqeQ, and ¢ < 0}.

It is important to know that this is different that what one might consider
—A in the remainder of the course. Specially, if ¢ € Q and A C Q, one
normally defines

cA={ca | a € A}.

So, in this context, —A (the additive inverse of A) is not (—1)A (multiplying
elements of the set A by —1).

Before we proceed to define the multiplication operation on R, we note
the following properties of the additive inverse we will require. Note the proof
of this result only requires the field properties we have already demonstrated.
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Corollary B.3.16. The following properties of the additive inverse hold:
a) If A€ R and X € R is such that A+ X = O, then X = —A.

b) For all Ac R, —(—A)=A.

c) For all A,BeR, —(A+ B) =(—A)+ (—B).

Proof. a) Notice that

X=X+0 by Lemma [B.3.10} part c)
=X+ (A+(—A) by Lemma [B.3.14]
=(X+A)+ (-4 by Lemma [B.3.10} part b)
=(A+X)+ (—4) by Lemma [B.3.10} part a)
=0+ (—4A) by assumption
=(-A)+0 by Lemma [B.3.10} part a)
=-A by Lemma part c)

as desired.

b) Notice by Lemma [B.3.10} part c) that
O=A+(-A)=(-A) + A

Hence A = —(—A) by part a) of this proof.
¢) Notice by using Lemma [B.3.10| parts a) and b) multiple times that

(A+B)+ ((A)+(-B)=(A+(-A)+(B+(-B))=0+0=0.
Hence —(A+ B) = (—A) + (—B) by part a) of this proof. [

To define the multiplication operator on R and demonstrate it has the
desired properties if highly non-trivial and technical. Given A, B € R, one
may simply want to multiply all the elements of A by all the elements of B
together to get A - B. However, this clearly does not work since A and B are
Dedekind cuts and thus contain very negative numbers that when multiplied
together give very large positive numbers.

To proceed, we first begin with the case that O < A and O < B so that
either A= 0, B =0, or A and B have positive numbers. In the latter case,
we simply need to include the products of these positive numbers and add in
all the negative numbers.

Lemma B.3.17. Let A, B € R be such that O < A and O < B. If
X={ab|aceAbeB, anda,b>0}U{qeQ | ¢ <0},

then X € R.
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Proof. Let A and B be Dedekind cuts of Q such that O < A and O < B.
Hence O C ANBsoif ge Qand ¢ <0 then g e AN B.

To see that X is a Dededkind cut, we will verify the defining four
properties of a Dedekind cut from Definition [B.3:1}

X # (. To see that X # (), note —1 € X by construction. Hence X # ()
as desired.

X # Q. To see that X # @Q, recall since A and B are Dedekind cuts that
A # Q and B # Q. Therefore there exists a y € Q\ A and a z € Q \ B.
Moreover, since A and B are Dedekind cuts and O C AN B, it follows that
y>0and z>0. Since y +1 >y and z + 1 > z, we have by Lemma [B:32]
that y =y + 1 and 2/ = 2 + 1 are such that y € Q\ 4, 2/ € Q\ B, and
y', 2 > 1.

We claim that yz ¢ X. To see this, note for all a € A and b € B such
that @ > 0 and b > 0 that ¢ < y and b < z by Lemma [B.3.2] and thus
ab < az’ < y'z'. Therefore, since y'z’ > 0, we obtain that yz ¢ X. Hence
X # Q as desired.

X is downward closed. To see that X is downward closed, assume z € X
and g € Q are such that ¢ < z. Clearly if ¢ < 0 then ¢ € X by construction.
Therefore, we may assume without loss of generality that ¢ > 0. Hence, by
considering the elements of X, there must exists a € A and b € B such that
a>0,b>0,and g < ab. At this point, we need to divide the proof into two
cases.

Case 1: ¢ =0. Since a € A and b € B such that ¢ > 0 and b > 0, and
since A and B are Dedekind cuts and thus downward closed, 0 € AN B.
Hence ¢ = 0 =0(0) € X as desired.

Case 2: ¢ > 0. Since a > 0, b > 0, and ¢ < ab, it follows that a > 0 and
b > 0. Therefore have that 0 < % < a. Therefore, since A is a Dedekind
cut and thus downward closed, there exists an a’ € A such that o’ = § > 0.
Hence ¢ = a'b where ' € A and b € B are such that ' > 0 and & > 0.
Hence q € X.

Therefore, as we have covered all possible cases, X is downward closed
as desired.

No element of X is an upper bound for X. To see this, suppose for the
sake of a contradiction that there exists an y € X such that y is an upper
bound for X. To obtain our contradiction, we will divide the proof into three
cases.

Case 1: y < 0. Assume y < 0. Let q = %y Clearly ¢ < 0 so ¢ € X.
However, since y < ¢ < 0, we have a contradiction to the fact that y is an
upper bound for X.

Case 2: y > 0. Assume y > 0. By the description of X, it follows that
y = ab for some a € A and b € B with a > 0 and b > 0. Since y > 0, it
follows that a > 0 and b > 0. Since A and B are Dedekind cuts and thus
contain none of their upper bounds, it follows that a and b are not upper
bounds for A and B respectively. Hence there exists a’ € A and o/ € B with
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a’ > a and V' > b. Therefore o't/ € X and yab < a'b’, which contradicts the
fact that y is an upper bound for X.

Case 3: y = 0. Assume y = 0. By the description of X, it follows that
y = ab for some a € A and b € B with a > 0, b > 0, and either a = 0 or
b = 0. Since A and B are Dedekind cuts and thus contain none of their
upper bounds, by the same idea as used in Case 2 it follows that there exists
a' € Aand b € B with a’,t/ > 0. Therefore a’b’ € X and y = 0 < a'b/, which
contradicts the fact that y is an upper bound for X.

Therefore, as we have covered all possible cases, we have obtained our
contradiction. Hence no element of X is an upper bound of X as desired.

Therefore X is a Dedekind cut by Definition [B-3.1] n

Given A, B € R, we are now ready to define A - B based on whether A
and B are individually larger or smaller than zero. Note in the following
we have included overlapping cases as it will ease future arguments in this
section. Note the overlapping cases in this definition occur when A = O or
B = O. Since in Lemma one can see that if A = O or B = O then
X = 0, and since O = —O by Corollary in all of the overlapping
cases one obtains A- B = 0.

Definition B.3.18. The operation - on R is defined as follows: for A, B € R,
(I) if O < A and O < B, then

A-B={ab|acAbe B, anda,b>0}U{qgeQ | ¢ <0}

(I) If O < A and B < O, then A - B is defined to be —(A - (—B)) via (I).
(ITI) If A <O and O < B, then A - B is defined to be —((—A) - B) via (I).
(IV) If A< O and B < O, then A - B is defined to be (—A) - (—B) via (I).

Now that the multiplication operation on R has been defined, we need
only verify the remaining properties to ensure that R is a totally ordered
field. However, this is by far the most incredibly technical thing in this notes
and astonishingly annoying. The only nice thing is that the multiplicative
property of < is quite simple.

Lemma B.3.19. The total ordering < on R has the multiplicative property.
That is, if A, B € R are such that O < A and O < B, then O < A- B.

Proof. Assume O < A and O < B. Then, by definition,
A-B={ab|ac Abe B, and a,b> 0} UO.
Hence O C A-Bso O < A- B as desired. n
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We now move onto demonstrating the multiplication operation on R has
the necessary field properties. We begin with commutativity. Luckily this is
not too bad although it involves four case. In general, the proofs that the
multiplication operation on R has the necessary field properties will proceed
by first checking the properties for non-negative elements and then extending
them to all elements using Definition [B-3.18]

Lemma B.3.20. The multiplication operator on the real numbers R is
commutative. That is A- B = B- A for all A,B € R.

Proof. Let A, B € R. Based on the definition of multiplication in R, we
divide the proof into four cases.
Case 1: O < A and O < B. In this case, we see that
A-B={ab|ac€Abe B, anda,b>0}U{qeQ | ¢ <0}
={ba | be Bya€ A, and b,a>0}U{qeQ | ¢ <0}
=B-A

as desired.
Case 2: O < A and B < O. In this case, we see that
A B =—(4-(-B))
=—((-B)-A) by Case 1 as A,—B > O
—B.- A

as desired.
Case 3: A < O and O < B. In this case, we see that
A-B=—((-A)-B)
=—(B-(-4)) by Case 1 as — A, B> O
=B-A

as desired.
Case 4: A < O and B < O. In this case, we see that

AB=(-4)(-B)

=(—=B)-(-A4) by Case 1 as — A, —B > O
=B-A
as desired.
Since we have covered all possible cases, the result follows. ]

Next we move onto associativity. However, since we need to divide the
argument based on when each of the three elements involved are non-negative
or negative, there are 23 = 8 cases. Yes... eight.... In addition, one also
needs to keep careful track of Definition in each of these cases. It is
useful to note that if A € R and O < A, then O + (—A) < A+ (—A) by the
additive property of < (Lemma and thus —A < O.
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Lemma B.3.21. The multiplication operator on the real numbers R is

associative. That is (A-B)-C=A-(B-C) forall A,B,C € R.

Proof. Let A, B,C € R. Based on the definition of multiplication in R, we

need to divide the proof into eight cases.
Case 1: O < A, O < B, O <. In this case, we see that

(A-B)-C={ab | a€cAbe B, anda,b>0}U{qgeQ | ¢<0})-C

={(ab)c | a€ A,be B,ce C and a,b,c >0}U{qeQ | ¢ <0}
={a(bc) | a€ A,be B,ce C and a,b,c >0}U{qgeQ | ¢ <0}

=A-({bc | beB,ceC, and b,c >0} U{q€Q | ¢ <0})
=A-(B-0)

as desired.
Case 2: O < A, O < B, C < 0. In this case, we see that

) by Case 1

as desired.
Case 3: O < A, B< O, O <. In this case, we see that

(A4-B)-C=(=(A-(-B))-C
= —((=(=(4-(=B))))-C)
=—((A4-(-B))-C) by Corollary [B.3.16|
=—(A-((-=B)-0)) by Case 1
=A-(=((=B)-0))
—A-(B-C)

as desired.
Case 4: O < A, B< O, C <O0. In this case, we see that

(A-B)-C=(=(A-(=B))-C
' )

— (—(~(A- (=B)) - (=)

=(A-(—B))-(-0) by Corollary [B-3.16]
=A-((—-B)-(-0)) by Case 1
=A-(B-C)

as desired.
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Case 5: A< 0, O < B, O<C. In this case, we see that

(43)-C = (~((-4)-B)) -
~(~(=((~A) - B))) - C)
—(((-A)-B)-C by Corollary [B.3.10|
—((=4)-(B-C) by Case 1
=A-(B-C)
as desired.
Case 6: A< 0O, O < B, C<O0. In this case, we see that
(A-B)-C=(=((-4)-B))-C
= (=(=((=4)-B))) - (=C)
=((—-A)-B)-(-0C) by Corollary [B-3.16]
=(—-A4)-(B-(-0)) by Case 1
= (=4) - (=(=(B-(=0)))) by Corollary [B.3.16]
=A-(=(B-(=0)))
=A-(B-C)
as desired.

Case 7: A< O, B<O, O<C. In this case, we see that

(A4-B)-C=((-4)-(=B))-C

=(-4)-((-B)-C) by Case 1

— (=) (=(=((-B)-€))) by Corollary [B:3.19
— 4 (~((-B)-C))

=A-(B-C)

as desired.
Case 8: A< O, B<O, C <O0. In this case, we see that

(A-B)-C=((-4)-(-B))-C

=—(((=4)-(=B)) - (=C)

=—((=4) - ((=B)-(=C))) by Case 1
=A-((=B)-(=0))

—A-(B-O)

as desired.
Since we have exhaustively covered all possible cases, the result follows.

Next we move onto obtaining the multiplicative unit for R. Based on the
additive unit in R, the description of the multiplicative unit is not surprising.
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Lemma B.3.22. The multiplication operator on the real numbers R has a
multiplicative unit. That is, if [ ={q € Q | g <1}, then I € R, I # O, and
I1-A=A forall AecR.

Proof. To begin, to show that I € R we must show that [ is a Dedekind cut.
Clearly I # () and I # Q by construction. Specifically, % €l and % ¢ O so
1+#0.

To see that I is downward closed let ¢ € Q and r € I be such that ¢ < r.
Since r € I, we have that » < 1. Hence ¢ <r < 1so g < 1. Thus q € [ as
desired.

To see that I does not contain any of its upper bounds, suppose for the
sake of a contradiction that there exists a ¢ € I such that ¢ is an upper
bound for I. Since q € I, we know that ¢ < 1. Therefore # < 1so 12ﬂ el
However since ¢ < I and since 12ﬂ £ q as ¢ < 1, we have a contradiction to
the fact that ¢ is an upper bound for I. Hence I does not contain any of its
upper bounds. Hence I is a Dedekind cut by Definition sol €R.

To complete the proof, let A € R be arbitrary. To see that [ - A = A, we
will divide the proof into two cases.

Case 1: O < A. Assume O < A. Hence

I-A={ab|acAbeQa>0,0<b<1}U{geQ | ¢q<0}

To see that I - A = A, we will demonstrate that /- A C Aand AC - A.

To see that 1 - A C A, let x € I - A be arbitrary. If x < 0 then note
since O < A that x € O C A as desired. Otherwise, by the description of
I- A, there exists an a € A and a b € Q such that ¢« > 0, 0 < b < 1, and
x = ab. Since 0 < b < 1, it follows that x = ab < a. Therefore, since A is
a Dedekind cut and thus downward closed, this implies that = € A. Hence,
since x € I - A was arbitrary, [ - A C A.

To see that A C - A, let a € A be arbitrary. If a < 0, then a € I - A by
definition. Therefore, we may assume without loss of generality that a > 0.
Since A is a Dedekind cut and thus does not contain any of its upper bounds,
a is not an upper bound of A. Therefore, there exists an a’ € A such that
0<a<ad. Thusb=2% € Qissuchthat 0 < b < 1 and a = a'b. Hence
a € I - A as desired. Therefore, since a € A was arbitrary, A C I - A.

Therefore I - A = A in this case.

Case 2: A < O. Assume A < O. Therefore, since O < I, we have that

1 A=—(I-(~4))

=—(—4) by Case 1
=A by Corollary [B.3.16} part b)
as desired.
Therefore, since the above cover all possible case, we obtain that I € R
and [ - A = A as desired. n

©For use through and only available at pskoufra.info.yorku.ca.



254 APPENDIX B. CONSTRUCTING NUMBER SYSTEMS

Remark B.3.23. For clarification, we will use I = {¢ € Q | ¢ < 1} for the
multiplicative unit (i.e. one element) for R throughout this section whereas
we will reserve 1 for the unit of Q.

To demonstrate every non-zero element of R has a multiplicative unit, we
will focus on A € R with A > O as the case A < O will follow similar to how
we have been handling such cases. To show that A has a multiplicative inverse,
we need to construct a Dedekind cut X such that A - X = I. Recalling that
since A > O, we would expect X > O in which case we need only multiply
the non-negative elements of A and X together and add in the negative
elements of Q afterwards. So we want the non-negative elements of X to be
precise the elements of Q that when multiplied by non-negative elements of
A yield exactly the elements of Q between 0 and 1. Since each element of
Q\ A is an upper bound of A, the following is the correct set.

Lemma B.3.24. Let A € R be such that O < A. If

X:{q
r
then X e R, X >0, and A- X = 1.

Hence X is the multiplicative inverse of A so every element of R that is
larger than O has an multiplicative inverse.

re@\A,qe@,q<1},

Proof. Assume A € R is such that O < A. Thus O C A so A contains a
positive element ag of Q and contains all negative elements of Q. Therefore,
since A is a Dedekind cut and thus downward closed, we know that if r € Q\ A
then 0 < ag < r. Therefore r # 0 for all € Q\ A so that X is a well-defined
set.

To see that X € R, we will show that X is a Dededkind cut by verify the
defining four properties of a Dedekind cut from Definition

X # (. To see that X # (), recall since A is a Dedekind cut that A # Q.
Therefore, there exists an r € Q \ A. By the start of this proof, we know
that r > 0. Therefore, 0 € Q and 0 < 1, we obtain that % € X by definition
so X # () as desired.

X # Q. To see that X # Q, recall from the start of this proof that there
exists an ag € A such that 0 < ag < r for all » € Q \ A. Therefore, for all
r € Q\ A, we have that

1

< —.
ao

Therefore % ¢ X so X # Q as desired.

X is downward closed. To see that X is downward closed, assume z € X
and y € Q are such that y < z. By the definition of X there exists a r € Q\ A
and a ¢ € Q such that ¢ < 2 and x = Z. Therefore y < . Recall by start
of this proof that r > 0. Therefore we have that yr < ¢ < 1. Let ¢’ = yr.

REES
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Therefore ¢ € Q, ¢ <1, and y = %’ where r € Q\ A. Hence y € X by the
definition of X as desired.

No element of X is an upper bound for X. To see this, suppose for the
sake of a contradiction that there exists an y € X such that y is an upper
bound for X. By the definition of X there exists an r € Q\ A and a ¢ € Q
such that ¢ <1 and y = . Let ¢’ = % and let z = q%. Then ¢’ € Q and

qg < ¢ <1soxe X. Moreover, since we know that r > 0 by the start of
this proof, we obtain that

y=1<L_,
roor
Since this contradicts the fact that y was an upper bound for X, we have a
contradiction. Therefore no element of X is an upper bound of X as desired.

Hence X is a Dedekind cut by Definition so X € R.

To see that O < X, note by the proof that X # Q that there exists an
ap > 0 such that al € X. Therefore, since % ¢ O, and since X < O or
X > O by Lemma so X COor O C X, it follows that O C X so
0<X.

To see that A - X = I, first note since A > O and X > O that

A-X={ax |ac Az e X, anda,z >0} U{qgeQ | ¢ <0}

To see that A- X = I, we will demonstrate that A- X ClTand I C A- X.

To see that A- X C I, let z € A- X be arbitrary. If z < 0, then z € I by
definition. Therefore, without loss of generality, we may assume that z > 0.
By the definition of A- X, there exists an ¢ € A and a x € X such that a > 0,
x >0, and z = az. By the definition of X, there exists a r € Q\ A and a
q € Q such that ¢ <1 and o = Z. Hence z = ¢%. Since A is a Dedekind cut
and thus downward closed, r € Q \ A and a € A imply that a < r. Since
r > 0 by the start of this proof, and since a > 0, we have that 0 < % < 1.
Therefore, since ¢ < 1, we obtain that z = ¢ < 1. Hence z € I by the
definition of I. Therefore, since z € A - X was arbitrary, A- X C 1.

To see that I C A - X, let z € I be arbitrary. Hence z < 1. Since
A >0 and X > O, there exist a € A and x € X such that a,z > 0. Hence
ax € A- X. Therefore, since ax > 0 and since A - X is a Dedekind cut and
thus downward closed, we have that

{¢gecQ | ¢g<0}CA-X.

Therefore, if z < 0 then z € A- X. Hence we may assume without loss of
generality that 0 < z < 1.

Recall from the start of this proof that there exists an ag € A such that
0 < agp. Since 0 < z < 1, we have that e = 22(1 — 2) € Q is well-defined.
Moreover, since 0 < z < 1 and ag > 0, we have that ¢ > 0.
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By Lemma [B.3.13| there exists an o’ € A and a § € Q such that a + 0§ €
Q\A,0<ay<d,and0<d<e Letr' =a' +6 € Q\ A. Therefore ' >0
and we have that

r! a 495

a a

=z4+(1-2)=

Therefore ¢ = 22—: € Q is such that 0 < ¢ < 1. Moreover, we have that
z = a'% since a’,r" > 0. Let x = % so that z = a’z. Since 0 < ¢ < 1,
€ Q\ A, and ' > 0, we have that € X and x > 0. Therefore, since
z=adz,d € A v e X,and d/,z > 0, obtain that z € A- X. Therefore,
since z € I was arbitrary, I C A - X.

Hence X €¢ R and A- X = I as desired. ]

When A € R and A > O, we will use A~! to denote the multiplicative
inverse of A from Lemma Using this, we can demonstrate that
negative elements of R have multiplicative inverses.

Lemma B.3.25. Let A € R be such that A < O. Then O < —A so if
X = —((=A)7Y), then X is a well-defined element of R. Moreover X < O
and A- X = 1.

Hence X is the multiplicative inverse of A so every element of R that is
less than O has an multiplicative inverse.

Proof. Assume A < O. Thus Lemma implies that A+(—A4) < O+(—A)
and thus O < —A. Therefore, Lemma implies that (—A)~! is well-
defined and thus X = —((—A)~!) is well-defined.

To see that X < O, notice since —A4 > O that (—A4)~! > O by Lemma
[B:324] Therefore, by applying Lemma [B:3.9] again, we obtain that X =
—(—A)~! < O as desired.

Finally since X < O and A < O, we have that

A-X=(-4) (-X) by definition
= (=4) - (=(=((=4)™))
=(—A)-(-A)"! by Lemma [B.3.10]
=1 by Lemma
as desired. [
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Corollary B.3.26. Every element of R\ {O} has a multiplicative inverse.

Proof. This result immediately follows from Lemmata [B.3.24] and [B.3.25] m

The only remaining property of R that we need to demonstrate is that
addition and multiplication satisfy the distributive property. This is a colossal
pain. Indeed, given A, B,C € R, we desire to prove an equation involving
A-(B+C), A-B,and A-C. Since the definition of the multiplication
operation depends on whether the elements are non-negative or non-positive,
this could be a lot of complicated case work. The following lemma will aid
us in bypassing a lot of this casework.

Lemma B.3.27. Forall Ac R, —A=A-(-I).

Proof. Notice since O C I that O < I. Therefore Lemma implies that
O+ (—I) <I+(—I)and thus -1 <O.

Let A € R. To see that —A = A - (—1I), we will divide the proof into two
cases.

Case 1: A > O. Notice that

A-(=I)=—(A-(—(-1))) by definition
=—(A-I) by Corollary
—_A
as desired.

Case 2: A < O. Notice that

A-(=1I)=(-A) - (—(-1)) by definition
=(-A)-1 by Corollary [B.3.16|
=-A
as desired. [

Onto the proof of the distributive property.

Lemma B.3.28. The addition and multiplication operations on R are dis-
tributive. That is, if A, B,C € R, then

A-(B+C)=(A-B)+(A-C).

Proof. Let A, B,C € R. To prove this result, we are required to divide the
proof into several cases.
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Case 1: A>0,B>0,C>0.Since B> O and C' > O, we know that
B + C > O. Notice that

A-(B+0C)
=A-{b+c|beB,ceC})
={alb+c) |acAbeB,ceC,a,b+c>0tU{geQ | ¢q<0}
={a(b+c¢) | a€ Ajbe B,ce C,a,b,c >0}
U{alb+q) | a€ A,be B,q€ Q,a,b>0,q <0}
U{alg+c) | a€e A,qge Q,ce C,a,c>0,q <0}
U{geQ | ¢<0}

whereas

(A-B)+(A-C)=({ab | a€ A;be B,a,b>0}U{qgeQ | ¢ <0})
+ {ac | a€eAceCia,c>0}U{geQ | ¢<0})
={ab+ac | ac A,be B,ce C,a,b,c> 0}
U{ab+q | a€eAbe B,qeQ,a,b>0,qg <0}
U{g+ac|acAqeQceC,a,c>0,q<0}
Ufan+¢2€Q | q1,92 <0}

If one looks hard enough at these sets and notes the first of the four sets in
each of these two decompositions contains 0, one can observe that these sets
are the same. Hence the result holds in this case.

Case2: A>0,B<0,C<O0.Since B< O and C < O, we know that
B+C<O+C<O+0 =Q0. Therefore

A-(B+C)=—(A-(—(B+()))
=—(A-((—-B)+(-0())) by Corollary [B.3.16|
=—((A-(-B))+ (A-(—0())) by Case 1
=(—=(A-(=B))) +(=(4-(=C))) by Corollary [B.3.16]
=(A-B)+(A-C) by definition

as desired.

Case3: A>0,B>0,C<0,B+C >0. Since C <O, Lemmal@'
implies that C' 4+ (—C) < O + (—C) and thus O < —C'. Therefore

(A-(B+C)+(A-(-C)=A-((B+C)+(-0)) by Case 1
A-(B+ (CH+(—0)))
A-(B+0)=A-B.
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Hence
A- (B+C)=(A-(B+())+0
=(A-(B+0)+((4-(=0)+ (=(A-(=C)))
=(A-(B+0)+(4-(=0)) + (=(4-(=0C)))
(A-B)+(=(4-(=0C)))
(A-B)+ (A-C)

as desired.

Case4d: A>0,B>0,C<0O,B+C<0. Since B+ C < O, Lemma
implies that (B + C) + (—=(B+ C)) < O + (—=(B + C)) and thus
O < —(B + C). Therefore by Case 1 we have that

(A-(=(B+C))+(A-B)=A-((-(B+C))+B) by Case 1

=A-(((=B)+(-C)) + B)

— A-(((=C) + (-B)) + B)

— A-((=C) + (-B) + B))
=A-((=C)+ (B +(-B)))
—4-((-C)+0)

=A-(-0).

Therefore,

A (-(B+C)=(A-(-(B+0C))+0
=(A-(=(B+0C))+((A-B)+(=(A-B)))
=((A-(=(B+0C))+(A-B))+(-(4-B))
=(A4-(=0))+(=(A-B))
= (=(4-B)) + (A-(=C)).

Therefore
A-(B+C)=—(A-(=(B+())) by definition
— —((—~(A-B)) + (4- (=C)))
— (~(~(A- B))) + (~(A- (~C))) by Corollary [B310
=(A-B)+(A-C) by Corollary [B:3.16] and definition
as desired.

Case 5: A>0,B<0O,C >0, B+C >0. This case follows from Case
3 by interchaning B and C' and using the commutativity of addition from
Lemma

Case 6: A> 0O, B<0O,C >0, B+ C <0. This case follows from Case
4 by interchaning B and C and using the commutativity of addition from

Lemma [B.3.100
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Notice that we obtain the result holds when A > O by combining the
above six cases. Therefore, there is only one additional case we need to
consider.

Case 7: A < O. Since —(—A) = A by Corollary |B.3.16| Lemma [B.3.27
that A = (—A) - (—1I). Therefore, we have that

A-(B+C)=((-A)-(-1))- (B+C)
=(=A)-((-1)-(B+0))
=(-4)-(B+C)-(-1))

(- A)- (~(B+C)) by Lemma [5327
=(-A4) - ((-B)+ (-0)) by Corollary [B.3.16|
and

(A-B)+ (A-C)

=(((=4)-(=1))-B) + ((=A4) - (1)) - ©)

=((=4)-((=1)-B)) + ((=4) - ((-1) - C))

=((=4)-(B-(-1) +((-4) - (C-(-1)))

=((—A)-(-B))+ ((-4) - (-0)) by Corollary [B.3.16]

Note that A < O implies A+ (—A) < O + (—A) by Lemma and thus
—A > O. Therefore, by applying one of the first six cases, we obtain that

A-(B+C)=(A-B)+(A-QO).
Therefore, as we have covered all possible cases, the result holds. ]

Theorem B.3.29. The real numbers R are a totally ordered field with the
Least Upper Bound Property.

Proof. First, note that Lemma|[B:3.10} Lemma[B:3.14] Lemma[B:3.20} Lemma

Lemma Corollary and Lemma together imply
that R is a field with the operations + and -. Subsequently Lemma [B:3.5]

Lemma and Lemma imply that < is a total ordering on R
with the additive and multiplicative properties. Therefore R is a totally

ordered field. Finally Theorem implies that R has the least upper
bound property as desired. ]

B.4 Real Numbers via Cauchy Sequences

We now turn to our second method for constructing the real numbers. By
Section [B:2] we know the rational numbers have all the necessary properties
required in this section. In addition, we will use the absolute value function
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on Q. Note parts @), @, and @ of Lemma|l.3.12|and the triangle inequality

(Proposition [1.3.13)) hold in Q by the same proofs.
The technique for constructing the real numbers from the rational num-

bers in this section is analytic in nature. Specifically, we had constructed the
real numbers and thus had Proposition then every real number would
be the limit of a sequence of rational numbers. Thus, we can describe the
real numbers as limits of sequences of rational numbers. However, the issue
with this lies in that we cannot discuss convergence of a sequence without
knowing that the limit of the sequence. To bypass this, we turn to the ideas
of Section 2.5} namely Cauchy sequences. By considering Cauchy sequences
of rational numbers, we can complete the rational numbers and obtain the
real numbers. The benefits of this approach are that it is generally viewed to
be as an easier approach, it can be generalized to other objects (see MATH
4011), and it is much more thematic with this course on real analysis as
it utilizes many of the techniques and ideas learnt throughout the course.
However, verifying the Least Upper Bound Property is a bit of a challenge.

Thus we being by discussion Cauchy sequences of rational numbers. Since
we do not have the real numbers, we cannot use the definition and properties
in Section [2.5] as the definition requires ‘for all ¢ > 0’ meaning all real
numbers € greater than 0. To bypass this, we simply need to restrict our € to
be rational numbers. Thus, for notational purposes, throughout this section
we will denote the positive rational numbers by Q. ; that is,

Qr={qeQ]| ¢>0}

Definition B.4.1. A sequence (gp)n>1 of rational numbers is said to be
Cauchy in Q if for all € € Q4 there exists an N € N such that |g, — ¢n| <€
for all n,m > N. The set of all Cauchy sequences in Q is will be denoted R.

Example B.4.2. For each g € Q, the constant sequence (¢),>1 is a Cauchy
sequence in Q. Indeed, for all e € Q4 we have that |¢, —g¢m| =[¢g—¢| =0< ¢
for all n,m € N.

In fact, the constant sequences of rational numbers will be how the
rational numbers embed into the real numbers.

Before we proceed to defining the real numbers via R, we will use several of
the analytic techniques from the course, plus a few additional ones. Moreover,
we will need to know that Cauchy sequences of rational numbers are bounded.
This does not directly follow from Section 2.5 due to the change of definition
of what it means to be Cauchy, but the proof remains the same.

Lemma B.4.3. If (gn)n>1 € R, then (qn)n>1 s bounded; that is, there exists
an M € Q4 such that |q,| < M for all n € N.

Proof. Let (gn)n>1 € R. Since (¢n)n>1 is Cauchy, there exists an N € N
such that |¢, — ¢n| < 1 for all n,m > N. Hence, by letting m = N, we
obtain that |g,| < [gn| + 1 for all n > N by the Triangle Inequality.
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Let M = max{|q],|qzl,- .-, |an-1], |gn|+1}. Since |g,| € Q for all n € N,
we obtain that M € Q. Moreover, if n < N then |g,| < M whereas if n > N
then |g,| < |gn| + 1 < M by the above paragraph. Hence |g,| < M for all
n € N 50 (gn)n>1 is bounded as desired. m

To construct the real numbers, recall our motivation was that each real
number could be described as the limit of rational numbers. However, there
could be many sequences of rational numbers that converge to the same real
number. Therefore, to distinguish real numbers via sequences of rational
numbers, we need an equivalence relation on R.

Lemma B.4.4. Consider the relation ~ on R defined as follows: for all
(Qn)nZh (Tn)n21 €ER, (Qn)nZI ~ (rn)nzl if and only if for all € € Q+7 there
exists an N € N such that |q, — | < € for alln > N. Then ~ is an
equivalence relation.

Proof. To see that ~ is an equivalence relation, we need to show that ~q is
reflexive, symmetric, and transitive.

Reflexive: To see that ~ is reflexive, let (gn)n>1 € R. Since for all € € Q4
we have that |g, —gn| =0 < € for all n € N, we see that (gn)n>1 ~ (¢n)n>1
by the definition of ~ as desired.

Symmetric: To see that ~ is symmetric, let (gn)n>1, (Tn)n>1 € R be such
that (¢n)n>1 ~ (Tn)n>1. Hence for all € € Q, there exists an N € N such
that |g, — | < € for all n > N. Therefore, since |ry, — ¢,| = |¢n — 0| for
all n € N, it follows that for all € € Q4, there exists an N € N such that
|Tn, — qn| < € for all n > N. Hence (75)n>1 ~ (¢n)n>1 by the definition of ~.
Thus ~ is symmetric.

Transitive: To see that ~ is transitive, let (gn)n>1, (Tn)n>1, (Sn)n>1 €
R be such that (gn)n>1 ~ (rn)n>1 and (rp)n>1 ~ (Sn)n>1. To see that
(@n)n>1 ~ (Sn)n>1, let € € Q4 be arbitrary. Since (gn)n>1 ~ (Tn)n>1 and
since %e € Q4, there exists an N; € N such that |g, — | < %e for all
n,m > Nj. Similarly, since (7,)n>1 ~ (Sn)n>1, there exists an No € N such
that |r, — sp| < %e for all n,m > Nos.

Let N = max{Ny, No}. Therefore, N € N and we have for all n,m > N
that

1 1
|Qn_3n| < |Qn_rn|+‘rn_5n‘ < §5+§5:5~
Therefore, since € > 0 was arbitrary, (gn)n>1 ~ (Sp)n>1 by the definition of
~. Hence ~ is transitive.

Therefore, since all three properties have been verified, ~ is an equivalence

relation. ]

Thus, using equivalence classes, we obtain the following definition of the
real numbers.
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Definition B.4.5. The real numbers, denoted R, is the set

R = {[(gn)n>1] | (gn)n>1 € R}.
That is, R is the set of all equivalent classes of Cauchy sequences in Q.

Luckily, unlike with Dedekind cuts, defining the operations of addition
and multiplication via R is much simpler. To being, we must show that if
we add and multiply elements of R term-wise then we obtain elements of R.
The proofs of these facts are very similar to those used in Theorem [2.3.1

Lemma B.4.6. If (¢n)n>1, (Tn)n>1 € R, then the following hold:
a) (qn + Tn)n21 cER.

b) (Qnrn)nzl cR.

Proof. a) To see that (¢,+7n)n>1 € R, let € € Q4 be arbitrary. Since e € Q4
and since (¢ )n>1 € R, there exists an N; € N such that |g, — gm| < %e
for all n,m > Ny. Similarly (7,,)n>1 € R, there exists an Ny € N such that
70— Tm| < %e for all n,m > No.

Let N = max{Ny, No}. Therefore, N € N and we have for all n,m > N
that

[(qn +7n) = (@m +Tm)| = [(@n = @m) + (T — Tm)|
< ‘Qn - Qm’ + ’rn - Tm’
1 1
56 + 56 = €.
Therefore, since € > 0 was arbitrary, (g, + r)n>1 € R by definition as
desired.

b) To see that (gnrn)n>1 € R, let € € Q4 be arbitrary. Since (¢,)n>1 € R,
Lemma [B:4.3] implies that there exists an M; € Q with M; > 0 such that
lgn| < M; for all n € N. Similarly, (r,),>1 € R, Lemma implies that
there exists an My € Q with My > 0 such that |r,| < Ms for all n € N.

Since ﬁ € Q4 and since (gn)n>1 € R, there exists an N; € N such
that g, — gm| < 557 for all n,m > Ny. Similarly, since 33 € Q4 and
since (ry)n>1 € R, there exists an Ny € N such that |r, — | < ﬁ for all
n, m > No.

Let N = max{Nj, No}. Therefore, N € N and we have for all n,m > N
that

|Qn7"n - erm‘ = |(Qn7‘n - ern) + (ern - Qme)|
< \gn = @mllral + lgmllrn — 7]
€ €

< —M; + My——+
- 2M, 1+ 22M2

€ n €
=—4 - =¢

2 2
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Therefore, since € > 0 was arbitrary, (¢,rn)n>1 € R by definition as desired.
| |

Although Lemma [B:4.6] shows that the term-wise sum and product of
elements of R are elements of R, we must deal with the issue of different
representatives of equivalence classes before we can define the operations of
addition and multiplication on R. The following lemma is all we need.

Lemma B.4.7. Let (gn)n>1, ("n)n>1, (¢h)n>1, (1h)n>1 € R be such that
(@)n>1 ~ (@p)n>1 and  (rp)n>1 ~ (7)n>1-

Then the following hold:

@) (gn +7rn)nz1 ~ (@ + 7)n>1-

b) (qnTn)n>1 ~ (4,77 )n>1-

Proof. a) To see that (gn + 7n)n>1 ~ (¢, + 7}, )n>1, let € € Q1 be arbitrary.
Since %e € Q4+ and since (¢n)n>1 ~ (q},)n>1, there exists an N1 € N such
that |g, — ¢,| < %e for all n,m > Nj. Similarly (r,)p>1 ~ (7),)n>1, there
exists an Ny € N such that |r, — )| < Se for all n,m > N».

Let N = max{Ny, No}. Therefore, N € N and we have for all n,m > N
that

/

[(gn +7n) = (@, + )| = [(n — @) + (rn —13,)|
< gn — ap| + |rn — 79,
1

—€+ —€ = €.

2 2

Therefore, since € > 0 was arbitrary, (g, +75)n>1 ~ (¢}, +75)n>1 by definition
as desired.

b) To see that (¢,7n)n>1 ~ (¢,7,)n>1 let € € Q4 be arbitrary. Since
(q))n>1 € R, Lemma implies that there exists an M; € Q4 such that
lg/,| < M, for all n € N. Similarly, (r,),>1 € R, Lemma implies that
there exists an My € Q4 such that |r,| < M; for all n € N.

Since 537 € Q4 and since (Gn)n>1 ~ (¢))n>1, there exists an N; € N
such that |gn, — ¢, < 757 for all n,m > Ny. Similarly, since 57~ € Q4 and
since (7n)n>1 ~ (17 )n>1, there exists an No € N such that [r, —r},| < 557
for all n,m > Ns.

Let N = max{Ny, No}. Therefore, N € N and we have for all n,m > N
that

|GnTn — qfnrfn‘ = |(gnrn — Q;Lrn) + (q;ﬂ”n - ‘J;LT;L”
< an = gnllral + lgpllrn — 7]
€ €

< —— My + My——+
= o 1+ 22]\42

€ n €
= -4+ - =c¢.

2 2

©For use through and only available at pskoufra.info.yorku.ca.



B.4j. REAL NUMBERS VIA CAUCHY SEQUENCES 265

Therefore, since € > 0 was arbitrary, (g, )n>1 ~ (¢,71,)n>1 € R by definition
as desired. []

By Lemmata [B.4.6] and [B.4.7], the following operations on R are well-
defined.

Definition B.4.8. The operations of + and - on R are defined as follows:
for all (gn)n>1, (Thn)n>1 € R,

[(@n)n>1] + [(rn)n>1] = [(gn + Tn)n>1]
[(gn)n>1] - [(Tn)n>1] = [(@nTn)n>1]-

Luckily proving that these operations on this definition of R yields a field
is much simpler than it was for Dedekind cuts. Before we get to the proof,
we demonstrate the following technical result that is needed to prove the
existence of multiplicative inverses.

Lemma B.4.9. If (¢u)n>1 € R is such that (¢n)n>1 » (0)n>1, then there
exists a K € Q4 and a N € N such that |g,| > K for alln > N.

Proof. Assume (g¢n)n>1 * (0)p>1. Thus there exists an € € Q4 such that
for all N € N there exists an ny > N such that |¢,,| = |gny — 0] > €. Let
K = %e. Clearly K € Q4 by construction.

To see that K has the desired property, note since (g,)n>1 € R that there
exists an NV € N such that |g, — gm| < K for all n,m > N. Therefore, since
ny > N, by letting m = N we obtain that |¢, — ¢n,| < K for all n > N.
Hence for all n > N we have by the reverse triangle inequality that

1gn| = lgny + (@0 = @)l = |@ny| =G0 — Gny| > €0 — K =2K - K = K
as desired. n

With Lemma [B:4.9] complete, demonstrating most of the field properties
hold for this definition of R simply follow by applying the field properties of
Q term-wise.

Lemma B.4.10. The real numbers R are a field with the above operations.
That is, for all [(gn)n>1], [(rn)n>1]s [(Sn)n>1] € R,

a) (Commutativity of +) [(qn)n>1] + [(Tn)n>1] = [(Tn)n>1] + [(gn)n>1]-
b) (Commutativity of -) [(gn)n>1] - [(Tn)nz1] = [(rn)n>1] - [(gn)n>1]-

¢) (Associativity of +) ([(gn)n>1] + [(rn)n>1]) + [(Sn)n>1] = [(@n)n>1] +
([(rn)n>1] + [(8n)n>1])-

d) (Associativity of -) ([(gn)n=1]- [(Tn)n=1]) - [(5n)n=1] = [(@n)n>1] - ([(T0)n>1] -
[(sn)n>1])-
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e) (Distributivity) [(gn)n>1] - ([(Tn)n>1] + [(Sn)n>1]) = ([(gn)n>1] - [(rn)n>1]) +
(([gn)n>1] - [(sn)n=1])-

f) (Additive Unit) O = [(0)p>1] € R and [(gn)n>1] + O = [(qn)n>1]-
g) (Multiplicative Unit) I = [(1)n>1] € R, I # O, and [(gn)n>1]-1 = [(qn)n>1]-
h) (Additive Inverse) [(—qn)n>1] € R and [(gn)n>1] + [(—qn)n>1] = [(0,1)].

i) (Multiplicative Inverse) if [(qn)n>1] # O, then there exists a [(tn)n>1] € R
such that [(gn)n>1] - [(tn)n>1] = 1.

Proof. a) Notice that

as desired.
b) Notice that

as desired.
c¢) Notice that

([(gn)n>1] + [(rn)n>1]) + [(sn)n>1] = [(gn + ra)n>1] + [(Sn)n>1]
= [((gn +7n) + Sn)n>1]
= [(gn + (rn + Sn)n>1]
1)+ [(rn + Sn)n>1]
1]+ ([(ra)n>1] + [(sn)n>1])

—_— o o — —
~~ N N/ T/

as desired.
d) Notice that

([(gn)nz1] - [(ra)n1]) + [(s0)n>1] =

as desired.
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e) Notice that

—
(=)

wIn>1] - ([(rn)n>1] + [(sn)n>1])

Gn)n>1] - [(Tn + Sn)n>1]

Gl + Sn))n>1]

(@nTn) + (qnsn))n>1]

Qnrn)n>l] + [(Qnsn)nzl]

(@n)nz1] - [(rp)n=1]) + (([gn)nz1] - [(sn)n=1])

)
[(
[(
[(
[(
(1

as desired.
f) Clearly (0),>1 € R by Example so O € R. Moreover, since
[1-0]=1> 1, we see that (1),>1 » (0)n>1 so I # O. Finally, notice that

[(gn)n>1] + O = [(gn + 0)n>1] = [(qn)n>1]

as desired
g) Clearly (1),>1 € R by Example so I € R. Moreover

[(gn)n>1] - T = [(gn(1))n>1] = [(gn)n>1]

as desired.

h) Since the constant sequence (—1),>1 € R by Example we have
that

[(_Qn)nzl] = [(—1)n21] : [(Qn)nZI] e R.

Moreover, notice that

[(gn)n=1] + [(=an)nz1] = [(gn + (=n))nz1] = [(0)nz1] = O

as desired.

i) Note the proof of this part is very similar to a corresponding part of
Lemma 2.3.11

Assume [(gn)n>1] # O. By Lemma [B.4.9] there exists a K € Q4 and an
N; € N such that |g,| > K for all n > Nj. For each n € N, let

{o if n < Ny
t, =
dn

Since |gq,| > K > 0 for all n > Ny, we see that ¢,, is well-defined and ¢,, € Q
for all n € N.

We claim that (t,),>1 € R. To see this, let ¢ € Q4 be arbitrary.
Since (gn)n>1 € R and since eK? € Q., there exists an Ny € N such that
@ — qm| < eK? for all n,m > Ns.
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Let N max{Ny, No}. Therefore, N € N and we have for all n,m > N
that

1 1

|tn - 75m| =

n dm

_ ‘QW - Qn|
|Gnl|qm|

eK?2

<
@nl|Gm]
eK?

<

~ K(K)

= €.

Therefore, since € > 0 was arbitrary, (t,),>1 € R by definition.
Finally, notice since for all € € Q4 we have for all n > N; that

lgntn — 1] =1 — 1| =0 < ¢,
we have that (gntn)n>1 ~ I and thus

[(gn)nz1] - [(tn)n21] = [(gntn)nz1] = 1

as desired. m

Now that R has been demonstrated to be a field, we must define the
partial ordering on R. Since we are dealing with equivalence relations, the
following is exactly what we need to ensure the partial order is well-defined.

Lemma B.4.11. Let (¢n)n>1, (Tn)n>1, (4),)n>1, (7, )n>1 € R be such that

(Qn)nZI ~ (Q;z)nzl and (rn)nZI ~ (T;L)nzl-
Then the following statements are equivalent:

(i) For all e € Q4 there exists an N € N such that q, < r, + € for all
n>N.

(ii) For all e € Q4 there exists an N € N such that ¢, < r], + € for all
n>N.

Proof. We will only demonstrate that (i) implies (ii) as the proof that (ii)
implies (i) will follow by symmetry of the argument and symmetry of the
equivalence relation.

Assume (i) holds. To see that (ii) holds, let € € Q4 be arbitrary. We
note three things:

o Since %e € Q4, by the assumption that (i) holds there exists an N; € N
such that ¢, <7, + € for all n > Nj.
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o Since (gn)n>1 ~ (¢,)n>1 and since %e € Q4, there exists an Ny € N
such that |g, — ¢,,| < %e for all n > Ns. Hence the triangle inequality
implies ¢}, < g, + %e for all n > Ns.

e Since (rp)n>1 ~ (7},)n>1 and since g€ € Q4 , there exists an Ny € N
such that |r, — ]| < 1€ for all n > N3. Hence the triangle inequality
implies 7, <1, + %e for all n > Ns.

Let N = max{Ni, No, N3s}. Hence N € N and we have for all n > N
that

, 1
qn S q'fl + §€
1 1
<|rm+ gﬁ + ge
=7, + §€
<5 s
T, + €|+ c€
-\" 3 3
= 7“; + €.
Therefore, since € > 0 was arbitrary, (ii) holds as desired. []

By Lemma the following is well-defined.

Definition B.4.12. The relation < on R is defined as follows: for all

(@n)n>1, (Tn)n>1 € Ry (gn)n>1 < (qn)n>1 if and only if for all € € Q4 there
exists an NV € N such that ¢, < r, + ¢ for all n > N.

Showing that < is a partial ordering on R is a fairly straightforward task
once one is comfortable enough with the type of analytic arguments used in
this course.

Lemma B.4.13. The relation of < on R is a partial ordering on R. For all
[(@n)n>1], [(rn)n>1], [(sn)n>1] € R,

a) (Reflezivity) [(qn)n>1] < [(gn)n>1]-

b) (Antisymmetry) If [(gn)n>1] < [(rn)n>1] and [(rn)n>1] < [(gn)n>1], then
[(gn)n>1] = [(rn)n>1]-

¢) (Transitivity) If [(gn)n>1] < [(rn)n>1] and [(Tn)n>1] < [(Sn)n>1], then
[(Qn)nzl] < [<3n)n21]-

Proof. a) Let € € Q4 be arbitrary. Since ¢, < g, + € for all n € N, it follows
that [(gn)n>1] < [(gn)n>1] by definition. Hence < is reflexive.

b) Assume [(¢n)n>1] < [(rn)nz1] and [(rp)n>1] < [(@n)n>1]. To see that
[(gn)n>1] = [(Tn)n>1], let € € Q4 be arbitrary. Since [(¢n)n>1] < [(n)n>1]
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and since € € Q, there exists an N7 € N such that ¢, < r, + ¢ for all
n = Nip. Similarly, since [(r)n>1] < [(gn)n>1] and since € € Q., there exists
an Ny € N such that r, < g, + € for all n > N,.

Let N = max{Ny, No}. Hence N € N and we have for all n > N that

Gn <Tp+e€ and rn < gnt€

so that
Gn —Tn < € and Tn — Qn <€

and thus |¢, — rp| < e. Therefore, since € > 0 was arbitrary, [(gn)n>1] =
[(7n)n>1] by definition. Hence < is antisymmetric.

c) Assume [(gn)n>1] < [(rn)n>1] and [(rn)n>1] < [(Sn)n>1]. To see that
[(gn)n>1] < [(Sn)n>1], let € € Q4 be arbitrary. Since [(¢n)n>1] < [(7n)n>1]
and since %e € Q4 there exists an N; € N such that ¢, < r, + %e for all
n > Ni. Similarly, since [(r;)n>1] < [($n)n>1] and since ie € Qy, there

exists an Ny € N such that r, < s, + %e for all n > Ns.
Let N = max{Nj, No}. Hence N € N and we have for all n > N that

1
qngrn+§e§sn+e.

Therefore, since € > 0 was arbitrary, [(gn)n>1] =< [(Sn)n>1] by definition.
Hence < is transitive. ]

Showing that the partial ordering on this definition of R is a total ordering
is a little delicate.

Lemma B.4.14. The partial ordering < on R s a total ordering.

Proof. To see that < is a total ordering, suppose for the stake of a contradic-
tion that there exists [(¢n)n>1], [(n)n>1] € R such that [(¢n)n>1] £ [(7n)n>1]
or [(rn)n>1] £ [(gn)n>1]. Note

o Since [(gn)n>1] € [(rn)n>1], there exists an ¢ € Q4 such that for all
N € N there exists a n > N such that g, > r, + €1.

o Since [(rn)n>1] % [(qn)n>1], there exists an ez € Q4 such that for all
N € N there exists a n > N such that r, > ¢, + €.

Since the ordering on Q is a total ordering, there exists an €y € Q4 such
that eg = min{e;, e2}. Since (¢n)n>1 € R and since %60 € Q., there exists an
N; € N such that |gn, — gm| < %eo for all n,m > Nj. Similarly, (7,)n>1 € R
and since %60 € Q4, there exists an Ny € N such that |r, — 7| < %60 for all
n,m > No.

Let Ny = max{Ny, Na}. Clearly Ny € N. Moreover, we have that

° ’(_In - (;Im| S %EO fOI' aH n,m Z NOa
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o |rp —rm| < %eo for all n,m > Ny,
o there exists an n; € N such that ny > Ny and ¢, > rp, + €0, and
o there exists an ng € N such that no > Ny and r,, > ¢, + €o.
Hence
Qny + €0 < Ty

1
S Tnl + 560

1
< (qnl — 6) + 560

1
=d4n, — 560
1 1
< | gn, + 560 — 560

= Qny-

Since this implies ¢y < 0 which clearly contradicts the fact that ¢y € Q4,
we have a contradiction. Hence the partial ordering < on R is a total
ordering. n

Checking that this definition of R is an ordered field is not difficult, but
requires a bit of casework.

Lemma B.4.15. The partial ordering < on R has the following additional
properties:

a) < has the additive property; that is, if [(qn)n>1]s [(Tn)n>1]s [(Sn)n>1] € R
and [(gn)n>1] < [(rn)n>1] then [(gn)n>1]+[(5n)n>1] < [(rn)n=1]+[(sn)n>1]-

b) < has the multiplicative property; that is, if [(¢n)n>1], [(7

[(rn)n>1] € R are
such that O < [(gn)n>1] and O < [(rn)n>1], then O < [(gn)n>

1 [(ra)ns1].

Proof. a) Assume [(qn)n>1], [(rn)n>1], [(sn)n>1] € R and [(gn)n>1] < [(rn)nz1]-
To see that [(gn)n>1] + [(Sn)n>1] < [(rn)n>1] + [(Sn)n>1], let € € Q4 be arbi-
trary. Since [(gn)n>1] < [(Tn)n>1] and since € € Q, there exists an N € N
such that ¢, < r, + € for all n > N. Therefore g, + s, < (ry, + sp,) + € for
all n > N. Therefore, since € € Q1 was arbitrary, [(¢gn)n>1] + [(Sn)n>1] <
[(7n)n>1] + [(Sn)n>1] by definition as desired.

b) Assume [(¢n)n>1], [(Tn)n>1] € R are such that O < [(¢n)n>1] and
O < [(rn)n>1]- To proceed, we will divide the proof into three cases:

Case 1: [(gn)n>1] = O. In this case we see that

[(@n)n>1] - [(Tn)nz1] = [(0)n>1] - [(T)n>1] = [(0rn)n>1] = [(0)]n>1 = O > O

as desired.

©For use through and only available at pskoufra.info.yorku.ca.



272 APPENDIX B. CONSTRUCTING NUMBER SYSTEMS

Case 2: [(rp)n>1] = O. In this case we see that

[(@n)n>1] - [(rn)nz>1] = [(@n)nz1] - [(0)n>1] = [(gn(0))n>1] = [(0)]nz1 = O > O

as desired.

Case 3: O < [(gn)n>1] and O < [(75)n>1]. By Lemma lB_ﬂl there exists
a K; € Q4 and an Ny € N such that |¢,| > Kj for all n > Nj. Since
O < [(gn)n>1] and since 3K, € Q., there exists an No € N such that
0 < gn + 5K, for all n > Np. Let N3 = max{Ny, No}. Clearly N3 € N and
for all n > N3 we have that |¢,| > K; and —%Kl < gn. Hence ¢, > K; for
all n > N3.

By similar arguments, there exists an Ky € Q4 and an N4 € N such that
rn > Ko for all n > Ny. Let N5 = max{N3, Ny}. Therefore, for all n > Nj
we have that

qnTn 2 K1K2 > 0.

Therefore, it follows by the definition of < that O < [(¢n)n>1] - [("n)n>1]-
Therefore, as we have covered all possible cases, the result follows. ]

To complete the proof that R has the desired properties, only verifying R
has the Least Upper Bound remains. To do this, we first need the following
technical lemma to ensure that powers of % are sufficiently small.

Lemma B.4.16. For all € € Q4 there exists an N € N such that 2% < € for
alln> N.

Proof. Note since ﬁ < 2% for all n € N, it suffices to show that there
exists an N € N such that 2% < e.

Since € € Q4, there exists a,b € N such that ¢ = 7. By considering
Peano’s Axioms (Definition , there exists an N € N such that b < 2Va.
Hence there exists an N € N such that 2%\’ < € as desired. ]

With Lemma [B:4.16] in hand, we can verify that this definition of R has
the Least Upper Bound Property. Note this is the most difficult aspect of
the proof and much more difficult then verifying the Dedekind cut definition
of R has the Least Upper Bound Property. Of course, overall verifying this
definition of R had the desired properties was far simpler then verifying the
Dedekind cut version had the desired properties (e.g. 15 pages to 22 pages).

Theorem B.4.17. The real numbers R are a totally ordered field with the
Least Upper Bound Property.

Proof. To begin, note by Definition [B.4.8 and Lemma [B:4.10] that R is a field.
Moreover, by Definition and Lemmata [B.4.13 [B.4.14] and [B.4.13, R
is a totally ordered field.

To see that R has the Least Upper Bound Property, let A C R be a
non-empty subset that is bounded above. Our goal is to show that A has a
least upper bound.
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Let [(gn)n>1] be an upper bound for A. By Lemma there exists
an M € Q4 such that |g,| < M for all n € N. Therefore, since ¢, < M
for all n € N and since [(M),>1] € R by Example it follows by the
definition of < that [(¢n)n>1] < [(M)n>1]. Therefore, since [(gn)n>1] be an
upper bound for A, [(M),>1] is an upper bound for A.

Since A is non-empty, there exists an [(a,)n>1] € A. Since (ap)n>1 € R,
there exists an N € N such that |a, — a,,| < 1 for all n,m > Ny. Let
K = an, — 1 so that K € Q. Moreover, since K < a,, for all n > Np, it
follows that [(K)n>1] < [(an)n>1]-

We will now construct two sequences of rational numbers (uy,),>1 and
(In)n>1 that will aid us in showing that A has a least upper bound. In
particular, we desire to construct (up)p>1 and (I,,)n>1 such that I, <141 <
Upt1 < uy, for all n € N, the constant sequence (u),>1 is an upper bound
for A for all k£ € N, the constant sequence (l;),>1 is not an upper bound for
Afor all k € N, and |u, — lp| < 51 |ug — Iy for all n € N.

To begin, let u; = M and l; = K so that ui,l; € Q, I; < uq, the constant
sequence (u1)p>1 is an upper bound for A, and the constant sequence (I1)p>1
is not an upper bound for A.

To construct us and o, let ¢ = WT% € Q. Based on ¢1, we will define
up and Iy as follows: If the constant sequence (c;),>1 is a upper bound for
A, we define us = ¢; and Iy = [;. Otherwise the constant sequence (c1)p>1
is not a upper bound for A, we define us = uy and Iy = ¢;. In either case,
we have that ug,ly € Q, I1 <lz < wug < uy, the constant sequence (ug)p>1 is
an upper bound for A, the constant sequence (l2),>1 is not an upper bound
for A, and |us — lo| = |u1 — 4.

To continue this recursive process ad infinitum, assume for some N € N
we have define uq,...,un,l,...,l, € Q with the desired properties. Let
cN = w € Q. Based on we will define un11 and Iny11 as follows: If the
constant sequence (cy)n>1 is a upper bound for A, we define uy41 = ¢y and
IN+1 = In. Otherwise the constant sequence (¢y)n>1 is not a upper bound
for A, we define uy11 = uy and Iyy1 = cy. In either case, we have that
un+1,In+1 € Q, Iy <In+1 < uns1 < up, the constant sequence (un)p>1 is
an upper bound for A, the constant sequence (Ix),>1 is not an upper bound
for A, and |unt1 — Int1| = %\uN —In| = ﬁ\ul — 11| as desired.

We now claim the the sequences (uy,)n,>1 and (l,,)n,>1 as defined above
are Cauchy sequences in Q. To see this, let ¢ € Q4 be arbitrary. By Lemma
there exists an N € N such that

1 - €
27 7 2(jup — 1| + 1)

for all n > N. Notice since l,, < 111 < upt1 < uy, for all n € N and since
[up, — 1| < 271%1|u1 —[1| for all n € N that

1 1
|Unt1 — un| < 27\101 —h| and |lhy1 — 1| < 27|u1 —
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for all n € N. Therefore, we have for all n > m > N that

[Un, — um| = — Uk

< Z Uk 1 — upl
k=m
n—1 1

< Z 27’U1_l1|
k=m
11—

Tomi— ‘ul 4l
1
< 271(2)|u1 — 1

<

€
2(lur — |+ 1)
< €.

(2)ur — I

Furthermore, a similar computation shows that |u, —u,,| < € for alln > m >
N. Therefore, since € > 0 was arbitrary, (u,),>1 and (I,)n>1 are Cauchy
sequences in Q by definition. Hence (up)n>1, (In)n>1 € R.

We claim that [(un)n>1] = [(In)n>1]. To see this, let € > 0 be arbitrary.
By Lemma there exists an N € N such that

1 €
N S -
27 7 (jur = [+ 1)

for all n > N. Since |uy, — [,,| < 2,%1|u1 — 1| for all n € N, we have for all
n > N that

1
’un—lnlgﬁhﬁl—ll‘g ( ’u1—l1‘<€.

€
|up — 11| + 1)
Therefore, as € > 0 was arbitrary, [(un)n>1] = [(In)n>1] by definition.

We claim [(up,)n>1] is an upper bound for A. To see this, let [(ay)n>1] € A
be arbitrary. To see that [(an)n>1] < [(un)n>1], let € € Q4 be arbitrary.
Since (un)n>1 € R and since se € Q4, there exists an Ny € N such that
[t — U] < %e for all n,m > N. Moreover, since %e € Q4 and since the
constant sequence (upy)p,>1 is an upper bound for A so that [(ap)n>1] <
[(un))n > 1], there exists an N' € N such that a, < uy + 3¢ for all n > N’
Hence for all n > N’ we have that

1 1 1
anguN+§e§ (un+26)+2e:un+e.

Therefore, since € was arbitrary, [(an)n>1] < [(un)n>1]. Therefore, since
[(an)n>1] was arbitrary, [(un)n>1] is an upper bound for A.
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Finally, we claim that [(uy)n>1] is a least upper bound for A. To see
this, let [(bn)n>1] € R be such that [(by,),>1] is an upper bound for A and
[(bn)n>1] < [(un)n>1]. We desire to prove that (by)pn>1 ~ (up)n>1. To see
this, let € € Q4 be arbitrary.

Since e € Q4 and since (up)p>1 ~ (In)n>1, there exists an Ny € N such
that |u, — l,| < %€ for all n > Ny. Since 3¢ € Q4 and since [(by)n>1] <
[(un)n>1], there exists an No € N such that b, < u, + %e for all n > N.

Recall that the constant sequence (In,)n>1 is not an upper bound for A.
Thus there exists an [(a,)n>1] € A such that [(In,)n>1] < [(an)n>1]. Since

[(bn)n>1] is an upper bound for A we know that [(an)n>1] < [(bn)n>1] and
thus [(In, )n>1] < [(bn)n>1]. Therefore, since 1€ € Q, there exists an N3 € N
such that Iy, < b, + %e for all n > N3.

Let Ny = max{Ny, Ny, N3}. Therefore, by the above and the fact that

Up+1 < uy for all n € N, we obtain for all n > N4 that

1 1 1 1 1
lN1 Sbn‘i’zeg un“‘zﬁ +1€:Un+§6§UN1+§E.
Moreover, since I, < 11 < upt1 < uy for all n € N, we obtain for all
n > Ny that
Iny < up < upy-

Therefore, we see for all n > N4 that

1 1 1
|bn, — un| < (un, + 56) —In, = lun, —Iny | + 7€ < §€—|— FE=¢
Therefore, since € € Q4 was arbitrary, (by)n>1 ~ (un)n>1. Hence [(by)n>1] =
[(un)]n>1. Hence [(upn)n>1] is a least upper bound for A.
Since A was an arbitrary subset of R that was bounded above and we
have demonstrated that A has a least upper bound, R has the least upper
bound property as desired. ]

B.5 Uniqueness of Real Numbers

In this section, we will demonstrate that all totally ordered field with the
Least Upper Bound Property are ‘isomorphic’ in the appropriate sense; that
is, there is a bijective map between them that preserves the totally ordered
field properties and least upper bounds. This . In particular, this means
there is a unique totally ordered field with the Least Upper Bound Property,
which is what we call the real numbers.

To prove the desired result, we will first show that every totally ordered
field with the Least Upper Bound Property contain the rational numbers
(with the same ordering). To do this, we will first show the natural numbers
lie inside every totally ordered field.
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Lemma B.5.1. If R is a totally ordered field, then there exists a map
f N —= R such that

o [ is injective,

o f(1) is the multiplicative unit of R,

o f(n+m)= f(n)+ f(m) for all n,m € N,

« f(nm) = f(n)f(m) for all n,m € N, and

o forn,m €N, n <m if and only if f(n) < f(m).

Proof. Let I denote the multiplicative unit of R. Define f : N — R recur-
sively as follows: Let f(1) = I. If we have defined f(n) for n € N, define
Fln+1) = f(n)+ 1.

Clearly f(1) is the multiplicative unit of R, and f(n+m) = f(n) + f(m)
and f(nm) = f(n)f(m) for all n € N due to the definitions of addition and
multiplication on N.

Since R is an ordered field, I is positive by Lemma [[.2.16] Therefore, by
the additive property implies that f(n) < f(n)+ 1 = f(n+1) for all n € N.
If f(n) = f(n)+ I, then by adding —f(n) to both sides we would obtain
that I is the zero element which contradicts the fact that R is a field. Hence
f(n) < f(n+1) for all n € N. Therefore, induction implies for n,m € N,
n < m if and only if f(n) < f(m). Note this implies f is injective thereby
completing the proof. ]

Next, we can upgrade Lemma, to show that the integers lie inside
of every totally ordered field. Although the existence of Section [B:I] may
seem odd, it really aids us in the proof of the following.

Lemma B.5.2. If R is a totally ordered field, then there exists a map
f:7Z — R such that

o [ is injective,
. 1) is the multiplicative unit of R,

0) is the additive unit of R,

n+m) = f(n)+ f(m) for all n,m € Z,

f(
f(
f(
f(nm) = f(n)f(m) for all n,m € Z, and

o forn,m e N, n <m if and only if f(n) < f(m).

Proof. By Lemma [B:5.1] we can assume N C R with the operations, units,
and ordering of R giving the natural operations, units, and ordering of N.
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Notice if mq,n1, mo,ny € N C R are such that mq + no = mo + nq, then
the field properties of R imply that m; + (—n1) = ma + (—n2). Therefore,
by using the equivalence class characterization of Z from Section the
map f:7Z — R defined by

f([(m;n)]) =m+ (=n)

is well-defined.
To see that f is injective, assume [(my,n1)], [(m2,n2)] € Z are such that
f ([(m1,m1)]) = f ([(m2,n2)]). Therefore

mi + (—n1) = ma + (—n2).

By adding n; + ny to both sides, the field properties of R imply that
mq + ng = mo + n1 and thus [(m1,n1)] = [(m2, ne)] by definition. Hence f
is injective.

Since f([(2,1)]) =2+ (—1) =1, f sends the multiplicative unit of Z to
the multiplicative unit of R. Moreover, since f ([(1,1)]) =1+ (=1) =0, f
sends the additive unit of Z to the multiplicative unit of R.

Next, notice for all [(m1,n1)], [(me, n2)] € Z that

S ([(ma,m1)] + [(m2, n2)])

= [ ([(m1 + m2,n1 + n2)])

= (m1 +ma) + (—(n1 + n2))

= (m1+ (—n1)) + (m2 + (—n2)) by the field properties of R
= [ ([(m1,n1)]) + f ([(m2, n2)])

and
[ ([(m1,n1)] - [(m2, n2)])

= f ([(mamg + nang, ming + nomy)))

= (mimg + ning) + (—(ming + namy))

= (m1 + (—n1))(ma + (—n2)) by the field properties of R
= f([(m1,n1)]) - f ([(m2,n2)])
as desired.

Finally, notice for [(mq,n1)], [(m2,n2)] € Z that [(m1,n1)] < [(me,n2)] if
and only if m1 +n9 < mo + ny in N if and only if m; +ns <ms+nyin R
if and only if m; + (—n1) < ma + (—n2) (by the field properties of R and
the additive property of < in R) if and only if f ([(m1,n1)]) < f ([(m2,n2)])
as desired. [

Next, we can upgrade Lemma [B:5.2] to show that the rational numbers
lie inside of every totally ordered field. Again, the mathematically precise
description of the rational numbers from Section [B:2]are quite useful to prove
the following.
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Lemma B.5.3. If R is a totally ordered field, then there exists a map
f:Q — R such that

o f is injective,

o f(1) is the multiplicative unit of R,

o f(0) is the additive unit of R,

« fla+r)=[flg)+ [(r) forallg,r €Q,
« flar) = f(q)f(r) for all g,r € Q, and

for all g,r € Q, q < if and only if f(q) < f(r).

Proof. By Lemma [B.5.1] we can assume Z C R with the operations, units,
and ordering of R giving the natural operations, units, and ordering of Z.

Notice if a1,b1,a2,bs € Z C R are such that by # 0, by # 0, and
a1bo = aoby, then the field properties of R imply that albl_1 = a2b2_1.
Therefore, by using the equivalence class characterization of Z from Section
the map f : Q — R defined by

f([(a,0)]) = ab™

is well-defined.
To see that f is injective, assume [(a1, b1)], [(az,b2)] € Q are such that
f(lar,01)]) = [ ([(a2, b2)]). Therefore

albl_l = a2b2_1.

By multiplying both sides by b1b2, the field properties of R imply that
a1by = agb; and thus [(a1, b1)] = [(a2,b2)] by definition. Hence f is injective.
Since f([(1,1)]) = 1(1)~! = 1, f sends the multiplicative unit of Q to
the multiplicative unit of R. Moreover, since f ([(0,1)]) = 0(1)~t =0, f
sends the additive unit of @Q to the multiplicative unit of R.
Next, notice for all [(a1, b1)], [(a2, b2)] € Q that

f([(a1,01)] + [(az2,b2)]) = f ([(a1b2 + azb1, b1b2)])
= (arba + agby)(biby) ™"

= (a1be + agbl)bflbgl by the field properties of R
= albfl + agbgl by the field properties of R

= [ ([(a1,b0)]) + f ([(az, b2)])
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and
f([(a1,b1)] - [(a2, nb2)])
= [ ([(a1az,b1b2)])
= (a1a2)(bibs) ™"
= (albl_l)(agbz_l) by the field properties of R
= [ ([(a1,01)]) - f ([(az,2)])
as desired.

Finally, notice for [(a1, b1)], [(a2,b2)] € Q with by, ba > 0 that [(a1,b1)] <
[(ag, b2)] if and only if a1be < agh; in Z if and only if a1be < agh; in R if and
only if a1b;t < agby* (by Lemma since R is an ordered field) if and
only if f ([(a1,b1)]) < f ([(ag,b2)]) as desired. ]

Finally, we can prove that if we have two totally ordered fields with
the Least Upper Bound Property, then there is a bijective map between
them that preserves all of the desired properties. To do this, we will use
the fact that every totally ordered field contains the rational numbers. We
will then use the fact that the rational numbers and least upper bounds
completely describe the elements of the totally ordered field. This was the
same motivation that was used to develop the Dedekind cut approach to the
real numbers discussed in Section

Theorem B.5.4. If Ry and Ro are totally ordered fields with the Least
Upper Bound Property, then there exists a map f : Ri1 — Ro such that

o f is bijective,

o if I, is the multiplicative unit of Ry for k = 1,2, then f(I1) = Io,
o if O is the additive unit of Ry for k = 1,2, then f(O1) = O3,

o flx1+x2) = f(x1) + f(x2) for all x1, 25 € Ry,

o f(zime) = f(x1)f(22) for all x1,22 € Ry,

o forall x1,29 € R1, 1 < o if and only if f(x1) < f(x2),

o if A C Ry is non-empty, A is bounded above if and only if f(A) is
bounded above, and

o for all A C Ry such that A is bounded above, lub(f(A)) = f(lub(A)).

Proof. Let Ry and Rg be totally ordered fields with the Least Upper Bound
Property. By Lemma we can assume Q C Ry and Q C Ry with the
operations, units, and ordering of R1 and R9 giving the natural operations,
units, and ordering of Q.
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Existence of f. For all « € Ry and 8 € Ra, let

Ala={q€eQ|g<a}
Arp=1{q€Q| q<p}.

We claim that o = lubg, (A1) and § = lubg, (A2 3). To see the former,
note that « is clearly an upper bound for A;,. To see o = lubg, (41,4),
suppose for the sake of a contradiction that there exists an v € Ry such
that v < o and ¢ < vy for all ¢ € Ay ,. Since R is a totally ordered field
with the Least Upper Bound Property, Proposition holds for R; so
there exists a ¢ € Q such that v < ¢ < «, which is a contradiction. Hence
a = lubg, (A1,,). By similar arguments § = lubg, (A2 ).

Clearly A, is bounded above by « in R and A g is bounded above
by B in Ro. Next we claim that A, is bounded above in Ry and Ay g is
bounded above in Rq for all & € Ry and € Ry. Since Rq and Ry are
totally ordered fields with the Least Upper Bound Property, Theorem [1.3.6
holds so there exists M7, My € N such that o« < M7 and § < My. Therefore,
since the orderings on R; and R restrict to the natural ordering on Q and
since Ay o, A2 3 € Q, My is an upper bound for A;, in Rz and M is an
upper bound for Ay, in Ry.

Consider the functions f : Ry — Re and g : Re — R1 defined for all
a € Ry and 8 € Re by

f(a) =lubr,(A1,q)
9(B) = lubg, (A25).

By the above, f and g are well-defined functions.
We claim that g(f(a)) = a for all & € Ry. To see this, let a € R;. Since
f(a) =lubgr, (A1), we know that f(a) > ¢ for all ¢ € A; o. Therefore

Ao €{q€Q | g< f(a)} = As f(a)-

We claim that the above set inclusion is actually an equality. To see this,
suppose for the sake of a contradiction that there exists a

0 €{geQ| g< fla)}\ Ara.

Since qo ¢ A1,a, we know that go > a. Hence for all ¢ € A; o we have that
g < a < qo. Therefore gp is an upper bound for A; , in Q. Therefore gq is an
upper bound for A4; , in Ro. However, gy < f(«) by definition. Therefore,
since go is an upper bound for A; o in Ry and since f(«) = lubgr, (A1), we
have a contradiction.

Hence

Ata={q€Q | ¢ < f(a)} = As 5(a)-
so that
g(f(a)) = lubr, (As (o)) = lubg, (A1) = @

©For use through and only available at pskoufra.info.yorku.ca.



B.5. UNIQUENESS OF REAL NUMBERS 281

as desired.

A similar argument shows that f(g(8)) = 5 for all § € Ra. Therefore f
and g are invertible functions so f : Ry — Ro is a bijection.

To see that f has the desired properties, we will need to prove a lot.

f(I1) = Iz and f(O;1) — Oq. Note for all ¢ € Q that A; ; = Ay ,. There-
fore

f(q) =lubg,(A1,4) = lubr,(A24) = ¢q

for all ¢ € Q. Hence f(1) = 1 and f(0) = 0. Therefore f takes the
multiplicative and additive units of R; to the multiplicative and additive
units of Ry respectively.

flx1+x2) = f(x1) + f(x2). Let x1,22 € Ry. Notice that if ¢1,q2 € Q
are such that ¢; < f(z1) and g2 < x2, then q; + g2 < z1 + z2. Therefore

Alg +Ai={a+@ | 1 €Az, €A1}
g Al,x1+m2-

We claim that the above set inclusion is an equality. To see this, assume
q € Q is such that ¢ < 1 + 3. Thus ¢ — x1 < z3. Since R is a totally
ordered field with the Least Upper Bound Property, Proposition holds
for Rq so there exists a go € Q such that ¢ — z1 < ¢ < x9. Hence if
q1 = q — q2, then q; < x1, 2 < x2, and q1 + g2 = ¢q. Therefore, since ¢ € Q
was arbitrary, we obtain that

Al,m1 + Al,CDQ — Al,x1+x2~
Returning to showing that f(x; +x2) = f(x1)+ f(x2), note that we have

f(xl =+ xg) = hleQ (Al,m-l—m)
= hle2 (Al,zl + A1,$2>

and
f(z1) + f(x2) = lubgr, (A1 4,) + lubgr, (A1 z,)-

Therefore, to show that f(x; 4+ z2) = f(z1) + f(x2), it suffices to show that
hlb’R2 (Al,:vl + Al,xz) = lubR2 (Al,am) + hlez (Al,xz)-

To see this, notice lubg, (A1 4,) > ¢1 for all ¢ € Ay 4, and lubg, (A1 4,) >
g2 for all g2 € Ay 4, and thus

hlez (Al,flil) + hle2 (Al,étz) > q1+q

for all g1 € A1 5, and g2 € Ay z,. Therefore lubg, (A1 4, ) + lubg, (A1 4,) is
an upper bound for A; ;, + A1z, in Ra so

lubR2 (Al,m + Al,azg) < lubR2 (Al,zl) + lubR2 (Al,xg)-
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To obtain the equality, let v € Ro be an upper bound of A; ,, + A 4, in
Ro such that
v < lubg, (Al,ml) + lubg, (Al,iﬂz)'

Since v is an upper bound of Ay ,, + Ay 4,, we have that g1 4+ g2 <~y for all
q1 € A1z, and g2 € Ay 4,. Hence ¢ < y—gqoforall 1 € Ay, and g2 € Ay g,.
Therefore v — ¢o is an upper bound of A ;, in Ry for all g2 € A; 4, so

lubgr, (A1.2,)leqy — 2

for all g2 € Ay ,. However, this implies

q2 S Y lubRQ (ALa;l)

for all go € Ay 4, and thus v — lubg, (A1 4, ) is an upper bound for A; ;, so

lubr, (A14,) < v —lubg, (A1 4,)-

Hence lubg, (A1 2, )+lubg, (A1 2,) <. Thus vy = lubg, (A1 2, )+lubg, (A1 4,)
so that
lubg, (AL:“ + Al,xz) = lubg, (Al,asl) + lubg, (Al,xz)

thereby completing the proof that f(z; + z2) = f(x1) + f(x2).

f(z122) = f(21)f(x2). To prove this, we will divide the proof into a few
cases.

Case 1: ©1 = 0 or z9 = 0. In this case, by the properties of fields, z1x2 =
0 and either f(z1) = 0so f(z1)f(z2) =0 or f(x2) = 0so f(x1)f(x2) = 0.
Hence f(z122) = 0= f(21)f(x2).

Case 2: 1 > 0 and x9 > 0. Assume z1 > 0 and x9 > 0. Since R is
a totally ordered field with the Least Upper Bound Property, Proposition
holds for R1 so there exists a ¢1,q2 € Q such that 0 < ¢; < w1 and
0 < g2 < x2. Hence Ay ,, and A ,, contain positive elements.

Let

X:{QIQQ | q1 eAl,xlqu €A1,$27QI7q2 >O}U{q€Q ‘7 QSO}

We claim that
Al e = X,

To see this, first note by the properties of a total order field that xy22 > 0.
Thus

{q S Q ‘v q S 0} g Al,xlxg

by definition. Moreover, if ¢; € A; ,, and g2 € Ay 4, are such that g1, ¢2 > 0,
then 0 < ¢1 < z1 and 0 < g2 < w2 so by the properties of a total order field
we have that 0 < q1¢g2 < 122 50 q1¢2 € A1 z,2,. Hence

Al,xlxz 2 X.
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To see the other set inclusion, let gy € A 4,4, be arbitrary. Clearly if
go < 0 then ¢p € X. Thus, we may assume without loss of generality that
qo > 0.

Thus 0 < g9 < x1w9. Since xy > 0, the properties of a total ordered
field imply that 0 < goxy 1 < #1. Since R, is a totally ordered field with
the Least Upper Bound Property, Proposition holds for R1 so there
exists a ¢1 € Q such that 0 < qng_l < ¢q1 < x1. Thus the properties of a
total ordered field imply 0 < qoqf1 < x9. Therefore, if ¢go = qoqf1 € Q, then
0<q1 <x1,0<qge <x9, and q = q1g2- Hence

Al,xlxg 2 X

as claimed.
Returning to showing that f(z1x2) = f(x1)f(22) in this case, notice that

f(z172) = lubr, (A1,4,2,) = lubg, (X)

whereas
f(z1) f(x2) = lubr, (A1) = lubgr, (A1 4,).

Therefore, to show that f(z1xe) = f(x1)f(z2), it suffices to show that
lubg, (X) = lubg, (A1 4, )lubgr, (A1 4,).

To see this, notice lubg, (A1 4,) > ¢1 for all ¢1 € Ay 4, and lubg, (41 4,) >
qo for all go € Ay 4,. Therefore, for all ¢; € Ay, and g2 € Ay 4, such that
q1,q2 > 0, we have that

IUsz (Al,w1)IUbR2 (Al,xz) > qi1q2 > 0.

Therefore, since X contains a positive element as A ;, and Ay ;, contain
positive elements, lubgr, (A1 z, )lubg, (A1 4,) is an upper bound for X in Ro
S0

hlb’R2 (X) § lusz (Al,m)hlb’Rz (Al,m2)~

To obtain the equality, let v € Ro be an upper bound of X in Ry such
that

Y S hlb'R2 (ALﬂUl )lubR2 (Al,:m)-
Note v > 0 since X contains a positive element. Since ~ is an upper bound
of X, we have that qig2 <y for all ¢ € A1, and g2 € Ay ,, with ¢1,¢2 > 0.
Hence, by the properties of a totally ordered field, we have that 0 < g1 < g, !
for all g1 € Ay ., and g2 € Ay 4, with g1, g2 > 0. Therefore 7(]51 is an upper
bound of A ;, in Ry for all go € Ay 4, so

0 < lubg, (A1 )leqyg; "
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for all g2 € A; 5, (where the first inequality comes since A; 5, has a positive
element). However, the properties of a totally ordered field then implies

0< q2 < ’thbRQ (Al,xl)il

for all g2 € Ay 4, with ¢o > 0 and thus ylubg, (14175,;1)_1 is an upper bound
for Ay 4, so
0 < lubg, (ALl'l) < ylubg, (Alwl)fl.

Hence lubg, (A1 z,)lubr, (A1 2,) < 7. Thus v = lubg, (A1 2, )lubg, (A1 4,) so
that
lubg, (ALII + Al,l‘g) = lubg, (Al,xl)lub’]z2 (A1712)

thereby completing the proof that f(xix2) = f(z1)f(z2) in this case.
Case 8: 1 = —1 and x5 > 0. First note for all z € Rq that

0=1(0) = fz+ (=2)) = f(z) + f(-2)

by the additive property of f. Therefore, by the properties of fields (see
Lemma [1.2.1), it follows that f(—z) = —f(z) for all z € R.

In particular, we see that f(—1) = —f(1) = —1. Therefore, by the
properties of fields, we have that

f(z1z2) = f((=1)x2) = f(—22) = —f(22) = (=1) f(22) = f(21) f(22)

as desired.
Case 4: x1 <0 and x5 > 0. In this case, note that —z; > 0 by the prop-
erties of a totally ordered field. Therefore

f(z1z2) = f((=1)((—71)72)) by Lemma [[.2.]
= f(=1)f((—mz1)x2) by Case 3
= (=1)f(—z1)f(z2) by Case 2
= f((=1)(—=21)) f(z2) by Case 3
= f(z1)f(z2) by Lemma [T.2.7]
as desired.

Case 5: x1 > 0 and x5 < 0. In this case, note that —z9 > 0 by the prop-
erties of a totally ordered field. Therefore

f(zize) = f((—=1)(x1(—22))) by Lemma [I.2.1
= f(=1)f(z1(—22)) by Case 3
= (=1)f(z1) f(—x2) by Case 2
= f(z) f((=1)(—x2)) by Case 3
= f(z1)f(z2) by Lemma
as desired.
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Case 6: v1 < 0 and x5 < 0. In this case, note that —x7 > 0 and —x9 > 0
by the properties of a totally ordered field. Therefore

f(z1me) = f((—21)(—22)) by Lemma [T.2.1
= f(—z1)f(—22) by Case 3
= f((=1)z1) f((=1)x2) by Case 2
= (_1)2f(1’1)f(332) by Case 3
= f(x1)f(x2) by Lemma [T.27]]
as desired.

Since the above cases cover all possibilities, the proof that f(zixzs) =
f(z1) f(z2) for all x1,x9 € Ry is complete.

f is order preserving. First assume x € R; is such that z > 0. Since R,
is a totally ordered field with the Least Upper Bound Property, Proposition
holds for R; so there exists a ¢ € Q such that 0 < ¢ < x. Therefore
q € A1y so

f(z) =1lubg, (A1) > q>0.

To see the desired property, assume x1,xo € Rq are such that xq < xo. If
x1 = xo then clearly f(x1) < f(x2). Otherwise, if x; < xg then 0 < xo+(—x1)
by the properties of a totally ordered field. Thus we have that

0 < f(za+ (=71)) = f(z2) + f(—21) = f(22) + (= f(21))

so f(z1) < f(z2) by the properties of a totally ordered field.

Conversely, assume x1,z9 € R are such that f(z;) < f(x2). Since
everything we have proved thus far for f must also hold for g by symmetry,
we have that

r1 = g(f(z1)) < g(f(22)) = 22

as desired.

f preserves being bounded above. Let A C Ry be non-empty. To see
the desired property, first assume « is an upper bound of A. Thus a < «
for all a € A. Therefore, since f preserves the ordering, this implies that
f(a) < f(«) for all a € A and thus f(«) is an upper bound of f(A).

For the other direction, note by symmetry and the fact that f(A) # 0,
we have that if § is an upper bound of f(A) then g(f) is an upper bound
for g(f(A)) = A. Hence A is bounded above if and only if f(A) is bounded
above.

f preserves least upper bounds. Let A C Ry be non-empty and bounded
above. The proof of the previous fact shows that « is an upper bound for A
if and only if f(«) is an upper bound for f(A). Therefore f(lubg,(A)) is an
upper bound for f(A) so

f(ubr, (A)) = lubg, (f(A)).
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By symmetry, we have that

g(lubg, (f(A4))) = lubr, (9(f(A))) = lubr, (A).

Therefore, since f preserves the ordering, we obtain that

f(lubg, (A)) < f (9(lubr,(f(A)))) = mathrmlubg,(f(A)).

Hence
f(lubg, (A)) = lubg,(f(A))
as desired.
By combining all of the above, the proof is complete. [ |

Corollary B.5.5. There is a unique totally ordered field with the Least
Upper Bound Property. Said field is called the real numbers and denoted R.

Proof. Since Theorem shows that any two totally ordered fields with
the Least Upper Bound Property are the same upto relabelling the elements,
the proof is complete. [ |
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n™ root, even n, [152)

n™ root, odd n,

absolute value,
anti-derivative, [166

arccosine, [I54]

Archimedean Property, 28] [29]

arcsine, [I55]
arctangent, [I506]

bijective, [206]

Binomial Theorem,
Bolzano-Weierstrass Theorem, [63]
boundary point,

bounded, above, [22]

bounded, below, [23]

bounded, function, [131

bounded, subset,

Cantor set, [82]

Carathéodory’s Theorem, [I43]
Cartesian Product, [207]

Cauchy sequence, [64]

Cauchy’s Mean Value Theorem, [156]
chain rule,

common refinement,
Comparison Theorem, functions, [106
Comparison Theorem, sequences,
Completeness of R,

composition, functions, @
connected set, [123]

continuous function (point), (109
continuous function, interval, [10Y
continuous, uniformly,
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de Morgan’s Laws, [202

Decreasing Function Theorem, |150
Dedekind cut,

derivative, [L36)

differentiable,

differentiable, on a closed interval,
differentiable, on an open interval,
disconnected set,

Division Algorithm,

domain,

empty set, [200]

equal sets, [200]

equals, functions, 204]

equivalence relation, 210]

Extreme Value Theorem, [I3]]

Extreme Value Theorem, Topological Version, [132]

field,

field, ordered,

field, subfield,

finite intersection property,

finite interval,

First Derivative Test,

function,

function, x — —oo,

function, z — oo, [106]

function, continuous (point), (109
function, decreasing, [126]

function, diverge to infinity, [T08] [I09]
function, increasing, |T_E|

function, left-sided limit, [94]
function, limit, [94]

function, monotone, [126|

function, non-decreasing, [126]
function, non-increasing, [126
function, right-sided limit,
Fundamental Theorem of Calculus, I,
Fundamental Theorem of Calculus, II,

global maximum, 145

global minimum, 145

greatest lower bound,

Greatest Lower Bound Property,
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Heine-Borel Theorem,

image, [209]

Increasing Function Theorem, [T50]
Induction Axiom, [4]

infimum,

injective, [2006]

integers, 217]

integration by parts, [I9§]
integration by substitution,
interior point, [79

Intermediate Value Theorem, [121
Intermediate Value Theorem, Topological Version,
intersection, [207]

interval,

interval, closed, 23]

interval, finite,

interval, open,

Inverse Function Theorem, [I50]
inverse image, [208|

inverse, function, [207]

invertible, [206]

L’Hopital’s Rule,
least upper bound, [24]
Least Upper Bound Property,
left endpoint, interval, [94]
limit infimum, [52]

limit point,

limit supremum, [52|
limit, function,

limit, sequence, [3§]

local maximum, [145]
local minimum, (145
logarithm, natural, [I53]
lower bound,

Mean Value Theorem,
Monotone Convergence Theorem, [42]

natural logarithm,

one-to-one, [206]
onto, function, 205

open cover, [§4]
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partial ordering,

partition, [I67]

peak point,

Peak Point Lemma, [62]

Peano’s Axioms, [4]

preimage, [208]

Principle of Mathematical Induction,
Principle of Strong Induction, [7]

product rule,
quotient rule,
range, [205]

rational function, [104]
rational numbers, 230]

real numbers, definition, 240} [263|
refinement,

reflexive, 210]

relation,

Riemann integrable,
Riemann sum,

Riemann sum, lower, [168
Riemann sum, upper, [169]
right endpoint, interval,
Rolle’s Theorem, [147]

second derivative, [163]

sequence, [37]

sequence, bounded, [1]
sequence, Cauchy, [64]

sequence, constant, [37]
sequence, converging, [38]
sequence, decreasing, [42]
sequence, diverging,
sequence, diverging to infinity,
sequence, Fibonacci, [3§]
sequence, increasing, [A2]
sequence, limit, [3§|

sequence, monotone, 2]
sequence, non-decreasing, [42]
sequence, non-increasing, [42]
sequence, recursively defined, 3§
set, [199]

set difference, [202]

set, closed, [74]
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set, closure,

set, compact, [89]

set, compliment,

set, element, [200]

set, open, [69]

set, sequentially compact,
sets, equal,

Squeeze Theorem, functions, [I04]
Squeeze Theorem, sequences,
subfield, [T4]

subsequence,

subset,

supremum, [5]]

surjective, [209]

symmetric, 210]

Taylor polynomial, [164]
Taylor’s Theorem,
topology, R, [69]

total ordering,
transitive, 210]
Triangle Inequality,

uniform partition,
union, [207]
upper bound, 22]

Well-Ordering Principle, [7]
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