MATH 4031 - ADVANCED CALCULUS I

INSTRUCTOR: DR. CrRISTOPHER HERMOSILLA
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Week 1: Basic elements of Logic

The set of real numbers is the base of the Calculus. In these notes we will study the real
numbers from an axiomatic point of view, that is, using some prescribed rules, called azioms,
we will deduce several properties of the real numbers. To do so, one essential tool we require
is the Mathematical logic, which will allow us to understand how a proof of a theorem works.
Next week we will review another important tool, Set theory.

1.1 Statements and Truth values

The basic object in logic is called statement, which is a verbal assertions characterized by
the fact that it has a unique truth value, that is, either true (T) or false (F). Statements are
usually denoted by the letters p, ¢ or r with or without subscripts.

Example 1.1. We can use p to denote the statement "Paris is in France” and q for the
statement ”London is in Italy”. In this example, p is true and q is false.

Since each statement has a unique truth value, we can associate one with another statement
that has the opposite truth value. This is called the negation of the statement and it is denoted
by p. This statement can be read as it is false that ... or simply not p. The truth value of the
negation of a statement is described by the following table

plp
T| F
F|T

Example 1.2. The negation of ”Paris is in France” can be written as ”It is false that Paris
s in France” and, since the original statement is true, this negation is false.

As may seem clear, the negation of the negation of a proposition has the same truth value
as the proposition itself. To formally express this idea, we need to define first what we mean
by claiming that two statements are the same. We say that two statements, p and ¢, are
equivalent if they have the same truth values. In this case we write

p<—q.

Note that the equivalence of two statements is a statement too, it can be either true or false.
Furthermore, the truth table that defines this relation is given by
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In particular, we can check the following equivalence

(1.1) p < D.

Algebra of propositions

Simple statements can be used to create composite statements, which will be called proposi-
tion. The fundamental property of a composite statement is that its truth value is completely
determined by the truth value of the statements that compose it and the connectors used to
create it. As we will see later, theorems, lemmas and corollary are examples of proposition
whose truth value is true.

Example 1.3. Let us consider the composite statement ”Paris is in France and London is in
Italy”. We understand that this statement is false, and it will continue being false as long as
the false statement ”London is in Italy” is part of the composite statement.

In the preceding example we have used the verbal connector and to create a conjunction
of two statements. Symbolically, the conjunction of two statements p and ¢ is denoted by

PAq

and its truth value is the true if and only if both statements are true as well. This property is
summarized in the next table

On the other hand, if in the example above we would have used the verbal connector or
instead of and, the truth value of the statement would have been true. Furthermore, the
truth value of ”Paris is in France or London is in Italy” is true and it is not going to change
if we replace the statement ”London is in Italy” by any other statement (true or false). A
proposition made with the connector or is called a disjunction and is it denoted by

pVq.

The truth values of a disjunction are summarized in the following table
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Remark 1.1. Let us point out that in conjunctions and disjunctions the order in which the
statements p and q appear is not relevant, that is,

pANqg<=qAp and pVq< qVp.

We can see this fact directly from the truth tables. In this case, we say that these connectors
are commutative.

It is not difficult to see from the last two truth tables that conjunctions and disjunctions
are related by means of the negation operation (the negation of one provides a statement that
looks like the other one). These relations are known as the De Morgan’s laws and read as
follows

(1.2) pVqg<<=PpAT] and PAG< PV

The proof of the first De Morgan’s law follows from the next truth table (the other De
Morgan’s law can be proved in similar way and it is left as exercise for the reader).

|PAT

H| | | |
H| = 3| =<l
S| ||| >

For the purposes of this course, the most important propositions are the conditionals
or implications, which are of the form if p then ¢q. This kind of statements allows us to
decide whether a deduction is correct or not. This is essentially the nature of any theorem in
mathematics, assume that a statement p is true, and then deduce after a sequence of logical
steps, that another statement ¢, is also true. Symbolically, the implication is denoted by

P==4q

and it is defined by the truth table

S == |
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As mentioned above, a theorem (or lemma or corollary), corresponds to the first line in the
truth table. In other words, when the hypothesis p is satisfied (the statement p is true), an
implication is true if and only if the consequence q is true as well; if the hypothesis is false, the
implication is true regardless the truth value of the consequence gq.

There is an alternative way to define a logical implication. If we look at its truth table, we
can see that it has only one case when it can be false, same as the the disjunction. It turns
out that the logical implication is equivalent to the following disjunction

(1.3) pVq.

To see this, it is enough to check its truth table, which is
plal|p|PVy
T|T|F T
T F|F F
F|T|T T
FI|F|T T

Tautologies and proofs

The implication and the equivalence can be compared through the following proposition that
is always true (we leave the proof of this as exercise for the reader)

(=) N(g=p) <= (p = q).

A proposition that is always true is called a tautology.

Tautologies provides a way to write a particular statement in several different ways. This
is very useful when trying to prove a theorem. Indeed, proving directly that p = ¢ is true
can be very hard and we might need to explore other strategies to do it.

Proofs by contradiction

A proof by contradiction consists in assuming that the hypothesis p is true and that the
negation of the consequence ¢ is true as well, and then reach another consequence r that is
false. The underlying idea behind this kind of proofs is to show that the statement

PAq
cannot be true. The logical explanation for this fact is based on the following tautology
(1.4) D= q<=pAq.

This tautology can be proved with truth tables, but we are now going to show an alternative
way to do it, using a sequence of equivalences that we have already presented. The proof of
the tautology (1.4) is as follows:

P=— q<=DpVyq (alternative definition of an implication (1.3))
< DPpAqQ (De Morgan’s law (1.2))
<~ pAq (negation of a negation (1.1))
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Proof by contraposition
The contrapositive of an implication p = ¢ is the following proposition

q = D.
As we will see shortly, the truth values of the contrapositive and the implication are the
same, and so they are equivalent as statements. Hence, a proof by contraposition consists in
assuming that the negation of the consequence ¢ is true and then prove that the negation of

the hypothesis is also true.
To show that the implication is equivalent to its contrapositive we follow the next steps

p=q<=pVyq (alternative definition of an implication (1.3))
< qVp (Commutativity of the connector or, Remark 1.1)
<= qVDp (negation of a negation (1.1))
= q7=7p (alternative definition of an implication (1.3))

1.2 Quantifiers

There are several situations in mathematics where the truth value of a statement depends on
some variables. For example, the equation x + 1 = 0 is true if and only if z = —1, and in any
other situation, the equation if false.

We define a propositional function p(x) as an undetermined statement that assumes a
truth value whenever the variable x is fixed. The variable x might be understood as a generic
parameter that belong to some collection of options.

Example 1.4. Let us consider the propositional function p(x) given by "x is in France”. The
truth value of p(x) depends on x and also on the collection where x is assumed to belong.
Indeed, if we suppose that x is part of the collection of all national capitals, we have that p(x)
s true if and only if x is "Paris”, otherwise, it is false. However, if assume that x belongs to
the collection of all continental french cities, p(x) is always true.

The usual way in which propositional functions are turned into statements is by means of
quantifiers. On the one hand, in the first case in our example, the propositional function is
turned into a true statement if before the propositional function we write there exists at least
one national capitals x such that . ... In mathematical terms, it is written as

Jdz, p(x).

The symbol 3 is called the existential quantifier and it is use to say a propositional function
p(z) is true for at least one element x.

On the other hand, in the second case in our example, by writing for each continental
french cities x ... we turn the propositional function into a true statement. Symbolically, we
write this as

The symbol V is called the universal quantifier and it is use to express that a propositional
function p(x) is true for any possible choice we can make for x.

5
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Remark 1.2. When proving a proposition that includes the universal quantifier, we need to be
careful and prove it for a generic x. It is a common mistake to prove that a statement p(x) is
true only for some instances (or even for only one!). The universal quantifier makes reference
to any possible x, and thus, it needs to be proved for any arbitrary case (not for a particular
one).

A statement written with the universal quantifier is false if we can find at least one element
xo for which p(x) is false. If such element exists, it is usually called a counterexample.
Following this reasoning, we can find a way to compute the negation of the universal quantifier.
Indeed, we have that Vz, p(x) is false, this means that for some z, p(z) must be true. In other
words, we have

(1.5) Vz, p(z) < 3z, p(x)

In a similar way, we have

(1.6) dz, p(zr) < Vz, p(x).

Notice that we can prove the equivalence (1.6), by taking the negation in (1.5) and replacing
p(z) by m when appropriate.

We finish by reviewing a last quantifier that is a composition of the universal and existential
quantifier. We introduce the uniqueness quantifier, denoted by 3! to indicate that there is
one and only one z for which a propositional function p(x) is true. In mathematical terms, we
write

Az, p(x)
for the statement that is equivalent to
(Fz, p(x)) A Vo, Vy, [(p(x) Ap(y)) = = =y]).

In mathematics, when we want to prove that a statement 3lz, p(x) is true, we first prove the
existence and then the uniqueness. Moreover, note that the negation of a uniqueness statement
consists in two parts, either there is no x such that p(x) is true or there are more than one
instances for which p(x) is true. Formally, we have

Az, p(x) <= (Vr, p(x)) vV Bz, Iy, [(p(x) Ap(y)) Az # y)).

This tautology can be proved using the De Morgan’s law (we leave it as exercise for the reader).

1.3 Exercises

1. Show using truth tables that the and and or connectors are associative with respect to
each other, that is, for any statements p, ¢ and r we have

(a) pA(gAT) = (pAg) AT
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2. Show using truth tables that the and and or connectors are distributive with respect
to each other, that is, for any statements p, ¢ and r we have

(a) pA(gVrT) = (pAqQV(pAT)
(b) pV(gAT) <= (pVg A(pVT)

3. Show that (p <= ¢q) <= ([pAq] V [p A ¢]) is a tautology.

4. Show without using truth tables that the next proposition is a tautology

(p=a2) ATV AT]—=D

5. Determine the truth value of the statements p, ¢, r and s by knowing that the following
proposition is true:
[s= (TVr)) = [p=qgAsAT|.

6. Prove that if 3z, p(z) = Vx,p(x) is true, then p(x) is either true or false, regardless
the value of z.

7. Let p(z) and g(z) be two propositional functions. Prove that if

(B, p(x)) A Cle, q(z))

is true, then the following proposition is also true

(3z, p(z) A g(z)) = (32, p(x) Aq(x)).
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Week 2: Basic elements of Set theory

As we mentioned last week, we need to review some mathematical tools in order to provide
a self-contained exposition for the rest of the course. We have already studied basic notions
of Logic, we now turn our attention into Set theory. This theory will allow us to set up the
notion of set and also the symbolic language we are going to use along the course.

2.1 Basic definitions
The intuition tells us that a set is a collection of elements of some kind. For example, the set
D={0,1, 2 3, 4,5, 6,7, 8, 9}

is a collection of symbols that we call digits. The set D is completely characterized by its
elements, and so, we can determine the truth value of the propositional function

p(x) < x is an element of D.

Actually, the set D, can also be though as the collection of number that makes p(z) true. In
general, if we denote by A the set to be defined, the statement that describe the elements of
the set A is written as

r e A

This is read as x belongs to A, and if its truth value is true, we implicitly understand that x
is an element of A. The negation of x € A, that is, x € A is read as x doesn’t belong to A and
is denoted by

r ¢ A

In practice, when we write x € A or x ¢ A we are assuming that the corresponding statement
is true. Therefore, a set A is the collection of all the elements = such that the statement x € A
is true, and we say that we know the set A if we can determine all the elements that make the
statement = € A true.

Remark 2.1. Note that the definition of set that we have adopted doesn’t take into account
the order of the elements nor if an element has been written more than once. This means that,
for us, the following are equivalent descriptions of the same set:

{0, 1}, {1, 0} or {O, 1, O}.
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The usual way in which sets are denoted is through capital letters such as A, B or C' (with
or without subscripts), and sometimes, to denote especial sets, we use more sophisticated
letters such as N, Z, Q or R.

Remark 2.2. At first glance, we might think that any definable proposition such as
r€A = p(x)

is enough to define a set A. This is not correct and a classical counterexample is the so-called
Russell’s paradox. In simple words, this paradox considers the collection of sets x that don’t
belong to the themselves, that s,

r€ER <<= x¢u.

If the collection R is assumed to be a set, this readily leads to
ReR < R¢R,

which contradicts the very definition of R. In order to avoid this kind of paradox, mathe-
maticians needed to introduce some rules to operate with sets, which are called the Zermelo-
Fraenkel axioms; the underlying idea is that sets must be constructed in some way from
previously constructed sets. We shall not discuss the Zermelo-Fraenkel Theory in details, but
will mention it sometimes along these notes. The curious reader is referred to [1] for a concise
exposition on the subject, or to [2, Chapter 7] for a shorter presentation.

2.1.1 Some important sets

In these notes we are going to accept that the real, natural and integer numbers are sets,
which we denote by R, N and Z, respectively; a rigorous proof of this fact goes far beyond the
scope of this course. We may assume that 0 € N, and so we can construct the set of rational
numbers, denoted by Q, as

Q={zeR|Ine€Z, ImeZ, m#0 Amx =n}.

Remark 2.3. Let us point out that we have defined the rational number using the following
scheme

r€Q <= [reR A p(x)].

Note that this differs from the way how the Russell’s paradox has been stated. The essential
point here is that Q is constructed as a subcollection of the set of real numbers and the Russell’s
paradoz is done as a subcollection of some “universal set”. We will see shortly that the notion
of 7set of all sets” is not suitable for a consistent mathematical theory.

We define the empty set as the set that contains no element at all. This set is denoted
by () and it admits several alternative definitions, although it is existence is accepted within
the Zermelo-Fraenkel axioms. I f a set has at least an element, we say that it is nonempty.
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2.1.2 Inclusion and equality of sets

Together with the notion of set comes that one of subset, which intuitively is a collection of
elements that belong to the initial set and that satisfy some further properties; see for example
the discussion in Remark 2.3. Formally, we say that a set A is a subset of B, we write A C B,
if and only if the next proposition is true

(2.1) Vr, (rt € A=z € B).

Example 2.1. Let D be the set of digits, and let A be the set of even digits, that is, {0, 2, 4, 6, 8}.
We see that whenever the statement v € A is true, we also have that x € D is true, and thus,
the proposition (2.1) is also true (for D in place of B).

In what follows, when we write A C B we are implicitly assuming that the statement (2.1)
is true. Moreover, with a slight abuse of notation, we may use A C B equivalently as (2.1).

There are two situations to be considered. Either A is strictly included in B or, A and B
have the same elements (they are equal). In the first case we write A C B to indicate that

ACB A [3z, (xe BNz ¢ A).
We say in this case that A is a proper subset of B.

Remark 2.4. We always have that () is a proper subset of any nonempty set A. This fact
comes from the very definition. Indeed, the statement

reE) =axc A

is always true, regardless A, because the statement x € () is always false.

On the second case, we write A = B to indicate that A and B are equal, that is, that the
following proposition is true

Ve, [t€e A =2€B) N (treB =z € A).

Furthermore, from the definition of the inclusion we have the following characterization of
the equality of set

(2.2) A=B <= [(AC B) A(BC A).

Remark 2.5. The characterization (2.2) will play a fundamental role in the upcoming discus-
ston. Indeed, this shows that to prove that two sets are the same, we need to prove that each
one of them is a subset of the other. This is very similar to the fact that to prove p <= q, we
prove p = q and ¢ => p separately.

Power set

Given a set A, we call the power set of A, written as P(A), to the collection of all the subsets
of A, including the empty set. In this notes we assume that the power set is actually a set
(this is one of the Zermelo-Fraenkel axioms).



BASIC ELEMENTS OF SET THEORY MATH 4031 - SPRING 2016

Example 2.2. Let A={0, 1, 2}, then its power set is

P(A) :{®7 {0}7 {1}7 {2}7 {O’ 1}7 {O’ 2}7 {17 2}7 {07 1’ 2}}

In the preceding example, since we can list all the elements of A, it is not difficult to provide
an explicit expression of P(A). In other situations this is not possible and we might need to
find alternative ways to do it. This is the case of P(N), the power set of the natural numbers.
It is not possible to write down each of the elements of P(N). For the moment, we just relay
on the formal definition to describe it, but we will show one way to express it later on.

2.1.3 Cardinality

We say that a set A is finite if it has a finite number of different elements. This means that
we can count the elements of A finishing at some point. Furthermore, we can associate A with
a natural number, called the cardinality of A, that corresponds to the number of (different)
elements of A. We denote the cardinality of a finite set A by |A|.

Note that in Example 2.2 the set A has 3 elements and P(A) has 23 = 8. This is because,
A has a single subset with 0 elements (the empty set), 3 subsets with 1 element, 3 subsets
having 2 elements and a single subset having 3 elements (the same set). This remark is not a
coincidence and it is a general fact.

Theorem 2.1. If A is a finite set, then |P(A)| = 2!4l.

Proof. Let n € N be the natural number that represents |A|. Let us first answer the question
of how many subsets of A having k elements we can find. We claim that the answer is

& () = o

Note that there is a single subset of A that contains k = 0 and k& = n, respectively. These are
the empty set and the whole set A. Clearly, the claim holds in these cases.

On the other hand, suppose that we can assign an order to the elements of any subset of
A that has k elements. For the first position we have n options, but for the second one we
only have n — 1 options (one the n — 1 elements remaining). We can continue the process and
see that for the third position we only have n — 2 options and so on. We end up having only
n — k + 1 option for the k-th position. If we count all the possible combinations, we get

n!

”<”—1><”‘2>'“<”"‘““>:m

possible subsets of A considering the order we have described above. However, subsets don’t
take into account the order of their elements; see Remark
Finally, the number of all possible subsets of A is

(e Q) () 0)- 0 -vor-»

where we have use the so-called binomial theorem. O
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If a set is not finite, we say that it is infinite. Let us point out that the natural, integer,
rational and real numbers are all examples of infinite sets. However, the kind of infinite that
each of them represents is slightly different. The natural, integer and rational are examples
countable sets. The idea of countability refers to the fact that we can count the elements of
N, Z or Q even though we will never finish doing so. It might seem counterintuitive, but it
can be proved that the "number” of elements of N, Z and Q, which is also called cardinality, is
the same for all these sets. The cardinality of N is denoted by the symbol Ng, which of course,
is not a number in the usual sense.

This topic (as well as a proper definition of the phrase having the same cardinality) requires
further developments. We will stop the discussion shortly and resume it later on the course.
But, in order to motivate the reader’s curiosity we make the following remark.

Remark 2.6. When A is a finite set, Theorem 2.1 is implicitly saying that P(A) has more
elements than A. This fact is also true when dealing with infinite sets and it is called the
Cantor’s Theorem. This result has two important consequences:

a) It can be proved that the cardinality of real numbers is the same as the cardinality of P(N);
we will prove this later on the course. Hence, the cardinality of R is strictly bigger than
No, which yields to the idea that some infinities are bigger than others. Consequently,
the set of real numbers is said to be uncountable.

b) Cantor’s Theorem rules out the existence of a "set of all sets”. Indeed, if such set exists,
then its power set must have more elements than the "universal set” and so there is at
least a set that doesn’t belong to the "set of all sets”. This contradicts the definition of
the "universal set”, and so, a “set of all sets” can’t exist in our setting.

2.2 Basic set operations

In what follows, we assume that A and B are subsets of a given reference set X; the set X is
sometimes called the universal set and it is supposed to be understood from the context one
is working in; note that this notion differs from the idea of ”set of all sets”.

We define the difference between A and B, written as A\ B, as the set that contains all
the elements of A that are not in B. Formally,

r€A\B < [(x€A) Az ¢ B).

Example 2.3. Let D be the set of digits, and E the set of even digits. Then D \ E is the set
of odd digits, that is,
D\E={1, 3, 5, 7, 9}.

When X plays the role of A, the set X \ B is called the complement of B (with respect
to the universal set X), and it is denoted by B°.

Example 2.4. When taking the complement of a set, it is important to understand who is
acting as the universal set X. For instance, in Example 2.3 if we take D as X, we have that
the complement of E, the set of even digits, is the set of odd digits. However, if X is taken as
N, then E°¢ includes the set of odd digits as well as other natural numbers.
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Recall that the contrapositive is equivalent to the original statement. Hence by the defini-
tion of the inclusion we have

ACB << [Vz,(x ¢ B) = (z ¢ A)].
Now, by the definition of the complement, we get the following identity:
ACB < B°C A"

We define the union of A and B, as the set that joins all the elements of A and B.
Symbolically, we write AU B and its definition is

r€AUB < [(r€ A) V(z € B)|.

Some essential properties of the union are listed below
1. AU A = A: this is clear from the definition.

2. A C AU B: this follows from the tautology

reA = (r€A VzeB).

3. If ACC and B C C, then AU B C C: to prove this we follow the next logical steps:

AUBC(C<«= Vz, (r€eAVzreB)— z€(C

re€AVzeB)V zel

r¢ A Nx¢gB)V el

r¢ AV zeC)AN(xg¢gB V zel)
r€AVrzeO)AN(re€B V z€()
Ve, (€A = z€(C)AN(reB = z€(C)

111117

4. AUA® = X: since A C X and A° C X, by property 3 we get AU A° C X. Therefore,
to prove the equality we only need to prove that X C AU A€, but this is a consequence
of the following tautology:

reX = (x€AVa¢gA).

5. If AC Band C € P(X), then AUC C BUC: by property 2, we have AC BC BUC
and C' C BUC'. Then the result follows from property 3.

6. AUD = A: by property 2 we have A C AU(. Also, since ) C A and A C A, by property
3 we get AU C A.

7. AU X = X: by property 2 we have X C AU X. Moreover, since A C X and X C X,
by property 3 the conclusion follows.
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Also, we define the intersection of A and B, denoted by AN B, as the set that contains
the common elements between A and B. In other words,

r€ANB < [(x€ A) A(x € B)].

Some essential properties of the intersection are listed below, and their proofs are left as
exercise for the reader.

1

2

6.

7.

. ANA=A

. ANBCA.

. CCAand C C B, then CC ANB.
CANAC=0.

. ACBand C e P(X), then ANCC BNC.
ANp=90.

ANX = A

By the commutative, associative and distributive properties of the A and V connectors, we

can

see that the union and intersection of sets satisfy similar properties, that is, suppose C' is

another subset of X, then

e Commutativity: AUB=BUAand ANB=BnNA.

e Associativity: AU(BUC)=(AUB)UC and AN(BNC)=(ANnB)NC.

e Distributivity: AU(BNC) =(AUB)N(AUC) and AN(BUC) =(ANB)U(ANC).

In general, we can also consider families of subsets of X with arbitrary large number of
elements, say n € N. In this case, we might use the notation {Ax}}_, to indicate the set of
P(X) whose elements are Ay, Ay, ..., A,. We can then define the union of {A;}}_, as the
following set

In a

JAr={zeX| Fke{0,....,n}, z €A}
k=0

similar way, we can define the intersection of the elements of {A;}}_, as the following set

(NAr={zeX | VEe{0,...,n}, =€ A}.
k=0

If AN B = () we say that they are disjoint, and if (,_, Ay = 0, we say that {A;}}_, is a
pairwise disjoint family.
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Remark 2.7. Note that, by the commutative and associative properties, it doesn’t matter
the order in which the union or intersection are taken, so the notation we have chosen 1is
consistent. Furthermore, the definition of union and intersection of a finite family of sets can
also be extended to any infinite family of sets { Axtrex indexed by a set K (countable or not)
in the following way

UAi={zeX| FkeK zcA} ad [|A={reX|VkeK, zeci}.

keK keK

By applying the De Morgan’s laws to the definitions of the union and intersection, we get
the following identities

(ANB)=A°UB° and (AUB)‘= A°N B

It is not difficult to see that, if {A;}7_, is a finite family of sets, then the De Morgan’s laws
provides the following identities

(ﬂ Ak> = J4; and (U Ak> =) 45
k=0 k=0 k=0 k=0

We left as an exercise for the reader to prove that this is also true for {Ay}rer, an infinite
family of subsets of X.

2.3 Exercises
1. Let X be a nonempty set and £ C X. Suppose that the following proposition is true
VA, Be P(X), (FUA=FUB = A=DB).
Then show that £ = ().
2. Let A and B be subsets of a given set X. Show that
ANB=0 < PA)NP(B)={0}.
Hint: Prove (=) by contradiction and (<=) by contraposition.
3. Let A and B be subsets of a given set X.

(a) Show that 0 ¢ P(A)\ P(B).
(b) Prove that P(A\ B) C (P(A) \ P(B)) U {0}.
(c¢) Give an example of set A and B such that

P(A\ B) # (P(A)\ P(B)) U{0}

8
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4. Let us consider the set operation ® defined via
A® B = A°N B°“.
Let X be a nonempty set and f C P(X) be a nonempty set such that
VA, Be F,A® B € F.
Show that if A, B € [, then

(a) A€ F.
(b) ANBeF.
(¢c) AUB € F.

Conclude that ) € F and X € F.

5. Let A and B be subsets of a given set X. Show by contraposition that

(A°NB)U(ANBY) =B = (A=0).

6. Let A, B and C be subsets of a given set X. Prove that

ANBNC =0 = (A\B)U(B\C)U(C\A)=AUBUC,
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Week 3: The Real numbers

We start now the study of the set of Real numbers, which we have denoted by R. As we said
the first week, our exposition will be based on some prescribed rules, called azioms, that will
allow us to provide a consistent description of the set of Real numbers. The axioms we will
present can be divided into three groups: algebraic, order and the supremum axiom.

3.1 Algebraic properties of the Real numbers

First of all, we write x = y to indicate that the Real numbers x and y are the same; otherwise
we write x # y. Formally speaking, = is a relation on R that can be defined using the equality
of sets as below:

Ve,y e R, x =y <= {z} = {y}.

We now consider two basic operations defined on R, the sum (+) and product (-) of Real
numbers. We will write
r+y and -y

for the elements obtained respectively as the sum and product of two Real numbers x and y.

It may sound familiar to you that the sum and product of Real numbers is a Real number.
We don’t prove this statement and just accept it as a prescribed rule. Actually, this is the first
axiom for Real numbers we are going to study and it is known as the closure axiom:

(Ao) Ve,yeR, z+y€ER A z-y€R

Each of the operations, sum and product, has four additional axioms associated with it.
These are the associative, the commutative, the additive/multiplicative identity and the addi-
tive/multiplicative inverse axioms. In mathematical terms, these rules are written respectively:

(A1) Ve,y,z€R,  (z+y)t+z=a+W+z) AN  (z-y)-z=z-(y-2)
(Ay) Vr,y € R, rt+y=y+zx A Ty=y-x

(A3) 30, 1 e R, 0#1, VieR, z+0==x A VieR, z-1==x
(Ay) Vx € R\ {0}, dyeR, 24+y=0 A JdzeR, z-2=1

In the last axiom, the Real numbers y and z are called the additive and multiplicative
inverses, respectively. Since for any x € R there is a unique inverse, we normally use the
notation —z and ! to indicate such elements. Note that the additive inverse of 0 has not
been defined in (A4). However, it is not difficult to prove, using (As) and (A4), that 0 is the
(unique) additive inverse of 0; we leave this as exercise for the reader.

1
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Remark 3.1. Note that (A3) provides the existence of at least two different Real numbers: 0
and 1. Therefore, using the sum we can construct other numbers, such as the Naturals via

2:=1+1, 3:=2+4+1, 4:=3+4+1,...
Here the notation a := b means that the symbol a is defined with the value b.

The sum and product of Real numbers are related via an algebraic relation called the
distributive axiom, which can be expressed as follows

(As) Vz,y,z € R, (x4y)-z2=@-2)+Wy-2) AN z-(z+y)=(2-2)+ (2-9).

The six axioms we have presented are enough to derive several properties of the Real numbers.
For example, we can prove the so-called square of a binomial formula:

(a+b)2=a*>+2-(a-b)+1,

where the notation 22 stands for the product -z, which is called the square of z. Let us see
a detailed proof of this formula:

(a+0b)*=(a+b)-(a+D) (Definition of the square of (a + b))
=a-a+b-at+a-b+b-b (Axiom (Aj) used twice)
=a-a+a-b+a-b+b-b (Axiom (A,))
=a’+a-b+a-b+b (Definition of the square a and b)
=a’+1-(a-b)+1-(a-b)+0b (Axiom (A3))
=a*+(1+1)(a-b)+b* (Axiom (A5))
=a*+2-(a-b)+ b (Definition of 2)

Other properties of Real numbers based on the axioms are:

(1) x-0=0: By (A3) and (A5),2-0=2-(04+0) =2 -0+ 2 -0, the adding —(z - 0) in the
equality, we get the result.

(2) —(z +y) = (—2) + (—y): Remark that (x + y) + (—2z) + (—y) = 0 This is a conse-
quence of the associative and commutative axioms. Then, the conclusion follows from
the uniqueness of the additive inverse of x + .

(3) - (—y) = —(z - y): We need to show that -y + x - (—y) = 0. Using (As), (As) and
property (1), we get z-y+z-(—y) =z (y+—y) = -0 = 0, which completes the proof.

(4) -y = (—x) - (—y): Using property (3) and (A,) twice each, we get
(—2)- (=y) = =((=2) -y) = =(y- (=2)) = =(=(y - 2)) = =(=(z-y)).
It is not difficult to see from (Ay), that —(—(z-y)) = x -y, and so the conclusion follows.

2
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From the sum and product we can define new operations on R. For example, the subtrac-
tion (-) and division (/) which are defined via:

Ve,yeR, y#0, z—y:=x+(-y) AN x/y=z-y "

Remark 3.2. Since the additive inverse of 0 is well defined (it is O itself), we can extend the
subtraction for the case y = 0. Under these circumstances, we just get

r—0:=2+0=n2x.

Nevertheless, it is not possible to do the same for the division without getting some inconsis-
tency with the axioms; this is essentially because the multiplicative inverse of O can not exist.
For example, suppose that 0~% exists and it is a Real number. Then, on the one hand we have

0-07'=1.
But, on the other hand, by azioms (As), (A4) and (As)
0=0-0'"-0-0'=(0+0)-0'-0-0'=0-0"+0-0'-0-0'=0-0""=1.

This conclusion contradicts axiom (As).

3.2 Order axioms

So far, we know that Real numbers can be summed o multiplied, but we don’t know how to
compare them. To do so, we introduce an order relation (<), which satisfies the following
axioms:

(O1) Vz e R, r<ux (Reflexivity).
(Os) Va,y € R, <y Ny<z) = z=y (Antisymmetry).
(Os) Va,y,z € R, (x<y Ny<z) = zx<z (Transitivity).
(Oy4) Vr,y € R, r<yVy<zx (Comparability).

The statement x < y is read as x is less than or equal to y and we say that R is a totally
ordered set. We can also read z < y as y is greater than or equal to x.

Remark 3.3. Let us point out that by the Reflexive axiom, the converse of the Antisymmetric
axiom holds true, that is

Vr,y € R, r=y = (z<y AN y<uz).
This means in particular that
Ty N rz=y <= x=y.
We leave the proof of the last equivalence as exercise for the reader.

3



THE REAL NUMBERS MATH 4031 - SPRING 2016

From the order relation < we can define other order relations. For example, we say that x
is less than y, written as z < y, if and only if

r<y AN x#y.

This new order relation satisfies neither the axioms (O;), (O3) nor (O4). However, its utility
is reflected in the next trichotomy result.

Theorem 3.1. For any z,y € R, only one of the following statements is true
x <y, rT=y or y <.

Proof. Let us first check that the statements are mutually exclusive. Let x,y € R be fixed but
arbitrary.

e Suppose that x =y, then x # y is false and thus, neither x < y nor y < = can be true.

e Suppose that © # y, then clearly x = y is false. Furthermore, by the Comparability
axiom (O4) we have that either x <y or y < x is true. Note that z < y and y < z can
not be both true at the same time, because otherwise the Antisymmetric axiom (Os)
would imply that x = y which can not be. Therefore, by the definition of <, either z < y
o y < x, but not both at the same time.

In order to complete the proof, we need to show that at least one of the statements is true.
By the Comparability axiom (Oy4), we have that either z < y or y < z is true. Without loss of
generality, we can assume that x < y; if y < z, we use the same arguments but switching the
roles of z and y. We claim that

r<y <= (x<y) V(iz=y).

Indeed, this follows from the following reasoning

r<y<= z<y A (x£y Vo=y)
= @<y ANa#y Ve<y A z=y)
— (z<y) V(z=y)

This mean that either x < y or x = y is true, and so, at least one of the statements is true. [J

Theorem 3.1 allows us to represent the set of Real numbers as a horizontal line that extends
infinitely in both directions. This means that each Real number can be associated with a point
in the line, and for any x,y € R, if x < y we have that x appears at the left of y. Otherwise,
x appears at the right of y.

[ 33
[ N
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The order relation we have introduced can be related to the sum and product by means of
the following Compatibility axioms:

() Va,y,z € R, r<y = rv+z2<y+z
(Cs) Vr,y,z € R, r<y N0<z=—= z-2<y-z

Moreover, the following properties can be derived from the preceding axioms:

(a) <y = —y < —x: Since x < y, in the light of (C}) we get 0 = x —x < y — . Hence,
adding —y to the last inequality and, using (C7) and (As), we get the desired inequality.

(b)) x <y AN 2<0= y-z<ux-2: Byproperty (a), 0 < —z, and so by (Cy), we get
—(z-2)=x-(=2)<y-(=2)=—(y-2).
The conclusion follows from property (a) and the fact that a = —(—a).

(c) 0 < 22 If 0 < x, the result is a direct consequence of (Cy). If on the contrary, z < 0,
the result follows from property (b).

(d) = < x4+ 1: Tt is clear that = # x + 1, otherwise we get 0 = 1. Furthermore, by property
(c) we get that 0 < 1> =1-1 = 1. Hence, by (C}), we obtain z =z + 0 < z + 1.

(e) 1 <x = =z <% Since 0 < 1, by(O3) we get in particular that 0 < z, and so by (Cy)

wegetz=1-v<x-2=2°

(f) <1 A 0< 2= 2?<z: Similar as the proof above.

(g) r<yANO0<z= y ! <a ! Let usfirst prove that 0 < z~!. Suppose by contradiction
that 0 < 27! is false. This means that ! < 0, and by Theorem 3.1, we must have that
r~! < 0. Hence, by property (b), we get 1 =z -27* < 027! = 0. Which is impossible,

so we must have 0 < z~!. In the same way, we can prove that 0 < y~'. Therefore,

multiplying the inequality x < y first by 27! and then y~!, we get the result wanted.

3.2.1 Some particular subsets of R

The order relations we have introduced are also helpful to define new subsets of R, called
intervals. For any a,b € R with a < b we define:

e The closed bounded interval: [a,b] :={z € R| a <z A x <b}.

e The open-closed bounded interval: (a,b] :={z € R| a<x A z <b}.

e The closed-open bounded interval: [a,b) :={z € R | a <z A x <b}.

e The open bounded interval: (a,b) :={z €R| a <z A x < b}.
Remark 3.4. For the extreme case a = b we have that |a,b] = [a,a] = {a} but

(a,b] = (a,a] = [a,b) = [a,a) = (a,b) = (a,a) = 0.
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We might also consider the following unbounded intervals:

e The closed unbounded intervals:

la,+00) :={r eR| a<x} and (—oo,b]:={xreR| x<b}.

e The open unbounded interval:

(a,+00) :={z€R| a<x} and (—o0,b):={xreR| x<b}.

Here the symbols +o0o and —oo are only used for sake of notation, which means that they
don’t have a meaning by themselves. Furthermore, the intervals (0, +00) and (—o0,0) will be
particularly interesting. We say that z is a positive Real number if = € (0, +00). Similarly,
x is said to be a negative Real number if 2 € (—o0,0).

3.2.2 The absolute value

We define the absolute value of a Real number z, denoted by |z|, as the Real number that
agrees with x, when the latter is positive and with —z when x is negative. In other words,

x o<z
|z| = .
—x ifxz<0

Note that by definition, |z| = | — z| for any = € R.
The absolute value will play a crucial role when studying sequences and convergence. For
the moment, we restrict our attention to some of its basic properties:

(i) x < |z|: Note that we always have 0 < |z|, so if z < 0, the result is straightforward. On
the other hand, if 0 < z, then |z| = z, so the conclusion follows as well.

(ii) (triangular inequality) |z + y| < |z| + |y|: By property (i) we have that x < |z,
—x < |z|, y < |y| and —y < |y|. Hence. if on the one hand we have 0 < z + y, then
|z+y| = x+y < |z|+|y|. On the other hand, if x4y < 0, then 0 < —(z+y) = (—x)+(—y)
and so |z +y| = (—z) + (—y) < |z| + |y|, and the proof is complete.

(iii) | - y| = |z| - ly]: We might assume that z # 0 and y # 0, otherwise the result is
straightforward. To complete the proof we need to put on cases. We are only going
to do the case x < 0 and 0 < y, the others remain as exercise for the reader. In the
circumstances we described before, |x| = —z and |y| = y, but x - y < 0 (this is because
(C2) and property (b)), then |z -y| = —(z-y) = (—2) -y = [z] - [y].

(iv) ||z| — |y|| < |z — y|: Let us assume without loss of generality that ||z| — |y|| = |z| — |y].
By (A4) and the triangular inequality we get |z| = |z —y +y| < |r — y| + |y|. Finally,
adding —|y| in the last inequality we get the result wanted.

(v) For any a € (0,+00), |z| < aif and only if —a <x A z < a: By property (i) and (O3)
we immediately have x < a. Moreover, by property ((a)), we get that —a < —|z| and
—|z| = —| — x| < —(—x) = z. Thus, by (O3) we get —a < x, which completes the proof.
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3.3 The supremum axiom

Note that if we replace, in all the axiom we have presented, the set R by Q, the axioms still
make sense. This could wrongly yield to the idea that the set of Rational and Real numbers
are the same. There is another axiom, called the Supremum axiom, that will allow us to
distinguish Q from R; see Exercise 7.

Let us now introduce some definitions. Given a subset A C R, we say that it is bounded
above if

(3.1) dIM eR, Ve e A, x < M.
In a similar way, we say that A is bounded below if
(3.2) dJneR, Vee A, m<ux.

Any Real number that satisfy (3.1) or (3.2), is called upper or lower bound of A, respectively.
If A is bounded below and above, we just say that it is a bounded set.

Example 3.1. The definition of bounded set is consistent with the definition of bounded in-
tervals we have done. Indeed, for any a,b € R with a < b, the intervals

la,b], la,b), (a,b] and (a,b)

are all examples of bounded set. Here a is a lower bound and b is an upper bound for any of
those subsets. Notice as well that the unbounded intervals

la,+00), (a,+00), (—o00,b] and (—o0,b)

are not bounded, but the first two are bounded below (a is a lower bound) and the last two are
bounded above (b is an upper bound).

Note that in Example 3.1, any number greater than b is also an upper bound for any of
the bounded intervals, but there are no other Real numbers, less than b than can be an upper
bound of any of the bounded intervals. In other words, b is the least upper bound we can find
of, for instance, A = [a,b). In this case, we say that this upper bound is the supremum of
A and we denote it by sup(A). In mathematical terms, M = sup(A) if and only if M is an
upper bound of A and

VN eR, [VreA < N) = M <N|.

From this definition we can see that the supremum is uniquely determined (verify this, suppose
there are two different supremum and then conclude using the Antisymmetric axiom).

Analogously, we define the infimum of A, denoted by inf(A), as the Real number m that
is a lower bound of A and such that

VneR, [(Vr € A, n<z) = n<m).
Example 3.2. We have that for any a,b € R with a < b

b= sup([a, b]) = sup([a, b)) = sup((a, b]) = sup((a, b)) = Sllp((—OO, b]) = sup((—oo, b))
a = inf([a, b]) = inf([a, b)) = inf((a,b]) = inf((a, b)) = inf([a, +00)) = inf((a, +00)).
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In the special case that inf(A) € A, we say that inf(A) is the minimum of A. Analogously,
when sup(A) € A we say that sup(A) is the maximum of A. In this case, we change the
notation, and we write min(A) and max(A), for the minimum and maximum of A, respectively.

Example 3.3. We have that for any a,b € R with a <b
b= rnax([a, b]) = Sup((aa b]) = sup((—oo, b])
a = min([a, b]) = inf([a, b)) = inf([a, +00)).

We are now in position to state the Supremum axiom. This says that for any nonempty
bounded above subset of R its supremum is a Real number, that is,

(S) VA € P(R) \ {0}, (A is bounded above = sup(A) € R).

As we mentioned earlier, this is what distinguish R from Q, because, as you will see in Exercise
7, not every subset of Q has a supremum that is also a Rational number.

Remark 3.5. The Supremum axiom has a counterpart, the Infimum axiom which says that
for any nonempty bounded below subset of R its infimum is a Real number. We leave the proof
that both axioms are equivalent as exercise for the reader.

One of the main consequences of the Supremum axiom is that the set of Real numbers is
Archimedean. This is summarized in the next theorem.

Theorem 3.2. R is Archimedean, that is,
(3.3) Ve, M € (0,400), IneN, M <n-zx.
Proof. We divide the proof into three steps:

1. Let us first prove that N is not bounded above. We argue by contradiction, that is,
suppose that N is bounded above. Since it is also nonempty (1 € N for instance), by the
Supremum axiom, sup(N) is a Real number. In particular, sup(N) — 1 is a Real number
that can not be an upper bound of N. So, there is n € N such that

sup(N) — % <n.
Then, adding 1 in the inequality, we get
sup(N) + % <n+1
But, by definition, n + 1 < sup(N), because n + 1 € N. Thus, by (Os)
sup(I) + 5 < sup(N),
which is not possible, and consequently, N is not bounded above.

2. To finish, let us also use a contradiction argument again. Suppose that (3.3) is false,
then its negation is true, that is

Jz, M € (0,+0), Yn e N, n-z < M.

Since, x # 0, we get that M - x~! € R and it is an upper bound of N, which contradicts
what we proved in the first step. Therefore, the conclusion follows.
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3.4 Exercises

1. Let z,y,2z,w € R with y,w # 0. Prove, mentioning each of the axioms and properties
you are using, that

vy ttzwlti=@owty-2) - (yow)

2. Let z,y, z,w € Rsuch that (z-w)+ (—(y-z)) = 0. Prove, mentioning each of the axioms
and properties you are using, that

(z+y) w)+ (—(z+w)-y) =0

3. Prove, detailing each step you do, the following properties:

(a) Vo,y € R, 2-(z-y) < z*+ 42

(b) Vz € (0,400), 2<z+az!

(c) Vx € (0,400), 14+2-2 < (1+x)%

(d) Vz,y € (0,+00), 4-(z+y) ' <al+y L

(e) Va,y,2 € (0,+0), v -y+z-2+y -2 <z?+y>+ 22

(f) Vz,y,z2 € (0,+0), 8-z -y-z2<(z+y) (y+2)- (2 +x).
4. Prove, detailing each step you do, the following properties:

(@) z4+y+z2=1A2,9,2#0 = 8< (7' =1)-(y ' =1)- (=71 =1).
b)z-y-2=1 = 3<zx+y+-=z.
(c) Vz€ (0,40), x<y+z = x<uy.

5. Show that for any =,y € R,
(a) if z,y # 0, then [z y~ —y 27| < 3-[(Jz[+|z71)) - ly =y~ |+ (yl+ |y~ 1) - [z =2~ [)].
(b) [z < max({|z —y|, |z +yl}).

Hint: Argue by contradiction and show that for any ¢ € [0, 1]
[tz +y) + (1 =t)(z —y)| <zl

6. Let x € R and consider the set A, ={n € N| n <z}
(a) Prove that sup(A;) is a Real number. This number is called the integer part of
x and it is denoted by [x].
(b) Prove now that [z] € A,. To do so, follow the next step:

i. Prove that there is n € N such that [z] — 2 <n A n < [z].
ii. Show that for any m € N, if n < m then m ¢ A,.
iii. Prove that [z] is the maximum of A, and conclude.
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7. Let us consider the set Q = {z € Q | 22 < 2}. The aim of this problem is to show that
the supremum of () is not a Rational number, and so the Supremum axiom doesn’t hold
when replacing Q for R. We divide the proof in several steps:

(a) Prove that @ is nonempty and bounded above.
(b) Prove that sup(Q)? = 2. To do so, follow the next steps:
i. Assume that sup(Q)? < 2 and get a contradiction by proving that

(sup(Q) +a)? <2, where a = min ({% %}) :

ii. Suppose that sup(Q)? > 2 and show that s = sup(Q) — % is also an

upper bound of Q. Conclude that the only possible option is that sup(Q)? = 2.

(c) Suppose that sup(Q)) € Q and let § be its lowest terms representation, that is, p
and ¢ are Natural numbers having no common factors.

i. Prove that p is even if and only if p? is even.
Hint: Recall that p is even if p = 2-n for some n € N. To prove the implication
(«<=) use the contrapositive and the fact that a number that is not even, must
be odd, that is, it can be written as 2-n + 1 for some n € N.

ii. Prove that p and ¢ must be both even, and then conclude.

10
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Week 4: Sequences of Real numbers

We continue the study of the set of Real numbers by introducing the notion of sequence. From
now on, we assume that all the Real numbers axioms are well known and we use them without
making any reference, except in particular situations.

Before going further let us introduce some notation. If A is a finite set, whose elements are
ai, as, ..., ax, we write max{ay, as, ..., ax} to indicate max(A). Moreover, for any n € N,
the notation 2™ stands for the Real number defined recursively via

VeeR, 2°=1 and z2":=2""-2, neN\{0}.

4.1 Sequences and converge

Let us begin the exposition with an example. We consider the set of Real numbers defined via

A:{xeR' e N\ {0}, $:%}

We know that the order in which we write the elements of A is irrelevant for its description.
For instance,

11 1 11 1 1 1 1 1
Api=491, =, =, =, =, =,... and Ay :=<¢=, 1, =, =, =, =, ...
273 456 2 4365
are equivalent description of A. However, if we assign an order to each positions of A; and A,,
say from left to right, and we associate each blank with a positive Natural number (1 for the

first position, 2 for the second one, and so on). We get that z,, and y,, the n'* element of A,
and Ay, can be described via

L niseven
n—1

1 L nisodd
(4_1) z, =— and Yp = {n—l—l niso
n

We write {x,}22, and {y,}2, to indicate the objects created from the sets A; and Ay with
the order we have prescribed. This kind of objects is what we call a sequence, that is, a
(countable) infinite set whose elements have an order associated with them.

Similarly as done above, we denote a generic sequence by {z,}° ;, and we may use also y,
or any other letter with the subscript n to indicate the n'" element of the sequence at hand.

1
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The main interest in studying sequences is their relation with the idea of approximation.
Intuitively, we see that the sequences given by (4.1) get closer and closer to 0 as n increases
its value, until the point that for any error € € (0, +00) we may take, we can pick an n € N
large enough so that |z,| < e. This yields to the concept of convergence.

Definition 4.1. We say that a sequence {x,}5°, converges if there exists L € R such that
(4.2) Ve € (0,400), AN eN, Vne N, (N<n = |z, —L| <¢).
Under these circumstances, we write x, — L and L is called the limit of {x,}32 .

Example 4.1. Let us prove that x, — 0, where x, is given by (4.1). Since, we have a
candidate to limit that has been prescribed, we just need to verify that (4.2) is satisfied. Let
us exhibit one way to prove this:

1. We take any € € (0,400), that is, € is a generic positive Real number.

2. We write the functional statement |x,, — L| < € as explicit as we can. In this case, since
1

T, =+ and L =0, we get = <e; here we have used |+| = +.

3. We assume there exists N € N such that (4.2) holds true and find some condition over
it. In this case, it will be that 1 < N -e. Furthermore, note that by the Compatibility
aziom (Cy), this condition is sufficient to prove the convergence. Indeed, since N < n
and € € (0,400), we get N -& <n-e. Consequently, if 1l < N -e thenl <n-e.

4. Find N € N for which the condition found in the previous part is satisfied. To do this, we
need to get the existence from another source; for instance any theorem that provides the
existence of some Real number. In this case, we use the Archimedean property (Theorem
3.2) with M = 1 and © = €. This theorem gives the existence of N € N such that
1=M< N-xz=N -e. In particular, we also have 1 < N - ¢, so the conclusion follows.

Notice that in Definition 4.1, the Natural number N depends in general on £, as in the
preceding example. This means that, the N associated with ¢ = 1 may be different from the
one associated with € = %; normally, the latter will be greater than the first one.

Remark 4.1. The limit of a sequence is uniquely determined. To see this, assume by contra-
diction that there are two limits, say Ly and Ly. Since Ly — Ly # 0, we have that i|L1 — Lol 1s
a positive Real number, and so, it can be used as € in (4.2). Furthermore, given that {x,}5°,
converges, for e = 1|Ly — Ls|, we can find N1, Ny € N such that

VneN, [Ny <n = |z, —Li|<e) A (Na<n = |z, — Lo| <g)].
Let n € N be such that Ny < n and Ny < n (for instance n = max{Ny, No} ). Hence,
1
|L1_L2|:|Ll_xn+xn_L2| S ‘Ll_a’:n|+|xn_L2| §5+5:2€:§'|L1_L2|

which yields to a contradiction. So, we must have L1 = Lo.
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4.1.1 Some conditions for convergence

Recall that sequences can also be seen as (infinite) nonempty subsets of R. Hence, we say
that a sequence {z,}>, is bounded below if it is bounded below as a set. Since each of the
elements of the sequence can be enumerated, we write this definition in the following way:

dneR, Vne N, m < z,.
In an analogous way, we say that {x,}>2, is bounded above provided that
M eR, VneN, z, < M.

We say that {z,}>°, is bounded if it is bounded below and above at the same time. We
can easily verify that the sequences given by (4.1) are both bounded; it is enough to take
m = 0 and M = 1. Moreover, by the Supremum axion, sup({z,}>>,) is well defined whenever
{x,}22; is bounded above. By using similar arguments, we also get that inf({x,}22,) is well
defined whenever {z,}°°, is bounded below. Under theses circumstances, we might use the
following notation

sup{z,} = sup({z,}>>,) A inf{z,} :=inf({x,}2,)
It turns out that any sequence that converges must be bounded.

Theorem 4.1. Suppose that {x,,}5°, converges, the it is bounded.

Proof. By the definition of convergence, we have that there is L € R so that (4.1) holds true.
In particular, let NV € N be the number associated with ¢ = 1. We then have that

VneN, N<n, |v,|=|v,—L+L|<|z,—L|+|L| <1+|L|
This means that the tail of the sequences is bounded, that is,
VneN, N<n, —(1+|L]) <z, A z,<1+|L].

On the other hand, the set {x;, xo, ..., xxy_1} is a finite, so it is bounded. Let m and M be
a lower and upper bound of this set. Then, the following is always true

Vn € N, min({m,—(1+|L)}) <z, A z, <max({M,1+|L|}.
Hence, {z,}>°, is bounded and the proof is complete. O

The preceding theorem provides a necessary condition for a sequence to converge. However,
this condition is not sufficient. For example, the sequence whose terms are given by

1 if n is even
Ty =
—1 ifnisodd

is bounded but it doesn’t converge. One way to make boundedness a sufficient condition for
convergence is to ask some additional structure to the sequence.

Note that the sequence {z,}5°, given by (4.1) has the special feature that each of its
elements is less than the preceding one. We call this property monotonicity.
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Definition 4.2. A sequence {z,}°, is called monotonic if one of the following holds true:
o {1,}°°, is a decreasing sequence, that is, Yn € N, x,1 < x,.
e {1,}5°, is a increasing sequence, that is, Yn € N, x, < x,41.
We now provide a criterion to determine that a sequence converges based on monotonicity.

Theorem 4.2. Let {z,}5°, be an increasing sequence bounded above, then it converges. Anal-
ogously, if {x,}2, is a decreasing sequence bounded below, then it converges.

Proof. We only prove the case of increasing sequences, the other is similar and is left as exercise
for the reader. Since {z,}22, is bounded above, by the Supremum axiom, L := sup{z,} € R.
We claim that z,, — L. Take € € (0, +00) arbitrary, by the definition of the supremum, there
is N € N such that

L—=¢ S IN-

By the monotonicity of the sequence and the Transitivity axiom, we get that
VneN, (N<n = L—¢e<uz,).

Furthermore, by definition 0 < L — z,, = |L — x,,| for any n € N. Hence, after a few algebraic

steps we get
VneN, (N<n = |L—uxz,| <e).

Therefore, since ¢ € (0, +00) is arbitrary, the conclusion follows. O

Example 4.2. Let us consider the sequence given by x, = ”T_l It is not difficult to see that
{z,}02, is bounded above by 1; actually, sup{z,} = 1. We claim that it is also increasing.
Indeed, since (n—1)-(n+1) =n* —1 < n? we get that

n—1 n? n

v n ~n-(n+l) n+l ot

Thus, by Theorem 4.2 the sequence converges to sup{z,} = 1.

The next result is a very useful tool to prove the convergence of a sequence and it is called
the Squeeze Theorem. This criterion doesn’t require a monotone character on the sequence
but that it belongs to an interval whose length is smaller and smaller as n increases its value.

Theorem 4.3. Let {x,}°°, and {y,}>°, be two sequences. Suppose that x, — L and y, — L
for some L € R. Let {z,}°°, be another sequence that satisfies

VneN, x, <z, N 2, < Yn.
Then {z,}22, converges to L.

Proof. Let ¢ € (0,+00) and N1, Ny € N given by the definition of convergence of {z,}°, and
{yn}22,, respectively. Let N = max{Nj, N2} and take any n € N such that N < n, then using
the properties of the absolute value

This means that z, — L < ¢ and —e < 2, — L, or in other words, |z, — L| < e. This completes
the proof. n
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Example 4.3. We consider the sequence determined by

% if n is even
Zn = . .
—% if n is odd
It is not difficult to see that, setting x, = —% and y, = %, the hypothesis of Theorem 4.3 are
satisfies with L = 0. Hence, we also have z, — 0.

4.1.2 Algebraic combination of sequences

We finish this section by showing that algebraic combinations of convergent sequences also
converge and their limits can be obtained in terms of the initial sequences. This will help us
to study the convergence of complicated sequence in terms of simple ones.

Theorem 4.4. Let {z,}5°, and {y,}5°, be two sequence. Suppose that x, — = and y, — y
for some x,y € R. Then

1. Ve € R, the sequence {c- x,} converges to ¢ - x.

2. the sequence {x, + yn} converges to x + y.

3. the sequence {x, - y,} converges to x - y.

4. if x #£ 0, then i — %

Proof. Let ¢ € (0, +00) be fixed but arbitrary.

1. We can rule out the case ¢ = 0, because the sequence defined by z, = 0 converges to
0. Let N € N be given by the definition of convergence of {z,}°2, but associated with
€ = ﬁ - €, that is,

1
VneN, N<n :>|xn—x|§ﬂ-5.
c

By the properties of the absolute value we have that for any n € N with N < n the
following holds true:

1
lc -z, —c x| <|c| - |z, — 2| < |c]-ﬂ'€:£.
c
This means that ¢z, — ¢ z.
2. Let Ny, Ny € N given by the definition of convergence of {z,}°°, and {y,}5°,, respec-
tively, but associated with & = 1 .. We set N = max{N;, N>}, and in particular we
have

1 1
et Nn = (lo—al< g2 A vl <gee).

It follows that for any n € N with N < n:

e+

| =
DN | —

(@0 +yn) = (2 + )| < fwn — 2]+ |yn —y| <

We conclude then that =, + vy, — x + y.



SEQUENCES OF REAL NUMBERS MATH 4031 - SPRING 2016

3. Since {z,,}°, converges, it is bounded. In particular, its absolute value is bounded above
by some ¢ € (0, +00) (it is always bounded below by 0). Moreover, we can always assume
that |y| < ¢, because ¢ is only an upper bound and any number greater than c is also an
upper bound for {|z,|}5°,.

Using the same argument as above, we take N;j, No € N given by the definition of
convergence of {z,}22; and {y,}>2,, respectively, but associated with & = 5= - £ and we
also set N = max{Ni, No}. We take any n € N with N < n and obtain that

|0 Yn—2y| = |Tp Yn—2n-y+T0-y—2y| < |zul|yn—y|+|y| |xn—2| < clyn—y|+e |z, —x].

On the other hand, since then terms |z, — x| and |y, — y| are both bounded above by
5-|c| - €, we finally obtain that z,, - y,, — x - y, because

1 1
|xn'yn—x~y|§§'€+—-€:€.

[\

4. Let Ny, Ny € N be given by the definition of convergence of {z,}2 , but associated with
€=1"|z| and € =1 - |z|*>- . Therefore,

1
(4.3) VneN, Ny <n = |xn—x|§§|x|
1
(4.4) Vn e N, Nzgn:>\xn—x|§§~]x|2~€

Let N = max{Ny, No}. Note that (4.3) and (4.4) hold as well if we replace N; and N
with N, respectively.

On the one hand, from (4.3) we get for any n € N with N < n that
1
2| < |z — 2p + 20| < |2 — 20| + |20| < 5 2| + |25

This means that 3 - |z| < |z,| for n € N appropriate. In particular, 0 < |z,| and
€. <92. I?l\ for all n € N that satisfies N < n.

lzn| —

On the other hand, using (4.4) and the remark we did above, we can conclude, because

1 1

T, X

1

[zn] - ||

Nop—2| <2 == |z)*e=e
x

4.2 Completeness

We turn our attention into an important convergence criterion called completeness. This is a
very powerful tool that allows us to determine whether a sequence has a limit by only studying
the distances between its terms. To be more accurate, we introduce the following definition.
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Definition 4.3. We say that {z,}>°, is a Cauchy sequence if for any ¢ € (0,+00) the
following condition is met

(4.5) AN eN, Vn,peN, (N <n = |z, — Tnip| <e).

Example 4.4. Let us consider the sequence given by

"1 1 1 1
:Ej—;:1 Sl O
T 2 ti Tttt

This sequence is a Cauchy sequence. Indeed, since k — 1 < k for any k € N, we get

| ’ o _ "Z“’ 1 KA | 1 1 1 _1

Ty — Tptp| = — < — = — == — < —.

P k2 k(k—1) k—1 k n n+p—n
k=n-+1 k=n-+1 k=n-+1

Hence, given € € (0,+00) we know by the Archimedean property that there is N € N such that
1 <e-N, and so, (4.5) holds too with the N we have chosen above.

It turns out, as we will prove shortly, that a sequence converges if and only if it is a Cauchy
sequences. In this case, we say that R is a complete space. This claim shows the utility of
the notion of completeness. This criterion doesn’t require a priori knowledge about the limit;
it can be proven (by more sophisticated means) that the sequence in Example 4.4 converges
to % -2, which is not obvious from the definition of the sequences. Moreover, it is not difficult
to see that the sequence in Example 4.4 is also increasing. However, it is not straightforward
to prove that it is bounded above, which may turn Theorem 4.2 difficult to apply.

Theorem 4.5. Let {x,}22 | be a sequence of Real numbers, then {x,}>2 | converges if and only
if it is a Cauchy sequence.

Proof. The proof consists in two parts. We first prove that if a sequence converges, then it
must also be of Cauchy type. Let ¢ € (0,+00) be fixed but arbitrary. By the definition of
convergence, there is N € N such that

(4.6) Vn € N, (Ngn:>|xn—L]§%>.

Let n € N such that N < n. It is clear that N < n + p for any p € N. In particular, by (4.6),
we have that, if n,p € N are as above, we get

9
|In_L|S§ A |pep — L <

Do ™

Combining these two inequalities we get

20— Tutpl = 20— L+ L= iyl < Jan = L]+ L= anpp] S S+ 2 =<
In other words, {z,}>2, is a Cauchy sequence and the first part of the proof is complete.

Let us now assume that {z,}°°, is a Cauchy sequence and prove that it converges. This
part is considerably more difficult and for this reason we divide it into two steps: we first
construct a candidate to limit (as the supremum of a particular set) and then we prove that
it is actually the limit of the sequence.
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1. By the definition of Cauchy sequence, we have that there is N; € N such that

1
Vn,p € N, <N1§n — \xn—xn+plg§>.

In a similar way, there is N5 € N such that
1
Vn,peN, | No<n = |z, — Tpyp| < = |-

Note that we can also assume that N; < N, and the preceding statement is still valid.
Hence, continuing the process we see that for any k£ € N\ {0, 1} we can find Ny € N such
that N,_1 < N and

1
Vn,p € N, (ngn - \xn—xn+p|§2—k>.

Let us now consider the set

1
A:{xERN] Jk e N, x:xNk—Z—k}.
This set is nonempty. Furthermore, it is bounded above. Indeed, let x € A. By definition,
there is k € N so that z =z, — 2% In particular,

1
r<azn, =2y, —TN, TN, < |Tn, — TN |+ 2N < 5 T T

So, M = % + x, is an upper bound of A. Thus, by the Supremum axiom, sup(A4) € R.

Note that if {z,,}3°, were convergent, then each zy, — 55 should approach to the supre-
mum. Consequently, we take L = sup(A) as our candidate to limit.

2. Given that L = sup(A), there is z € A such that L — 5 < z. In other words, there is

k € N such that

1 €
2" * g
Note that there are infinitely many k& € N that verifies the preceding condition; otherwise,
L wouldn’t be the supremum. The latter means that we can take £ € N as large as we
want. In particular, we can assume that 3 < 2¥.¢. Therefore, we get that for any n € N,

if N, <n then

T =IN, — and L <azn, —

1
|xn—L|:]xn—x+x—L|S\xn—x|+|m—L|§]xn—a:Nk]+ﬁ+|x—L|.

On the other hand, we have that |z — L| = L — 2 < £ and by definition |z, — zx,| < 5.
So finally, since 3 < 2% - ¢ we get

|xn_L|§l+i+E:57
2k 2k 3

which completes the proof.
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4.3 Exercises

1. Let a € [—1,1] and consider the sequence {z,}°, defined via

aTL

Tn =3- EE.
Prove using the definition of convergence that z,, — 0.
2. Let {z,}>2, and {y,}°°, be two sequences. Suppose that z,, — x and y,, — y for some
x,y € R. Prove that if x,, < y, for all n € N, then x < y. Based on this, determine
whether the limit of a sequence of positive numbers can be a negative number or not.

Hint: Assume that y < z and use € =z — y to get a contradiction.

3. Let {z,}52, be an increasing sequence and {y,, }°°, be a decreasing sequence such that
Tp — Yn — 0. Show that {z,}>2, and {y,}>2, converge and have the same limit.

4. Let {x,}2, be the sequence defined via

94 22
2

, neN\{0}.

rn=1, wp=

Here /a stands for the unique positive Real number z that verifies a = 2.

(a) Show that {z,}°°, is bounded above by 3.

(b) Show that {x,}>° is increasing and converges to 3.

5. Let {z,}22, be a Cauchy sequence. Consider another sequence {y, }°°; such that
1

(a) Prove that {y,}> is also a Cauchy sequence.

(b) Prove that {x,}5°, converges to L € R if and only if {y,}32, converges to L € R.

n=1
6. Let {x,}>2, and {y,}22, be two sequence that satisfy

o {y,}°°, is decreasing with y, — 0 and each y, being positive.
e The sequence {z,}>°,, is bounded, where z, := Z T
k=1

n
Show that the sequence {w,} -, converges, where w, := Z ThlYk-
k=1

Hint: Prove that {w,}, ., is a Cauchy sequence. To do so, show that for any n,p € N

we have
n+p—1

Wpip — Wy = YnipZnip T E (yk - yk+1>zk — Yn+1zn
k=n+1
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Week 5: Subsequences and Compactness

We turn our attention into a new mathematical concept called compactness, and we exhibit
its relation with sequences of Real numbers. To do this, we need to introduce a new object
called a subsequence.

5.1 Subsequences

Let us consider the sequence

wrn={i} {1 -

Note that we can construct another sequence from {x,}22, by, for example, taking only the
terms associated with an even number

(), = 11 /1111 1
MIk=t =90k, T\ 220 6 8 100
In this case, we have used the rule n = 2 - k to construct the new sequence {yx}2,, but we

could have used any other, as for intance, n = 2 -k + 1. Sequences constructed in this way are
called subsequences of {x,}> .

?

DO | =
ol =
1
Sl
| =

Definition 5.1. Let {z,}°2, be a given sequence, we say that {yx}>, is a subsequence of
{zp}02, if there is a strictly increasing sequence of positive Natural numbers {ny}2, that is,
ng < ngs1 for any k € N\ {0}, such that

(5.1) VE e N\ {0}, wyp=ux,,.
We simply write {x,, }3>, to denote such subsequence.

Remark 5.1. Note that in the preceding definition, since {ny}3>, is an strictly increasing
sequence of positive Natural numbers we must have

Vk e N\ {0}, k< ny

Since a subsequence is essentially a sequence, we can talk about its convergence. In par-
ticular, we say that a subsequence converges to some limit L € R provided that

(5.2) Ve € (0,400), AINeN, VkeN, (N <k = |z, — L| <e).
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Note that (5.2) agrees with the usual definition of convergence but applied to the sequence
{yr}32, that verifies (5.1). Moreover, the collection of all the limits of subsequences of {z,,}°°
are called the accumulation points of {z,}> .

Example 5.1. Let us consider the sequence given by x, = (—1)". We have already discussed
that this sequence doesn’t converge. However, it is not difficult to see that it has several sub-
sequences that converge. For example, the subsequences given by the index n = 2 -k and
n=2-k+1. In the first case we get the sequence whose elements are all identically 1 and
in the other case, the sequence with all the elements being —1. It is clear that both sequences
converge, to 1 and —1, respectively. Hence, 1 and —1 are accumulation points of {(—1)"}>2,.
It can be proved that they are the only accumulation points of {(—1)"}22,. We leave this as
exercise for the reader.

For the purposes of the course, the utility of the notion of subsequence is twofold. We
describe them in the next subsections.

5.1.1 Convergence

Let us start with a question. Suppose that a sequence converges, what happens with any of
its subsequences? Does it converge too?

It turns out that subsequences can be thought as particular selections of terms of the
original sequences. Therefore, it may seem natural that if a sequence converges, then any
subsequence must also approach to the limit.

Theorem 5.1. Let {x,}22, be a given sequence. Suppose that x, — L, then any subsequence
{2, }32, converges to L.

Proof. Note that by definition we have
(5.3) Ve € (0,+00),AN €N, Vn e N, (N <n = |z, — L| <e¢).

On the other hand, by Remark 5.1, we also have k < n; for any positive Natural number.
Therefore, if N < k for some N € N, then N < ny, which means that if (5.3) is true, then so
must be (5.2). Consequently, any subsequence of {z,}>°, must converges to L as well. ]

In practice, the theorem is usually used in the contrapositive form, that is, if you find two
subsequences that converge to different limits or a subsequence that diverges, then you can be
sure that the sequence you have been provided at the beginning doesn’t converge.

Remark 5.2. A direct consequence of Theorem 5.1 is that a sequence that converges must
have a unique accumulation point. The converse of this affirmation doesn’t hold in general,
that 1s, a sequence that diverges can have a unique accumulation point. For erxample, let us
consider the sequence determined by

1 ifn s odd,
Tpn = . .
n if n is even.

It is clear that the unique accumulation point of this sequence is 1, however the sequence is not
bounded, so it can not converge.
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5.1.2 Sequentially compactness

Remark 5.2 shows that there can be sequences having unique accumulation points that don’t
converge. To avoid this pathological cases we need to rule out the cases of unbounded se-
quences. For this purpose, we turn our attention into the relation between bounded se-
quence and subsequences. The most important result concerning this is called the Bolzano-
Weierstrass Theorem.

Theorem 5.2. Let {x,}>°, be a given sequence. Suppose {x,}2, is bounded, then it has
a subsequence that converges. In other words, the set of accumulation points of a bounded
sequence is nonempty.

Proof. Let {z,}5°, be a bounded sequence. We are going to construct a subsequence that is
also a Cauchy sequence, and the result will follow from the completeness of R.
Let a,b € R be a lower and upper bound of {z,}>°,, respectively. Let us consider the

intervals ) b
A= {a,a;— 1 and Ao = [i,b} )

’ 2

Since the sequence {z,},°; has infinitely many elements, either A;; or A;, contains infinitely
many elements of {x,,}°°, (not necessarily all the elements of the sequence). We set

b
as = a, bg = a;— s and Al = Al,l

if A;, contains infinitely many elements of the sequence, otherwise we set

a+b
2 b

bQ = b, and Al = ALQ.

9 =

We take ny := min{n € N\ {0} | x, € A;}. Notice that 1 <n;.
We repeat the process but with as and bs, instead of a and b. Hence, consider the intervals

Agg =

)

|: as + b2
a2,

5 :| and A272 = |:CL2 + b2 s b2:| .

2

By the same arguments used above, either Ay; or Ass contains infinitely many elements of
{z,}5°,. We set
as + bg

as = a9, b3 = 9 s and A2 = A271

if As; contains infinitely many elements of the sequence, otherwise we set

as + bo
2 b

b3 = bg, and AQ = AQ’Q.

as =

Then we take ny := min{n € N\ {0} | n1 <n A z, € As}. Note that, since Ay C A; we have
that x,,,r,, € A; and so
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Using a recursive argument we can construct a strictly increasing sequence of positive Natural
numbers {ny}7_, for which we have

b—a

[Ty, — Trgyy| < or

We claim that {x,, }?°, is a Cauchy sequence. Indeed, for any k,p € N\ {0} we get

k+p—1 k+p—1 b—a b—a p—1 1
|xnk - x”k«f»p’ < E : ’xnz - 'Tni+1’ < § i = ok ?
=k i=k 1=0

Note that > 7~ 5 < 2 s0 we get that
b—a
Vk,p eN \ {0}, |$nk .CEnk_HD‘ ~ W
Hence given € € (0,+00), by the Archimedean property of R, we can find N € N such that
L% < . Therefore, since for any k € N\ {0} such that N < k we have 2V~! < 2871 (because
1 < 2), we get that for any k,p € N\ {0} we have

b—a b—a

|Tny = Ty, | < F = oN—T

<e.

Therefore {x,, }32, is a Cauchy sequence, and by the completeness of R it also converges. So,
the conclusion follows. O

In view of the preceding theorem and Exercise 4.2 (Week 4 notes), we have that any interval
of the form [a, b] with a,b € R and a < b satisfies the following property:

Any sequence contained in [a,b] has a subsequence that converges to some L € [a, b].

This property is known as sequential compactness and it can be defined for general sets in
the following way.

Definition 5.2. Let A C R be a given set. We say that A is sequentially compact provided
that any sequence {x,}2 | contained in A has a subsequence that converges to some L € A. In
other words, if x,, € A for any n € N, then there are L € A and {x,, }3>, such that z,, — L.

We will study a useful characterization of sequentially compact sets in Exercise 4.

The last result we present is in direct correlation with Remark 5.2. We postpone the proof
of the theorem to the Exercises section.

Theorem 5.3. Let {x,}>2, be a given sequence. Suppose {x,}2, is bounded and has a unique
accumulation point, L € R, then x, — L.
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5.2 Exercises

1. Find all the accumulations points of the sequence given by
T
n +— _1 ™. si ( . —)
T (=1)"-sin (n 1

2. Let {z,}22, be a Cauchy sequence. Suppose that {z,}°°, has a subsequence that con-
verge to L € R. Prove that z,, — L.

3. Let {z,}22, be a given sequence. Suppose that {x,}>°, is monotonic and has a unique
accumulation point L € R. Show that =, — L.

4. We say that a set A C R is closed if the limit of any convergent sequence contained in
A belongs to A, that is,

(VneN, z, € A) Nz, > L = LeA

The aim of this exercise is to prove that a set is sequentially compact if and only if it is
bounded and closed. We divide the proof in several steps:

(a) Suppose that A is bounded and closed. Show that A is sequentially compact.

(b) Suppose that A is sequentially compact. Show that A is closed.

(c) Suppose that A is sequentially compact. Show that A is bounded.

Hint: Note that if the set A is unbounded, then there is a sequence contained in
A such that n < x,, for any n € N\ {0}.

5. The goal of this problem is to provide a proof of Theorem 5.3. The idea is to argue by
contradiction in the following way.

(a) Suppose {z,}>2, doesn’t converge to L and show that there are € € (0,4+00) and a
sequence {yy}%_; such that

VNeEN, (e<|yv—L| A IneN, yy =x,).

(b) Show that no subsequence of {yy}%_; can converge to L.

)
(c) Prove that {yny}%_; has a subsequence that converges.
(d)

)

d

(e) Find a contradiction and conclude the result.

Prove that any subsequence of {yy}%_; is a subsequence of {z,}> ;.

6. Let {a,}>°, be an increasing sequence and {b,}>°, be decreasing sequence. Suppose
that for any n € N\ {0} we have a,, < b,.

(a) Show that () _,[an, by] is nonempty.
Hint: Construct a sequence {x,}>2, with the property that x, € [a,,b,]| for any
n € N. To conclude, recall that each interval [a,, b,] is sequentially compact.

(b) Suppose that a,, — b, — 0. Prove that ()~ [an, b,] = {2} for some z € R.
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Week 6: Cardinality of some subsets of R

We finish the study of Real numbers with the notion of Cardinality. We now present a formal
exposition of the ideas we have described in the short overview of Set Theory. For this purpose,
we might need to remember some notions of functions.

Recall that a function f : A — B is a rule that associates any a € A with a unique element
in B, usually denoted by f(a). Furthermore, we say that f : A — B is bijective if for any
b € B there is a unique a € A such that f(a) = b. In practice, we divide the definition of a
bijection in two part, the injective and surjective properties:

e f: A — B isinjective provided that f(a1) = f(as) = a1 = as.
e f: A — B issurjective provided that for any b € B there is a € A such that f(a) = 0.

For any bijective function f : A — B, there is a unique function, g : B — A such that

Va e A, go f(a):=g(fla)) =a A Vbe B, fog(b):= f(g(b)) = 0.

The function g : B — A is called the inverse function of f, and it is denoted by f~1.

6.1 Cardinality of a set

Recall that we have said that a set A is finite if there is n € N such that A has exactly n
(different) elements. The number n was called the cardinality of A and was denoted by |A|.
In particular, this means that any finite set that has n elements has the same cardinality than
the set

A, =11, 2, ..., n}

If we look this from another point of view, we can also remark that a finite set A has n elements
if and only if there is a one-to-one relation between A and the set A, defined above. This
one-to-one relation is the process of counting.

This idea yields to the following definition which applies to infinite sets too.

Definition 6.1. Let A, B be two given sets, we say that A and B have the same cardinality if
there is a bijective function f: A — B. Under these circumstances, we just write |A| = | B|.

Let us come back to the case of finite sets. Our intuition says that we can assign an order
to the elements of A, say ay, as, ..., a,. Considering this order, we define the function
f:A— A, via

1
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Let us check that |A| = |A,| according to Definition 6.1. On the one hand we see that
f: A — A, is injective, because the counting process has assigned a unique element to the k"
position. On the other hand, f: A — A, is surjective, because any of the n possible positions
in the order has been filled with an element of A.

6.2 Countable sets

We now introduce a formal definition of a countably infinite set.

Definition 6.2. Let A be a given set, we say that A is countably infinite if |A| = |N|, that is,
there is a bijection between A and N. In this case, we also write |A| = Ng.

Remark 6.1. Note that according to Definition 6.2, any sequence is a countably infinite set.
To see this, it is enough to use the function f:{x,}>2, — N defined via

flx,) =n—1.

Clearly, this function is a bijection between {x,}2> | and N. Moreover, the converse is also
true, that is, any countably infinite set can be described as a sequences. To see this, suppose
that f : A — N is a bijection, then it is enough to define

T, = fHn—1).

We are now in position to prove that 7Z is countably infinite, that is, it has the same
cardinality than N.

Theorem 6.1. The set of Integers Z is countably infinite.

Proof. Let us consider the function f :Z — N defined via

2.z if 0 <z,
f(z):{z.(—z)—1 if 2 <0,

Let us divide the proof into three steps:

1. We first need to check that f : Z — N is well-defined, that is, f(z) € N for any z € Z.
Let z € Z and suppose that 0 < z, then by definition z € N and so f(z) =2z € N.
Assume now that z < 0, then by definition —z € N and 1 < —z. This means that 2-(—z)
is a Natural number greater than or equal to 2, and so f(z) = 2-(—z) — 1 is a Natural
number greater than or equal to 1. Hence, the function is well-defined.

2. We now show that f : Z — N is injective. From the preceding part, we have that if 0 < z,
then f(z) is even, and if z < 0, then f(z) is odd. Hence, since any Natural number is
either even or odd, if f(z1) = f(22) we get that z; = 29, and so f : Z — N is injective.

3. We finally prove that f : Z — N is surjective. Let n € N and suppose that n is even,
that is, there is k£ € N such that n = 2 - k. But, since N C Z we have that f(k) =n. In
on the other hand, n is odd, there is £ € N\ {0} such that n = 2 - k — 1, which means
that n =2-k —1 = f(—k). Since, —k € Z we get that f :7Z — N is surjective, and this
completes the proof.

]
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6.2.1 The Cantor-Schroeder-Bernstein Theorem and consequences

When two sets A and B are given, it may be too dificult to construct a bijection between both
sets to prove that they have the same cardinality. Instead, it may be easier to contruct two
injections, one from A into B and another from B into A. It turns out that there is a powerful
result, called the Cantor-Schroeder-Bernstein Theorem, that says that both strategies
are equivalent. We state the theorem, however we don’t provide a proof; we refer the interested
reader to [1, Theorem 3.1] for details.

Theorem 6.2. Let A and B be two given sets. Suppose that there are two function, f : A — B
and g : B — A, both injective. Then, there is a bijective function h : A — B.

We have claimed that the set of Rational numbers is countably infinite. Nevertheless, it
proof is slightly more complicated than for Z and it requires some intermediate results.

We introduce the Cartesian product N x N as the collection all elements that can we written
as {{m},{m,n}} for some n,m € N. Formally speaking N x N is a subset of P(N), so it is
a set in the sense we have defined at the beginning of the course. For sake of notation, we
denote an element of N x N by (m,n).

Lemma 6.1. The set N x N is countably infinite.

Proof. By the Cantor-Schréeder-Bernstein Theorem (Theorem 6.2), we only need to exhibit
the existence of an injective function f : N x N — N, because it is clear that the function
g : N — N x N defined via g(n) = (n,n) is an injection.

Let us consider the function f : N x N — N defined via

f(m,n)=2"-(2-n+1)—1.

It is clear that f(m,n) € N, so we need to prove that it is injective. Take two elements in
N x N, say (my,n1) and (ma,ns), such that (ms,ny) # (mg, ng), that is,

ma 7é mo V T 7& Ng.
Suppose by contradiction that f(mq,n1) = f(ma,ns), then

Suppose that m; = ms, then by (6.1) we get 2-n; +1 =2-ny+ 1 and so ny; = ng, which leads
to a contradiction. Assume now that m; # my. Without loss of generality, we can suppose
that m; < mgy. But, by (6.1) we get

2omp4+1=2""" (2. ny + 1),

which is impossible because the left handside is odd but the right handside is even because
2m2=m ig a multiple of 2. This case also leads to a contradiction, so f(m,n1) = f(ma,n2)
can not be true, and f: N x N — N must be injective, which finishes the proof. n

Remark 6.2. Lemma 6.1 can be proved without using the Cantor-Schroeder-Bernstein The-
orem. It can be proved directly that the function f : N x N — N given in the proof is also
bijective. We leave this as exercise for the reader.
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We are now in position to prove that the set of Rational numbers is countable.

Theorem 6.3. The set of Rational numbers Q is countably infinite.

Proof. Assume that any Rational number can be written as £ where p € Z and ¢ € N\ {0}.

Then we consider the function f : Q — N x N defined via

f(g)_ (2-p,9) if 0 <p,

q (2-(-p)—Lgq) ifp<o.

It is clear that f : Q@ — N x N is a well-defined function, which in addition is injective. To
conclude the proof, we need to show that there is an injection from N x N into Q, then by
Theorem 6.2 and Lemma 6.1 the result will follow.

On the one hand, by Lemma 6.1, there is a bijection between N x N and N. On the other
hand, there is a canonical injection from N into Q, that is, n — n. Then, composing both
functions we obtain an injection from N x N into Q. Then, in the light of the Cantor-Schroeder-
Bernstein Theorem (Theorem 6.2), we get that there is a bijection between N x N and @, and

so Q must be countably infinite because by Lemma 6.1, N x N is countably infinite.
O

6.3 Uncountable sets

We say that a set is uncountable if it is infinite and not countably infinite. This yields to
the idea that every uncountable set has, in some sense, more elements that N. Recall that
we have said that two sets have the same cardinality if there is a bijection between them.
Consequently, if two sets have different cardinality, no injection from one of the set in the
other can be surjective.

Definition 6.3. Let A, B be two given sets, we say that the cardinality of A is less than the
cardinality of B if there is an injective function f : A — B, but there is no bijection between
A and B. Under these circumstances, we just write |A| < |B].

We now evoke the fact that if A is a finite set, then |P(A)| = 24/ which means that
|A| < |P(A)|. This fact can be generalized to infinite set and it is known as the Cantor’s
Theorem. This results reads as follows.

Theorem 6.4. Let A be a given, then |A| < |P(A)|. In particular, P(N) doesn’t have the
same cardinality than N and it is an uncountable set.

Proof. Let f: A — P(A) defined via

f(z) = {x}.

It is clear that f : A — P(A) is injective. So to conclude we need to show that there is no
bijection between A and P(A). Suppose by contradiction that there is g : A — P(A) bijective.
Let us define

B={xe Al x¢g(x)}

4
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It is clear that B is a subset of A. Moreover, since g : A — P(A) is surjective, there is b € A
such that g(b) = B. We now have two possibilities for b, either b € B or b ¢ B.

On the one hand, if b € B, then b ¢ g(b), but g(b) = B, so b ¢ B, which leads to a
contradiction. On the other hand, if b ¢ B, we get that b ¢ ¢(b), which means that b € B
and we get a contradiction too. Therefore, such function g : A — P(A) can not exist and the
conclusion follows. m

6.3.1 Cardinality of the set of Real numbers

The set of Real numbers is one of the most important examples of uncountable sets. There
are several ways to prove that this set in uncountable, but the one we present is based on the
Cantor’s Theorem.

We begin by noting that R has the same cardinality than the interval (0,1); too see this,
it is enough to consider the bijection f : R — (0, 1) defined via

__exp(x)
flo) = exp(z) + 1

So, the fact that |R| = |P(N)| will be a direct consequence of the following result.
Theorem 6.5. P(N) has the same cardinality than the interval (0,1).

Proof. Let us construct two injections, one from P(N) into (0, 1) and another from (0, 1) into
P(N) . Then the conclusion will follow from the Cantor-Schréeder-Bernstein Theorem.

1. Recall that each Real number x € (0, 1) has a unique decimal representation
Tz =0.n1n9n3N4 ...

where each n; € {0, 1, ..., 8, 9} and there is no repeating sequences of 9's at the end.
We define f : (0,1) = P(N) via

[e.9]

f(z = 0ningnsng...) = {ny - 10, ny - 10%, nz-10%, ...} = U{nk -10%3.
k=1

It is easy to see that f : (0,1) — P(N) is well-defined, so we need to prove that it is
injective. Let © = 0.ninsngng ... and y = 0.mymamszmy ..., both different elements of
(0,1). Let k € N be the first index such that n; # my. This index exists, otherwise
x = y. In particular, ng-10* ¢ f(y), so f(z) # f(y), which means that f : (0,1) — P(N)
is injective.

2. Let us now construct an injection from P(N) into (0,1). Let A C N, we consider the
sequence given by

N F_ﬁn—leA

0 otherwise.
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We consider the function g : P(N) — (0, 1) defined by

g(A) =01ofagad . =014 af- 1070,
n=1
We readily see that g : P(N) — (0,1) is well-defined. Furthermore, it is also injective.
Indeed, let A, B € P(N) with A # B. Suppose that there is p € A\ B. In particular,
ay =1and 2f =0, s0 g(A) # g(B), because each element in (0,1) admits a unique
decimal representation. Therefore, g : P(N) — (0,1) is injective and by the Cantor-
Schroeder-Bernstein Theorem the conclusion follows.

]

6.4 Exercises

- LN

Prove that the set of even and odd Natural numbers are countably infinite.
Let a,b € R with a < b. Prove that the intervals [0, 1] and [a, b] have the same cardinality.
Prove that the intervals [0, 1], [0,1), (0, 1] and (0, 1) have the same cardinality.

Prove that if A and B are countable sets, then A U B is countably infinite. Can the set
of Irrational numbers be countably infinite?

The aim of this problem is to prove that, if X is a countably infinite set and A C X is
infinite, then A is countably infinite. To do so, follow the next steps:

(a) Show that it is enough to prove the result for the particular case X = N.

(b) Show that any nonempty subset B of N has a unique minimum.

(c) Consider the function f: N — A defined recursively via
£(0) = min(4) and  f(n+1) = min(A\ {£(0), ..., f(n)}).
Show that the function is well-defined (the minimum are attained) and that
VneN, f(n)< f(n+1) A n< f(n).

(d) Prove by contraposition that f : N — A is injective.
(e) Prove by contradiction that f: N — A is surjective.
Hint: Suppose first that a < f(n) for some n € N and consider the set
B={neN]| a< f(n)}.

Show that f(ng) < a for ny := min(B) and get a contradiction. Finally, study the
case in which f(n) < a for any n € N.
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Week 7: Continuous Real-valued functions:
Sequential definition

We now begin the study of continuous Real-valued function. We might focus, unless otherwise
stated, on the case of functions defined on a bounded closed interval and whose values belong
to R. These functions will be generically denoted by f : [a,b] — R. Furthermore, if the label
of the function is of little importance, we might also use the notation x — f(x) to highlight
the expression that defines the function.

Let us emphasize that several of the results discussed in the first part of the course will be
applied, in particular those for sequence of Real numbers.

7.1 Limit of functions

The essential notion required to study the continuity of a function is the limit of a function
at some point on [a, b].

Definition 7.1. Let f : [a,b] — R be a given function. We say that L € R is the limit of f
at T € [a,b] if for any sequence {x,}°, contained in |a,b] that converges to T, we have that
f(x,) — L. We denote the limit of f at T by

lim f(z).
Let us consider the function f(x) = z™ defined on any interval of the form [a, b], where

m € N. We claim that lim,_,; f(z) exists and equals f(Z), regardless the values of a, b or m.
To see this, we use an inductive argument:

e case m = 0: Under these circumstances, f(z) = 1 for any = € [a,b] and so clearly,
lim,_,z f(z) = 1 for each Z € [a,b]. Indeed, for any sequence that converges to = € [a, b]
we must have f(x,) = 1, which means that f(x,) — 1.

e case m =—> m+ 1: We assume that the limit of z — 2™ at & € [a,b] is ™. By the
algebraic properties of the limit we know that if z,, — z and y,, — v, then x,, -y, = Z-v.
Let us take y, = 2] and y = ™, which is a suitable choice by the induction hypothesis.
Hence, 2™t = x,, - 2™ — T - 2™ = 2™, Therefore, the limit of the mapping z +— x™*!
at T is 2™, and the conclusion follows by the induction principle.

1
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7.2 Continuous function

Suppose now that we want to compute the value of (\/§)m for some m € N. We may agree
that, in practical terms, this value cannot be computed in an exact way although it can be
approximated. One way to do it, is to use the arguments exhibited above. We know that
for any sequence {x,}°°, we may take that converges to v/2, we will get that z” can be as
close as we desire from (v/2)™. If we now want to compute f(y/2) for another function, it
would be very useful to have a similar property as above, that is, that the value f(1/2) can be
approximated by a sequence of terms of the form f(z,), where x,, — v/2. When this happens
we say that f is continuous at Z = v/2. In general terms we have the following definition.

Definition 7.2. Let f : [a,b] — R be a given function. We say that f is continuous at
T € [a,b] if the limit of f at T exists and

lim f(x) = f(z).

T—T

We say that f is continuous, if it is continuous on each point on its domain [a,b].

In the light of the discussion above, we have that the map z + 2™ is continuous on any
interval [a,b] and for any m € N. It is also, easy to see that x — |z| is continuous.

Continuity is a property that can be conserved under several operations. The following
result is a direct consequence of Theorem 4.4 about algebraic combinations of sequences. We
leave the details of the proof as exercise for the reader.

Theorem 7.1. Let f : [a,b] = R and g : [a,b] — R be two given functions. Suppose that f
and g are continuous at T € |a,b]. Then f+ g and f - g are continuous at T. Furthermore, if
g(Z) #0, then f/g is also continuous at T.

Likewise, continuity is preserved under the composition of functions.

Theorem 7.2. Let f : [a,b] = R and g : [¢,d] — R be two given functions. Suppose that
f(z) € [e,d] for any x € [a,b]. If f is continuous at T € [a,b] and g is continuous at f(Z),
then go f : [a,b] — R is continuous at T.

Proof. Let {x,}7°, be a sequence contained in [a, b] that converges to z. Since f is continuous
at T, we get that y, := f(x,) — f(Z). Now, since f(x) € [c,d] for any x € [a, b] we have that
{yn}22, is a sequence contained in [c, d] that converges to f(z) € [¢,d]. Therefore, since g is
continuous at f(z), we get that

go f(wn) = g(f(2n)) = 9(yn) = 9(f(Z)) = go f(2).
0

Remark 7.1. Given two continuous functions f : [a,b] — R and g : [a,b] — R, the maps
x — max{f(x),g(x)} and x — min{f(z),g(z)} are also continuous on [a,b]. Indeed, this is
a consequence of Theorem 7.1 and Theorem 7.2. To see this, it is enough to check that both
maps can be written as the sum and composition of continuous functions in the following way

max{f(z),g(z)} = 5 (f(2) + g9(z) + |f(z) — g(2)]),
min{f(z),g(x)} = 5 (f(x) + 9(z) = [f(x) = g(=)])

N~ N =
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7.3 The range of a continuous function

We discuss now about the shape of the range of a continuous function. We recall that the
range of a function f : [a,b] — R is the set defined by

f(la;b]) :={y e R| 3z € [a,b], y = f()}.

Our goal now is to show that is a bounded closed interval. This result will be a consequence
of two important theorems for continuous functions, namely, the Intermediate Value Theorem
and the Weierstrass Theorem for Extremal Points.

7.3.1 The Intermediate Value Theorem

This result says that f([a,b]) is actually an interval and reads as follows.

Theorem 7.3. Consider a continuous function f : [a,b] — R. If ¢,d € f(|a,b]) with ¢ < d,
then [c,d] C f([a,b]).

Proof. Let y € (¢,d), we need to prove that there is x € [a, b] such that y = f(z). To do this,
we use the same argument we have used to prove the Bolzano-Weierstrass Theorem.

Let ag, by € [a,b] such that ¢ = f(ag) and d = f(bo), and define ey = 3(ag + by). Without
loss of generality we assume that ag < by. We know then that either y < f(eg) or f(ep) < y.
So we set

alz{ao if y < f(eo) and blz{eo if y < f(eo)

eg otherwise by otherwise

Note that in any case we have f(a;) <y and y < f(by).
We define then inductively e,, = %(an + b,) and set

a, ify< f(e,) en ify < f(en)
Apir1 = . and bn+1 = X
e, otherwise b  otherwise

Thus, in this way we have constructed two sequences {a, }°°; and {b, }°° ,, having the following
features:

e {a,}>°, is increasing and bounded above by b.
o {b,}>°, is decreasing and bounded below by a.
e b, —a, = 5-(b—a) for any n € N\ {0}.

e f(a,) <yandy< f(b,) for any n € N\ {0}.

The first three points implies that {a,}>2; and {b,}°, converges to the same limit, some
x € [a,b]. The last point yields, thanks to the continuity of f, to f(z) <y and y < f(x), from
where we deduce that y = f(z), and thus y € f([a,b]). O

3
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7.3.2 The Weierstrass Theorem for Extremal Points

We have seen that f([a,b]) must be an interval (by the Intermediate Value Theorem), we now
prove that it must be bounded. Actually, we prove something stronger, that the max(f([a, ]))
and min(f([a,b])) are well defined, for any continuous function defined on a closed bounded
interval. The points where max(f([a, b])) or min(f([a,b])) are attained are called the extremal
points of f.

Definition 7.3. Let f : [a,b] — R be a given function. We say that x. € [a,b] is ¢ minimum
point of f on [a,b] if
Vr € [a,b],  f(x.) < f(2).

Similarly, we say that x* € |a,b] is a maximum point of f on [a,b] if
Va € [a, 0],  f(x) < f(z7).

Example 7.1. Consider the function x — |x| defined on [—1,1]. Since 0 < |x| for any
x € [—1,1] and |z| = 0 if and only if x = 0, we get that x, = 0 is the unique minimum point
of the function on [—1,1]. On the other hand, since |x| <1 for any x € [—1,1] and |x| =1 if
and only if v =1 or x = —1, we get that 27 =1 and x5 = —1 are both mazimum points of the
function on [—1,1].

Theorem 7.4. Any continuous function f : [a,b] — R has a minimum and a mazimum point
on la,b.

Proof. m = inf{f(x) | = € [a,b]}, then there is a sequence {x,}>2; contained in [a, b] such that
f(z,) — m. By the Bolzano-Weierstrass Theorem, that sequence has a subsequence {x,, }7°,
that converges to some x, € [a,b]. But, by the continuity of f, the sequence whose terms are
f(zy,) converges to f(z.). However, {f(z,, )}, is a subsequence of {f(z,)}2,, so it must
converge to the same limit, which means that f(z.) = m, and so the infimum is attained at
z, and so

Vo € [a,b], f(z.) < f(x).

Using similar arguments, we can provide the existence of a maximum point z* € [a,b]. We
leave the details to the reader, and so the proof is complete. O]

We are now in position to prove that the range of a continuous function defined on a
bounded closed interval, is a bounded closed interval as well.

Theorem 7.5. For any continuous function f : [a,b] — R, there are ¢,d € R with ¢ < d such
that f([a,)) = [e.d).

Proof. Let ¢ = min(f([a,b])) and d = max(f([a,b])). Thanks to Theorem (7.4) these are
well-defined Real numbers.

On the one hand, by definition we get that for any x € [a,b], ¢ < f(x) and f(x) < d, which
leads to f([a,b]) C [c,d]. On the other hand, since ¢,d € f([a,b]) and ¢ < d, by Theorem 7.3
we get that [¢,d] C f([a,b]). Therefore, f([a,b]) = [c, d] and the proof is complete. O

4
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7.4 Continuity of the inverse function

One of the consequences of Theorem 7.6 is that, given a continuous function, f : [a,b] — R
the map g : [a,b] — [c, d] defined via
g(x) := f(z), for any x € [a, ]

is surjective, where ¢,d € R are such that [¢,d] = f([a,b]). Hence, if f : [a,b] — R is also
injective we get that g : [a,b] — [c,d] is a bijection and its inverse function g~ : [c,d] — [a, b]
is well-defined. Gathering all these facts, we can define a unique function f=! : [c,d] — R so
that

Vo € [a,b], flof(x)=a and Vy€lcd], fof (y) =y.

For sake of definition, we call the function f~': [c,d] — R the inverse function of f.
We now prove that the inverse function of a continuous and injective map is also continuous.

Theorem 7.6. Let f : [a,b] — R be a continuous and injective function, and let ¢,d € R such
that [c,d) = f([a,b]). Then, f~':[c,d] — R, the inverse function f, is continuous on [c,d).

Proof. Let y € [c,d] and take a sequence {y,}>2, contained in [c,d] that converges to y. By
defintion, there are x, x1, s, ... € [a, b] for which y = f(x) and y,, = f(x,) for any n € N\ {0}.
Note as well that f~!(y) = z and f~'(y,) = z, for any n € N\ {0}. So, to prove the
continuity of f~! at y we need to prove that x, — z. To do so, we show that {z,,}°2, has a
unique accumulation point, namely z, and since it’s bounded, in the light of Theorem 5.3 we
obtain that x,, — x.

Let {x,, }72, a subsequence of {x,,}>°, that converges to some Z € [a, b]. By the continuity
of f on [a, b] we get that f(x,,) — f(Z)as k — +o0o. However, since { f(z,, )}, a subsequence
of {f(z,)}>2, and f(x,) =y, — vy = f(x), by the uniqueness of the limit f(x) = f(Z). Finally,
since f is injective, we must have x = z, and so the conclusion follows. O

7.5 Exercises

1. Let f:[—1,1] — R be a function that satisfies
fx)<0ifzxe[-1,00] and 1< f(z)if z € (0,1].

Determine whether f is continuous at x = 0.

2. Let f : [a,b] — R be a continuous function. Show that for any e € R, the set
fHe) =z €lab]| flz)=e}

is closed.

3. Let a € (0,00) and consider a function f : [—a,a] — R that satisfies
Vr,y € [—a,a], VAER, \x +y € [—a,a] = f(Ax+y)=Af(z)+ f(y).

Prove that f is continuous at x = 0, and then show that it is also continuous on [—a, al.

5
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4. We say that a function f : [a,b] — R has a fixed point if there is z € [a,b] such
that f(x) = x. Prove that if f is continuous on [a,b] such that a = min(f([a,b])) and
b = max(f([a,b])), then f has a fixed point.

Hint: Study the sign of the function z — f(z) — z.
5. Let f:[a,b] — R be a function that satisfies:

(1) For any [ag, bo] C [a,b], if ¢,d € f([ao, bo]) with ¢ < d, then [c,d] C f([ao, bo)).

(2) For any e € R, the set f~!(e) := {x € [a,b] | f(x) = e} is closed.

The aim of this problem is to demonstrate that f is continuous on [a, b]. To do so, assume
by contradiction that f is not continuous at some x € [a, b] and follow the next steps:

(a) Show that there are ¢ € (0,4+00) and a sequence {z,}>°, contained in [a,b] that
converges to x so that

Vn e N\{0}, & <|f(zn) — f(z)].
(b) Prove using condition (1) that for any n € N\ {0} there is y,, € [a, b] such that
|y — | < |an — 2| and  |f(ya) — f(2)] = €.

(c) Prove for any n € N\ {0} either y, € f(f(z)+¢) or y, € f(f(z) —¢). Finally, get
a contradiction using condition (2) and conclude.

6. Let f:]a,b] — R be a continuous function. Show that there are z,,2* € [a,b] such that

f(x1) + f(22)

fle) < T2

< f(x*)v for any ri, Tz € [a7b]‘

Using this, prove that for any x, x5 € [a, b] there is x € [a, b] such that

7. Let m € N\ {0} be a fixed Natural number and consider the function f : [0,1] — R
defined via
f(z) =a™, foranyz € [0,1].

Prove that its inverse, denoted z/~: [0, 1] — R, is well-defined and continuous on [0, 1].
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Week 8: Continuous Real-valued functions:
topological definition

We continue the study of continuous Real-valued function using another point of view. So far,
we have used sequences to define the continuity of a function. We now present a definition
based on topological notions, which in this setting means based on open intervals around a
point = € R that have the following form

(8.1) (Z—rz4+r)={zeR| z—r<z ANzx<z+r}={zeR| |[z—2Z|<r}

where r € (0,400). The set (8.1) is called the open interval centered at z of radius r.

8.1 Topological definition of continuity
The characterization of the continuity we introduce now is written in terms of € — 4.

Theorem 8.1. Let f : [a,b] — R be a given function. Then, f is continuous at T € [a,b] if
and only if

(8.2) Ve € (0,+00), 30 € (0,00), Vx € [a,b], |t —Z| <6 = |f(x) — f(Z)| <e.

Proof. We first see the implication (<), that is, suppose that (8.2) holds. Let {z,}>2; be an
arbitrary sequence contained in [a, b] that converges to Z, we need to prove that f(x,) — f(Z).

Let ¢ € (0,400) be fixed but arbitrary. Let us consider § € (0,400) given by (8.2) and
associated with . Since z,, — Z, there is N € N such that |z, — Z| < ¢ for any n € N with
N < n. Hence, by (8.2) we have that |f(z,) — f(Z)| < &, or in other words, f(x,) — f(Z).

For the other implication we argue by contradiction. Assume that f is continuous at = and
that (8.2) is false. Then, there is € € (0, +00) such that for any ¢ € (0, +00) there is = € [a, b]
such that

[z —z[ <0 A e<|f(z) = f(T)].

By taking, § = % we can produce a sequence that converges to = (by the condition |z, —Z| < %)
and such that e < |f(z,) — f(Z)|. Since € € (0, +00) doesn’t depend on the sequence nor on
J, the latter implies that {f(z,)}>2, cannot converge to f(z), which yields to a contradiction.
Therefore, (8.2) holds true and the theorem has been proved. O

1
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Remark 8.1. Let & € (a,b) and € € (0,400) be given. Set B = (f(z) — ¢, f(T) + €), that is,
the open interval centered at f(Z) of radius . Then, condition (8.2) says that there is another
open interval A = (& — 0, + 0), centered at T of radius 0, such that

AC f7(B) = {z € [a,]| f(z) € B).

Hence, from a topological point of view, a continuous function is a function, for which the
pre-image of an open interval centered at f(Z) contains an open interval centered at T.

In the cases T = a or T = b, the same is true but with the slight modification that, instead
of the open interval A = (T — 6, + 0), we need to consider the open intervals relative to [a, b]

a,a+6) AN (z—6,b].

It’s important to remark that in (8.2), § depends in general on ¢ and the interval [a, b], we
will see later that 0 can always be taken independently of Z. Let’s see some example:

e Take f(x) = 2™ for some m € N defined on any interval [a,b]. Take T € [a, b] fixed.
— If m =0, we get |f(z) — f(Z)| =0, so (8.2) holds immediately for any § € (0, +00).
In this case, § doesn’t depend on &, T nor the interval [a, b].

— If m =1, we have |f(z) — f(Z)| = |z — Z|, so taking ¢ = § in (8.2) the condition
holds. In this case, § depends only on €.

— For the case m € N\ {0, 1} we use the fact that
2" — T = (r— ) (2™ 2" 2™ L 2% a4 e,
Note that for any x € [a, ], including Z, we have |z| < max{|a|, |b|}. Hence,

o e R R B e I 1 e R e ] I £l 1 Kl Kl

< m - max{|al, [} ",
Therefore, combining these inequalities we
2™ — 2| < |z — 7)| - m - max{]al, [b[}"".

So,
5

- m-max{[a], [b[}~

works for (8.2). Note that in this case ¢ depends on ¢ and the interval [a,b]. Note
that § decreases its values as long as |a| or |b| increase their values.

e Consider a function f : [a,b] — R that satisfies
(8.3) Vr,y € [a,b], VAER, Mz +y €[a,b] = f(Az+y)=Af(z)+ f(y).

Let see that (8.2) holds at & € [a,b]. Assume that a # 0, otherwise use b instead of a.
Note that (8.3) yields to

(8.4 fo) =1 (St v e) = T o)+ fo)
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Hence,

F(@) — f@)| = |v— 7| - ‘M

If on the one hand, f(a) = 0 we get that the right-hand side equals zero, in which case,
any 0 € (0,+00) makes (8.2) to hold. On the other hand, if f(a) # 0, then it’s enough

to take 0 = |;(|Z)|| and (8.2) will hold.

In the latter case, we can prove that condition (8.3) implies that @ is constant for any
x € [a,b]\{0}. Indeed, this comes from evaluating (8.4) at T = a; if a = 0 the same arguments
work with b instead of a. In particular, we get that there is ¢ € [0+ c0), which doesn’t depend

on Z such that f(a) = ¢-a. This means that in the last example we have

(8.5) Yo,y € la,b],  [f(z) = fY)l <c-fo—yl

Functions that satisfies (8.5) receive a special name, they are called Lipchitz continuous.
Moreover, the non-negative Real number ¢ in (8.5) is called a Lipschitz constant of f on [a, b].

It is worthy to note that Lipschitz continuous functions, are actually continuous maps, and
have the remarkable property that ¢ in (8.2) can be always taken independently of z. In fact,
0=c¢- % always works, where ¢ € R is a positive Lipschitz constant of f on [a, b].

All the examples we have seen so far are actually Lipschitz continuous function, however,
there are functions that don’t have this property. For instances, the function z — /x defined
on [0, 1] is not Lipschitz continuous. Indeed, if that were the case, there would be ¢ € (0, 4+00)
so that

Vo, z €10,1], |Vr—Vi|<c-|r—z|

Evaluating this at = 0 we get /z < ¢-z for any = € (0, 1]. Since, by definition x = \/z - \/x,
we get then that z < ¢? - 22, so dividing by x we finally get 1 < ¢ - 2. We know that the
function x — ¢? - z is continuous at x = 0, so letting x goes to 0 we finally get 1 < 0, which
cannot be.

Although the x — /z on [0, 1] is not Lipschitz continuous, it does satisfies an interesting
property (we leave the details of the inequality as exercise for the reader):

Vz,y € (0,1, [V -yl <V]z -yl

Let us point out that x — +/z is then continuous on [0, 1]. Indeed, for any £ € (0, +00), we
just need to take § = €% and (8.2) will be true for any Z € [0, 1]. Moreover, any function that
satisfies a similar inequality is called Holder continuous. More precisely, given « € QN (0, 1)
we say that a function f : [a,b] — R is a-Hdélder continuous if

(8.6) Ve e labl, |f(0)— f)l < ez -yl

The notation ¢ for x € [0, +00) stands for the Real number /a7, where p € Z and ¢ € N\ {0}
are so that ¢ - a = p. In particular, we say that z — /z is %—Hélder continuous.

The functions we have reviewed have the particularity that, to prove their continuity prop-
erties using (8.2), we have provided a § € (0,4+00) that doesn’t depend on the point z we are
studying the continuity. So to speak, we have taken the parameter ¢ uniformly on the interval

3
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[a,b]. This fact, is actually general for function defined on bounded closed intervals; it is not
necessarily true if the domain is not bounded. Therefore, we say that a function f : [a,b] — R
is uniformly continuous on [a, b] provided that

(8.7) Ve € (0,+00), 36 € (0,4+00), Va,y € [a,b], |z —y| <d = |f(z) — f(y)| <e.

It is clear that a uniformly continuous function is continuous. We now will prove that the
converse is also true for function defined on closed bounded intervals.

Theorem 8.2. Let f : [a,b] — R be a given continuous function. Then, [ is uniformly
continuous on |a, b.

Proof. Assume by contradiction that (8.7) doesn’t hold. Then, there is € € (0, +00) and two
sequence {x,}>2; and {y,}2, contained in [a, b] such that

Vi €N\ {0}, fon—pal <> and < < [f(m) ~ fly)

By the Bolzano-Weierstrass Theorem, {z, }°°, and {y, }>°; have converging subsequences, say
to & and y, respectively. We can assume that both subsequences have the same numeration,
that is, z,,, — 7 and y,,, = y as k — +o0. Since z,,—y,, — 0 asn — +o0, then z,,, —y,,, — 0 as
k — +o00, which means that £ = y. Moreover, by continuity of f, we get that f(x,,)—f(yn,) —
f(z) — f(y) = 0, because T = g, but this implies that ¢ < 0, which cannot be. We conclude
then that f is uniformly continuous on [a, b]. O

8.2 Exponential functions

We now present a function that plays a fundamental role in Calculus, the so-called exponential
function exp : R — R define via

exp(z) = lim (1 + E) , for any x € R.
n—-+oo n

Sometimes, it is also denoted by x — e”. Let us begin the study by proving that the function

is well-defined, which in this case means that, given € R fixed the limit of { f,,(z)}22, exists

and it is a Real number, where

€T n
ful) = <1+E> .
e For any n € N and h € (—1,+00), we have
(8.8) I14+n-h<(1+h)"

To see we use induction. The case n = 0 is trivial, let us just focus on the inductive step.
Suppose that the result is true for n € N, then

1+(n+1)-h<1+(n+1)-h+n-h*=(14+n-h)-(1+h) < (1+h)"-(1+h) = (1+h)"".

4
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e Let N :=max{n € N |z > —N}, then {fnin(z)}>2, is increasing. Indeed, note first
of all that for any n € N\ {0}, we have fni,(x) > 0. Hence, for n € N\ {0} fixed we
obtain

ﬁ}[;i—zzg): (1_ (N+n+1)JEN+n+x)>N+n+l'(1+Nin>'

On the other hand, w7

1 — N+n _ N+n+z\ 1_ x (14 x <fN+n+1(35)
 \N+n+z N+n B N+n+z N+n/) = fyin(z)
e For any n € N\ {0}, if z < 1 we have
N+n
Frn(z) = N+n+a\¥" 1 !
N+niT) = N +n [ '

Since 7 < 1 we get by (8.8) that

< 1, so by (8.8) we get

fN+n(x) S 1i$

Therefore, {f,(x)}22, is bounded provided x < 1.

e For any n € N\ {0}, if 1 < x, by the Archimedean property, there is m € N so that
= < 1, and since { f,(7)};2, is increasing we have

T m-(N+n) 1 m
fN+n($) < fm-(NJrn)('I) = (1 + m) < ( - ) .

Thus, {f.(x)}2, is also bounded above if 1 < z.

n=1

Gathering all there affirmations we get that, for any = € R, the sequence {fyin(z)}22, is
increasing and bounded below, so it must converge to some positive Real number. It is also
clear that the limit of {fyy,(x)}52, converges, then {f,(x)}5°; also converges, which means
that zexp(z) is well defined.

8.3 Exercises

1. Let f : [a,b] — R be a continuous function. Suppose that f(z) € (0,400). Show that
there is § € (0, +00) such that
Ve e (Z—0,2+0)N]a,b], f(z)€ (0,+00).
2. Let f : [a,b] — R be a Lipschitz continuous function with Lipschitz constant ¢ € (0, 1).

Prove that f has a unique fixed point, that is, there is a unique x € [a,b] such that
f(z) = z. Hint: Consider a sequence defined inductively as follows:

Vn € N\ {0}, 41 = f(zn),

where z; € [a,b] is any point. Show that this sequence is a Cauchy sequence.

5



CONTINUOUS FUNCTIONS MATH 4031 - SPRING 2016

3. f:R — R be a continuous function such that

Ve,y e R, |z —y| <|f(z) = fW)l.
The aim of this problem is to show that f(R), the range of f, equals R.

(a) Prove that f(R) is a closed interval, that is, either [c, d], [¢, +0), (—o0,d] or R.
(b) Prove that for any z € R and y € (0, +00) with x # y we have

flety) < flz) VvV flz—y)<flz)

Hint: Assume the statement is false and find a contradiction using the Intermediate
Value Theorem.

(c) Prove that the only possible option is that f(R) equals R.

4. Let f: (a,b) — R be a function that is uniformly continuous on (a,b), that is, satisfies
(8.7) when replacing [a,b] with (a,b). Prove that there is a unique continuous function
g : [a,b] — R such that

Vr € (CL, b)? f(l‘) = g(f)

Hint: Study the existence of the limit of { f(z,)}>, for any sequence contained in (a, b)
such that x, — a or x, — b.

5. The goal of this problem is to prove that = +— exp(z) doesn’t satisfy (8.7) when replacing
[a,b] with R, that is, it is not uniformly continuous on R.

(a) Prove using the definition of z — exp(z) that it has the semi-group property,
that is,

Ve, y € R, exp(x +y) = exp(z) - exp(y).

Hint: Prove that if f,(z) := (1+ £)", then for some sequence {z,}22, that con-
verges to zero, we have

B falz +y) 1
=T @) ) S 1t

(b) Show that exp(1) € [2,4+00) and that exp(n) = exp(1)".

1

(c¢) Conclude using a contradiction argument and the previous parts.
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Week 9: Uniform convergence of Continuous
Real-valued functions

9.1 Pointwise convergence

We have defined the exponential function exp : R — R via

exp(z) = lim (1 + %)n, for any x € R.

n—-+o0o

We have proved that the limit exists and it is a positive Real number. In other words, we have
shown that the sequence of function f, : R — R given by

i

fuo) = (14 2)"

n

satisfies the following property:
VeeR, f.(x)— exp(x).

In this case we say that f,, converges pointwise to exp(-) on any interval [a,b]. In general
terms we have the following definition.

Definition 9.1. Let f : [a,b] — R be a given function and {f,}52, be a sequence functions
on [a,b], that is, f, : [a,b] = R for each n € N\ {0}. We say that f,, converges pointwise to
fon la,b] if

(9.1) Vo € [a,b], Ve € (0,400), AN €N, Vn e N, N <n = |f.(z) — f(2)] < ¢,

or in other words, for each x € [a,b] we have f,(x) — f(x) as a sequence of Real numbers.
Under these circumstances, we write f, — [ pointwise on |a,b).

Let us point out a few things about pointwise convergence.
e Consider {f,}>,, a sequence of continuous functions on [a, b], that is, each f, is con-

tinuous on [a,b]. If f, — f on [a,b], to some function f : [a,b] — R, then f can be
continuous but also discontinuous:
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1. Consider z — f,(z) := (1 + %)n, we know that each f,, is continuous on any interval
[a,b]. The exponential function is continuous at any x € R. Indeed, since for any
x € (—1,1) we have

1 < <
+z <exp(z) < .

Then, by the Squeeze theorem x — exp(z) is continuous at Z = 0. Moreover, since

exp(Z) — exp(z) = exp(7) - (1 — exp(z — 7)),
we get that  +— exp(z) is continuous at any = € R. Hence, {f,}>°, converges
pointwise on any interval [a, b] to a continuous function, namely, to x — exp(z).

2. Consider the sequence of functions defined via z — 2" defined on [0, 1]. We have
that setting f,(x) = 2"

fn(0) =0 and  f,(1) = 1.

Furthermore, since for any = € (0,1) we have that 2" — 0 as n — +o00. Indeed, for

any = € (0,1) fixed, there is k € N such that x < k—ﬁl, and so,

" ( k )n 1 1 k
" < = T < — = .
Since the right handside converges to zero as n — +oo, by the Squeeze Theorem
we get our initial claim. Hence, the sequence of function converges to the following

discontinuous function.
0 iftel0,1),
€Tr) =
/(@) {1 if t =1.

e N € Ngiven by (9.1) depends in general on = € [a,b] as well as € € (0, +00). This means
that we cannot expect to have in every situation the same N for all x € [a,b]. To see
this, consider the following sequence of functions on [0, 1]:

n-x if t € [0,11],
fal)=q2—-n-a ifte(s,?2]
0 if t € (2,1].

Clearly f,(0) — 0, and furthermore, since for any = € (0, 1] there is n € N such that
x < 2, we get that f, — 0 pointwise on [0,1]. Let k& € N\ {0} and take ¢ € (0,1), by
(9.1) there is N € N so that

1
N<n = |fn(E)\<5<1.

But, fk(%) = 1, which means that N < k is not possible, and so we must have k < N.

These remarks show that the notion of pointwise converge is not strong enough to preserve
continuity of function when passing into the limit. For these reasons we introduce a new notion
of convergence for functions.
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Definition 9.2. Let f : [a,b] — R be a given function and { f,}5°, be a sequence functions on
[a,b], that is, f, : [a,b] — R for each n € N\ {0}. We say that f, converges uniformly to

f onla,b] if

(9.2) Ve € (0,400), AN €N, Vn e N, Vz € [a,b], N <n = |f.(x) — f(z)| <e,

Under these circumstances, we write f, — f uniformly on [a,b].
Note that on (9.2) the condition

Vo € [a,b], N <n = |fu(z) — f(z)| <¢

is equivalent to
N<n = |[[fu = fllo <€

where ||g]| = sup{|g(z)| | = € [a,b]} for any function g : [a,b] — R, is called the sup-norm
of g on [a,b]. Consequently, (9.2) simply means that each ||f, — f|/~ is a Real number and
| fn — flloo = 0 as n — 4o00; this must be understood as convergence as Real number.

We now show that the notion of uniform convergence is more appropriate to handle con-
tinuous functions rather than the pointwise convergence.

Theorem 9.1. Let f : [a,b] — R be a given function and {f,}°2, be a sequence of continuous
functions on [a,b], that is, each f, : [a,b] — R is continuous. Suppose that f, — f uniformly
on la,bl], then f is continuous on [a,b].

Proof. Let T € [a,b] and € € (0,+00). Since f, — f uniformly on [a, b], there is N € N such
that .
||fN - f”oo < g

Furthermore, since x — fy(z) is continuous, there is § € (0, +00) such that

Vo elab], v -7 <8 = VM@—Jw@N<§

Also, note that for any x € [a, b], including & we have

|f(z) = fn(@)] < (If = fivlloo-

Hence, combining all these inequalities, for any x € [a, b] with |z — Z| < § we get

F@) = 1@ < |F(@) = fx@)| + | Fne) = f (@] + | (@) - @)
<N = frllo + 5 + 1o = Fll

<S58
-3 3 3

From where we conclude that f is continuous at z, and since this is a generic point, we have
proved that f is continuous on [a, b]. O]
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9.2 Cauchy criterion
From this onward we start noticing that the set of Real numbers and the set of all continuous

functions share several properties. For example, both are closed under:

e algebraic combinations, that is algebraic combinations of (Real numbers)/(continuous
functions) are a (Real numbers)/(continuous functions).

e limiting process, that is, the limit of a convergent Sequence of (Real numbers)/(continuous
functions) are (Real numbers)/(continuous functions).

In the last point we are of course talking about uniform convergence. Many others properties
are common to Real numbers and continuous functions, and the key point is to let || f||o play
the role absolute value.

Recall that a sequence of Real numbers {z,}>2, converges if and only if it is a Cauchy
sequence, that is,

Ve € (0,400), AN e N\ {0}, Vn,pe N, N <n = |24, — x| <e.
In a similar way we can define a Cauchy sequence of functions.

Definition 9.3. Let {f,}>2, be a sequence of functions on |a,b]. We say that {f,}5° is a
Cauchy sequence of functions provided that

(9.3) Ve € (0,+00), AN e N\ {0}, Vn.pe N, N <n = ||forp — [ulloo <e.

Similarly as for Real numbers, if {f,,}°°, converges uniformly to some function, then it is
a Cauchy sequence of functions; we leave the details as exercise for the reader. The converse,
as well as for Real numbers turns out to be true.

Theorem 9.2. Let {f,}22, be a Cauchy sequence of continuous functions on [a,b], then there
is a function f : [a,b] — R continuous such that f, — f uniformly on |a,b].

Proof. The proof is divide into two parts, first we construct a candidate to limit, and then we
prove that the candidate is actually a uniform limit of {f,}22,.

e Note that for any x € [a, b] we have

|fn+p(x> - fn<$>| < ||fn+p - fn”oo

Hence, for any x € [a, b], the sequence of Real numbers { f,,(x)}22, is a Cauchy sequence
(in R). Hence, by the completeness of R the sequence {f,(z)}>°, converges. Let us call
this limit L, (the subindex is because the limit depends on x). Note that this can be
done for any z € [a, b], and so, we can define a function f : [a,b] — R via

Vr € [a,b], f(z):= L,.

The function f is our candidate to limit, because if f,, — f uniformly on [a, b], we must
also have that f, — f pointwise on [a, b]. The latter is because

Va € [avb]v |f($) - fn(x)| < Hf - anOO'

4
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e Let n € N\ {0} such that for any n € N with N < n we have

”.fn-i—p - fn”oo <e

In particular, we have for any z € [a, b] that

[ frtp(®) = fulz)] < e

Then, letting p — 400 we get

f(x) = falz)] < e
But this is true for any = € [a,b] and any n € N with N < n, which means that f,, — f

uniformly on [a,b]. The fact that f is continuous on [a,b] is a direct consequence of
Theorem 9.1, and so the proof is complete.

9.3 Dini’s theorem

We have seen that the notion of pointwise convergence is weaker than the notion of uniform
converge, and that the first one doesn’t imply the second. There are few instances in which

both notions of convergence coincide, one of these is the so-called Dini’s Theorem, which we
read as follows.

Theorem 9.3. Let {f,}5°, be a sequence of continuous functions on [a,b] and let f : [a,b] — R
be a continuous function on |a,b]. Suppose that converges f, — f pointwise on |a,b] and that
one of the following holds:

e for any x € [a,b|, the sequence {f,(x)}° is decreasing.

o for any x € [a,b], the sequence {f,(x)}>2, is increasing.
Then f, — f uniformly on [a,b].

Before exhibiting the proof, let us make few comments about this theorem:

e This result is a somehow generalization of the monotonic sequences Theorem to contin-
uous functions. In this case, the function f is playing the role of upper bound.

e The monotonic assumptions are fundamental to obtain the result, which can fail if this
is not consider, even if f is continuous; see Exercise 6.

The proof of Dini’s Theorem requires some tools we haven’t introduced so far. We make now a
stop in the presentation of continuous function to study the so-called Heine-Borel Theorem.
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9.3.1 Heine-Borel Theorem

We explained that the underlying idea behind the topological definition of continuity f :
[a,b] — R at z is that any set of the form

{re(ab)] flx) e (f(T)—¢ f(T)+e)

must contain an open interval that contains . So to speak, any set having this property is
called open around Z. Formally speaking we say that A C R is open if for any for any x € A,
there is an open interval centered at x of radius r, € (0,400) contained in A, that is

(9.4) Ve e A, Ir, € (0,4+00), (r—rpx+71,) CA

It is not difficult to see that any open interval (a, ) is actually an open set in terms of the
preceding definition; we leave the details as exercise for the reader.

Let be a closed bounded interval [a,b] and r € (0, +00), we know that we can cover the
interval [a, b] using all the possible open interval of the forms (z — r, z + r), that is,

[a,b] C U (x —r,x+r).
z€a,b]

We readily see that, since r € (0, +00) is fixed, we don’t need to use all the z € [a, b] to cover
[a,b] but a finite number of them, that is, we can select xy, xs,...,z, € [a,b] such that

p
Cl b g U xk_ryxk"i_?n)a

that is, we can pass from an arbitrary open covering to a finite open covering of [a, ].
What we have just described is the basic idea behind the Heine-Borel Theorem, although
instead of having open intervals of fixed radius we allow them to vary.

Theorem 9.4. Let {O;}icr be a collection of open sets of R that covers the interval |a,b], that

18
[av b] - U Oz
el
Then, there are iy, ...,1, € I such that

p
abQU

Proof. Let us argue by contradiction. Suppose that there is a covering {O;};er of [a,b] that
doesn’t have a finite family of elements that covers the interval [a, b]. If that is true, then either
the subinterval [a, 2] or [44,b] cannot be covered by a finite family of elements of {O;}e;.

Hence we set
ap = {

2
. { atb if [a, “t2] cannot be covered by a finite of {O;}ier
1 pu—

if [a, 2] cannot be covered by a finite of {O;}ies

2
f=al

0 otherwise

(=

2 2
b otherwise
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Note that in any case by — a; = 5(b — a). Since the interval [a;,by] cannot be covered by a

a1~2l>b1 ]

finite family of elements of {O;};cs, the same is true for one of the subintervals [ay, or

[%, b1]. Hence, repeating the preceding process we can create a a sequence of intervals
. g [an+17bn+l] g [a'nabn] s g [alybl] g [CL, b]

with [an, b, = 57 (b — a). We get then that there is = € [a, ] such that {z} = (7", [an, by).
Now, since {O;};cr cover [a,b] there is i € I such that = € O;, and since each O; is open
there is r; € (0, 400) such that
(x —ri,x+13) C O;.

Note that  — a, < 37 (b —a) and b, — 2 < 5:(b — a), Hence for taking n € N such that

1
—(0b—a)<2-r

2n
we get that [a,,b,] C (x — r;,x + r;) € O;, which contradicts the fact that [a,,b,] cannot be
covered by a finite family of elements of {O;};c;. So, the conclusion follows. n

Remark 9.1. Note that the result is still true if the collection {O; }ier is open but relatively to
[a,b], that is, if the following holds

Vie I,Vr €Oy, Ir, € (0,4+0), (x—ryx+71,)N][a,b] CO;.
The exact same proof works; we leave the details for the reader.

We are now in position to prove the Dini’s Theorem

Proof of Theorem 9.3. Suppose that the sequences {f,(x)}>2, are all increasing. Hence, in
particular, f,(z) < f(z) for any = € [a,b]. This is because f(z) is the pointwise limit (and so,
under these circumstances the supremum) of {f,(z)}> ;.

Take € € (0,400). For every n € N\ {0} we set

On:{ZEE [avb]|f($)_5<fn(x)}

Clearly, since the sequence { f,,(z)}>; are all increasing, O,, C O,,1; for any n € N\ {0}.
Also {O,}7_, is a collection of open subsets relative to [a, b] whose union covers [a, b]:

e Let x € [a,b], since f, — f pointwise on [a,b] there is N € N such that f(z) — fn(z) =
|f(z) — fn(x)| < e, and so x € Oy. This leads then to say that {O,}"_, covers [a, b].

e Let n € N\ {0} to be fixed and let Z € [a,b], we know that f — f, is continuous at Z,
and so, for € = ¢ — f(z) + f,.(z) there is 6, € (0,400) so that
Vo € [a,b], [v— 2| <0 = [(f(2) = fulz)) = (f(Z) = fu(@))] < £
In other words, we have that each O, is relatively open to [a, b] because:

(T — 0, T+ 6n) N [a,b] C O,,.

By the Heine-Borel Theorem and Remark (9.1), there is an integer N € N\ {0} such that
[a,b] C Oy. This means that f(z) —e < fn(x) for any x € [a,b]. Thus, for every n € N
with N < n, we have f(x) —e < f,(x) < f(z) for all x € [a,b]. This proves ||f — fulleo < €
whenever N < n, and so the conclusion follows. O
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9.4 Exercises

1. Let f: R — R be a given function. For any a € R, let f, : R — R be the shifted function
Ve € R, fu(z):= f(z —a).

(a) Show that f is continuous if and only if, whenever {a, }°°, is a sequence in R which
converges to zero, the shifted functions f, converge pointwise to f on R.

(b) Show that f is uniformly continuous if and only if, whenever {a,}>°, is a sequence
in R with a,, — 0, the shifted functions f,, converge uniformly to f on R.

2. Let {f,}°°, and {g,}°°, be two Cauchy sequences of continuous functions on [a, b].
Show, using the Cauchy criterion, that there is a continuous function h : [a, b] — R such
that f, - g, — h uniformly on [a, b].

Hint: Prove that both sequences are uniformly bounded, that is,

M € (0,+00), Vn €N [[fulloo < M A lgnllec < M.

3. Let {fn.}22, be a sequence of continuous functions on [a,b] and a sequence {c,}>2
contained in [0, 400) such that

Vo € lab], |f(x)]<cn and D = SER
k=1

Let {s,}52, be the sequence of continuous functions on [a, b] defined via:
Va € [a,b], Yn € N\ {0}, su(z):=)_ fal2).

Prove that {s,}>2; converges uniformly on [a,b] to some function s : [a,b] — R. Is s
uniformly continuous on [a, b]?

Hint: Prove that {s,}°°, is a Cauchy sequence of functions.
4. Prove that a set A is closed if and only if R\ A is open.

5. Prove that the sequence of function {f,}2, given by

€T n
n =11 —)
fulw) = (145
converges uniformly to x — exp(z) on any closed bounded interval [a, b].
6. Show that {f,}>°, the sequence of continuous functions on [0, 1] given by
Ve 01, Vo e N\{0}, ful@)=(n+1)-a"-(1—2),

converges pointwise to zero, but it fail to converge uniformly to zero. Does this contradict
the Dini’s Theorem?

Hint: Evaluate f, at v = ;25.
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Week 11: Introduction to integration theory

We begin the study of one of the pillar of calculus, namely integration. Along this part of the
course we mainly focus on the Riemann integral, however at the end of the course we will
present a short overview on Lebesgue integral.

Unless otherwise stated, we focus on bounded functions defined on a bounded closed interval
and whose values belong to R. Recall that a function is said to be bounded if

my = inf{f(x) | = €la,b]} €R My :=sup{f(z)| = €[a,b]} €eR

11.1 Introductory example

From a practical point of view, the integral of a non negative function can be interpreted as
the area of the region on the zy-plane limited by the curves

y=f(z), y=0, z=a, xz=0.

For example, let us consider the function f(z) = 2% defined on [0,1]. There are several way
to estimate the area under the curve, but we basically use two, one that approximates it from
below and another that does it from above.

We begin by taking n € N\ {0} and then dividing the interval [0, 1] into n subintervals
whose lengths are %, that is, setting xy := % for any k € {0,...,n}, we consider the intervals

[[L’k_l,l'k] - [07 1], Vk € {1,...,”}.

On each of these intervals, let us denote by Aj the area of the region on the zy-plane
limited by the curves

2
y=x", y=0, x=x4_1, T=214

Note that 23 | < x? < 2% | for any x € [x)_1, 7x], from where we may assume that
xiq(Ik —ap1) < A < xi(xk — Tp_1).

The latter yields to

_1)\2 2
it R
n n

If we call A the area of the region limited by the curves

y:x2, y=0, =0, z=1,
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we immediately see that A =7 | Ay, from where get the estimates

1 ¢ ) 1 o
EZ(k—l) <A< Ezk .
k=1 k=1
At this point we might state an intermediate result regarding sums:

Lemma 11.1. For any n € N\ {0} we have

& n®+n ~ , 2:n3+3-n2+n
D k=0 and Y K= ;
k=1 k=1

Hence, by Lemma 11.1 we have that

2-n3+n2—n<A<2-n3+3-n2+n
6 - n3 - - 6-n3

Finally, since n € N\ {0} is arbitrary, we can let n — 400 and so, by the Squeeze Theorem
we get that A = 1.

This example shows the underlying ideas behind the concept of Riemann integral of a
function. However, we need to be careful and not take this as the definition of the Riemann
integral, but only as an application; the idea only works if the function has non-negative values.
Note that we have talked about areas but we have never defined them in mathematical terms.

11.2 Riemann integral for piecewise constant functions

We turn to a formal definition of the Riemann integral of a function. We first introduce
the simplest class of functions for which this integral can be defined, and later on, we give a
definition that works for a wider class of mappings, which in particular includes the continuous
functions.

Let I C R be a bounded interval, that is, for some a,b € R with a < b, I agrees with one
of the following sets

(a,b), [a,b), (a,b], [a,b].

Recall that if @ = b then in the first three situations we get I = () and in the last one
I ={a} = {b}. In any case, we define the length of the interval I, denoted by ¢(I), via

UI):=b—a.
Note that this means that if I and J are two bounded interval, then

INJ=0 = (InJ)=0.
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11.2.1 Partitions of intervals

One of the key tools required to introduce the concept of Riemann integral of a function is the
notion of partition of an interval.

Definition 11.1. Let a,b € R with a < b. A partition P of [a,b] is a finite collection of
nonempty pairwise disjoint intervals that covers [a,b]. In other words, P = {Iy, I5,...,I,}
where each I is a nonempty interval contained in [a,b] such that

Vo € [a,b], Ak e {1,....,n}, x € I.
Under these circumstances, we define the mesh of P via
||P|| = max{g(ll)v s ag(Ik)a s 76(]71)}

Remark 11.1. Alternatively, we can define a partition of [a,b] as a finite collection of points
P ={xg, x1,...,2,} with xg = a and x, = b, so that

xp € [a,b] and x4 <uxp, Vk=1,...,n.

Under these circumstances, each xy is called a node of the partition. Furthermore, the mesh
of P is then given by

|P|| := max{z1 — xg, ..., Tk — Tp—1y- -, Ty — Tp_1}
We leave the details as exercise for the reader.

In the light of the preceding remark, it is not difficult to see that, given a partition
P = {6, I,...,I,} of [a,b], the length of the interval [a,b] is the sum of the length of
the subintervals of the partition, that is,

(([a,b) =) €(1y).

Moreover, if [¢,d] C [a,b], then

n

(e, b)) =D (e, d) N T).

k=1

To see this is enough to notice that P = {[c,d| NIy, ..., [c,d] N I,} \ {0} is a partition of [, d].
Given two partitions P, = {Iy, Is,...,I,} and P, = {Jy, Jo,..., J,} of an interval [a, b],
we defined the common refinement of P; and P, denoted P,#Ps, as the partition

P#P, =0 73\ {0}

i=1j=1

Example 11.1. Let P, = {[0,1),{1}, (1,2),[2,3]|} and P, = {{0},(0,1],(1,3]} be two parti-
tions of the interval [0, 3], then

Pi#P, = {{0}7 (07 1)’ {1}’ (17 2)7 [27 3]}

3
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11.2.2 Piecewise constant functions

Given a partition P = {Iy, Iy,...,I,} of [a,b], we say that a function f : [a,b] — R is
piecewise constant relative to P if there are ¢q,..., ¢, € R such that

f(x) =c¢x whenever x € Ij.

Example 11.2. Let P = {[0,1),{1}, (1,2]} be a partition of the interval [0,2], then

2 ifzxe|0,1)
flz)y=«1 ife=1
-1 ifxe(1,2]
is a piecewise constant function relative to P defined on [0, 2].

Note that if f : [a,b] — R is piecewise constant relative to a partition P; and to another
partition P, then it is also piecewise constant relative to their common refinement Pi#P;.
This means in particular that a function can be piecewise constant relative to several partitions
at the same time. For this reason, it is convenient to introduce a new definition that avoids
fixing beforehand a partition.

Definition 11.2. We say that a function f : [a,b] — R is piecewise constant on [a,b] if
there is a partition P = {I, Iy, ..., I,} of [a,b] so that [ is piecewise constant relative to P.

It turns out that for the class of functions that are piecewise constant on an interval [a, b],
the Riemann integral can be defined in simple terms.

Definition 11.3. Let f : [a,b] — R be a piecewise constant function, then its Riemann
integral is defined via the formula:

b n
/ f = ché(lk),
@ k=1

where P = {Iy, Iy,...,I,} is any partition of [a,b] for which f is piecewise constant relative
to P and each cy is the value of f on the interval Iy.

Remark 11.2. Note that in Definition 11.3 the value of fabf is independent of the partition
taken. Indeed, if Py = {Iy, Is,...,I,} and Py = {1, Jo,...,Jn} are two different partition
associated with f, that is, there are ¢1,...,c, € R and dy,...,d,, € R such that

f(z) =c¢ whenever x € I; and f(x)=d; wheneverz € J,.
Since [ is also piecewise constant relative to Py# P, we have that
f(x) =e;; wheneverxz € I;NJ;.
Note that if I N J; = 0 then e; ; can be any Real number, but if I; N J; # 0, then e; ; = ¢; = d;.

Hence,
n n

i=1 i=1 j=1

4
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Similarly,
j=1 j=1 i=1 i=1 j=1
From where we get that
Y il =Y d;- ().
i=1 j=1

Example 11.3. Let us pick up the data on Example 11.2, then

/2f:2-6([0,1))+1~£({1})—1-6((1,2]):2+O—1:1.

Let us point out some properties of the Riemann integral of a piecewise constant function
f i |a,b] — R; for more general properties we refer to Exercise 4.

e If f is constant all along [a, b], that is, if f(x) = ¢ for any z € [a, ], then
b
/ f=c-(b—a).
e If f is bounded, that is, ms, My € R, then
b
mp(b-a)< [ F <My (b-a)
e If f is non-negative all along [a, b], that is, if f(z) € [0,400) for any x € [a, b], then

Og/abf.

e For any ¢ € [a,b], if there are other piecewise constant functions f; : [a,c] — R and
fo i [¢,b] = R such that

f(z) = fi(x), Vx€la,c), and f(x)= fo(x), Vz € (1],

/:f—/:fﬁ/cbf?

11.3 Riemann integrable functions

then

We now focus on the definition of the Riemann integral for an arbitrary bounded function
f i [a,b] — R, not necessarily piecewise constant.

We say that a function g : [a,b] — R majorizes f on [a,b] if f(z) < g(x) for any z € [a, ]].
Similarly, we say that h : [a,b] — R minorizes f on [a,b] if h(z) < f(z) for any = € [a,b].
As we have shown in the introductory example, the idea of the Riemann integral is to try to

5
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integrate a function by first majorizing or minorizing that function by a piecewise constant
function, for which we already know how to define the Riemann integral.

It is worthy to notice that since f : [a,b] — R is supposed to be a bounded function, then
the constant functions « +— my and x — M/ minorizes and majorizes f on [a.b]. Furthermore,
these functions are in particular piecewise constant, so the sets of Real numbers

b

Ap = {/ g ' g : [a,b] — R is piecewise constant and majorizes f on [a, b]}
o

By := { / h ‘ h: [a,b] — R is piecewise constant and minorizes f on [a, b]}

are non-empty. Moreover, if g : [a,b] — R and h : [a,b] — R are function that majorizes and
minorizes f on [a, b], respectively, then

my < g(x), and h(x) < My, Vr € [a.b)].

In particular, Ay is bounded below and By is bounded above. Therefore, by the Supremum
axiom, we have that their infimum and supremum are well-defined Real numbers.

Definition 11.4. Let f : [a,b] — R be a bounded function. We define the upper Riemann
integral of f on [a,b] by

b b
/ f = inf {/ g ‘ g : [a,b] = R is piecewise constant and magjorizes f on [a,b]}

and the lower Riemann integral of f on [a,b] by

b b
/ fi=sup {/ h ' h:[a,b] = R is piecewise constant and magjorizes f on [a,b]}

Note that we alway have

b—a S/ ffSMf'(b—a)-

The inequality on the middle can be strict, for example consider the function

fz) =

1 ifzeQn(o,1]
0 ifzel0,1]\Q

If g : [0,1] — R is a piecewise function that majorizes f, then g must be bounded below by 1
except at a finite number of points, and if & : [0,1] — R is a piecewise function that minorizes
f, then h is bounded above by 0 except at a finite number of points. Thus,

/abf§0<1§/abf-

6
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In the special case that the upper and lower Riemann integrals agree and are Real numbers,
we say that the function is Riemann integrable and we then define its Riemann integral

on [a,b] via o
/abfrz/abfz/;f-

Remark 11.3. If f : [a,b] — R is piecewise constant and bounded, then f majorizes and
minorizes f the same time on [a,b]. Hence it is clear that f is Riemann integrable.

Remark 11.4. The definition of Riemann integrable functions we have adopted is specially
suited for bounded functions, as a matter of fact only bounded functions can be Riemann
integrable. Indeed, if f : [a,b] — R is Riemann integrable, by the definition of the upper and
lower Riemann integrals we get that there are piecewise constant functions h : [a,b] — R and
h:[a,b] = R such that h < f < g, and since piecewise constant functions are bounded, f must
be bounded too.

11.4 Exercises

1. Prove Lemma 11.1.
Hint: Show that

n+1 n n n
D= K +3-> K +3-> k+(n+1)
k=1 k=1 k=1 k=1

2. Let P ={L,...,I,} and P, = {Jy,...,J,} be two given partitions of [a,b]. Show that

[P Bof| < mind [ Pyl [ P}

3. Let f : [a,b] — R be a piecewise constant function on [a,b]. Show that x — |f(x)] is
piecewise constant on [a, b].

4. Let fi :]a,b] = R and fs : [a,b] — R be two piecewise constant functions on [a, b].

(a) Use the notion of common refinement to prove that for any A € R, the function
f1+ X fo is piecewise constant on [a,b] and then show that

/ab(f1+/\-f2):/abfl+>\-/abf2, VA ER.

(b) Use the notion of common refinement to prove that the functions min{f, fo} and
max{ fi, fo} are also piecewise constant [a, b].

(c) Use the notion of common refinement to prove that the function f; - fo is piecewise
constant on [a, b]. Prove or give a counterexample for the following formula

/ab<f1-fz)=/abf1-/abfz

7
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5. (Riemann sums) Let f : [a,b] — R be a bounded function and P = {1, I5,...,I,}
be a partition of [a,b]. We define the upper Riemann sum of f relative to P by

U(f,P):=> sup{f(z)| = €L} U(I}),

and the lower Riemann sum of f relative to P by

n

L(f, P) == inf{f(x) | = € It} - L(I).

k=1

(a) Prove that U(f, P) and L(f, P) are well-defined Real numbers.

(b) Let g : [a,b] - R and h : [a,b] — R be two function that majorizes and minorizes
f on [a, b], respectively. Suppose that g and h are piecewise constant relative to P.
Prove that

U(f,P)g/bg and /bth(f,P).

a

(c¢) Prove that o
b
/ f=inf{U(f, P)| P is a partition of [a,b]}
and ,
/ f=sup{L(f,P)| P is a partition of [a, b}
6. Suppose that f : [a,b] — R is Riemann integrable.

(a) Suppose that f is non-negative all along [a, b]. Show that

(11.1) 0< /abf.

If (11.1) holds, can we conclude that f is non-negative? Prove this or give a coun-
terexample.

(b) For any ¢ € [a,b], if there are other Riemann integrable functions f; : [a,¢] — R
and f; : [¢,b] — R such that

flz) = fi(x), Vx€la,c¢], and f(x)= fo(x), Vzx € lc,bl,

ff5[ﬁ+[%.

Show that
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Week 12: Riemann integrable function

The class of functions that are Riemann integrable is wide and difficult to characterize; it is
much larger than the set of continuous functions. For this reason, we now turn our attention
into criteria that ensure that a function is Riemann integrable.

12.1 Basic properties of Riemann integrable functions

It can be proved that algebraic combinations and min/max functions of piecewise constant
functions are also piecewise constant functions; see Exercise 4, Week 11’s notes. Hence, it is
natural to imagine that algebraic combinations and min/max functions of Riemann integrable
functions are also Riemann integrable. This is true, but their proofs are not simple extensions.
Furthermore, in most cases an exact formula for the value of the integral cannot be given.

12.1.1 Linear combinations of Riemann integrable functions

We begin with the simplest cases which corresponds to linear combinations of Riemann inte-
grable functions. In this case, it is possible to provide an explicit formula for the Riemann
integral’s value.

Theorem 12.1. Let f; : [a,b] — R and f5 : [a,b] — R be two Riemann integrable functions
on la,b]. Then, for any X € R we have that fi + X\ - fo is Riemann integrable with

/ab(f1+>\'f2)=/abf1+/\'/abf2

Proof. The case A = 0 is trivial, so we might either assume A > 0 or A < 0. We only do the
case A > 0, the other is similar and is left as exercise for the reader.

Let € > 0 be given but arbitrary. Since f; is Riemann integrable, there are two piecewise
constant function ¢; : [a,b] — R and hy : [a,b] — R such that h; < f; < gy and

b b b
g 9
—-< < [ hi+=.
Joomgs [ ns ) nes

In a similar way, there are g5 : [a,b] = R and hs : [a,b] — R, piecewise constant on [a, b], such

that hy < fo < g0 and
/ 2—5_/f2 /h2+—
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Note that hi+Ahs and g1+ Ago are both piecewise constant, and the first one minorizes f;+\- fo
and the second one majorizes it. Hence, by definition of the lower and upper Riemann integrals
and the properties of the Riemann integral over piecewise constant function we have

/abh1+)\~/abh2=/ab(h1+)\-h2)S/Lfl—k)\ f2) < / (fitA-fa) < /ab(glﬂ.gQ):/abng_/ang'

Note that the left and right hand-sides also satisfy

[ron [ n—ex [ [t [or [oe [nen [nee

From where we get that

/abf1+A~/abf2—€§/ab(f1+>\-f2)Sf(fﬁr)\-fz)S/abf1+>\-/abfz+6-

Finally, the conclusion follows because the latter is true for any € € (0, +00), so we get that

/abflm-/abﬁ:/ib(flm-fz 7f1+A 5).

12.1.2 Max and Min functions of Riemann integrable functions

Let us now pass to the case of max and min function.

Theorem 12.2. Let fi : [a,b] — R and f5 : [a,b] — R be two Riemann integrable functions
on la,b]. Then, max{fi, fo} and min{f, fo} are Riemann integrable.

Proof. We focus on the case max{fi, fo}, the other one is similar and left as exercise.

The proof starts in a similar way as the one given for Theorem 12.1, that is, let € > 0 be
given but arbitrary. Since, for each i = 1,2, the function f; is Riemann integrable, there are
two piecewise constant function g; : [a,b] — R and h; : [a,b] — R such that h; < f; < g; and

b b b
5 £
; — = < <[ h+-,
/ag 4—/af1—/a T

Note that max{hi, ho} and max{g;, g2} are both piecewise constant on [a, b, and furthermore,

max{hi, he} < max{fi, fo} < max{gi, g2}

Hence, by definition of the lower and upper Riemann integrals we have

b b " b b
/ max{hy, hy} < / max{ 1, fa} < / max{ 1, fa} < / max{gr, gz}

2
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From where

Yy b b b
OS/ max{fl,fz}—/ maX{fl,fz}S/ maX{glaQQ}_/ max{hi, ha}.

By Theorem 12.1, we have that

b b b
/ max{ g1, g2} —/ max{hy, ha} :/ (max{gi, go} — max{hy, ho})
On the other hand, for each ¢ = 1,2,

gi = hi + (9; — h;) <max{hy,ha} + (91 — h1) + (g2 — ha),

which means that max{gi, g»} is bounded above by the right hand-side of the latter inequality.
Thus, by the properties of the Riemann integral for piecewise constant functions we get

b b b b b
/(maX{91,92}—maX{h1,h2})S/ 91—/ h1+/ 92—/ hs

Note that by the initial assumption, the right hand-side is less than or equal to ¢, hence

b b
0< / max{ 1, fo} - / max{ fi, fo} < ¢

Since, ¢ € (0, +00) is arbitrary, we get that the upper and lower Riemann integrals agree, and
the proof is then complete. O]

Given a function f : [a,b] — R, we define its positive part by f, := max{f,0} and
its negative part by f_ := min{f,0}. Note that |f| = f. — f_, and so, if f is Riemann
integrable, then so are fy, f_ and |f|.

12.1.3 Multiplication of Riemann integrable functions

We would like now to prove that if f; : [a,b] — R and f5 : [a,b] — R are Riemann integrable
on [a,b], then do it is f; - fo. Note that

f1'f2—%(f1+f2)2—f12—f22-

Thus, to prove that f; - fo is Riemann integrable we only need to show that for any Riemann
integrable function f : [a,b] — R, its square is also a Riemann integrable function. Then, the
result will follows as consequence of Theorem 12.1 and the following one.

Theorem 12.3. Let f : [a,b] — R be a Riemann integrable function, then f? is also a Riemann
integrable function.
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Proof. Since f = fi + f- we have that f2 = f2 +2- f, - f_ + f2. But, fy - f- =0, so to
prove that f? is Riemann integrable we only need to prove that f? and f2 are both Riemann
integrable. We only exhibit the proof for f2, the one for f2 it is enough to replace f; with
— f_ when appropriate; recall that f_ is non positive.

Since f is Riemann integrable it is also bounded, so there is M € (0, +00) so that

0< fr <M.

Let ¢ € (0,+00). Since f, is also Riemann integrable, there are two piecewise constant
functions ¢ : [a,b] — R and h : [a,b] — R such that h < f, < g and

a

Note that = — 0 and x — M are both piecewise constant function on [a, b], which minorizes
and majorizes, respectively, the function f.. Hence, without loss of generality, we can assume
that 0 < h and g < M. Therefore, f7 is minorized and majorized by h* and g°, respectively.
Since g and h are both piecewise constant, h? and g are piecewise constant too. Consequently

ngfi—/ibfiﬁ/:(f—h?)Z/ab[(g—h)-(ﬁh)].

But,g+h <2-M and 0 < g — h, so

[to-m-wem<en [w-n=2n([ o [n) <

Since, € € (0,+00) is arbitrary, the upper and lower Riemann integrals of f7 coincide, this
ends the proof. O

12.2 Riemann integral and monotonic functions

Recall that a function is called monotonic if it is either increasing or decreasing all along the
interval where it is defined, that is, f : [a,b] — R is monotonic if one of the following holds:

e For any z,y € [a,b] with x < y we have f(z) < f(y).
e For any x,y € [a,b] with x < y we have f(y) < f(x).
Theorem 12.4. Let [ : [a,b] — R be a monotonic function, then f is Riemann integrable.

Proof. Note that since f is monotonic it is also bounded; either f(a) < f(z) < f(b) or
f(b) < f(z) < f(a) for any = € [a,b]. Let n € N\ {0} be fixed but arbitrary. We consider the
case that f is increasing, the other is left as exercise for the reader. Let x4 := a+ £(b— a) for
any k € {0,...,n} and the partition P = {I3,..., I,}, where

7, =[0,21] and [ = (vg_1,2x), Vke{2,...,n}.

4
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For each k € {1,...,n} we have ((I}) = =%, and since f is increasing we also have that for
any r € I,

flre-1) < flo) < flag).

Therefore, the piecewise constant function g : [a,b] — R given by
g(x) = f(xg), whenever z € I}
majorizes f and the piecewise constant function A : [a,b] — R given by
h(z) = f(xk—1), whenever x € I}

minorizes it. Therefore,

Zf (@h-1)l(Li) = / / /abfﬁ/abgzk far)l(Ik)

=1

3

From this we get that

/ f- / f<Z (i — Flaro))U(Ty) = b;“z Floe — Flann)) = 2 (7w) ~ fa0)).

k=

But z, = b and zy = a, from where we get that the right hand side is less than or equal
to =2(f(b) — f(a)). Therefore, letting n — +oo we get that the upper and lower Riemann
integrals of f agree and the function is then Riemann integrable. O]

12.3 Riemann integral and continuous functions

As we have claimed at the beginning, continuous functions are also Riemann integrable. This
is essentially due to the fact that continuous functions on bounded closed interval are bounded
and also uniformly continuous, that is,

Ve € (0,+00), 36 € (0,400), Va,y € [a,b], |z —y| <d = |f(x) — f(y)] <e.
Theorem 12.5. Let [ : [a,b] — R be a continuous function, then f is Riemann integrable.

Proof. Let € € (0 +00) and 6 € (0,400) given by the uniform continuity of f on [a, b] associ-
ated with € = . By the Archimedean property, there is n € N such that * ~(b—a) <6. Let

x i =a+ 5(b - a) for any k£ € {0,...,n} and the partition P = {[3,..., I, }, where
T, =[0,21] and Iy = (vp_1,2x], Vke{2,...,n}.

Clearly, for each k € {1,...,n} we have £(I;) < J, and so, for any x,y € Z; we must have

€

1) = F)l < T,
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but since the maximum and minimum of the function are attained, because it is continuous
defined on a closed bounded interval, we also have:

max{f(z) | =€ I} —min{f(y) | y€ L} < %
Note that the piecewise constant function g : [a,b] — R given by

g(x) = gr :=max{f(x) | v €Iy}, whenever xz € I
majorizes f and the piecewise constant function A : [a,b] — R given by

h(x) = hy = min{f(z) | = € I}, whenever z € I}

minorizes it. Therefore,

kzn;hkﬁ(fk)z/abhﬁ/abfﬁffﬁ/abg:ki;gkﬁ(lk)

From this we get that

Tf—/;f < Ei:(gk — L),

But gr — hy < 3= and Y, _, {(I;) = b — a, so the right hand side is less than e, which is any
positive Real number. Consequently, the upper and lower Riemann integrals of f agree and
the function is then Riemann integrable. [

The fact that continuous functions are Riemann integrable provides an interesting property
known as the Mean Value Theorem for integrals.

Theorem 12.6. Let [ : [a,b] — R be a continuous function, then there is x € [a,b] such that

[ r=1@0-a,

Proof. By Theorem 12.5 we know that f is Riemann integrable, and since it is bounded below
and above by my and M; we have

mp(b-a)< [ F <My (b-a)

Furthermore, since my, My € f([a,b]) we have that y = ﬁfabf € f([a,b]). Hence, by the
Intermediate Value Theorem, there is € [a,b] such that f(z) = y, and so the conclusion
follows. -
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12.4 Exercises

1. Suppose that f : [a,b] — R is Riemann integrable.

(a) Suppose that f is non-negative all along [a,b]. Show that

(12.1) 0< /ab f

If (12.1) holds, can we conclude that f is non-negative? Prove this or give a coun-
terexample.

(b) For any ¢ € [a,b], if there are other Riemann integrable functions f; : [a,¢] — R
and f3 : [¢,b] — R such that

flz) = fi(x), Vx€la,c¢], and f(x)= fo(x), Vzx € lc,bl,

/abf=LCf1+/cbfz.

2. Let f:]a,b] = R and ¢ : [a,b] = R be two Riemann integrable functions on [a, b].

[]= [
(123) max{ / N / bg} </ “max{f.0)
(12.4) / win{f.g} < min { / 't / bg}

Hint: Use Exercise 1a.

Show that

(a) Prove the following formulas

(12.2)

(b) Give an example for each inequality (12.2) - (12.4) where the equality doesn’t hold.
3. Prove Theorem 12.1 for the case A < 0.
4. Prove Theorem 12.2 for the case min{ f1, fo}.
5. Prove Theorem 12.4 for the case f is decreasing.

6. Let f : [a,b] = R be a continuous function, Prove that for any = € [a,b) we have

lim /Mf = f(2).

h—0 h
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Week 13: Sequences of Riemann integrable
functions

We now turn into the study of sequence of Riemann integrable functions and we study some
criteria that allow us to interchange order in which integrals and limits are considered, that is,
we are concerned with the question of when, for an appropriate notion of limit of functions,
the following holds

b b
(*) n1—1>r-|I-100/a fn :/a n1—1>I-$1-’loofn

13.1 Notion of limit of functions

So far, we have studied two notions of convergence for functions, namely, poitwise and uniform
convergence. Recall that a sequence of functions {f,,}22, defined on [a, b] is said to converge
pointwise to another function f : [a,b] — R if

Vo € [a,b], fu(x)— f(x)asn— +oo,
and the sequence is said to converge uniformly to f if
| f = flloo = 0 as n — 4o0.

We know that uniform convergence is a stronger notion than pointwise converge; the first one
implies the second one, but no vice versa. It turns out that pointwise converge by itself is
too weak to allow (%) to hold (without further assumptions). For example, let {x,}2°, be an
enumeration of the set of Rational numbers on [0, 1]; recall that this set is infinite countable.
Consider then the sequence of functions given by

fn(x):{l if v € {x,..., 2.} Ve e [0.1]

0 otherwise

Clearly, the each function on the sequence is Riemann integrable. Furthermore, this sequence
of functions converges pointwise to

f(x)—{l freQ o ep

0 otherwise
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But have seen that the latter is not even Riemann integral, let alone (%) makes any sense. We
will see later that if in addition of pointwise converge, the sequence satisfies further assumptions
and the limit function is also Riemann integrable, then (%) does hold.

The situation for uniform convergence is different, and as a matter of fact it suffices by
itself to as the following theorem shows. Note that in the theorem we are not assuming that
the functions are continuous; in that case the limiting function would be Riemann integrable
because the uniform limit of a sequence of continuous functions is continuous too.

Theorem 13.1. Let {f,}>°, be a sequence of Riemann integrable functions that converges
uniformly to a function f : |a,b] — R. Then f is Riemann integrable and

b b
nginoo a fn:/a f

Proof. First of all, let us show that the sequence of Real numbers given by

yn:ileh

converges to a Real number. To see this we use the Cauchy criterion. Note that for any
n,p € N\ {0} we have

Joap(®) = fu(@) < || forp — fullo and  fu(®) = fuip(x) <[ forp — fallo, VT € [a, b].
Hence
Yntp = Ynl < N fatp = fulloo - (b= a).

Therefore, since f, — f uniformly on [a,b], we have that {f,}>2, is a Cauchy sequence of
function and so, for any ¢ € (0,400) there is N € N such that if n,p € N with N < n we have

€
b—a

||fn+p - anOO S

This implies that {y, }7_, is a Cauchy sequence of Real numbers, and thus, by the completeness
of R, it converges to some L € R. On the other hand, note that

fa(@) = lfn = fllo < f(@) < ful@) + [|fo = fllo: V@ € [a,0].

Let € € (0,+00) be fixed from now on and take n € N such that

[

Let g, : [a,b] = R and h, : [a,b] — R be two piecewise constant functions that majorizes
and minorizes f, on [a, b, respectively, and such that

b b b
£ £
n__< ng hn o
/ag 3—/af / "3
2

w| ™

£
an - fHoo < m and
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Note that x +— g,(x) — ||fn — flleo and x — h,(x) — || fu — flle are also piecewise constant,
and the first one majorizes f and the second one minorizes it. Consequently we get

/abhn_an_fHOO'(b_a)S/Lbfgffg/abgn(x)+||fn_f||oo'(b_a>‘

Gathering together all the preceding estimates, we get

b b b b
2. 2 -
L—¢e< fn——€</f< [ < fn($)+—€§L+€.

a a

But € € (0,+00) is arbitrary, so we finally get that the upper and lower Riemann integrals
of f agree with L, which is the limit of the Riemann integrals of f,, and so the function is
then Riemann integrable and its integral coincides with the limit of the integrals of f,. O]

13.2 Monotone convergence Theorem

In the introductory example we have exhibited shows that the mere pointwise convergence of
a sequence of Riemann integrable functions is not enough to interchange limit with integral,
that is, to get (x). The following result allows to do this change. It is worthy notice that the
theorem requires the limiting function to be Riemann integrable beforehand, and so, it is not
a criterion to determine whether the limiting function is Riemann integrable.

The theorem we review in this section is called the Monotone Convergence Theorem
for Riemann Integrals. The proof of the theorem is based on a characterization of Riemann
integrability and the so-called Cousin’s Lemma. The latter reads as follows.

Lemma 13.1. Let [a,b] be a given bounded and closed interval and r : [a,b] — (0,+00) be a
given positive function. Then, there exist a partition P ={Iy,... , I,} andy; < ... <y, Real
numbers such that y,, € Iy, and ((Iy) < 2r(yg) for each k € {1,...,m}.

Proof. Let us consider the family of open intervals {O,}ycfa5 given by

Oy=(y—r),y+r(y), Vyéelab]

Clearly, this is an open covering of the interval [a,b], and so, by the Heine-Borel Theorem,
there are yy,. ..,y € [a,b] such that {O,, }7*, covers [a, b] too. Without loss of generality we
assume that y; < ... < ym—1 < yn, and furthermore, we can also assume that no O,, contains
other O,,, provided that k # [. The latter means that

Ypr1 — T(Yrs1) < yr +7(yk), Vke{l,....,m}.

Note that y; — 7(y1) < @ and b < y,,, + 7(y). Hence, by defining xy = a and z,, = b, we see

that taking any x; € (Yer1 — 7(Yks1), Yk + 7(Yk)) O (Y, Yrr1) for any k € {1,...,m —1} we get
the desired properties. O

Before going further, we introduce an useful criterion for a function to be Riemann inte-
grable, which is a version of the so-called Darboux criterion for Riemann integrability.

3
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Definition 13.1. We say that a function f : [a,b] — R satisfies the Darboux property if for
any € € (0,+00) there is § € (0,+00) such that for any partition P = {Jy,...,Jn} of [a,l]
with mesh ||P|| < ¢ and any collection of points yi,...,Ym € [a,b] such that y; € J; for any

je{l,...,m} we have
_ A
El /ij fly;) - 0(J;)| < e

It’s worthy to notice that the Darboux property is sometimes taken as definition for a
function to be Riemann integrable. This is because a function f : [a,b] — R is Riemann
integrable if and only if it satisfies the Darboux criterion. We now prove the one of the
implication, the other is left as exercise for the reader.

Lemma 13.2. Any Riemann integrable function f : [a,b] — R satisfies the Darboux property.

Proof. Let € € (0,+00), since f is Riemann integrable, it is bounded (||f]|oc € R) and there
are two piecewise constant functions h : [a,b] — R and ¢ : [a,b] — R with A < f < g such that

b b b
€ €
—-< < h+-.
ISV NEN RS
Without loss of generality, we assume that h and g are piecewise constant relative to the same
partition Py = {Iy,...,I,} and that for each i € {1,...,n} we have 0 < ¢({;). Let

5:min{4.n. (HfHOO+1),€(Il),...,€(h)} € (0,+00)

and take any partition P = {Ji,..., .} of [a,b] such that |P| < J. Let y1,...,ym € [a,b]
such that y; € J; for any j € {1,...,m} and consider the set of indexes

A:{]E{l,,m}| 3@6{1,,71} JJQIZ}
Note that for any j € A we have

h(z) < fy;) < g(z), V€ J;

[ n<sw-anz< [ o

J J

Therefore, we obtain that

Hence, using that f < g and that h < f, we get, respectively,

[t fo- [ ma s [ 1< o s

Moreover, since 0 < g — h we obtain

(e d)= oL

J

DO | ™

4
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Therefore

> <

jeA
On the other hand, for each j ¢ A, we have that

| 1=t

J

€
2

€
<2l |1P|| € —
<2 fllse - I1PN < 5

/f—f%%a%)
Jj

Let us point out that ¢(J;) < ||P|| < ¢(I;) for any i € {1,...,n}. Consequently, J; is covered
by exactly two subintervals of the partition Fy. This leads to state that the number of indexes
that don’t belong to A is at most n, and so the proof is complete because we have

f=1(y;) - ;)

9
< Z
-2

We are now in position to prove the Monotone Convergence Theorem.

Theorem 13.2. Let {f,}>°, be a sequence of Riemann integrable functions that converges
pointwise to a function f : [a,b] — R. Suppose that f is also Riemann integrable and that
{fn}22, is monotonic, that is, one of the following holds

()

(13.1) Vo € [a,b], Vn € N\ {0}, fo(z) < fuia
< ful@)

(13.2) Vo € [a,b], Vn € N\ {0}, foi1(x) )
Then one has

b b
nginoo a fn:/a f

Proof. Without loss of generality we can assume that f = 0 and that each f, is nonnegative
and the sequence is decreasing; it is enough to change f, with f— f,, in the first case and f, — f
in the second one. Here is important the fact that f,, and f are both Riemann integrable. Also,
using the change of variables x — 7= we might also assume that a« =0 and b = 1.

First of all we note that since 0 < f,,11 < f,, we have that

1
0 <Yni1 < Yo, wherey, = / fn-
0

Therefore, the sequence of Real numbers {y,}> | converges to some L € [0,+00). Since we
are in the case f = 0, we must show that L = 0 to conclude.

Let ¢ € (0,+00), by the Darboux property, for any n € N\ {0} there is §, € (0, +00)
such that for any partition P = {Iy,...,I,} of [0,1] with mesh ||P| < 0, and any collection
Yty - Ym € [0, 1] such that y, € I we have that

(13.3) i
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Furthermore, we define
. €
N(z) := inf {n eN\ {0} ]| fu(z)< 5} . Yz elo1].

By the Cousin’s Lemma applied with r(z) = $-0y(,) there exist a partition P = {I,,..., I,,}
and y; < ... < Yy, such that y, € I and £(I;) < Ongy,) for any k € {1,...,m}. Taken € N
such that Ny := max{N(y1),..., N(ym)} < n. Hence

ngolfn /fn<Z/fNyk ZZ/fNyk

J=1 keJ(j

where J(j) = {k € {1,...,m} | 7 = N(yr)} for any j € {1,..., No}. Note that some J(j)
can possibly be the empty set. Also, remark that ¢(1;) < d, for any k € J(j). Therefore, by
(13.3) and the definition of N(yx) we get

1
Do e < D0 Fvwo(m) ) + 5 < g > ) + 5

keJa(j) I keJ(5) keJ(5)
This leads then to
o< [=53 (X g ) <5 0=
Jj= 1 keJ(j)

Given that € € (0,+00) is arbitrary, the conclusion follows. ]

13.3 Functionals and Integral equations

We have considered so far Real-valued functions defined on subsets of R, that is, functions of
the type f : I C R — R. In this section we introduce the idea of function of function, which
we might call functional to make a distinction with respect to Real-valued functions.

We begin by introducing some notation, let us denote by C([a, b]) the set of all Real-valued
continuous functions defined on the closed bounded interval [a, b]. We call a functional, denoted
generically by T : C([a,b]) — C([a,b]), to any mapping defined on C([a,b]) and whose value
is an element in C(]a, b)), that is,

Vf e C([a,b]), 3Fp € C(la,b]) such that T(f) = .
The Riemann integral allows us to define in several way a functional on C([a, b]).

Example 13.1. Let f € C([a,b]), let us consider the functional T : C([a,b]) — C([a,b])

defined via
:/ f, Vaz €la,b].
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The function T(f) defines a continuous function; as a matter of fact, Lipschitz continuous
function. Indeed, let us denote ¢ = T(f), then

B I A fyxf ify <
o(x) Sﬁ(y)—/a f /af_{—fxyf ifo <y Va,y € [a,b)].
Since f € C([a,b]) then, |f| < ||fl|le and so

(@) = eW)| < I fllclz =yl ¥,y € [a, b].

Example 13.2. Let f € C([a,b]) and K : [a,b] X [a,b] = R be a function such that

1. 3L € [0,400) such that x — K(z,u) is Lipschitz continuous with constant L for any
u € [a,b] (the same for any u).

2. u— K(x,u) is Riemann integrable for any x € [a,b].

We consider the functional

T(f)() = [ (G- 1).

Note that each T(f)(x) € R, this is due to the fact that for any x € [a,b] the map u — K(x,u)
is Riemann integrable, and then uw— K(x,u)- f(u) is also Riemann integrable, and so integral
if well defined. For sake of simplicity, let o =T (f) and so

Remark that
(K (2, u) = K(y,u) - f(y) < [K(z,u) = K(y,w)| - | flloc <L+ |z =yl || fllo

Therefore,
o(x) = )| < Llz=y[ - [ fllo - (b —a).

From where we actually get that x — p(z) is Lipschitz continuous on |a, b].

Since a functional is essentially a function between sets endowed with a norm, we can
also define notions of continuity. For the scope of the exposition, the most important one is
Lipschitz continuity.

Definition 13.2. We say that a functional T : C([a,b]) — C([a,b]) is Lipschitz continuous if
there is L € [0, +00) such that

IT(f) = T(9)loe < L-[If = 9llos

7
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Example 13.3. Let us pick up the data from Ezample 13.1. Let f,g € C([a,b]) be given, then
for any x € [a,b] fized but arbitrary we have
[-0|<[1r-

IR
Given that |f(y) — 9(y)| < If = glleo for any y € [a, x] we get

T(f) (@) =T(g) (@) < [If = glloo - (x —a) <|[f = glloc - (b—a)

T(f)(2) = T(g)(x)| =

Since the right hand side doesn’t depend on x, we can take supremum and get

IT(f) =T(9lle < (0 =a) - [If = gllo-
Hence, f v+ T(f) is a Lipschitz continuous functional with Lipschitz constant L = (b — a).

Example 13.4. Let F': R — R be a Lipschitz continuous function with Lipschitz constant
L € (0,+00) and let yo € R. We consider the functional defined on C(la,b]) given by

T(f)(x) Zyo+/zFOf7 Vf e C([a,b]).

Note that the Riemann integral of F o f is well-defined because that function is continuous
thanks to the composition rule for continuous function. Therefore, we see that

/Fof—/ Fog‘:

The Lipschitz continuity of y — F(y), implies that

[Fof(y)—Fogly)l=IF(f(y) = Flgw) <Lr-|f(y) —9@)| < Lr-[|f — glloo-

T(f)(x) = T(9)(z)| =

l?Fof—Fom‘slﬂFof—Fom

Consequently, we get that

T(f) (@) =T(g)()| < (b—a)-L-|f =gl

So, the functional f v+ T(f) is Lipschitz continuous with Lipschitz constant Lg - (b — a).

13.3.1 Banach Fixed Point Theorem

Since we have introduced the notion of function among a set of functions, we can also introduce
the notion of functional equation, that is, an equation where the unknown is a function. For
example, we would like to find at least a f € C([a,b]) such that

(13.4) T(f) =7

for some functional T : C([a,b]) — C([a,b]). Any function f € C([a,b]) that satisfies (13.4) is
called a fixed point of the functional 7.
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Remark 13.1. The functional exhibited in Example 15.4 plays a key role in the theory of
ordinary differential equations. Indeed, any solution to an ordinary differential equation

f'=F(), fla)=wy

1s by definition a function that satisfies

f@) =T(e) =w+ [ Fof Vaelo.
Hence, the existence of solutions to an ordinary differential equation can be study by analyzing

the fixed points of the functional T.

Fixed point theorems are more difficult for function defined on C([a, b]) than in R, because
for instance in the first set there is no result playing the role of the Intermediate Value Theorem
in R; essentially because not every bounded sequence of continuous functions has a subsequence
that converges uniformly.

To find fixed point of functional we need to use the completeness of the space of continuous
function. The following is one of the most classical result regarding fixed points of functional.
It is worth noting that the following theorem provides more information about the fixed point,
it says that it is unique.

Theorem 13.3. Let T : C([a,b]) — C([a, b)) be a Lipschitz continuous functional and suppose
that its Lipschitz constant L belongs to (0,1). Then, there is a unique fized point of T, that is

Af € Cla, b)), T(f) = f.
Proof. Let f; € C([a,b]) be any function, and define inductively the sequence of functions
far1 =T(fn), VneN\{0}.
Then, for any n € N\ {0,1} we have

”fn—i—l - fn”oo = ||T(fn) - T(fn—l)“oo S L . ||fn - fn—l”oo S cee S Ln_1||f2 - fl”oo

Let any n,p € N\ {0}, then

n4p—1 n+p—1 1 — [pt1
[ foto = Fallso < D Mfirr = fille < Y LMo = filloo = L7 == lfo = fill
k=n k=n
Thanks to the fact that L € (0,1) we have that
1 — [pt+l
Ln_l'ﬁ—)() as n — 400

and so, it is easy to see that the sequence {f,}>2, is a Cauchy sequence, and it converges
uniformly to some f € C([a, b]).
Let us see that f is a fixed point of T'. Note that for any n € N\ {0} we have

ITCf) = flloo < NTC) = T(fadlloo + 1T (fn) = fulloo + Lfn = Fll

9
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Thus, using the Lipschitz continuity of T', the definition of f,,; and the estimate founded
above, we get

IT(f) = flloo < (L+1) - lfa = flloo + L"HI.f2 = fillo

Letting n — 400 we finally obtain that ||T(f) — f|l« = 0 and so, since T'(f) and f are both
continuous, we conclude that T'(f) = f.
The only issue remaining is the uniqueness, which comes from the following observation:

If f € C(la,b]) and g € C([a,b]) are both fixed point of T, then

1f = glle = IT(f) = T(g)llse < LIS = gllso

But, since L € (0, 1) the only option is that || f —g¢|| = 0 and so f = g, because both functions
are continuous on [a, b]. O

13.4 Exercises

1. Consider the sequence of functions { f,,}>° , defined on [0, ﬂ via

fo(z) =sin"(z), =x€ [O, 4} .
Show that .
Jm [T

2. Let {f,}52, be a sequence of nonnegative Riemann integrable functions on [a, b]. Suppose
that the function f : [a,b] — R given below is well-defined and Riemann integrable

f(z) = lim ka(x), Vo € [a,b].

n—-+o0o

Prove that , o . ,
L= = 3 s
a —1va —1va

3. Show that there is a unique continuous function f : [0,1] — R such that
1
fla) =i+ [ (K- 1),
0

where K (z,u) = exp(—(z +u + 1)) for any z,u € [0, 1].

4. Let K :[0,1] x [0,1] — R be a continuous function so that |K (z,u)| < 1 Vz,u € [0, 1].
Prove that there is a unique continuous function f : [0,1] — R such that that satisfies

Fa) + / (K(x,) - f) = exp(a?).

10
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Week 14: Special topics on Riemann
integrability

We end the exposition about the Riemann integral studying some classes of functions for which
it is possible to compute their Riemann integral (in some sense) regardless the fact that they
may not be Riemann integrable in the sense we have adopted in this course.

14.1 p-Riemann integrable functions

Recall that if a f : [a,b] — R is Riemann integrable, then |f| is also Riemann integrable.
Furthermore, since the product of Riemann integrable function is also Riemann integrable, we
can infer that for any p € N, the |f|? is also Riemann integrable.

Definition 14.1. Let p € QN (0,400). We say that a function f : [a,b] — R is p-Riemann
integrable if |f|P is Riemann integrable and

N
T ( / mp) eR.

The value || f||, is called the p-norm of f.

As we have pointed out, any Riemann integrable function is also p-Riemann integrable
if p € N; this fact is also true if p € Q N (0,+00), but their proof is beyond the scope of
these notes. The converse is not true, there are p-Riemann integrable functions that are not
Riemann integrable, for example

_J1 iz eQnlo,1]
f( >—{_1 ifxe€[0,1]\Q

14.1.1 Properties of the p-norms

The role of the p-norms over set of Riemann integrable function can be compared with the
role of the absolute value and the sup-norm over R and C([a, b]), respectively. There are some
properties in common for all the three, but others that are only characteristic of absolute value
and the sup-norm. For example, the p-norm of a Riemann integrable function can equal zero
but, the function not be the constant function zero. However, we know that

VeeR, |z|=0 < z=0 A Vfel(al]), |flle=0 < f(x)=0, V€ ]la,b]

1
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Recall that for any A € R we have that
[T+ Ayl < || +[A-yl Vo,yeR and [[f+A-gllo < [ fllec+ Al gl VS, g € C([a,b]).

This property means that absolute value and the sup-norm are sublinear over R and
C([a,b]), respectively. A similar inequality holds for the p-norm over the set of Riemann
integrable functions.

Theorem 14.1. Letp € N\{0} and let f : [a,b] — R and g : [a,b] — R be Riemann integrable,
then for any A € R, f+ X\ - g is p-Riemann integrable and

1F+A-gllp < 1 llp + (AL [lgllp-

The proof of the theorem is based on two preliminary inequalities.

Lemma 14.1 (Young’s Inequality). Let p € N\ {0,1} and set ¢ = 5. Then, for any

-
a,b € [0,400) we have that
1
p

a-b< «ap—irl-bq.
q
Proof. First of all, if a = 0 or b = 0 then the inequality is trivial, so, let us assume that
a,b € (0,400).
Recall that for any p € N and h € (—1,+00) we have the Bernouilli’s inequality (see
equation (8.8)), that is,
L+p-h < (1+h)P

Let h = }D (% —1). Since & € (0,400) we have that —% < h and so by the Bernouilli’s

b b7

inequality we get that

a 1 1 a 1
7= (L4p-h)p Slah=—o o
The multiplying by b? and using the fact that ¢ — 1% = 1 we get the desired result. O]

The other inequality we need is known as the Holder’s inequality.

Lemma 14.2 (Holder’s Inequality). Let p € N\ {0,1} and set ¢ = -E5. Let f: [a,b] = R be
p-Riemann integrable and and g : [a,b] — R be g-Riemann integrable. If f - g is 1-Riemann
integrable then

1F - glls < £l - llgllg-

Proof. Note that if || f]|, = 0, then |f| = 0 except at a finite number of points on [a,b], and
so f-g = 0 except at a finite number of points on [a,b]. Hence ||f - g|li = 0 and so the
conclusion would follow. A similar remark holds for the case ||g||, = 0. Therefore, without
loss of generality, we assume that || f1],, ] g]l, € (0, +00).

Let = € [a, b] be fixed but arbitrary and set

()] l9(2)]
= d b= —~+.
e lall,
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By the Young’s inequality we obtain

[f@)]-lg(@)] L |f@)l” 1 g()|”
Il llglly =2 Al @ llglla

Since x € [a, b] is arbitrary, by integrating the last inequality we that

1f -9l / b 11
LfIP+ gl'=-+-=1
A1y - IIqu Hpr Hqu “ P q

From where the conclusion follows. O]

Remark 14.1. The Hélder’s inequality is also true for the case p =1, but in this case ||g||, is
replace with | ||gl|so. This is a direct consequence of the fact that

|f(x) - g(@)] < [f(@)] - [Ig]loo-
We are now in position to prove Theorem 14.1.

Proof of Theorem 14.1. Since f and g are Riemann integrable, so they are f+A-g and | f+\-g|.
In particular, for any k € {2,...,p}, the function |f + X - g|* is Riemann integrable.

Note that (p—1)-q = p, thus | f+\-g|P~! is Riemann integrable, and so it is also g-Riemann
integrable. By the Holder’s inequality, since | f|-|f+A-g|P~' and |g]-|f+ X g|P~! are Riemann
integrable and nonnegative, we get that

AL LF+ X gl < Il 1F+2-glls and gl £+ X g7l < llglly - [1F + A gl
Now, since
[f(@) + A g@) < (1f(2) + A g(@)]) - [f(z) + A g@)P~, Vo € [a,b],
integrating this inequality and using the first inequality we get that
1+ 2 gl < (UFlls + 1M - llgl) - (1F + A~ gl19).
Using finally the fact that p — § = 1 the proof is complete. O

For a given Riemann integrable function, the value of p-norm times a given factor (depend-
ing only on p and [a, b]) increases with p, eventually reaching the sup-norm of f.

Theorem 14.2. Let f : [a,b] — R be Riemann integrable, then

1£h < 0 =a)7 1 fly < 0= a) 5 || fllpen < (b—a) - [ fllo,  ¥p.h € N\ {0},

Furthermore, if f is continuous, then

Tim 1 = 1/l
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Proof. For the first inequality, we use the Holder’s inequality with g(z) = 1 for any = € [a, b].
Furthermore, note that || f||> = || f?||:, hence using the Holder’s inequality f? and g as before
the second inequality follows. The last inequality is simply a consequence of the definition of
the sup-norm.

On the other hand, for any p € N\ {0} let us set z, = (b — ot)pTT1 - || fllp- By the preceding
part, the sequence generated by this numbers is increasing and bounded above by (b—a)-|| f]| -

Therefore, {x,}°>2, converges to some L € R, and furthermore, L < (b —a) - || f||. Note that

{(b— ot)pTT1 o2, converges to (b —a) as p — +00. So, the sequence generated by

1
1fllp = ———= 7

(b—a)

also converges, and its limit is less than or equal to || f||.. Note that up to this point we
haven’t used the fact that f is continuous.

Now, since f is assume to be continuous on [a, b] there is T € [a, b] such that || f||. = |[f(Z)]-
Furthermore, by continuity of |f|, for any € € (0, || f||c) and there is § € (0,+00) such that

0<|[[fllee —e <[f(z)l, Vre(ZT—6T+0)N]a,b].

Let I = (T — 0,T + d) N [a,b] and note that ¢(I) € (0,+00). Then,
(= -en) < [ 177 < 51

< || fllp- So, letting p — +o0o we get that E(I)% — 1,

B =

This yields then to (|| f]le —€) - ¢(I)

from where we obtain

1l —& < Tim [1f],
and the conclusion follows because ¢ € (0, || f|lo) is arbitrary and positive. O

Remark 14.2. The assumption that f is continuous on Theorem 14.2 is important, otherwise
the limit, which always exists, can be strictly less than || f||s. For instance, consider

oo gz

Clearly, || f|l, = 0 for any p € N\ {0} but || f[loc = 1.

14.2 Improper integrals

Recall that to define the Riemann integral we have restrict ourselves to bounded functions
defined on closed and bounded intervals.

We now show that is it possible to extend the notion of Riemann integral to functions that
don’t satisfy some of the boundedness assumptions described above.

4
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Before going further, let us define the lateral limit of a function. Let r € (0,+400) and
consider a function F': (0,7) — R. We say that L € R is the limit from above of F at 0 if

Ve € (0,400), 30 € (0,r), VheR, (0<h<d = |F(h)—L|<e.
In this case we denote the limit from above by

lim F'(h)

h—0t

Definition 14.2. Let a,b € R with a < b, and f : (a,b) — R be a given function. We say that
f s integrable if:

e for any h € (0, I’_T“), f is Riemann integrable on [a + h,b — h].

e the following limit exists
b—h

lim f

h—0t a+h

Under these circumstances we say that the improper integral converges and we denote its value
in the same way as the Riemann integral, that is,

We now evoke some results concerning previous calculus courses:
Let a € QN (0, +00) and consider f,(z) L defined on (0,1). We know that for any

GOR
h € (0, 3) we have

In(1 — h) —In(h) ifa=1

1-h
a= 1 1 1
/h / ( — ) otherwise

1—a \(1—-h)>t hotl

Since h*~* — 0 if and only if o € (1,400) and == — 0 if and only if o € (0,1). We get that

the improper integral of f, converges if and only if a € (0,1). In any other case, the limit
doesn’t exist.
Let us now present a criterion for the convergence of improper integrals.

Theorem 14.3. Let f: (a,b) = R and g : (a,b) — R be two given functions, such that
e for any h € (0, b_Ta), f and g are Riemann integrable on [a + h,b — h].
e there is T € (0,b — a) for which 0 < f(z) < g(x) for any x € (a,a+ 1)U (b—r1b).
If the tmproper integral of g converges, then so does the improper integral of f.

Proof. Note that, thanks to the first assumption, for any h € (0,7) we have that

b—h a+r b—r b—h
[ o= e sef s
a+h a+h a+r b—r

5
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Let Fy : (0,7) = R and Fy : (0,7) — R be given by

a+r b—h
Fi(h) = . f and Fy(h) = b f, Yhe(0,r).
a-+ -

The fact that f is non negative on (a, a+r)U(b—r, b) implies that both functions are decreasing.
Similarly, we define G : (0,7) — R and Go : (0,7) — R via

a+r b—h
Gl(h):/ . g and Gg(h):/b g, Yhe(0,r).
a+ -

This function are as well decreasing and by the second assumption we have that F; < G; and
Fy, <Gy on (a,a+71)U(b—r,b). Moreover, since the improper integral of g converges we have
that the limit from above of G; and G4 at 0 exist, this leads then to

h—0t h—0t

Hence, sup{Fi(h) | h € (0,7)} and sup{Fy(h) | h € (0,7)} are well defined Real numbers.
Combining this with the fact that F; and F5, are decreasing functions, we get that

hli}r(r)l+ Fi(h) =sup{Fi(h) | h € (0,r)} and hli)r(l)q+ Fy(h) = sup{Fz(h) | h € (0,7)}, Vh € (0,7).

]

14.3 Exercises

1. Consider the sequence of continuous functions {f,}5°, given by

o itz elo1
fn(z) = . 0.1
1 ifze (1,2
Prove that {f,,}5°, satisfies the Cauchy criterion for the 1-norm, that is,

Ve € (0,400), AN e N\ {0}, Vn,pe N, N <n = |forp— fulh <e.

Does {f,}5°, converges uniformly to some continuous function? Determine whether or
not the set of continuous function is complete if we replace || « ||oo with || - ||;.

Hint: Show that

2 1
1
n —Jn < n— . 4 % NS N
R T
2. Consider the sequence of continuous functions { f,}>2, defined via
1—nzx ifo<z<i
fn<x> = o1 "
0 if n < S 1

Show that the sequence of Real numbers {|| f,|[2}7°, converge to 0. What about the
sequences {||full1}oe, and {|| fnlleo }22;? Do they converges to to 07

6
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3. Let {f.}>2, be a sequence of Riemann integrable functions on [a, b] and let f : [a,b] — R
be another Riemann integrable function. Suppose that for some p € N\ {0} we have
that

| fo— fll, >0 asn— +oo.

Prove that for any k € {1,...,p} we have that ||f, — f|lx — 0 as n — +o0.

4. Suppose that f : (a,b) — R is uniformly continuous on (a,b). Prove that its improper
integral converges.

5. Let f:(a,b) > R and g : (a,b) — R be two given non negative functions, such that

e for any h € (0,%%), f and g are Riemann integrable on [a + h,b — h].
e the following limits from above exists and are positive Real number

. fla+h) _ f(b—h)
hlgg+ gla+h) and hlggr g(b—h)

Prove that the improper integral of f converges if and only if the improper integral of ¢
does it too.

Hint: Use Theorem 14.3.
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