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Chapter 1

How to study mathematics

It is extremely important in this module, as in any mathematics module, to master the
fine art of the mathematical proof. With this I mean to be able to prove a mathematical
statement via a logical argument, stating clearly what is the starting point (hypothesis)
and what is the final point (assertion or what we want to prove). To go from the first to
the latter we need to use a rigorous mathematical argument where every step is carefully
justified. It might be useful to follow the structure given below:

(A) write down clearly what is the hypothesis of your theorem/proposition, using the
correct mathematical language (quantifiers, inequalities, etc..);

(B) write down the final assertion, i.e., what you want to prove using the correct math-
ematical language;

(C) compare (A) with (B) and find a way to go from (A) to (B). Often you need a very
quick mathematical argument to pass from (A) to (B) (direct argument or a proof
by contradiction) and then your proof is done!

If you work in this way you will become more and more independent in producing a
mathematical proof and you will not need to rely on your lecture notes all the time.
What is not advisable (almost illegal) in mathematics is to learn by heart. This will
not help your understanding and will have a very limited effect in time, in the sense that
you will forget everything you have learnt in a matter of few days. So, be wise and start
from the beginning of this module to learn in the right way!

For the sake of completeness sometimes we refer to theorems proven in the 2021/22
lecture notes: these are not examinable. Only the material of these lecture notes is
examinable.



Chapter 2

Elements of Logic and Set theory

We begin by building a common mathematical language. As any language maths has
its own alphabet made of symbols. It is important to know them to be able to have a
meaningful mathematical conversation. These are the building block of our mathematical
background that we will construct during this module.

2.1 Symbols

In this section we collect the mathematical symbols that you will encounter all the time in
your mathematical studies. We distinguish them into two classes: set theoretic symbols
and logical symbols.

2.1.1 Set theoretic symbols

S

N N

= DO C

is in, is an element of

is a subset of, is contained in
subset (possibly equal)
union

intersection

the empty set.

We can also reverse these symbols or negate them. For instance, the reverse of C is D
which means contains and the negation of € is obtained by striking out the symbol, i.e.,
¢. This last symbol stands for is not an element of.



2.1.2 Logical symbols

oV forall

e 7 there exists

A there does not exist

= implies, is a sufficient condition for
e %  does not imply
e & if and only if, iff

These symbols are quantifiers (V, 3, ...) or express logical relations (=, <, ...). We will
come back to them later on.

2.2 Set Theory

Every mathematical object belongs to a set. It is therefore important to have some
foundations of set theory.

Definition 2.2.1. A set is a collection of objects. The objects are referred to as elements
of the set.

We can represent a set by listing its elements or by stating a property that determines
membership or in other words defines the set. It is common to use a capital letter to
denote a set. In details, the set of numbers 1, 2, 3 is denoted as

S ={1,2,3}.

Here we have listed the elements of the set S. The set of all positive numbers (numbers
greater than 0) can be represented by stating its defining property, i.e.,

T={x: x>0}
T ={z|z > 0}.

Note that : and | read as such that.
Some more definitions and notations:
o If x is an element of S then we write x € S.
e If x does not belong to S then we write & S.
e S is a subset of T if every element of S belongs to T, i.e.,

resS =axecTd.



e If S is a subset of T we write S C T'. If the set might actually be equal then we can
use the notation S C T. Analogously, we can write T'D> S or T D S.

e The empty set ) is the set with no elements. It is a subset of every other set.

Definition 2.2.2. Let A and B be two sets. The union of A and B is the set of all x
such that v € A or x € B. In detail,

AUB={x: x € Aorz € B}.
The intersection of A and B is
ANB={z:z € Aand z € B}.

The set of all elements of A which does not belong to B is denoted by A\ B.
Remark 2.2.3. It is clear from the definition above that AN B could be empty. Moreover,

ANBC A,
ANBC B,
AC AUB,
BC AUB,
ANBC AUB,
A\ B C A.

Example 2.2.4. Let A = {1,2,3,4} and B = {1,2,5}. Compute AU B, AN B and
A\ B. What is the relation between (AU B) \ (AN B) and A\ B?

You are probably already very familiar with the following sets of numbers:

N=1{1,2,3,4,---} natural numbers
Ny ={0,1,2,3,---} natural numbers with 0 included
Z ={0,4£1,£2,43,---} integers

Q={a/b: a€Z,be N} rational numbers

By definition of these sets we have immediately
NCcNycZcQ.

There exists a bigger set which contains all of these sets of numbers: it is the set R of
real numbers. Intuitively it is the set of all points on a straight line extending indefinitely
in both directions. We will give a rigorous definition later on but at the moment we can
already write the following chain of inclusions:

NCNycZcCQCcCR.



2.3 Logic

As stated in the introduction this module is all about proving theorems. It is therefore
important to have some notions of logic.

Definition 2.3.1. For the scope of this module it is sufficient to define a proposition as
a statement which is either true or false.

Example 2.3.2. These are all examples of propositions:
1. All students in this room have dark hair.
2.3<5

326 is an odd number.

- W

13 is a prime number.
5. D 1s not positive.
6. For all real numbers x, we have 2 > 0.

7. There exists a real number a such that a® = 2.

A proposition can contain a wvariable, such as “The number x is positive”. Here x is
a variable, and the proposition can be true or false depending on the value of x. For
example, it is true for x = 1 and false for v = —2.

2.3.1 Combining propositions
Using propositions with variables one can form new propositions in several ways:

i) Using the quantifier V: from the proposition > > % one can form the proposition
g

1
2
51
Vb € N, one has b~ > 3
This proposition is true.
(ii) Using the quantifiers 3: 3b € Q such that b* > 3.

(iii) Using the implication =

1 1
V>- = P>-.
-2 -3
(iv) Using the double implication <
1 1
©¥>- e b < —-.
-2 -2

Finally, one can combine all the above ways of forming propositions.
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2.3.2 Negating propositions

It is very important to understand how to negate a proposition. If a proposition is true
then its negation is false and vice versa. There is a basic rule that we need to follow:

When negating propositions containing symbols 3 and ¥V, one should replace 3 by V and
vice versa.

When negating propositions containing the symbol = one should replace = by #.
Example 2.3.3. Let us write down a proposition A:
VeeNz>2 =x+12>3.
A is true. Let us negate A. We use the notation —=A. The proposition —A is given by
dJreN: z>24x+12>3.
—A can be equivalently written as follows:

dreNzxz>2: z+1<3.

2.3.3 Equivalence and implication

Let A and B be two propositions which contain the same variable. Then A < B means
that B is true if and only if A is true. In equivalences, you need to specify the range of
the variable, so such statements will usually include the quantifier V. Examples:

l.VieRiz>0&<z2z+1>1
2. VnEZ:n>%¢)nZl
3.VEeN: k>2< k2 >4

4. Ym € Z: m is even < m? is even.

A < B can be rephrased as ‘A is a necessary and sufficient condition for B’.

Let A and B be two propositions which contain the same variable. A = B means ‘if A
is true then B is true’. In implications, you need to specify the range of the variable, so
such statements will usually include the quantifier V. Examples:

1. Va € R, one has: a > 1= a®? > 1;
2. Vz € R: z is a solution of (z? — 1) = 0 = =z is a solution of z* = 1;

3. Va,b € R, one has: a € (0,1) and b € (0,1) = (a+0)/2 € (0,1).

A = B can be equivalently rephrased in one of the following ways:



—_

. A implies B.
2. If A then B.
3. A is a sufficient condition for B.

4. B is a necessary condition for A.

We say that A = B is a conditional statement. Note that it can happen that A = B but
NOT B = A. Examples:

l.keN=LkeZbutkeZ % keN;

2. VacR,onehasa>1=a?>>1,buta®>>1% a>1.

Warning: It is a very common mistake to (explicitly or implicitly) confuse the statements
A= Band B= A.

2.3.4 Proof by contradiction

We will study many theorems in this module and we will need to prove them (provide a
proof). A theorem is given by a first statement called hypothesis (a proposition A which
is true) and a final statement B. The theorem states that A implies B. We need to prove
with a rigorous mathematical argument, which will often requires a chain of implications,
that A = B is true. As an explanatory example let us consider the following theorem:

Theorem: There is no rational number that satisfies the equation z? = 2

Our hypothesis or starting point is
A:a?=2.
Our final statement of what we want to prove is

B:z¢gQ.

Proving the theorem in a direct way means to prove A = B. This is equivalent to prove
that =B = —A. Indeed, =B = —A is the contrapositive of A = B and a contrapositive
to an implication is true iff the implication itself is true. Proving that the contrapositive
is true means to prove that =B implies =A. Doing a proof by contradiction means
to assume that A is true and that =B holds and then to get a contradiction to A. For
this reason we use the terminology proof by contradiction. In some cases, as this one,
the proof by contradiction is easier than the direct proof. We will prove later on in the
module that if z is rational then z? # 2.



2.3.5 Converse versus contrapositive

Let A and B be propositions depending on a variable. Then a converse to A = B
is B = A and a contrapositive to A = B is =B = —A. We have seen above that
a contrapositive to an implication is true iff the implication itself is true. However, a
converse may or may not be true regardless of whether the implication itself is true or
not. This is illustrated by the following examples:

1. “If you live in London, then you live in England” (true) Converse: “If you live in
England, then you live in London” (false). Contrapositive: “If you don’t live in
England, then you don’t live in London” (true)

2. “c > 1 = 22 > 17 (true). Converse: “z?> > 1 = z > 1 (false). Contrapositive:
“r? <1= 12 <1 (true).

10



Chapter 3

The set of real numbers

The aim of this chapter is to introduce the set of real numbers in a mathematical precise
way. Intuitively, R is the set of numbers which can be represented by the straight line,
so extending to infinity in both directions (+00) and without “holes”. let us first try to
understand why we need R, why we could not just work on N or Z for instance. It all
boils down to solving equations.

3.1 Solving equations in N, Z and Q

Let us start by considering N = {1,2,3,---} and a,b € N with b < a. The equation
a+x=0>

cannot be solved in N. As a consequence, we need to enlarge the set N and introduce 7Z,
where the solution x = b — a belongs. Note that < defines an order relation in Z and Z
can be arranged in order as

Z=NU{0}U{—a: aeN}
Note that the following theorem holds.

Theorem 3.1.1 (Fundamental Theorem of Arithmetic). Every integer greater than 1
either is a prime number itself or can be represented as the product of prime numbers.
This representation is unique up to the order of the factors.

Let us pass to the equation
axr = b,

where a,b € Z with a # 0. In general, this equation is not solvable in Z so we need to
enlarge Z to the set of rational numbers

Q={a/b: acZ beN}y={a/b: a€Z beN,hcf(a,b) =1},

11



where hcf stands for highest common factor. All the arithmetical operations of Z are
easily extended to Q (addition, multiplication with their properties). At the same time
we can introduce an order relation in Q, as follows: let b, d € N. Then,

2 < 3 < be < ad.
Analogously,
% > 2 & ad > be.

Unfortunately, Q is not enough to solve algebraic equations. Indeed, we will prove now
that the equation
=2

does not have a rational solution.

Theorem 3.1.2. There is no rational number that satisfies the equation x? = 2.

Proof. We prove this theorem by contradiction. Assume, that there exists §, where a € Z
and b € N such that

— =2

Assume that the fraction a/b is written in lowest terms (highest common factor is 1).

From the equation it follows that

a’ = 20°.
Hence, from the Fundamental Theorem of Arithmetic, a? is even (a* = 2h, h € Z) and
necessarily a is even too (indeed a odd implies a? odd). It follows that, for some k € Z,

a = 2k and
2(2k%) = 2b*
which implies
2k* = b*.
This means that b is even too. So, a and b are both even and have a common factor 2.
This is in contradiction with them having highest common factor 1. O]

This theorem shows the need to have a new set of numbers which are not rational and
they are therefore called irrational: \/5, \/g, m, e, etc... The set R contains all of these
numbers. More precisely, R \ Q is the set of irrational numbers.

3.2 The field of real numbers

In the previous section we have discussed the need to extend N to Z and Z to Q. The
rigorous construction of R from @Q is rather complicated and lengthy so we will not treat
it here. In this course we postulate the existence of the set of real numbers R and we
summarised its properties in a collection of axioms. In the sequel 3! stands for there exists
a unique. R is an algebraic field, i.e., it fulfils the following properties:

12



Al Va,b € R, a+ b€ R (closed under addition).

A2 Va,b e R, a+b=>b+ a (commutativity of addition).

A3 Va,b,c e R, (a+0b)+c=a+ (b+ c) (associativity of addition).

A4 30 € R: Va € R, 0+ a = a (existence of additive identity).

A5 Va e R Jdlz € R: a+ x =0 (existence of additive inverse). We write x = —a
A.6 Va,b € R, ab € R (closed under multiplication).

A7 Ya,b € R, ab = ba (commutativity of multiplication).

A8 Va,b,c € R, (ab)c = a(bc) (associativity of multiplication).

A9 J1 € R: Va € R, 1la = a (existence of multiplicative identity).

A10 Va € R\ {0} 3z € R: ax = 1 (existence of multiplicative inverse). We write
x=1/a.

A.11 Va,b,c € R (a+ b)c = ac + be (distributive law).

Remark 3.2.1. The set of rational numbers Q is also an algebraic field because it fulfils
the properties A.1-A.11. Z is not a field. Why? Think about an easy argument to show
that Z is not a field.

We now add some order azioms to R. We will therefore say that R is an ordered algebraic
field.

0.1 Va,be R, a=bor a<bora>b This is equivalent to say that if a > band b > a
then a = b (trichotomy law).
0.2 Va,b,c € R a>band b > cimply a > ¢ (transitive law).
0.3 Va,b,c € R a > b implies a + ¢ > b + ¢ (compatibility with addition).
0.4 VYa,b € R, Ve > 0, a > b implies ac > be (compatibility with multiplication).
Note that both R and QQ are ordered fields. However, there is a main property which
distinguish Q from R: the completeness axiom. R follows the completeness axioms but

Q does not. We will formulate the completeness axiom later on. We will focus now on
some important definitions and inequalities which are related to the the fact that R is an

ordered field.

13



3.2.1 Absolute value and some important inequalities

We begin by defining the notion of absolute value

Definition 3.2.2. Let a € R. The absolute value of a is defined as follows:
a, a >0,
jaf =
—a, a<0.

It is common to call the absolute value of a also modulus of a. Note that for every real
number a,
a>0 & —a<0.

It follows that |a] < 3 iff 0 < a < 3 and —3 < a < 0. This means —3 < a < 3.
Analogously, |a| > 3 is equivalent to @ > 3 or a < —3.

Proposition 3.2.3. For all a,b € R,
|+ 0] < af + 0].
Proof. Note that by definition of absolute value,
x < |z|, —z < |z

for all z € R.
We distinguish between two cases.

Case 1: a+b>0
la+bl =a+b<|a|l+ |b].

Here we have applied the axiom O.3.
Case 2: a+b<0

We have

o+ 0] = —(a+b) = (—a) + (=b) < |af +[b],
by the axiom O.3. m
To prove the following inequality we will employ the principle of mathematical induc-
tion. A proof by induction is used when we have a statement depending on a variable
n € N (or n € Ny). We prove the statement for n = 1 (or n = 0). Then we assume the

statement valid for n = k and we prove it for n = k 4+ 1. This is the so-called induction
step. Once concluded we have proven that our statement is true for every n.

Proposition 3.2.4 (Bernoulli’s inequality). For all n € Ny and for all « > —1,

(14+a)" > 1+ na.

14



Proof. The inequality is trivially true for n = 0,1 since 1 = 1 and
l+a=1+a,

for all & € R. Assume that
(1+a)*>1+ka,

for k> 1 and for all & > —1. We now consider (1 + a)f*1. We can write
(1+a)"™ = (1+a)1+a)
By the induction hypothesis and using the fact that 1 + a > 0 we have

1+ =1 +a)1+a)>1+a)(l+ka)
=1+ (k+Da+ka®>1+ (k+1)a,

since ka? > 0. This concludes the proof by induction.

3.2.2 Bounded and unbounded sets of real numbers

We now want to focus on the subsets of R and their properties.

Definition 3.2.5.

(i) A set S CR is bounded above if there ezists ¢ € R such that
r <c
for allz € S. The number c is an upper bound for S.
(ii)) A set S C R is bounded below if there exists ¢ € R such that
T > c,

for all x € S. The number ¢ is a lower bound for S.

(11i) A set S C R is bounded iff it is bounded above and below.

It follows that S is bounded iff there exists ¢ > 0 such that |z| < ¢ for all z € S.

Definition 3.2.6. The following sets are intervals in R:
(1) (a,b) ={zr eR:a <z <b};

(it) la,b] ={z € R:a <z < b};

(11i) (a,b], [a,b);

() (a,00) ={xr € R:2>a}, [a,00) ={z €R:2>a};

15



(v) (—o0,b) ={z € R:2 <b}, (—00,b] ={z € R:x <b}.

(a, b) is an open interval of R as well as (a, c0) and (—00,b). [a, b] is a closed interval as well
as [a,00) and (—o0,b]. Note that these sets are open/closed because their complements
are closed/open. The sets (a,b), [a,b], (a,b] and [a,b) are bounded while (a, ), [a, o),
(—o0,b) and (—o0, b] are not bounded (unbounded).

Example 3.2.7. As observed above the interval (a, b] is bounded because it has an upper
bound and a lower bound. In particular,

a<x<b,

for all € (a,b]. So, a is a lower bound and b is an upper bound for this set. Since
b € (a,b] we say that b is the maximum of the set (a,b]. Analogously, a is the minimum of
the set [a,b). Note that maximum and minimum of a set might not exist. Indeed, (a,b)
does not have max and min but it has an upper bound and a lower bound. For a set S
we use the notations max S and min S for its maximum and minimum, respectively.

3.2.3 The completeness axiom

We now introduce the notions of infimum and supremum of a set. These will be particu-
larly useful when the maximum and minimum of a set fail to exist.

Definition 3.2.8. Let S C R be bounded above. Then a € R is called the supremum (or
least upper bound) of S if

(i) is an upper bound for S:
Vo e S, r < a;

(i) it is smaller than any other upper bound (least upper bound):
Ve>0,4beS: b>a—-ce.

We write a = sup S.

The Completeness Axiom

Every nonempty subset of R that is bound above has a least upper bound.

This axiom ensures the existence of sup .S for every nonempty S C R. In addition, R can
be characterised as follows:

R is an ordered algebraic field satisfying the Completeness Axiom.

We say that R is an ordered field fulfilling the Completeness Axiom. The difference
between R and Q is that R is complete but Q is not.

16



Remark 3.2.9. To show that Q is not complete we need to find a subset of Q which is
bounded above but does not have a least upper bound in Q. This is quite immediate.
Indeed,

S={reQ:2’<2}={reQ: —v2<z<V2}.

the least upper bound of this set is v/2 which does not belong to Q.

Analogously, we can introduce the infimum of a set as the greatest lower bound.

Definition 3.2.10. Let S C R be bounded below. Then a € R is called the infimum (or
greatest lower bound) of S if

(i) is an lower bound for S:
Ve e S, x> a;

(i) it is greater than any other lower bound (greatest lower bound):

Ve>0,dbeS: b<a+e.

We write ¢ = inf S.

Theorem 3.2.11. Let S be a nonempty subset of R bounded below. Then, inf S exists
and

inf S = —sup(—29),
where =S = {—x :x € S}.
Proof. We begin by analysing our hypothesis. S is bounded below, so there exists c € R

such that
T > c,

for all z € S. This is equivalent to
—z < —c.

By definition of —S we have that —S' is bounded above and by the Completeness Axiom
it has a least upper bound ¢ = sup(—S). We want to show that

—¢ = —sup(—S) =inf S.

This means to prove that —¢ is the greatest lower bound for S, i.e., for all e > 0, —{ + ¢
is not a lower bound:
dJreS: < —-&+e.

Our assumption is that £ is the least upper bound of —9, i.e.,
Ve>0,dresS: —x>&—c¢.

This is equivalent to
Ve>0,dresS: z<—-{+e.

17



In other words we have proven that
—&=1inf S
as desired.
m

Theorem 3.2.12 (The Archimedean Principle). Let « € R. Then there ezxists n € Z
such that x < n.

Proof. We argue by contradiction. Assume that for all n € Z
z>n & nlu.

Therefore, the set
A={n:nelZ}

is bounded above and by the Completeness Axiom sup A exists and
sup A < .

Note that
supA—1<supA

and it is not an upper bound for the set A. So, there exists m € Z such that
m>supA—1 < m+1>supA.

Since m + 1 € Z it follows that m + 1 € A and therefore sup A is not un upper bound for
A. This contradicts our hypothesis and completes the proof. O

Theorem 3.2.13 (Well-ordering Principle). Any nonempty subset S C Z which is boun-
ded below has a minimum.

Proof. As S is nonempty and it is bounded below then there exists s € R such that
s =inf S (by the Completeness Axiom). Since s + 1 > s there exists m € S such that

m<s+1 & m-—1<s.

It follows that
m—1<s<m.

We now want to prove that
m = min S = inf S.

This means to prove that m € S (trivial) and that

m<n,

18



for all n € S. Let us do a proof by contradiction, i.e., assume that there exists n € S such
that
m > n.

Hence
m>n>s>m— 1.

But this means
m>n>m < mn<m.

This does not make sense so it is our contradiction. O]
Analogously,

Theorem 3.2.14 (Well-ordering Principle). Any nonempty subset S C Z which is boun-
ded above has a maximum.

Theorem 3.2.15. For any interval (a,b) C R there exists a rational r € (a,b).

Proof. Since a # b we have that h = b — a > 0. By the Archimedean Principle (see
problems in the end of the chapter), there exists n € N such that

1
— < h.
n

Note that 1 < nh+n(b—a) or na < nb— 1. Let

S={meZ: m<nb}.

This set is non-empty and it is bounded above. Hence, by the well-ordering principle,
there exists m € S such that m = max .S. From the definition of maximum we have

m<nb<m+1.

Concluding,
na<nb—1<(m+1)—1=m <nb.
Dividing by n we obtain,

m
a< — <b.
n

So, we have found r = * € Q belonging to the interval (a, b). ]

We conclude this chapter going back to the equation 22> = 2. As a consequence of the
completeness axiom one can prove that this equation is solvable in R (see for instance
Theorem 1.14 in 2021/22 lecture notes). Hence, by Theorem 3.1.2 its solutions (4+/2)
are irrational.
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Chapter 4

Sequences of real numbers and limits

The notions of sequence and limit are central in Analysis. They are also fundamental in
applied mathematics when we want to represent a phenomena which is happening at time
n=1,2,3,--+, (in other words endlessly) and we want to understand what is happening
at time large (at the end), i.e., as n tends to infinity. Sequences and limits are basically
involved every time we talk about approximations and behaviour at infinity. In the sequel
we will use the notion of function. A function f is a relation between two sets X and
Y which links every element x € X to one and only one element y € Y. We use the
notations f: X — Y and y = f(x).

4.1 Sequences

Definition 4.1.1. A sequence of real numbers is a function f : N — R. We use the
notation a, = f(n) for the elements of the sequence and (a,)nen (or briefly, (a,)) for the
whole sequence. So,

(an) = (&1,&2,a3,"' 7an7"')'

Example 4.1.2. Some easy examples of sequences:

(i) The sequence a,, = n is the sequence of natural numbers:

(an) = (17273747"' 7”7"')'

(ii) The sequence a, = =+ is

(iii) The sequence a, = E2° is




4.1.1 Null sequences

In the Examples (i) and (iii) above we see that a, becomes smaller and smaller as n
becomes larger. These are two examples of null sequences.

Definition 4.1.3. (a,) is a null sequence if

Ve>0,ANeN: n>N = |a,| <e.

The previous line of mathematical symbols reads as follows: for all € > 0 there exists a
natural number N such that |a,| < e for all n > N.

Exercise

We now want to prove that the sequence (a,) with a,, = % is a null sequence. This means
to prove that

Ve >0, ANeN: n>N = |an]:1<€.
n

In other words, given an arbitrary € > 0 we need to find N € N such that

1
~ <,
n
for all n > N. Note that if n > N then
1 - 1
n N’
so if we choose N € N such that
— <,
then
! < ! <
—-—< —=<ce
n N ’

for all n > N as desired. The question is: can I find N € N such that % < 7 The answer
is yes. It is enough to choose N € N bigger than % For instance,

1
€
where [1/¢] denotes the integer part of 1/e (greatest integer less or equal to 1/¢).

Proposition 4.1.4. (a,) is a null sequence iff (|a,|) is a null sequence.

Proof. This is trivially true because

|an| = [lan]l-
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Remark 4.1.5. From the definition of null sequence we see that we can rephrase the
mathematical sentence

Ve>0,INeN: n>N = |a,| <e.

in a more geometrical way.

We can equivalently say that (a,) is a null sequence if for all £ > 0 there exists N € N
such that
a, € (—¢,¢)

for all n > N.

In other words in a null sequence for all ¢ > 0 only a finite number of elements of
the sequence lays outside the open interval (—e,&). These are the elements a, with
n=1,---,N. All the others belong to the interval (—¢,¢).

4.1.2 Sequences converging to a limit

We now introduce a general notion of limit of a sequence.

Definition 4.1.6. A sequence (a,) converges to a limit a € R if
Ve>0,INeN: n>N = |a, —a| <e.

We write

lim a, = a'
n—oo

or, equivalently,
ap, — a as n — oo.

We say that the sequence (a,) converges to a.

In other words when a,, — a the elements of the sequence a,, become closer to a as n
gets larger. Note that in the definition above N depends on the choice of e > 0, i.e.,
N = N(e). Comparing Definition 4.1.3 with Definition 4.1.6 we easily see that (a,) is a
null sequence iff a,, — 0 as n — oo.

Remark 4.1.7. A sequence does not necessarily has a limit. For instance the sequence
((Zn) = (17 Oa 17 07 17 O, 1, st ),

does not have a limit because its entries are jumping between 1 and 0 and not getting
closer to any specific value a € R. We say that lim,,_,, a,, does not exists.

However, if a sequence it is constantly equal to a certain number, i.e.,
an, = a,

for all n € N, then trivially a, — a, as n — oo.

!This notation makes sense because the limit is unique, as we will prove later.
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Exercise
We now want to show that the sequence
n
o+l

Qn,

converges to 1 by using the definition of limit seen above. We need to prove that for all
€ > 0 there exists N € N such that

n
— 1| <e¢,
n—+1
for all n > N. Since
1-1 1 1
LR U el S R 1=
n+1 n+1 n+1 n—+1
we need to find N € N such that
<
n+1 c

for all n > N. This is equivalent to require that

1 1
n+l>- &n>-—-—1.
€ 15

Choose N € N such that

1
N> - —1.
g

Hence, for n > N we have
1
n>N>-—1
as desired.

We now want to prove that when a sequence is convergent then its limit is unique.

Theorem 4.1.8. If a sequence is convergent then its limit is unique.

Proof. This is a proof by contradiction. Assume that there exists a,b € R with a # b
such that a,, — a and a,, — b as n — oo. Hence, for all € > 0 there exist Ny, Ny € N such
that

la, —a| < e,

for n > N; and
la, —b| < &,

for n > Ny. It follows that for all n > N = max(Ny, Ny) both the inequalities above hold
and by the triangle inequality we can write

la —b| = |a —a, +a, — b| < |a—a,| +|a, — b = |a, —a|] + |a, — b| < 2e.

Since a — b # 0 we can choose

la — b
)
c 3
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This leads to 5
— bl < =|a —b|,
ja—bl < ZJa 1)

which is a contradiction. ]

Definition 4.1.9.

(i) A sequence is divergent if it is not convergent.
(11) A sequence is divergent to oo if for all M > 0 there exists N € N such that
a, > M,
for alln > N. We write a,, — o0 as n — oo or lim, ., a, = 00.
(11i) A sequence is divergent to —oo if for all M > 0 there exists N € N such that
a, < —M,

for alln > N. We write a,, =& —o0 as n — 0o or lim,,_,s @, = —00.

Note that a divergent sequence not necessarily has limit co or —oo. It could happen that
the limit does not exist. For instance,

(@n):<170717071707"')

is divergent and its limit does not exist.

4.1.3 Properties of convergent sequences

In the sequel we say that a sequence (a,) is bounded iff the set of its elements is bounded,
i.e., there exist m, M € R such that

m < a, <M,
for all n € N.
Proposition 4.1.10. Every convergent sequence is bounded.
Proof. We begin by stating our hypothesis. Let a,, — a as n — oo. Then, for all € > 0

there exists V € |N such that
la, —al < ¢,

as n > N. It follows that for ¢ = 1 there exists N € N such that

a—1<a,<a+1,

for all n > N. Let M = max{ay,as, - ,ayn,a+ 1} and m = min{ay,as,--- ,an,a — 1}.
Then,

m<a, <M,
for all n. This shows that the sequence (a,) is bounded. ]
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Remark 4.1.11. The converse is not true. Indeed, the sequence
(CLn) = (17 _17 17 _17 17 _17 Tt )
is bounded but it is not convergent.

Theorem 4.1.12 (The Shift Rule). Let n € N. The sequence (ay,) is convergent iff the
sequence (an+n) is convergent. Moreover,

lim a, = lim a,,y.
n—oo n—oo

Proof. Let a, — a as n — co. Hence, for all € > 0 there exists M € N such that
la, —al <e

for all n > M. Let N € N. Note that n + N > M iff n > M — N. So, choosing
n > max{M — N, 1} we have that

|anin —al <e.

Analogously, if a,, v — a as n — oo then a,, — a as n — oo. O

The following theorem proves some algebraic properties of limits which are particularly
useful when we do computations (you have already used these properties many times in
Mathematical Methods).

Theorem 4.1.13.

(i) If a, — a and b, — b then a, +b, — a+b as n — oo;
(ii) let X € R. If a,, — a then Aa, — Aa as n — oo;
(i) if a, — a and b, — b then a,b, — ab as n — oo;

(iv) ifan—MLcmdbn—>bwithb,bn#OforallnGNthen‘;—:—>% as n — oo.

Proof. (i) Assume that a, — a and b, — b as n — oco. This means that for all ¢ > 0
there exists Ny, Ny € N such that

la, —a| < ¢,

for all n > Ny and

b, — b < ¢,
for n > Ny. Choosing N = max(Nj, No) we have that for all n > N both the
inequalities above hold. Hence, by applying the triangle inequality we have

la, + b, —a —b| = |(a, — a) + (b, =b)| < |a, —al + b, —b] < e +¢,

for all n > N. This shows that a,, + b, — a + b as n — oo. (If we want to get e in
the last inequality rather than 2¢ we need to start with £/2 in the definition of the
limits of a and b.)
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(i)

(i)

Our hypothesis is that for all € > 0 there exists N € N such that
la, —a| < e,
for all n > N. Let A # 0. We have,
|Aa, — Aa| = |N]a, — al < |A|e,

for all n > N. Choosing ¢/|A| rather than ¢ in the definition of the limit of a,, and
the corresponding N we get that \a, — A\a, as n — oc.

If A = 0 then Aa, = 0 for all n. This is the sequence identically 0 which has clearly
limit 0 = Aa as desired.

Assume that a,, — a and b, — b as n — oo. Hence, for all £ > 0 there exists N € N
sufficiently large such that

la, —al <e, |b, — b] <&,
for all n > N. We need to estimate |a,b, — ab|. We write
|anb, — ab| = |anb, — ab, + ab, — ab| < |b,||a, — a| + |a||b, — b|.

Since the sequence (b,,) is convergent then by Proposition 4.1.10 it is bounded, i.e.,
there exists ¢ > 0 such that |b,| < ¢ for all n. It follows that for n > N,

|anb, — ab| < |by|lan — a| + |a||b, — b] < ce + |ale = (¢ + |al)e,
where ¢ + |a| > 0. This proves that lim,, ,, a,b, = ab.

To prove this final statement it is enough to show that under our hypotheses, b, — b

implies i — . Then, by applying (iii) we have immediately that
G @
by, b’

as n — 0o.

Let b, — b as n — 0o. Hence, for all £ > 0 there exists N € |N such that

b, — b < ¢,
for all n > N. Now,
l_l b=, < €
b, b| | bb, 1b]|bn]’

for all n > N. We need to estimate |b,| from below in order to be able to conclude
our proof. We first note that since b, — b then |b,| — |b| as n — oo (see problems
at the end of the chapter). It follows that

Iba| > 0] — e
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So, if € < % we have that

0]

2 )

for n > N. Summarising, for all 0 < ¢ < % there exists N € N such that

|bn| >

< ° < 2
€19
[bl1bn] [0

1 1] |b—b,
b b| | bb,

for all n > N. This shows that bi — bi as n — 00. Indeed, if we have ¢ > % we
|b]

can always find 0 < &’ < e with 0 <&’ < 5. Applying the argument above we get

1 o2 2
— — | <& <e—s,
bn b o[> " [bf?

for n > N.
O

Theorem 4.1.14 (The Sandwich Rule). Let a € R and let (ay), (bn), (cn) be three se-
quences with
p < by < Cp,

for alln € N. If a, — a and ¢, — a as n — oo then b, — a as well as n — 0.

Proof. We begin by writing what it means that a,, — a and ¢, — a as n — oo. It means
that, for all € > 0 there exists NV € N such that

a—e<ap<a-+te,

a—e<c,<a+teg,
for all n > N. Hence, since a,, < b, < ¢, we have
a—e<a,<b,<c,<a+e,

for all n > N. This proves that b, — a as n — oc. O

4.2 Monotone sequences

In this section we study a particular class of sequences which often occur in applications.

Definition 4.2.1.

(i) A sequence (ay) of real numbers is increasing if
Qp, S An+1,

for all n € N.
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(i) A sequence (a,) of real numbers is decreasing if
G, 2 An+1,
for alln € N.

(i1i) A sequence is monotone if it is either increasing or decreasing.

if the previous estimates hold with < and >, respectively then we say that the sequence
is strictly increasing and strictly decreasing, respectively.

Example 4.2.2. The sequence a,, = n? is increasing. The sequence a,, = % is decreasing.
The sequence

is not monotone. Indeed,

is neither increasing nor decreasing.

Theorem 4.2.3.

(i) If a sequence (a,) is increasing and bounded above then it is convergent and

lim a, = sup a,.
n—>00 n

(ii) If a sequence (ay,) is decreasing and bounded below then it is convergent and

lim a, = inf a,.
n—o0 n

This theorem shows that a monotone bounded sequence is convergent.

Proof.

(i) Let (ay,) be increasing and bounded above. Then [ = sup,, a,, € R and by definition
of supremum, for all £ > 0 there exists ay such that

any >1—e¢.
For all n > N we have that
a, > ay >1—¢.

Combining this inequality with the definition of supremum we conclude that, for all
n>N,
l—e<any<a,<l<l+e.

This means that a,, — [ as n — oo.
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(ii) Let (a,) be decreasing and bounded below. Then [ = inf, a,, € R and by definition
of infimum, for all € > 0 there exists ay such that

ay <l —+e.

For all n > N we have that
ap <ay <l+e.

Combining this inequality with the definition of infimum we conclude that, for all
n>N,
l—e<ll<a,<ay<l+e.

This means that a,, — [ as n — oo.

Example 4.2.4. Let us consider the following sequence defined recursively by

aflz\/ia
p = A/ Qp_1 + 2, n > 2.

We will prove that this sequence is convergent by showing that it is bounded and increas-
ing.

(i) We prove by induction that
0<a, <2,

for all n € N. This is true for n = 1. Assume that for n = k,

O<ap=+/ap_1+2<2.

Hence,

0<apy =Vap +2<vV2+2=2.
So, our sequence is bounded.

(ii) We now prove that it is increasing, i.e., a,.1 > a,, for all n € N. This is equivalent
to prove that

Va, +2>a, <a,+2>d> & a—a,—2=(a,—2)(a, +1)<0.

The last inequality holds because 0 < a,, < 2.

By Theorem 4.2.3 the sequence (a,,) is convergent because it is bounded and increasing
and

lim a, =supa, =
n—o0 n

By the shift rule,

lim a, = lim a,_; = x.
n—oo n—oo
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So, taking the limit at both sides of the equality
ai =a,_1+ 2,

we get
- —2=0.

This gives x = 2 or x = —1. Since x must be positive we have that x = 2. Concluding,
a, — 2 asn — oo.

4.3 Subsequences and the Bolzano-Weierstrass Theo-
rem

In this section we deal with subsequences, i.e., the sequences obtained from a given se-
quence (a,) by selecting only some of its entries.

Definition 4.3.1. Let ny be a strictly increasing sequence of natural numbers (i.e. 1 <
ny <ng <ng<---). Then a,, is called a subsequence of a,.

L

Example 4.3.2. Let a,, = £ and ny, = k2. Then a,, = a2 = 5.

If a sequence is convergent then all its subsequences are convergent too.

Proposition 4.3.3. Let (a,) be a convergent sequence and let (a,,) be a subsequence of
(ay). Then,

lim a, = lim a,,.
n—o00 k—o0

Proof. Since a,, — a as n — oo we have that for all € > 0 there exists N € N such that
la, —a| < e,
for all n > N. Since (ny) is a strictly increasing sequence, there exists K € N such that
ng >ng > N,
for all £ > K. Hence, for all £ > K,
lan, —al <e.
This shows that a,, — a as kK — 0o, as desired. O

It follows from this result that if a sequence has a divergent subsequence then necessarily
the whole sequence is not convergent. We now prove a non trivial result about sequences
which will lead us to the proof of the Bolzano-Weierstrass Theorem.

Theorem 4.3.4. Fvery sequence has a monotone subsequence.
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Proof. Let (a,) be our sequence and let C' be the subset of the natural numbers defined
by
C={neN: if m > n then a,, < a,},

i.e., those indices for which all following sequence elements are smaller.
Now C' is either infinite or finite (possibly empty).

If ¢ is infinite there exist n; < ny < ng < --- in C, and thus a,,, an,, an,,... 1S a
decreasing subsequence of a,,.

If C is finite there exists n; such that none of ny, ny + 1, ny + 2,... are in C. Since
ny & C' there exists ng > ny with a,, > a,,. Similarly ny € C' so there exists nz > ny with
Qpn, > ap,. Proceeding in this way we see that we have an increasing subsequence of a,,.

In each case we have shown there exists a monotone subsequence. If C' = () then m > n

implies a,, > a,. This means that the sequence (a,,) is increasing. ]

Example 4.3.5. Let a,, = (—1)"n. Then the subsequence a,, , where ny = 2k, increases.

The following corollary of Theorem 4.3.4 is the famous The Bolzano-Weierstrass Theorem.

Corollary 4.3.6 (The Bolzano-Weierstrass Theorem). Every bounded sequence has a
convergent subsequence.

Proof. By Theorem 4.3.4 we have that our sequences has a bounded monotone subse-
quence. So, by Theorem 4.2.3 this subsequence is convergent. O

Example 4.3.7. Let a,, = sin 5*. Then the subsequence a,, , ny = 4k, converges to zero.

The Bolzano-Weierstrass Theorem appears in other contexts too. It is so important that it
is worth giving another, different, proof that is generalisable to sequences other than real
ones. It is based on the idea of bisection that one also encounters in numerical analysis.

Another proof of the Bolzano-Weierstrass Theorem. Let (s,) be a bounded sequence.
Hence, there exist ag < by such that ay < s,, < by for all n. If we bisect the closed interval
[ag, bo|, at least one half must contain s,, for infinitely many n. Call such a half [a, by]. If
we now bisect [aq, by], then, again, at least one half must contain s,, for infinitely many n.
Call such a half [as, bs]. We can repeat this process indefinitely to obtain a nested sequence
lak, by] of closed intervals with the following properties.

() ag<ar<ag<---<ap <bp <o < by < by < bo.
(11) bk — ar = zik(bo — (10).
(iii) For every k, [a, b] contains s, for infinitely many 7.

From (i) we see that the sequence ay is increasing and bounded above, therefore con-
vergent, say to £. Likewise, the sequence by is decreasing and bounded below, therefore
convergent, say to ¢. Taking limits in (ii) gives ¢/ — ¢ =0, i.e., { = (.
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To construct a convergent subsequence s,, we simply choose s, € [a, b] for each k, in
such a way that ng,1 > ny for all k. Condition (iii) clearly ensures that this is possible.
We then have a;, <'s,, < by for all k, and therefore by the Sandwich Theorem we must
have s, convergent to /. O

4.4 Cauchy sequences

In this section we will prove that convergent sequences can be characterised by the fact
that their entries a,, and a,, become closer and closer as the indexes n, m become larger
and larger. This is quite an intuitive idea that we will state now precisely in mathematical
terms.

Definition 4.4.1. We say that a sequence (a,) of real numbers is a Cauchy sequence if
for all € > 0 there exists N € N such that

lan, — am| < e,
for alln,m > N.

The sequence a,, = % is a Cauchy sequence. Indeed, given an arbitrary ¢ > 0 we have

that

1 1 1
——— | <-4+ —< 2
n om n o m
for all n,m > N with
1
— <
N €

More in general we can prove the following proposition.

Proposition 4.4.2. Every convergent sequence is a Cauchy sequence.
Proof. Let (a,) be a convergent sequence with limit « € R. Hence, for all € > 0 there

exists N € N such that
la, —al < ¢,

for all n > N. Let us now take any n,m > N. We have,
lay — am| = |a, —a+a—ay| <la, —al + |a, — a|] < 2e.
This show that our convergent sequence is a Cauchy sequence. [
Proposition 4.4.3. Every Cauchy sequence is bounded.
Proof. Let (a,) be a Cauchy sequence. Then, for ¢ = 1 we have that there exists N € N

such that
la, — am| < 1,

for all n,m > N. Hence, for all n € N,
|an| S maX{|a1|7 |CL2|, Tty |CZN|, 1+ |a'N+1|}-

This shows that the sequence (a,) is bounded. O
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The most important part of this section is the following theorem where we prove that every
Cauchy sequence is convergent. It follows that convergent sequences are characterised
by the Cauchy property, or in other words being a Cauchy sequence is a sufficient and
necessary condition for being a convergent sequence. In general, we say that a space where
every Cauchy sequence is convergent is a complete space. So, R is complete. Please, do
not confuse the fact that R is complete with the axiom of completeness seen earlier!

Theorem 4.4.4 (Cauchy’s Convergence Criterion). Every Cauchy sequence of real num-
bers is convergent.

Proof. Let (a,) be a Cauchy sequence. Hence, by Proposition 4.4.3 the sequence (a,)
is bounded. The Bolzano-Weierstrass Theorem tell us that (a,) has a convergent sub-
sequence (an, ). We now want to prove that (a,) is convergent to the same limit a of
(an, )k- We write down our hypotheses in mathematical terms. We have:

Ve > 03N €N, Vn,m > N, la, — an| < &

Ve >0dK € N, Vk > K, lan, —al <e.
Hence, for all n > N there exists n;, > N with k£ > K such that

lan, — an, | <€,

and
la,, —al <e.

Concluding, for all n > N = N(¢),
la, —al <lan, — an, | + |an, —a| < 2e.

This shows that a,, — a as n — oo. O

4.5 Some fundamental limits

We conclude this chapter with some fundamental limits that you have probably encoun-
tered already in Mathematical Methods or your previous maths studies. We will make
use of the following binomial theorem, where, for n, k € N,

(1) = e

M=1-2-3---(h—1)h, 0'=1.

and

Theorem 4.5.1 (The binomial theorem). Let z,y > 0 and n € N. Hence,

(x+y)" = i (Z) gy

k=0
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Proof. We perform a proof by induction. For n = 1 we have

1

1
x+yzz (k)xkyl_k:y+x.

k=0

Assume that our equality holds for n. We want to prove it for n + 1. We have

(x+y)" = (@+y)(r+y)" = (r+7y) Z (Z) Zhyn

k=0

Il
3
N
> 3
~__

)

e

_l’_

N

Neg

7

ol

+
[~
N
> 3
~—_

)

ol

<

i

El

t

Since, for h < n,

(5) = ("H) and (") = ("H), we conclude that

0 0 n+1
n+1 n+ 1
n+l _ k, n+l—k
e D G E R
k=0
as desired.
Example 4.5.2.
oo, a>1,
lima" =41, a=1,
n—oo
0, lal <1

If a > 1 then a = 1 4+ x, where x > 0. By the binomial theorem we have

= (=3 (Z) k= 3 (Z) 1k
k=0 k=0
-1 —1)(n—2
:1+nx+n(n2' )m2+n(n 3)'(71 )x3+~-~+x”.

Since all the summands are positive we have that

a® > 1+ nx.
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So, for all M > 0 if n > N with
Nx > M

we conclude that
a>14+nr>14+Nx>1+M > M.

This shows that lim,,_,., a” + oo if @ > 1. If a = 1 then o = 1 for all n and therefore its

limit is 1 as well. Let now |a| < 1. We have ‘71| > 1 and therefore

as n — 0o. This means that |a|” — 0 as n — co. As a consequence a™ — 0 as well.

Example 4.5.3. The Euler’s number e is defined as the limit of a sequence. Precisely,

1 n
lim (1 + —) —e.
n— o0 n

It is an irrational number and also a transcendental number (it is not the solution of an
algebraic equation with rational coefficients). Let us convince ourselves that the sequence
above is convergent. By using the binomial theorem again we can write, for all n € N,

<1+%>n:§in0r—n~ﬁn—k+1%%’

nécgo—l)l nn—1)rn-21 — nr-1)n-2)---2-11

n2 20 n3 3! nn n!

— 14—+
n
Since all the fractions of the type
nn—1)(n—2)---(n—nh)

nh+1

tends to 1 as n — oo we have that

li 1+1n—1' 1+1+1+1+ +
nboo\ T n) Tabee 112t T3 r
Let us now consider the sequence

Lot 1
Ay = +ﬁ+ﬁ+§+"'+m.

This is an increasing sequence and it is also a convergent sequence (this fact will become
clear in the next chapter). Concluding,

1\" "1
e=lim |1+ — = lim —.
n—00 n n—00 k!
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Chapter 5

Series of real numbers

In the first part of the module you have seen sequences of real numbers. Sequences are
an important concept in pure as well as applied mathematics. For instance, when applied
mathematicians use a mathematical model to study a physical phenomenon they often
make use of approximations which basically means to deal with a lot of sequences and
their limits. They might also need to make the sum of the elements of the sequence, for
instance when they need to measure a certain area. In other words, they need to give a
mathematical meaning to the following object:

oo
E Qp, -
n=1

This is possible thanks to the concept of series that we will study in detail in this chapter.

5.1 Series of real numbers: definition and main prop-
erties

Definition 5.1.1. Let (a,) be a sequence of real number. Let k € N and let Sy be the

finite sum
k

S an

n=1

If the sequence (Sg) of the partial sums converges to a real number S we say that the
series or infinite sum Zzo:l an 15 convergent, i.e.,

Zan = lim S, = S.
— k—oo

If the sequence (Sy) is divergent we say that the series Y - | a, is divergent as well.
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Recall that for a sequence being divergent means not being convergent. So, S could be
equal to —oo, 0o or S could simply not exists as a limit. For instance the sequence given
by 0,1,0,1,0,1,0,--- is divergent because it has no limit.

Remark 5.1.2. The expressions Y -, a, and Y~ a,, are equivalent, in the sense that
we can change the sub-index letter. If we start to count the elements a,, from n = ny then
we use the expression

oo

>

n=no

In this case,
k

Sk: E Ap,
n=ng

for k > ny.

In the sequel we focus on convergent series. We discuss their main properties and we give
some important examples. We will also prove some theorems and propositions.

5.1.1 Convergent series of real numbers

The next theorem explains some important properties of convergent series.

Theorem 5.1.3. Let > 7  a, be a convergent series. Then,

(i) the sequence (a,) converges to 0;

(ii) the tail of the series, i.e., the sequence

00
tk = E Ap
n=k

also converges to O;

(iii) for all c € R, the series Y -, ca, is convergent and
[e.e] o0
E ca, = ¢ E n;
n=1 n=1

(iv) if >, by is convergent then ) _,(a, +by) is convergent as well and

Z(an +b,) = Zan + an.
n=1 n=1 n=1

Proof.
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(i)

(i)

Our hypothesis is that the series Y~ | a, is convergent, i.e., there exists [ € R such
that Sk — S:

k

Zan—l’ < €.

n=1

(A) Ve>0,IM e N: Vb > M

We want to prove that the sequence a,, converges to 0, i.e.,
(B) Ve >0dN eN:Vn>N la,| < e.

To go from (A) to (B) we need to write a, in terms of the sequence of the partial
sums and the sum [. Note that, for n > 1,

n n—1 n n—1
ap = Zai — Zai :(Zai —l)—(Zai — l).
i=1 i=1 i=1 i=1

Hence, by (A), choosing n — 1 > M and applying the triangle inequality (|z + y| <
|z| + |y|) we have that

la,| <

n n—1
Zaz—l'%— Zai—l‘EQS,
i=1 i=1

for all n > M + 1. This shows that a, converges to 0. Note that if you want to get
e rather than 2e you should state (A) with €/2 rather than e.

We now want to prove that also the tail of the series, i.e., the sequence

)
tk: E Ap .
n==k

First of all, note that

N N k—1 N k—1 k—1
o= g Y= i (Yo ) = fim Yo~ Y= a,
n=k n=1 n=1 n=1 n=1 n=1
We now take the limit as £ — oo in both side of this equality. We have
k—1
lim ¢, = — lim Q-
k—o0 k—o0 —

Since for all € > 0 there exists N € N such that for all k > N
k

Z Ap — l' <e

n=1

it follows that limy_ o Zi;i a, = [. It is sufficient to take k > N + 1 given ¢ > 0.
Hence,

k—1
lim t, =1 — lim a,=1—1=0,
k—o0 k—o0 —

as desired.
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(iii) We now want to prove that for all ¢ € R, the series >~ | ca,, is convergent and

[e.e] oo
E ca, = c E .-
n=1 n=1

By assumption, for all € > 0 there exists N € N such that for all £k > N

k

Zan—l‘ <e.

n=1
Hence,
k
(5.1.1) Z ca, — cl| <|cle.
n=1

This shows that the series Y~ ca, converges to ¢ > a,. In order to get
in (5.1.1) one can choose ¢/|c| and the corresponding N in the definition of the
convergent series Y " | ay,.

(iv) Assume that both ">, a, and > _, b, are convergent with sums [ and m, respec-
tively. Hence, for all £ > 0 there exists N; > 0 such that for all £ > Nj.

9
< —

k
<

Zan—l

n=1

and there exists Ny € N such that for all k£ > N,

k
an—m
n=1

It follows that for all £ > N = max{Ny, N},

< 3
5

k

Z(an+bn)—l—m‘ <

n=1

k

Zan—l‘—l—

n=1

k
an—m <S4fo
2 2

n=1

This proves what we wanted, i.e.,

o

Z(an +b,) = Zan + an.
n=1 n=1

n=1

the following corollary is an easy test for divergent series.

Corollary 5.1.4. If a, # 0 then the series Y - a, is divergent.

This corollary is the negation of the first assertion of Theorem 5.1.3.

We now discuss some famous examples of series.
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5.1.2 The geometric series and the telescopic series

Proposition 5.1.5. The geometric series

diverges for |x| > 1 and converges for |x| < 1 with sum

1
1—a

Proof. Let us compute the sequence of the partial sums of the geometric series. For k € N
we have

k
Sk:Zw”:1+x+---+mk.

n=0
Note that
k P L
S — n == 1 =
f nz; z +r4-Fa —
Hence,
1— k+1
lim S, = lim z
k—o0 k—o0 1 — X

The result of this limit depends on z. Indeed, if |z| < 1 then 2*** — 0 and

1
li = :
ST T

If x > 1 then Sy — oo. If x < —1 then the sequence Sy does not have a limit. It follows
that the geometric series is convergent for |z| < 1 and divergent for |z| > 1. O

Proposition 5.1.6. The telescopic series
- 1
nz_; n(n+1)
converges and has infinite sum 1.

Proof. By direct computations

k
1 1 1 1 1 1
Sy = =-+-+ = +
;n(n—i—l) 2 6 12 (k—1Dk  k(k+1)
1 1 1 1 1 1 1 1
—(1-= -z S - _Z -
( 2>+(2 3)+(3 4)+ (k—l k) (k k—l—l)
1
kLU
Taking the limit as k£ — oo we easily see that Si converges to 1. ]
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5.2 Simple tests for convergence and divergence

We now want to prove some simple tests which will allow us to understand if a series is
convergent or not. We begin with the following shift rule for series which is analogous to
the ones seen for sequence.

Proposition 5.2.1 (Shift rule for series). Let N € N. Then Y -7 a, converges iff*
> o aNntn CORvETgES.

Proof. By definition of convergent series we have that >~ a, is convergent iff the

corresponding sequence Sy = Zk a, of the partial sums is convergent. Analogously,

n=1
Y i QN4 is convergent iff T, = > any, is convergent. Note that

N

T, :SN+k_Zan:aN+1+"'+aN+k7
n=1
and
N
Z a, =c€R
n=1

because it is a finite sum, i.e.,
Ty = Snyk —c.

By the shift theorem for sequences we have that S is convergent iff S is convergent iff
T}, is convergent. This proves that >~  a, is convergent iff Y >° | any, is convergent. [
The following test is based on comparison and it is stated for series of non-negative
numbers.

Proposition 5.2.2 (Comparison test for series). Let (a,) and (b,) be two sequences such

that 0 < a,, < b, for alln € N.

(i) If 377 by, converges then >~ a, converges as well.

(ii) If 3", a, diverges then Y | b, diverges as well.

Proof. (i) We assume that the series >~ b, converges. This means that its sequence
of the finite sums

is convergent. In particular, the sequence (S) is increasing (Sy < Ski1) and
bounded (S, < sup, S, € R) and

Sk%an:supSh € R.
h

n=1

Lif and only if
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Since, 0 < a,, < b,, we have that, for all k € N,

k k )
0= @< ba<) bu
n=1 n=1 n=1

So, the sequence of the partial sums of the series > | a, is increasing and bounded
and therefore convergent (see a previous result about sequences). This proves the
first assertion of our proposition.

(i) If >~ a, diverges then the sequence of its partial sums is not bounded (if it were
it would converge). This means that

k

sup g a, = 0.
ko
n=0

Since, 0 < a,, < b, for all n € N it follows that

and therefore
k o)
suprn > Zan = 00.
k n=1 n=1

This shows that the sequence of the partial sums of > 7 b, is divergent.

It is now a good moment to introduce the notion of absolutely convergent series.

Definition 5.2.3. We say that a series ) -, a, is absolutely convergent if the series
> o lan| is convergent.

Note that the terms a,, of the series are not necessarily positive while the series Y~ |an|
has only non-negative entries. To prove the following proposition we make use of the
comparison test (Proposition 5.2.2) above.

Proposition 5.2.4. FEvery absolutely convergent series is convergent.

Proof. Let us define the positive and negative parts of the terms a,, i.e.,

i s if a,, > 0,
0, otherwise,

and
— —Ap, lf An, S 07
Qa =
0,

otherwise.



Both the sequences a;f and a,, are non-negative and by construction

an:a:{—a;,
|an| = a,; +a,,
0 <ay, <lay,

0 <a, <lal

+

Since the series Y~ | |a,| is convergent then by the comparison test both series Y | a;}!

and Y > | a, are convergent. Then, by Theorem 5.1.3 (iii) and (iv) their difference

n=1"n

D =D ar =)
n=1 n=1 n=1
is convergent as well. This proves that the series Y | a,, is convergent. ]

Absolutely convergent series can be re-ordered without losing convergence.

Theorem 5.2.5. Let >~ a, be an absolutely convergent series and ¢ : N — N a
bijection. Then, the re-ordered series Y -, agm) converges to the same sum.

The proof of this theorem can be found in the 2021/22 lecture notes (Theorem 3.16) and
it is not examinable.

If a series converges then it does not necessarily converges absolutely. This motivates the
following definition.

Definition 5.2.6. We say that the series Y | a, converges conditionally if it is conver-
gent but not absolutely convergent.

Example 5.2.7. The series

ia —1—1—1—1—14-1—14—
i 2 2 3 3

is conditionally convergent. Indeed it is convergent but not absolutely convergent. If we
compute the sequence of the finite sums we have that S, = 0 if £ is even and

S =1,

1
S3 :?
S5 :?
St =%
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It follows that S, — 0 as k — oo. However, the series > 7 |a,| is not convergent.
Indeed,

ia —1+1+1+1+1+1+
e 2 2 3 3
and
St =1,
52_27
5
53 57
Sy =3,
10
85__7

This is an increasing sequence so limy,_,., S, = 0.

The following test is very frequently used in problems and exercises.

Theorem 5.2.8 (Ratio test for series). Let a, > 0 for alln € N and let (an41/an) — 1
asn — oo.

(i) If I < 1 then the series Y >, a, converges;
(ii) if 1 > 1 orl= o0 then Y~ a, diverges.
Proof. (i) Assume that [ < 1. Then, for all £ > 0 there exists N € N such that

Ap+1 l
Qnp,

<e,

for all n > N. This means

l—€< (41

<l+e,

ap
hence
0 < anr1 < an(l+e),

for all n > N. To prove that the series >~  a, is convergent we will prove that its

tail

o0

D

n=N-+1

is convergent. Indeed, by iteration
an+1 < an(l+¢),
anyo < CLN_:,_l(l + 5) < CLN(Z + 8)2
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and
antr < CLN(l + €>k,

for all £ € N. It follows that

< Z an = ZGN““ < ZaN(l—i—g)k < GNZ(Z+5)k
n=N+1 k=1 k=1 k=0

The last series is a geometric series. Since [ < 1 we can choose € > 0 small enough
such that [ + ¢ < 1 and therefore the corresponding series is convergent. By the
comparison test we have that the series >~ ., a, is convergent too and therefore
the series 27010:1 a, 1s convergent.

Assume now that [ > 1. From the definition of limit we have that for all € > 0 there
exists N € N such that

Anp41 .y
G,

for all n > N. This means

Ap+1
| —e < 2F
an

<l+e,

hence
Upi1 > ap(l —e),

for all n > N. In analogy to (i), we have

any1 > an(l —¢)

and by iteration as in (i),
aN+2 > CLN+1<l — 5) > aN(l — 5)2

and in general

aNt| > CLN(Z — E)k,

for all £ € N. It follows that
Zan>ZaN+k>ZaNl—e = Zl—s
k=1
Hence, by choosing ¢ > 0 small enough such that [ — ¢ > 1 we have that the

geometric series
oo
E (1 —¢)k
k=1

is divergent and therefore by the comparison test the series Y a,, is divergent as
well.

Finally, if [ = oo then for all ¢ > 0 there exists N € N such that

Ap+1
G,
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for all n > N. We can therefore repeat the argument above with [ — e > 1 replaced
by ¢ > 1 and conclude that the series is divergent.

O
Remark 5.2.9. What can I say about the series ), a,, when [ = 1? Not much, in the
sense that the previous proof will not work and we might have a convergent series or a

divergent series. For instance, if a,, = 1 for all n, we have that a,1/a, = 1 for all n and
the corresponding series is divergent. However, the telescopic series

>
— n(n+1)
is convergent as seen in Proposition 5.1.6 but

(o1 _ n(n+1) _n
an (n+1)(n+2) n+2

The ratio test for series with positive elements can be adapted to general series if stated
in terms of absolute convergence. Note that it is not restrictive to assume that a, # 0 for
all n (if a,, = 0 then it does not contribute to the sum).

Corollary 5.2.10 (Extended version of the ratio test). Let a,, # 0 for alln € N and let
(lans1l/|an]) = 1 as n — oo.

(i) If I <1 then the series Y -, ay is absolutely convergent and therefore convergent;
(ii) if 1 > 1 orl=o0 then Y a, is divergent and |a,| — oco;

(11i) if | = 1 then the test is inconclusive.
Proof.

(i) If I < 1 we can apply the ratio test to the series >~ |a,|. We conclude that this
series is convergent and therefore ) | a,, is absolutely convergent.

(ii) if I > 1 by applying the ratio test to Y~ |a,| we have that this series is divergent.
In particular, looking at the proof of Theorem 5.2.8 we have that

lanir] > lan|(l — 5)k7

where N is chosen large enough, € > 0 is chosen small enough such that [ —¢ > 1
and k varies in N. Taking the limit as k — oo we therefore have that |a,| — oo as
n — oo. It follows that the series >~ a, cannot be convergent because if it were
then a,, — 0 which is equivalent to |a,| — 0.
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We now prove the so-called limit comparison test.

Theorem 5.2.11 (Limit comparison test). Let a,,b, > 0 for all n € N and let the

sequence
an

bn

converge to | # 0 as n — oo. Then, the series Y -, a, converges iff the series > - by,
converges.

Proof. From the definition of limit we have that for all ¢ > 0 there exists N € N such

that

a

dn
bn

for all n > N. Choose now ¢ = [/2 (I can only be positive because a,, b, > 0). It follows
that, for all n > N,

<€

- n<3l
b, 2

DN | =~
S

which is equivalent to

[ 3l
Ebn < a, < Ebn,

for all n > N. Since [ # 0 we have that if >~ b, is convergent then both the series
> ébn and Y >, %lbn are convergent and viceversa. We can now apply the comparison
test. We have that

oo oo o0
3l
g b, convergent = g:l Eb" convergent = E a,, convergent,

n=1 n=1
and
oo o0 l o0
z:l a, convergent = z; §bn convergent = 2; b, convergent.
n—= n= n—=

]

Under the hypotheses of Theorem 5.2.11 it is clear that Y~ a, is divergent iff > 7 b,
is divergent.

5.3 Some important positive series

In this section we want to investigate series of the form

where o > 0.
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Theorem 5.3.1. The series

converges iff a > 1.

Proof. Case 1. Assume that o < 1. Since n > 1 we have that n® < n. Let us take N
large, for instance N = 2™ with M large as well. We will now compute the finite sum
Sx and show that it tends to co as N — oo. It will follows that when o < 1 the series
S | L is divergent. We have that

n=1 no

Il
hE
2|~

SN
n=1
alg|
> _
—1+1+(1+1)+(1+1+1+1)+ + ( ! + +1)
2 3 47 5 6 7 8 2M-1 41 2M
S ILIIL +2M_1
-2 48 2M
iyl ]
2 202 2
M
=1+=—.
3

Hence, if M — oo then N — oo and Sy — oo. This shows that the series > - | L is
divergent for @ < 1.

Case 2. We now assume a > 1. Then n® > n and n% < % Since the series Zf;li is
divergent we cannot argue by comparison test. As in case 1 we want to take a value of N

which is large. This time we take N = 2™ — 1 with M large enough. We have
N
1
SN = _a
n=1 n
1 1 1 1 1 1 1 1
=14 (— 4+ — 44— .
+ (2a + 3a)+(4a ttet 70) +- 4 (2(M_1)a +---+ o 1)a)
4 2(M71)
<l o+ o+t e
1
:1+2a 1 +4a Tt +2(M D(a—1)
- M-1
- Z 2(a—1)n
n=0
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Note that since o > 1 we have that 2a1_1 < 1 and therefore the last sum is the finite sum

of a convergent geometric series. Hence,

S

1 =~ 1
Sy < 2(a=1)n — Z 2(a—1)n’

n=0 n=0

This shows that our series can be bounded by a convergent series so by the comparison
test it is convergent as well.

]

Remark 5.3.2. The sum

is called the Riemann-Zeta Function and has some important application in Mathematics
(in number theory it is related to the distribution of the prime numbers, it has applications
to probability theory, physics, statistics, etc.).

The divergent series
o0

1
2

is called the Harmonic series.

5.4 Alternating series

We now investigate series where the sign of the terms alternates, i.e., series of the type

> (=1)"an,
n=1
where a,, > 0. In detail,
Z(—l)"an = —aj; +ag — as + -
n=1

Note that one could also start from n = 0 if aq is defined.

The following test tells us when an alternating series is convergent.

Proposition 5.4.1. Let a, be a decreasing non-negative sequence such that a, — 0 as
n — oo. Then the corresponding alternating series

[e.e]

Z<_1)nan7

n=1

18 convergent.
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Note that this is a sufficient condition for the series Y >  (—1)"a,, to be convergent. There
might exist alternating series which are convergent but do not fulfil the hypotheses of the
test above.

Proof. Let us take N € N and write the partial sums Sony and Syny_1. We have

2N
Son = Z(—l)"an = —a1+ay —az+ - — aan_1 + asn,

n=1
2N—1

Son—1 = Z <_1)nan = —a;+ay—as+---+ayny_2 — AoN_1.

n=1

We easily see that we have two sequences of partial sums, one with even indexes and one
with odd indexes. We now investigate the properties of these two sequences.

Claim 1: the sequence (Syy) is decreasing.

Indeed,
So(N+1) — Son = —aan41 + aan42 <0
because the sequence a,, is non-negative and decreasing.
Claim 2: the sequence (Syy_1) is increasing.
Indeed,
52(N+1)71 — Son_1 = agN — Ag(N+1)—1 = Q2N — G2N+1 = 0
because the sequence a,, > 0 is decreasing.

Claim 3: SQN 2 SQN,1 for all N € N.

Indeed,
Son — San—1 =aan > 0

for all N € N.

By combining all these claims we can write
Sy > Sy >+ Soy > Son-1 > Son_3- -+ > 5.

Note that the decreasing sequence Syy is bounded from below by S; so it is convergent
(result about sequences). Hence, there exists L; € R such that Soy — L;. The sequence
Son_1 is increasing and bounded from above by S;. So, it is convergent, i.e., there exists
Lo € R such that Son_1 — Lo. If we prove that L; coincides with L, we will have that
the sequence Syy and Spy_1 converge to the same limit and therefore the sequence Sy
will be convergent as well. This will imply that the series >~ (—1)"a, is convergent.
Combining Claim 3 with a,, — 0 we have that

Son — Son—1 = asn — 0.
Hence, by the algebraic properties of limits,
lim Son — lim Son_1 =0
e I
L1 - L2 - 0,
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which gives L; = Ly as desired. The proof is complete. O

Example 5.4.2. The series

n=1

is conditionally convergent. Indeed, the sequence a,, = % is positive, decreasing and tends
to 0. So by the alternating series test it is convergent. However,

= =1
;(—1) ﬁzgﬁ

is not convergent as seen in Theorem 5.3.1.

5.5 Conclusion

When we have a series Y > | a, and we want to decide if it is convergent or not we should
follow this train of thought:
o if a, /# 0 then the series is divergent;

e if a, — 0 and a,, > 0 then we can use some tests (shift rule, comparison test, ratio
test, limit comparison test);

e if not all a, are positive then we can check whether the series is absolutely conver-
gent;

e if the series >~ | |a,| is divergent then we can try the alternating series test.

It is very useful to remember the properties of some important series: geometric series,
telescopic series, harmonic series, etc.
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Chapter 6

Power series

In this chapter we investigate series of the type

o0
Z an(x —x0)",
n=0

where (a,) is a sequence of real numbers, x( is a fixed real number and z is varying
in R. This is a power series centred at zy,. Power series are particularly important in
connections with functions as you will see in Analysis 2. In general they can be used to
provide an approximation of a given function in one real variable. Our aim in this chapter
is to understand for which values of x is a given power series convergent. It will be very
useful to apply to the power series the following root test that we will prove in the general
context of series of real numbers.

6.1 The root test

Theorem 6.1.1. Let Y~ a, be a series of real numbers such that
lan|" — 1.
(i) If I < 1 then the series converges absolutely.

(i1) if l > 1 then the series diverges.

(i1i) if | =1 the test is inconclusive.
Proof.
(i) Since |ay|* — I < 1 by definition of limit we know that

jan| <k <1,

52



(i)

for n large enough, let’s say n > N. Hence,

o0 N-1 ~ N1 .
n=0 n=0 =N p— bt

Since the last series can be bounded by a convergent geometric series with £ < 1,
by the comparison test we conclude that the series > 7 |a,| is convergent and
therefore Y >°  a, is absolutely convergent.

if \an\% — 1 > 1 then for n large enough, i.e. n > N, we have that
lan|™ >k > 1.

Hence
lan| > k" >1

for n > N. This implies that a, 4 0 and therefore the corresponding series is
divergent.

if [ = 1 the test is inconclusive. Indeed, the series with a,, = 1 for all n has limit
[ =1 and it is divergent. However the series

- 1 - 1
Z(n+2)(n+1)zz(n+l)n

n=0 n=1

is convergent and

1
lim ! " Qi et In(ne2)(n41))

Since

%ln((n o)1) = ln(nn—i- 2) N ln(nn—i- 1)

—0, n—o0

we have that

JLIEO((n+2)1(n+1)>i =t

6.2 Application of the root test to power series

In this section we will apply the root test to the power series

oo
Z an(x — x0)".
n=0

We begin by introducing the following definition.
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Definition 6.2.1. Let Y a,(x — x)". We say that 0 < R < 400 is the radius of
convergence of this power series if Y~ an(x — xo)™ converges absolutely for |x —xo| < R
and diverges for |v — xo| > R.

Proposition 6.2.2. Every power series has a radius of convergence.

Proof. The power series Y a,(z — x)" definitely converges at x = x( so in the worst
case the radius of convergence is R = 0. If there exists x1 # x¢ such that > a,(z1—x0)"
is convergent then the series converges absolutely for |z —xz¢| < |x1 —zo| and R > |z —x¢].

Indeed,
E]%M$—$ |<§:|A’ e —

Since the series ano an(x1 — )" is convergent then a,(z1 — x¢)™ — 0 so it is bounded
as a sequence. Therefore, there exists ¢ > 0 such that

o0 o0
oz — 0] < 3 mﬂ Ol <
— zo|™
n=0

The last series is a convergent geometric series when |z — zy| < |z; — xo| so by the
comparison test the series >~ a,(x — zo)" is absolutely convergent and its radius of
convergence is greater equal than |z, — xo|. ]

We conclude this section by showing how the root test can be used to find the radius of
convergence of a power series.

Proposition 6.2.3. Suppose that a,, # 0 for n sufficiently large and that the limit
1

. 1
S

Then the power series Y~ a,(x — z0)" has radius of convergence R.

Proof. By the root test we have that the series

oo
Z an(x — x0)"
n=0

is absolutely convergent if

|z — x0]

<1
R

Hm |an| " |z — 20| =
n—oo
Hence, the power series is absolutely convergent for all © € R with |z — x¢| < R. The
series is divergent if
|z — o

> 1.
R
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Remark 6.2.4. Note that to determine the radius of convergence of the power series you
can also use a different test, for instance the ratio test applied to the series

[e.e]
Z lan ||z — x0|™.
n=0

Also, in this case

lim |an+1| _ 1

n—00 |an| _R'

When |z — x| is equal to the radius of convergence, i.e., x — o = £ R, we do not know if
the series is convergent there or divergent. We need to evaluate case by case. For instance

the series
0 n
>o=
n
n=1

has radius 1. When x = 1 we get the harmonic series which is divergent. When z = —1
we get

> 58

n=1 n

which is convergent by the alternating series test. So, the power series Y >, % is con-

vergent for x € [—1,1) and absolutely convergent for z € (—1,1).

We conclude this chapter with some important examples of power series that you will
encounter again in Analysis 2.

Example 6.2.5.

1. The series
0 n

x
2

n=0
where 0! = 1 defines the exponential function e”. It has radius of convergent oo so
it is absolutely convergent on the whole of R.

2. The series

> 2n+1
S
— (2n +1)!

defines sin(z) and has radius of convergence occ.

3. The series

o0 2n
T

> ()"

n=0 ’

has radius of convergence oo and defines cos(x).

All the series above are also called Maclaurin series of €”, sin(z) and cos(z), respectively.
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Chapter 7

Continuous functions 1n one real
variable

This chapter is dedicated to the notion of functions in one real variable. During your
studies in mathematics you will work with functions all the time. Why? Because they
are fundamental in modelling any physical object we might think of. For instance, we will
often have functions of time ¢, or functions of space z, or functions of both time and space.
In Analysis 1 we will study functions of one real variable . In Analysis 2 and 3 you will
study functions of more than one variable. Let us start with some basic definition.

Definition 7.0.1. A function f is a relation between two sets X and Y which links every
element x € X to one and only one element y € Y. We use the notations f : X —Y and
y = f(x). X is the domain of f and f(X)={y= f(x): x € X} CY isthe image set
of f. When X CR andY =R then f: X — Y s a function of one real variable z with
values in R.

Often X will be an interval of R, for instance, (a,b) or [a,b].

Definition 7.0.2. Let f : X CR — R : 2z — f(x). The curve y = f(x) in the plane
R? = R x R is the graph of f. The plane R? is equipped with cartesian x-axis (horizontal)
and y-azis (vertical), so the point of the graph of f has coordinates (x, f(x)).

Example 7.0.3.

(i) Let a € R. The constant function
fR=>R:z—a

has image set f(R) = {a}. Its graph is a line parallel to the x-axis through the
point (0, a).

(ii) The identity function
fTR>R:x—zx

has a straight line has a graph as well. It is the diagonal line y = .
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(iii) The function

L, zeqQ
f(x)_{o, r€R\Q

jumps endlessly between 1 and 0. Its image set is given by {0,1}. We will come
back to this function later in the chapter.

Definition 7.0.4.

(i) A function f: X —Y is injective if f(x1) = f(x2) implies x1 = x5.

(ii) A function f: X — Y is surjective if for all y € Y there exists v € X such that
y=f().

(i) A f: X =Y is bijective if its is injective and surjective.

When f is bijective then for all y € Y there exists a unique = € X such that f(z) = y.
This means that we can define the inverse of f as the function

LYy - Xty — o,

where f(x) = y. We say that f is invertible on X. Note that any two functions f : X — Y
and g : Y — Z can be composed creating a new function:

gof: X —=Z:x— g(f(x)).
So, when f is a bijective we have that
fof Y =Y :iy—y

and
flof: X=Xz —a.

If f:X — Y is injective but not surjective then it is a bijection as f : X — f(X). A
function could be not injective on the whole of X but injective and therefore invertible
on a subset of X. For instance,

f:R—=R:z— sin(z),
is not injective on R (it is periodic) but it is injective on [—7/2,7/2]. So,
fi[-m/2,7/2] = [-1,1] : & — sin(x)
is invertible and has inverse
fi[-1,1] = [-7/2,7/2] : * — arcsin(z).

Many other examples can be found in Mathematical Methods.
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Figure 7.1: This function is continuous at ¢: for any € > 0 that we choose, we may find
d > 0 such that, if x is between ¢ —§ and ¢+ 4, then f(x) is between f(c) —e and f(c)+e.

7.1 Continuity

In the rest of the chapter we will focus on functions which have an additional property:
when z is close to ¢ then () is close to f(z). This is the basic idea of continuity. The
following notes are partially taken from Alan Thompson’s Analysis 2 Lecture Notes (thank
you Alan!).

Definition 7.1.1. A function f: X — R is continuous at ¢ € X if and only if

Ve >0 30 > 0 such that Vo € X, if |x — | <6, then |f(x) — f(c)| <e.

A function f: X — R is said to be continuous if and only if it is continuous at all points
ce X.

In plain English this roughly says that, for any € > 0, we can find a § > 0 so that if z is
no more than distance § from ¢, then f(x) is no more than distance ¢ from f(c); this idea
is illustrated in Figure 7.1.

Remark 7.1.2. The value of § that you find will normally depend on both ¢ and c.
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Definition 7.1.3. A function f: X — R is called discontinuous at ¢ € X if and only if
1t 18 not continuous at c, i.e.

Jde > 0 such that Yo > 0, Jz € X with |v —¢| < 0 and |f(x) — f(c)| > e.

Let’s do some examples to see how this definition works.

Example 7.1.4. We begin with an easy one: let’s look at the identity function again.
fTR—>R
f(x) ==

Choose ¢ € R and let ¢ > 0. To prove that f is continuous at ¢, we want to find 6 > 0
such that, whenever |z — ¢| < §, we have |f(z) — f(c¢)| < e.

Take 6 = . Then if |x —¢| < §, we also have |x —¢| < ¢, so it follows that |f(x) — f(c)| =
|z — ¢| < e. This shows that f is continuous at any ¢ € R, so it is continuous.

Example 7.1.5. For a harder example, consider the square function
fTR—=R
flz) = 2"

Choose ¢ € R and let ¢ > 0. To prove that f is continuous at ¢, we want to find § > 0
(which may depend on € and c¢) such that, whenever |x —c| < 0, we have | f(z) — f(c)| < e.

To find such 6, note that |f(x) — f(c)| = |z* — ¢*| = |x —c||z + ¢|. Moreover, if |x —c| < 4,
then |z — ¢| + 2|c| < § 4+ 2|¢| and hence |z + ¢| < § 4 2|c|, by the triangle inequality. So if
|z — ¢| < d, we have

|f(z) = fle)| = |2* — &*| = |z — cllz + ] <3(5 +2]c]).

Therefore, we should choose ¢ so that 6(0 + 2|c|) < e. Solving the quadratic equation
d(0 + 2|c|]) = €, we find that 6 = —|c| + /|c|? + € will do.

Let’s check it works. Choose 6 = —|c| + +/|c|? + ¢ > 0. Then if |z — ¢| < J, we have
[f(x) = f(e)] = |z —cllz + ]
< 6(0 + 2c])

= (=lel + Vel +e)(lel + V]el* + ¢)
= lef* + = |c/*

:g’

as required. This shows that f is continuous at c¢. Since ¢ was an arbitrary point in R,
we see that f is continuous.

Exercise: Show that the absolute value function f: R — R given by f(z) = |z| is con-
tinuous.
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Figure 7.2: The function from Example 7.1.6 is discontinuous at 0: if ¢ = %, then no

matter which § > 0 we choose, f(—2) = —1 will never lie between f(0) —e = 1 and

2
f(0)+e=3.

Example 7.1.6. Now let’s try an example that we expect to be discontinuous. Consider

fTR—-R

—1 ifxz<0
f(x)_{l if >0

We expect this function to be discontinuous at ¢ = 0. To show this, we need to find
an ¢ > 0 such that, for all § > 0, there is an x € R (which may depend on 0) with
|z —c| = [z < é but |f(z) = flc)| = [f(z) —1] = e

Set ¢ = 1 and choose any § > 0. Then let z = —$; note that [z —¢| = |z| = 2 < 4.
Moreover since < 0, we have f(z) = —1 and so
f@)~f@l=]-1-1=2>F==

Thus f is discontinuous at ¢ = 0. This argument is illustrated by Figure 7.2.

7.2 Sequential continuity

The notion of continuity can also be stated in the language of sequences. In the sequel we
will define what it means for a function to be sequentially continuous and we will prove
that continuity is equivalent to sequential continuity in our context.
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Definition 7.2.1. A function f: X — R is sequentially continuous at ¢ € X if and only
if, for any sequence (x,) C X that converges to c, the sequence (f(x,)) converges to f(c).

f: X — R is said to be sequentially continuous if and only if it is sequentially continuous
at every c € X.

The negation of Definition 7.2.1 is also pretty useful.

Definition 7.2.2. A function f: X — R is sequentially discontinuous at ¢ € X if and
only if there exists a sequence (x,,) C X that converges to ¢, such that the sequence (f(x,))
does not converge to f(c).

Let’s check that these definitions deliver sane results in some easy examples.

Example 7.2.3. First, let’s try the easiest function of all: a constant function. Let a € R
be any real number and define

ffR—=>R
f(x) =a.

Choose ¢ € R and let (x,,) be any sequence of real numbers converging to ¢. Then we have
f(z,) = afor all n € N, so the sequence (f(x,)) is just the constant sequence (a, a,a, .. .).
Thus (f(z,)) — a and a = f(c), so f is sequentially continuous at ¢. But this holds for
all c € R, so f is sequentially continuous.

Example 7.2.4. Now let’s look at a marginally harder function: the identity function.

fTR—=R
fl@) = a.

Choose ¢ € R and let (z,) be any sequence of real numbers converging to ¢. Then we
have f(x,) = z, for all n € N, so the sequence

(f(&n)) = (2n) = ¢ = f(c).

Thus (f(z,)) — f(c) and f is sequentially continuous at c¢. As this holds for all ¢ € R,
we see that f is sequentially continuous.

Example 7.2.5. Now consider the function

fTR—>R

—1 ifz<0
ﬂ@_{l if >0

First consider the sequence (z,) = (—+). Note that (z,) — 0 and f(0) = 1. However,
x, < 0 for all n € N, so f(z,) = —1 for all n € N. Therefore (f(z,)) - —1 and we find
that (f(z,)) does not converge to f(0). We see that f is sequentially discontinuous at 0.
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Next, let ¢ € R be any nonzero real number and let (z,,) — ¢ be any sequence. Set
e = |¢| > 0. Then, by the definition of convergence of a sequence, there exists N € N such
that for all n > N, |z, — ¢| < € = |c|. Consider first the case where ¢ > 0, so f(c) = 1.
Then for n > N we have —c < x,, — ¢ < ¢, which gives z, > 0. So f(z,) =1foralln > N
and thus (f(z,)) — 1. So we see that (f(z,)) — f(c).

A similar argument works for ¢ < 0. Together, this shows that f is sequentially continuous
at all c € R\ {0}.

So far so good: this definition seems to correspond fairly well with our intuitive idea
of what a continuous function should be. However, as the following examples show, we
should be wary about trusting our intuition too much. Hold on to your hats folks, because
things are about to get weird.

Example 7.2.6. Our intuitive ideas about continuity may lead us to think that any
function f: R — R should be continuous at “most” points ¢ € R, except for maybe a few
discontinuous points here and there where the function jumps. However, let’s consider
the function

fTR—=R
J1 ifzeqQ
f@%_L)ExER\@

I claim that f is sequentially discontinuous at every point ¢ € R!

n

and x,, € R\ Q for all n € N. So f(z,) = 0 for all n € N, which gives (f(x,)) — 0. But
0+# f(c) =1. So f is sequentially discontinuous at any ¢ € Q.

Indeed, let ¢ € Q, so that f(c¢) = 1. Define a sequence by (z,) = <c + ﬁ) Then x,, — ¢

Now let ¢ € R\ Q. We can find a sequence (x,,) of rational numbers such that (z,) — ¢
(just let x,, be the rational number given by the first n digits in the decimal expansion of
¢). So f(x,) =1 for all n € N, which gives (f(z,)) — 1. But 1 # f(¢) = 0. So f is also
sequentially discontinuous at any ¢ € R\ Q, and hence is sequentially discontinuous at
every ¢ € R.

Example 7.2.7. OK, so functions can be discontinuous everywhere. But what about
functions f: R — R that are continuous at at least one point? Surely a function that is
continuous at some ¢ € R must also be continuous near ¢? Again, our intuition fails us
here: consider the function

fiR—=R
)z ifreQ
f@)_{o itz eR\Q.

I claim that f is sequentially continuous at 0 and sequentially discontinuous everywhere
else!
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The same argument that we used in Example 7.2.6 shows that f is sequentially discon-
tinuous at all points ¢ # 0. But what about at ¢ = 07 Let (z,,) be any sequence with
(xn) — 0. Note that 0 < |f(z)] < |z| for all z € R. So 0 < [f(x,)| < |z,| for all n € R
and (|z,|) — 0, which gives (|f(x,)|) — 0 by the Sandwich Theorem. But this implies
that (f(z,)) — 0= f(0) as well. Thus we find that f is sequentially continuous at 0.

That’s probably enough examples for now although, as we will see later, continuity still
has a few pathological tricks up its sleeve that we have yet to encounter. For now, this is
a pure maths course, so maybe it’s about time we proved a theorem.

Proposition 7.2.8. Let f: X — R and g: X — R be two functions defined on the same
domain X C R. Suppose that both f and g are sequentially continuous at some point
ce X. Then f+ g, f —g, and f - g are all sequentially continuous at c. Moreover, if
g(x) #0 for all z € X, then % 18 also sequentially continuous at c.

Proof. We prove the statement for f + g, the others are analogous. Let ¢ € X be a point
where both f and g are sequentially continuous and let (x,) C X be a sequence that
converges to ¢. Then (f(z,)) — f(c¢) and (g(x,)) — g(c), by sequential continuity. So, by
the sum rule for sequences we see that ((f + ¢)(z,)) = (f(z,) + g(z,)) = f(c) + g(c) =
(f+g)(c). Thus f + g is also sequentially continuous at c. O

This has the following useful corollary.

Corollary 7.2.9. Any polynomial function

ffTR—=R

f(x) = apa™ 4+ ap_12" ' + -+ ayx + ag,

where ag, ay, . ..,a, € R are constants, is sequentially continuous.

Proof. Note that f can be constructed from sums and products of constant functions
x + a; and the identity function x — z, and we saw that these functions are all sequen-
tially continuous in Examples 7.2.3 and 7.2.4. So the result follows immediately from
Proposition 7.2.8. O

Continuity also behaves well under composition of functions.

Proposition 7.2.10. Let f: X — R and g: Y — R be two functions defined on domains
X,Y C R, and suppose that im(f) C Y. If f is sequentially continuous at ¢ € X and g
is sequentially continuous at f(c) € Y, then the composition go f: X — R is sequentially
continuous at c € X.

Proof. Let (x,) C X be any sequence that converges to c. As f is sequentially continuous
at c and im(f) C Y, we have that (f(x,)) C Y converges to f(c). Now, as g is sequentially
continuous at f(c), we may apply ¢ to the sequence (f(z,)) to see that (g o f(z,)) —
g o f(c). This shows that g o f is sequentially continuous at c. O
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The following theorem allows us to identify continuity with sequential continuity.

Theorem 7.2.11. A function f: X — R is continuous at ¢ € X if and only if it is
sequentially continuous at c.

Proof. We prove the two implications in two separate steps.

Step 1. If f is continuous at ¢, then f is sequentially continuous at c. Suppose that f is
continuous at ¢ and let (z,) C X be a sequence converging to c. We want to show that
f(z,) converges to f(c), i.e.

Ve >0 3N € N such that Vn > N, |f(z,) — f(c)] < e.

Choose € > 0. Since f is continuous at ¢, by the definition of continuity we may find
0 > 0 such that

(7.2.1) Ve e X, if |z — ¢ <9, then |f(x) — f(c)] <e.

Moreover, since (x,) — ¢, by the definition of a convergent sequence we may find N € N
such that

(7.2.2) Vn > N, |z, —¢c| <0

(and this is the same § > 0 that we just found above).

For this value of N € N, we therefore see that if n > N, then by (7.2.2) we have |z, —c| < 0
and so, noting that (x,) C X, by (7.2.1) we get |f(z,) — f(c)] < e.

Thus (f(x,)) — f(c) and f is sequentially continuous at c.

Step 2. If f is sequentially continuous at ¢, then f is continuous at c. We prove this by
the contrapositive: we actually show that if f is discontinuous at ¢, then f is sequentially
discontinuous at c.

So suppose f is discontinuous at ¢. Then, by the definition of discontinuity, there exists
€ > 0 such that

(7.2.3) Vo >0, dr € X with |z —¢| < d and |f(z) — f(c)| > e.

Choose any such ¢ > 0. We will use (7.2.3) to construct a sequence (z,) € X which
converges to ¢, but such that (f(z,)) does not converge to f(c).

We define the sequence (x,) by applying (7.2.3) with § = % > 0, for each n € N.

Indeed, for each n € N, (7.2.3) says that we may find z, € X with |z, — ¢/ < & and

|[f(2n) = flc)| Z &

For this choice of sequence (z,,), by construction we have |z, — ¢[ < £ for each n so, by
the Sandwich Theorem, (z,,) — ¢. However, we also have | f(z,) — f(c)| > ¢ for all n € N,
so (f(zy)) does not converge to f(c). Thus f is sequentially discontinuous at c. O
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Now we return to look at some more examples. The first two are designed to demonstrate
that the domain is important.

Example 7.2.12. Consider the square root function

f:]0,00) = R

(note that the square root is by definition positive). Is this function continuous at ¢ = 07
Most people’s intuition about continuity would say no. However it is, in fact, continuous.
Let’s go through it carefully using the definition.

Choose ¢ > 0 and let ¢ = 0. We need to find a 6 > 0 such that, for all x > 0 with
|z — ¢| < &, we have |f(z) — f(c)] < e. Set 6 = €% Then x > 0 and |z — | < § gives
0 < z < &2, from which we obtain 0 < /= < e. This implies that |f(z)— f(c)| = |\/z| < &,
so f is continuous at 0.

Example 7.2.13. Now for a somewhat more extreme example. Consider the function

ffR—=R
1 ifzeZ
f(‘r):{o itz eR\Z.

You can check for yourself that f is discontinuous at every integer ¢ € Z.

But what happens if we shrink the domain of f7 Define

g:Z —R
g(x) = 1.

This definitely looks discontinuous at every integer ¢ € Z. But it is not!

Indeed, let ¢ € Z and choose ¢ > 0. Let 6 = 3. Thenif x € Z and |z —¢| < § = 3, we
must have z = ¢. So we obtain |g(z) — g(c¢)| = |1 — 1] = 0 < ¢, and thus ¢ is continuous

at c.

The final example of this section shows how wild things can get if you're willing to let
go of your intuition and follow the definitions to their ultimate conclusion. If you really
understand this example, then continuity will hold no mysteries for you.

Example 7.2.14. This function is colloquially known as “the snowstorm”; if you try to
draw the graph of it you’ll understand why! Define a function f: R — R by:

o if z € R\ Q (ie. if z is irrational), set f(x) = 0;

o if x € Q, write z = § as a fraction in its lowest terms (i.e. 2 satisfies ged(p,q) =1
and g > 0), then define f(x) = %.

[}
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Begin by considering ¢ € Q. Write ¢ = § as a fraction in its lowest terms. I claim
that f is sequentially discontinuous at ¢ (and so is discontinuous at ¢). To show this,
I'll find a sequence (x,) — ¢ such that (f(z,)) does not converge to f(c). Indeed,
consider (x,) = (c—i— \/7§> Then (z,) € R\ Q, so f(z,) = 0 for all n € N and thus

lim,, o f(x,) = 0 also. But f(c) = % > 0, so (f(z,)) does not converge to f(c).

Now things get interesting. Consider ¢ € R\ Q. [ claim that f is continuous at c!

Let’s prove it carefully. Let ¢ € R\ Q, choose € > 0, and consider the following set:

<1}.

Crucially, this set is finite: there are only finitely many ¢ € Z satisfying 0 < ¢ < %, and
for each such ¢ there are only finitely many p € Z such that \’(—1’ —¢| < 1 (indeed, this is
equivalent to g(c — 1) <p < g(c+1)).

1
S::{EEQ:0<q§—and ‘Z—j—c
q € q

Now define m € R as follows. If S is empty, set m = 1. If S is not empty, define
m := mingeg |s — c|; this is well-defined as S is finite. Note that we must have m > 0: if m
were equal to zero, then we would have some s € S with s = ¢, contradicting s € S C Q

and c € R\ Q.

Finally, define ¢ := min{1, m}; note that § depends only on ¢ and ¢ and that 0 < § < 1.
Let = € R satisfy |z — ¢| < § and suppose, for a contradiction, that |f(z) — f(c)| > e.

Under this assumption, we have |f(z) — f(c)| = |f(z) — 0] = f(z) > e > 0. We must

therefore have x € Q and, if we write v = g as a fraction in its lowest terms, then

flz) = % > ¢ and hence 0 < ¢ < % Moreover, as |x — ¢| < § and § < 1, we also have
E—c| <1 Sox=="1isin the set S. But we also have [z — c| < § < min,eg [s — |, which
shows that x cannot be in S. This is a contradiction, so we must have |f(z) — f(c)| < e
and hence f is continuous at c.

Putting everything together, we have constructed a function that is continuous at every
irrational number, and discontinuous at every rational number!

So far our repository of continuous functions is fairly small: we really only have poly-
nomials, absolute values, and square roots, along with other functions that we can build
from them using composition and the standard arithmetic operations (addition, subtrac-
tion, multiplication and division). How about more complicated functions? As the course
proceeds, we will prove that functions like z% (for a € Q), e* and log(x) are all contin-
uous, but we’ll need to develop some more tools before we can do this. The standard
trigonometric functions sin(z) and cos(z) are also continuous at all x € R, but proving
this would require us to define these functions rigorously, which is a can of worms that
we don’t really have enough time to open here.
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7.3 The Intermediate Value Theorem and its applica-
tions

Suppose now that we have a continuous function f: [a,b] — R, with f(a) = « and
f(b) = . Then our intuition tells us that f should also take all values between o and £.
Thankfully this is a setting in which our intuition is correct, although the result is quite a
bit harder to prove than one might initially expect. In fact, this humble property is even
important enough to be elevated to the lofty status of a named theorem!

Theorem 7.3.1 (Intermediate Value Theorem). Suppose that f: [a,b] — R is con-
tinuous and that f(a) < f(b). Then for all v € (f(a), f(b)), there exists ¢ € (a,b) such
that f(c) =v.

Proof. Let v € (f(a), f(b)) and define the set S := {z € [a,b] : f(z) < v}. Observe
that @ € S and therefore S is non-empty. Furthermore, S is bounded above (by b) and
therefore, by completeness, sup(S) exists. Let ¢ = sup(S). We will show that f(c) = v
by proving that, for every ¢ > 0, we have v —e < f(c¢) (Step 1) and v+¢ > f(c) (Step 2).

So let ¢ > 0. Since f is continuous at ¢, there exists § > 0 such that if x € [a,b] and
|z —c| <9, then |f(z) — f(c)| <e.

Step 1. Note that if ¢ = b, then f(c¢) = f(b) > v > v — . So assume that ¢ < b; then
we may find = € [a,b] such that ¢ < x < ¢+ §. Since ¢ is an upper bound of S, we
cannot have z € S, so  must satisfy f(z) > v. Moreover, since |x — ¢| < J, we know that

|f(z) — f(c)] <e, 80 f(c) > f(x) —e >v—e.

Step 2. Since c is the least upper bound of S, there exists z € S with ¢ —d < x < c.
Therefore, since |z — ¢| < §, we know that |f(x) — f(c¢)| < e, giving f(c) < f(z) + . But
f(z) <wv,as x €5, so we obtain f(c) <v+e.

Step 3. Now we put Steps 1 and 2 together. We have shown that for any ¢ > 0, we have
v—e < f(c¢) <v+e. So the only possibility is f(c) = v. O

Remark 7.3.2. If we have a continuous function f: [a,b] — R with f(a) > f(b), we
may apply the Intermediate Value Theorem to (—f) to prove that for all v € (f(b), f(a)),
there exists ¢ € (a, b) such that f(c) = v.

In the remainder of this section, we will study some applications of the Intermediate
Value Theorem. The most common application is to assert the existence of a solution to
an equation. For example:

Example 7.3.3. Does there exist 2 € R such that = + () = 427?

Let f(x) = = + ™(® . Note that f is a composition of continuous functions, so is con-
tinuous; this means that we can use the Intermediate Value Theorem. To apply it to our
question, we need to find two values a and b of = such that f(a) < 42 and f(b) > 42.
Consider a = 0: then f(a) = 0+¢® =1, so f(a) < 42. Next consider b = 1007: then
f(b) = 1007 + € = 100w + 1 > 42. Thus, by the Intermediate Value Theorem, there
exists ¢ € (0,1007) with f(c) = 42.
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Here is another application of the Intermediate Value Theorem. This result is a special
case of an important theorem in topology, known as Brouwer’s Fized Point Theorem.

Theorem 7.3.4 (Fixed Point Theorem). Let f: [a,b] — R be a continuous function
with im(f) C [a,b]. Then there exists ¢ € [a,b] such that f(c) = c¢. Such a c is called a
fixed point of f.

Proof. Define g: [a,b] — R by g(x) = x — f(z). Note that g is continuous, as a difference
of continuous functions. Moreover, we have g(a) = a — f(a) < 0, as f(a) € [a,b], and
g(b) =b— f(b) >0,s0 f(b) € [a,b]. If g(a) =0 or g(b) = 0 then we have found our fixed
point (it is @ or b, respectively). If not, then by the Intermediate Value Theorem (7.3.1)
there exists ¢ € (a,b) such that g(c) = 0. But g(c¢) = ¢ — f(c), so we have f(c¢) = c and ¢
is a fixed point of f. m

The following lemma is another application of the Intermediate Value Theorem; it will
come in handy when we come to prove the Inverse Function Theorem.

Lemma 7.3.5. Suppose that f: [a,b] — R is continuous. Then f is injective if and only
if it is strictly monotone.

Proof. Exercise! m

For us, however, the most important application of the Intermediate Value Theorem is
the following result, which will allow us to infer the existence of continuous functions
that are “inverse” to continuous functions that we already know. Like the Fixed Point
Theorem, this theorem is also a special case of a more general result, known simply as
the Inverse Function Theorem; you will see an enhanced version of the Inverse Function
Theorem later in the course, and the full-fat version will appear in Analysis 3.

Theorem 7.3.6 (Inverse Function Theorem for Continuous Functions). Suppose
that f: [a,b] — R is continuous and injective, with f(a) < f(b). Then f is strictly increas-
ing with image im(f) = [f(a), f(b)], and its inverse f~': [f(a), f(b)] = R is continuous.

Proof. Step 1. We being by showing that f is strictly increasing. Indeed, by Lemma
7.3.5 f is strictly monotone. As f(a) < f(b), we must have f strictly increasing.

Step 2. Next we show that im(f) = [f(a), f(b)]. Note that f(a), f(b) € im(f). Moreover,
for any v € (f(a), f(b)), the Intermediate Value Theorem (7.3.1) tells us that there exists
¢ € (a,b) with f(¢) = v, sov € im(f). Thus [f(a), f(b)] C im(f).

Next suppose that there exists v € im(f) with v < f(a). Then there exists ¢ € [a, b] with
f(c) = v, as cis in the image of f. But ¢ > a with f(c) < f(a), contradicting the fact that
f is strictly increasing, so there are no v € im(f) with v < f(a). A similar argument shows
that there are also no v € im(f) with v > f(b). We conclude that im(f) = [f(a), f(D)].

Step 3. As f is a bijection on to its image, there exists an inverse function
7 [f(a), F0)] = R
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It just remains to show that f~! is continuous.

Pick v € (f(a), f(b)). Then there exists a unique ¢ = f~!(v) € (a,b) such that f(c) = v.
Let ¢ > O satisfy a < ¢ —e < ¢ < ¢+ € < b. Since f is strictly increasing, we have
fle—¢) <v < f(c+e). Define § := min{v — f(c — ¢), f(c+ &) — v}; note that 6 > 0.
Now if x € [f(a), f(b)] satisfies |z — v| < §, then v —§ < & < v+ 4, so it follows that
flc—¢e) <x < f(c+e) and hence ¢ —e < f7'(x) < ¢+, as f is strictly increasing. In
other words, |f~(z) — f~'(v)| <&, and f~! is continuous at v.

It remains to prove that f~! is continuous at f(a) and f(b). Let us prove it for f(a); the
proof for f(b) is similar. Let € > 0 satisfy a+¢ < b, and define 0 := f(a+¢)— f(a). As f
is strictly increasing, we have § > 0. Now if = € [f(a), f(b)] satisfies |z — f(a)| < 0, then
fla) <z < f(a)+4, so it follows that f(a) <z < f(a+¢) and hence a < f~1(z) < a+-¢,
as f is strictly increasing. In other words, |f~!(z) — a] < &, and f~! is continuous at

f(a). O

Remark 7.3.7. There is also a version of the Inverse Function Theorem for functions
with f(a) > f(b), proved in a very similar way. It states:

Suppose that f: [a,b] — R is continuous and injective with f(a) > f(b). Then f is
strictly decreasing with image im(f) = [f(b), f(a)], and its inverse f~1: [f(b), f(a)] = R
18 continuous.

The Inverse Function Theorem is a powerful tool for constructing new examples of con-
tinuous functions. Consider the following example.

Example 7.3.8. Consider the function f: [0,00) — R given by f(x) = 2™, for n € N
some natural number. This function is continuous by Corollary 7.2.9 and injective. Its
inverse is the nth root function f~1': [0,00) — R given by f~!(z) = zw. By the Inverse
Function Theorem, the nth root function is continuous on any closed interval [0,b] for
b € R; it is therefore continuous at every point in ¢ € [0,00) (just choose b so that
c € 0,0]).

Exercise Show that the function f: (0,00) — R given by f(z) = x%, where a € Q is any
rational number, is continuous.

The final application of the Intermediate Value Theorem that we will discuss here will
be useful when we come to think about calculus. Again, this is a special case of a more
general result: the general version will appear in Analysis 3.

Theorem 7.3.9 (Extreme Value Theorem). Suppose that f: |a,b] — R is continuous.
Then there exist x_,x4 € [a,b] such that f(z_) < f(zx) < f(xzy) for all x € [a,b]. In
particular, [ is bounded on [a,b]. We say that f has a minimum at x_ and a maximum
at T4 .

Remark 7.3.10. Before we prove this theorem, we will make a few comments on its
hypothesis. We assume three things about f: it is continuous, its domain is closed, and
its domain is bounded. Without any one of these, the theorem is false; I'll leave the
finding of counterexamples in each case as an exercise.
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Before we prove the Extreme Value Theorem in full generality, we first prove it for bounded
functions.

Lemma 7.3.11. Suppose that g: [a,b] — R is continuous and bounded. Then there exist
x_,xy € [a,b] such that g(xz_) < g(z) < g(xy) for all x € [a,b].

Proof. We prove the existence of z; the proof for z_ is very similar. Let ¢g: [a,b] — R be
continuous and bounded. Then m := sup{g(z) : € [a,b]} is well-defined. As m is the
least upper bound, for every n € N we may find z,, € [a, b] such that m — % < g(x,) < m.
By the Sandwich Theorem, the sequence (g(x,)) — m. We want to show that m = g(z)
for some z; € [a,].

As (x,) is a sequence on the bounded set [a,b], it has a convergent subsequence by the
Bolzano-Weierstrass Theorem. Let (x,,) be such a convergent subsequence and define

x4 = limg_y00 Ty, . Since [a,b] is a closed interval, we must have z; € [a,b]. Moreover,
by continuity of g, we have limy_, g(x,, ) = g(z4). But (g(z,)) — m, so we must have
g(xy) =m. u

Now we use this lemma to prove the full Extreme Value Theorem.

Proof of Theorem 7.3.9. Suppose that f: [a,b] — R is continuous. Our strategy is to first
prove that f is bounded, then simply apply Lemma 7.3.11 to get the result.

To show that f is bounded, first define a new function

B 1

L+ [f()]

Note that ¢ is continuous (as a composition of continuous functions) and 0 < g(z) < 1
for all = € [a,b]. So g is bounded. Thus, applying Lemma 7.3.11 to g, we see that there
exists z_ € [a, b] such that g(x) > g(z_) for all x € [a,b]. Let g(z_) = v.

g: la,b] — R given by g(z)

From this, we see that m > o for all z € [a,b]. Rearranging, we obtain |f(z)| < 1 —1
for all © € [a,b]. This shows that f is bounded. We conclude the proof by applying
Lemma 7.3.11 to f. O

7.4 Continuous limits

In this section, we will begin to lay the groundwork for differentiation that will be treated
in Analysis 2. Suppose that we have a function f: X — R which is defined on a set
X = (a,b) \ {c}, for some ¢ € (a,b) (i.e. we take the interval (a,b) and remove the point
c). Is there a sensible way to assign a value to f(c)?

We could try something like “define lim,_,. f(z) to be the limit of (f(x,)) for any sequence
(x,) C X converging to ¢”. However, this has the same problem as sequential continuity,
in that it requires us to check every possible sequence (z,) converging to ¢, an almost
impossible task. Instead, we will use a definition that looks more like the definition of
continuity.
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Figure 7.3: The function f(z) = zsin(1) from Example 7.4.3. The dashed lines are the
functions f(z) = z and f(x) = —z, observe that |z sin(%)| < |x|.

Definition 7.4.1. Let f: X — R be a function, where X = (a,b)\{c} for some ¢ € (a,b).
We say that the continuous limit lim, .. f(z) exists and is equal to v if and only if

Ve >0 36 > 0 such that Ve € X, if | —¢| <, then |f(x) —v| <e.

Remark 7.4.2. Note that this definition does not involve the value of f at the point ¢
at all. In fact, as the next example will show, a function f can have a limit at a point ¢
even if it is not well-defined there.

Example 7.4.3. Let X =R\ {0} and define f: X — R by f(z) = xsin(2). The graph
of this function is shown in Figure 7.3. Does lim,_, f(x) exist and, if so, what is it?
Note first that f(0) does not make sense: the % makes sure of that. However, we can still
apply the definition. Let & > 0 and choose 6 = ¢. Then if x € X with |z — 0| < §, we
have |zsin(2)| < |z| < e (as |sin(2)] < 1 for all # € X)), which gives |zsin(2) — 0] < e.
Thus lim,_, f(z) exists and is equal to 0.

Before we go any further, we should make sure that the definition we just wrote down
makes sense. In particular, we should ensure that it is not possible for a function to have
two different limits at the same point.

Proposition 7.4.4. Let f: X — R be a function, where X = (a,b) \ {c} for some
€ (a,b). Iflim, . f(z) = v and lim,_,. f(x) = w, then v = w.

Proof. By definition, for any e > 0, there exist 01,02 > 0 such that if |x — ¢| < d1, then
|f(z) —v| < § and if [ — ¢| < 0, then |f(z) —w| < 5. Let 0 = min{d;,d2}. Then if
|z — ¢| <, then |z — ¢| < §; and |z — ¢| < d2, so both of the implications above hold. In

particular,
e>[f(z) — v+ |f(z) —w| =|f(x) —v| + [w = f(z)] = |v - w|
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Figure 7.4: The function f(z) = sin(2) from Example 7.4.7.
by the triangle inequality. But this is true for any € > 0, so we must have |v — w| = 0,
giving v = w. O

Now we know that our definition of lim, .. f(z) is sensible, let’s try to construct some
tools that will allow us to compute it. The first result shows us that it is easy to compute
limits on continuous functions.

Proposition 7.4.5. A function f: (a,b) — R is continuous at ¢ € (a,b) if and only if
lim, . f(z) exists and is equal to f(c).

Proof. f is continuous at ¢ if and only if for all ¢ > 0 there exists § > 0 such that if
x € (a,b) and |x — ¢| < 6, then |f(x) — f(c)| < e. But this is precisely the definition of
lim, . f(x) = f(c). O

The next proposition is more useful for proving that lim,_,. f(x) does not exist.

Proposition 7.4.6. Let (x,) be a sequence in X = (a,b) \ {c} which converges to ¢ and
let f: X = R be a function. Iflim,_ . f(z) = v then lim,_,o f(x,) = v.

Proof. Choose € > 0. Since lim,_,. f(x) = v, there exists § > 0 such that if x € X with
|z — ¢| < 4, then |f(x) — v| < e. Moreover, since (z,,) — ¢, there exists N € N such that
if n > N, then |z, — ¢| < §. Combining these two statements, we see that if n > N, we
have | f(z,) — v| < €, so lim, o0 f(2,,) = v. O

The next example shows how we can use this result.

Example 7.4.7. Let X = R\ {0} and define f: X — R by f(z) =sin(L). The graph of

this function is shown in Figure 7.4. Does lim,_,o f(z) exist and, if so, what is it?
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Consider the following two sequences:

(yn) = (ﬁ) -

We have (z,) — 0 and (y,) — 0, so if lim,_,o f(x) exists and is equal to v, then we
should have lim,, ., f(z,) = lim, o f(y,) = v, by Proposition 7.4.6. But f(z,) =
sin(2rn + %) = 1 for all n € N, so lim, o f(x,) = 1, and f(y,) = sin(27n) = 0 for all
n € N, so lim,, 00 f(y,) = 0. Thus we see that lim,_,o f(x) does not exist.

Continuous limits behave a lot like limits of sequences. Here are a couple of familiar
results.

Proposition 7.4.8. Let f,g: X — R be two functions, where X = (a,b) \ {c} for some
€ (a,b). Iflim, . f(x) = v and lim,_,. g(z) = w, then

lim(f —g)(z) =v—w
lim(f - g)(z) = vw

Moreover, if g(x) # 0 for all z € X and w # 0, then

lim(£) (@) = 2.
Proof. We prove the statement for (f + g), the other cases are an exercise. Let ¢ > 0.
Since lim, . f(z) = v, there exists 6; > 0 such that if z € X with |z — ¢| < §;, then
|f(x) —v| < 5. Moreover, since lim,_,. g(x) = w, there exists d, > 0 such that if x € X
with |z — ¢ < d2, then |g(z) —w| < 5. Let § = min{d1,d2} > 0. Then if |z — ¢| < J, both
of the above statements hold, so € > |f(z) — v| + |g(x) — w| > |(f + ¢)(z) — (v + w)]| by
the triangle inequality. Thus lim,_.(f + ¢)(x) = v + w, as required. O

Theorem 7.4.9 (Sandwich Theorem for Continuous Limits). Consider three functions
fr9,h: X = R, where X = (a,b) \ {c} for some ¢ € (a,b). Suppose that f(z) < g(z) <
h(z) for all x € X. If lim,_,. f(z) = lim,_,. h(z) = v, then lim,_,. g(x) = v also.

Proof. Let ¢ > 0. Since lim,_,. f(x) = v, there exists d; > 0 such that if z € X with
|z — ¢| < &y, then |f(x) —v| < e. Moreover, since lim, . h(x) = v, there exists d, > 0
such that if x € X with |z — ¢| < 09, then |g(x) — v| < e. Let 6 = min{d;,d9} > 0. Then
if | — ¢| < 9, both of the above statements hold so, noting that f(z) < g(x) < h(x), we
have



Putting these together, we obtain —¢ < g(z) — v < ¢, i.e. that |g(z) — v| < e. Therefore
lim,_,. g(z) = v, as required. O

Example 7.4.10. The Sandwich Theorem gives us an easier way to do Example 7.4.3.
Recall that, in that example, we had X = R\ {0} and f: X — R given by f(z) = xsin(%).
The graph of this function is shown in Figure 7.3.

To compute lim,_,o f(z), we can use that fact that |sin(2)| <1 for all z € X, so —|z| <
f(z) < |z| for all z € X. But lim, ¢ || = lim,_o(—|z|) = 0, so the Sandwich Theorem
gives lim,_,o(f(z)) = 0 also.

7.5 One-sided limits and limits at infinity

We conclude this chapter with a few variants on the theme of continuous limits. All of
the results from 7.4.4 to 7.4.9 continue to hold in these settings, if suitably restated.

We begin with the concept of one-sided limits.

Definition 7.5.1. Let f: (¢,b) — R be a function. We say that the one-sided limit
lim, .+ f(x) exists and is equal to v if and only if

Ve >0 35 > 0 such that if c < x < c+9, then |f(z) —v| <e.

Let g: (a,c) — R be another function. We say that the one-sided limit lim, .- g(z) exists
and 1s equal to w if and only if

Ve >0 30 > 0 such that if c —d < x < ¢, then |g(z) —w| <e.

If we have a function f: X — R, where X = (a,b) \ {c} for some ¢ € (a,b), then we can
talk about both of the one-sided limits lim, ,.+(f(x)) and lim, .- (f(z)). The following
example shows that they do not have to be equal!

Example 7.5.2. Consider the function f: X — R, where X = R\ {0}, defined by

1 ifxz>0
ﬂx)_{q if 2 < 0.

Then lim, ,o+(f(z)) =1 and lim, ,o- (f(z)) = —1.

Exercise Consider a function f: X — R, where X = (a,b) \ {¢} for some ¢ € (a,b).
Show that lim, . f(x) exists and is equal to v if and only if both of the one-sided limits
lim, ,.+ f(x) and lim, .- f(z) exist and are equal to v.

We can also talk about infinite limits and limits at infinity.

Definition 7.5.3. Let f: X — R be a function, where X = (a,b)\{c} for some ¢ € (a,b).
We say that lim,_,. f(z) = 400 if and only if

VC >0 30 > 0 such that Vx € X, if |x —c| <6, then f(z) > C.
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Definition 7.5.4. Let f: (a,00) — R be a function. We say that the limit lim, _,  f(x)
exists and is equal to v if and only if

Ve > 0 3M > a such that if x > M, then |f(x) —v| <e.

There are lots more variations of these ideas, for instance

and many more. Now that you have seen the definitions above, you should be able to
write down whichever ones you may need.
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