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Introduction and Motivation

MTH5104 and MTH5105 together form an introduction to analysis, the branch of
mathematics devoted to the precise study of sequences, series, differentiation and
integration. These courses bring rigour to calculus.

Some examples, questions and paradoxes

1. While already ancient Greek mathematicians (such as Archimedes) from the
school of Pythagoras anticipated the integral calculus, they were very reluctant
to use any kind of infinite process. This is best shown by considering a famous
paradox of Zeno (~ 460 BC), Achilles and the tortoise: If Achilles starts at A
and the tortoise starts at B then Achilles can never catch the tortoise since by
the time Achilles reaches B, the tortoise will be at some further point C', and
by the time Achilles reaches C, the tortoise will be further ahead at D and so
on ad infinitum. So the tortoise will always be ahead!

Let us model this argument with some numbers. (We don’t try to actually
model realistic speeds or distances!) Let us assume the tortoise is at distance 1
from Achilles and moves with speed 1, while Achilles runs with speed 4. When
will he catch the tortoise?

A B C D

The time needed for Achilles to reach B is 1/4. Hence the tortoise moved 1/4,
ie. Cis 1/4 away from B. So the time for Achilles to reach C is 1/4 + 1/16.
The tortoise has now moved to D which is 1/16 away from C, so the time for
Achilles to reach D is 1/4 4 1/16 + 1/64, etc. So Achilles runs for time

~/I\k 11 11
;Q) 1716 e e T
behind the tortoise. But on the other hand, we can also solve this with an
equation: Achilles runs for time ¢ with speed 4, so he will be 4t away from A,
while the tortoise at the same time is 1 + ¢ away from A. So Achilles catches
the tortoise when

4t =1+1.

Obviously, the solution of this equation is ¢ = 1/3. The two results contradict
each other if the above infinite sum becomes larger than 1/3. Could it be, that
although we keep on adding positive numbers to the sum, the value of the total
sum is still finite (and actually less than or equal to 1/3)%

Somewhat surprisingly, the answer is yes, in fact
oo
INF 1 1 1 1 1
) =4 =2 1
;(4) 4+16+64+256+ 3 (0.1)
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2. Let us now look at the series

i1—1+1+1+1+l+
k2 3 4 5
k=1
As before, we infinitely often add a positive number, and the numbers added
become smaller and smaller. Will the sum therefore also converge to a finite

value, as in the example above?

This time, the answer is no! We can see this as follows.

i3—1+1+1+1+1+1+1+1+1+
kzlk_ 2 3 4 5 6 7 8 9

S WHL LU I U P
- 2 4 4 8 8 8 8 16
—_—— ——— N

i +a -
2 2 2

What is different in example 2 from example 17 In this lecture course, we will
develop general tools which allow us to investigate whether or not an infinite
series converges.

. Of course, (0.1) is nothing else than a geometric series, and we know from
calculus that

[oe) o

1\F 1\ 1 1
Z 4 Z 4 1-1 3
k=1 k=0 4

using the rule "3 ¢F = 1—£q (which agrees with what we claimed above).

Using this rule, we have for example

r 1 _ 2 _ 2 3
1_x—:c(1_x)—ac(1+:c+a: +..)=r+z"+2°+ (0.2)

or also
z

1 -1, -2
- I N 0.3
r—1 (1—33) . v (0.3)

Adding (0.2) and (0.3) thus yields
O=.. 427+ " +1+a+2>+

If x > 0, this means that adding up infinitely many positive numbers gives 0.
What is wrong with this argument? The answer is that we have to consider
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for which values of x each series converges. The series on the right hand side
of (0.2) only converges for |z| < 1, the series on the right hand side of (0.3)
only converges for |z| > 1. It becomes clear that we need to define convergence
very carefully and worry about the set of values for which a series converges.

4. The last series we consider in this section is the alternating harmonic series.
It is given by

> 1 1 1 1 1 1
S Vo e T
g} ) k 53 1 5 67

As we will see later in this course, this series converges. Intuitively, this is
clear if we draw the first few elements, denoting s,, = Zzzl(—l)’”l%, we have

the following picture.

Soo
EYRER - 85 53
0 52‘ < ———————> = 51:1

< >
>

(One can prove that the value of the infinite series is In 2, the natural logarithm
of 2.) Now, we will re-order the sequence, taking always a positive element
and then two negative ones, so that we obtain

Note that we still have all the elements from the original series, we just changed
the order of summation! As addition is commutative, we might expect that
the value should be the same and the order of summation should not matter.
However, we get

1.1 1 1. 1 1 1 1
— (1) 2 (2 Yy (22— il
§=( 2) 4+% 6) 8+% 1& 12+
1 1+1 1+1 1+
2 4 6 8 10 12
_10 1+1 1+1 1+ )
2 2 3 4 5 6

So now, the value of the sum is half of what it was before! How did this
happen? Did we do something wrong? One of the goals of this course is to
answer these questions.

5. Finally, let us move on to some questions related to functions.

e Is the sum of two continuous functions continuous? Yes!
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o [s the sum of infinitely many continuous functions continuous? No! For
example the function

o) = sinl(x) B sin(22:c) n sing?)x) B sinE:la:) .

has the following graph:
f(x)

A

AN

—27 2

Y

/

—_—_—— —— - —
—_——_—— = — = =
—_——_—— = — = =

o For any sequence of continuous functions f, which converges to f =
limy, o0 frn, 98 [ continuous? No!
At least not in general. We will see that this depends on the type of
convergence — we will define different notions of convergence for functions.

o Similarly, one could ask whether for a sequence of differentiable functions
fn converging to f = limy, o fr, the limit f is also differentiable. Or
one could ask whether for any sequence of integrable functions f,, is it

true that
/ lim f, = lim [ f,.
n—oo n—oo

Again, the answer is no in general. The theory needed to understand
(most of ) these questions will be covered in the course MTH5105.

Conclusion

We will have to make precise definitions and carefully restudy topics from calculus
such as limits, convergence, continuity, etc. In fact, in order to do this precisely,
we will have to begin in an elementary manner, namely with the properties of real
numbers.

However, before we start with this, we will introduce a method which makes it easier
to read, understand and prove statements like

Ve eRVe>030>0VyeR,jz—y|<d : |2°—y? <e. (0.4)

As we will later see, this complicated looking expression simply states that f(z) = 22

is continuous. Don’t be afraid: At the end of this lecture course, you will not only
be able to understand such statements, but also to write and prove them yourselves!
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“But I already know all this!”

You have likely encountered the main players in this course already: sequences,
series, and functions. You may think that you understand them very well. However,
as the above examples demonstrate, when a theory is not given a rigorous basis,
confusion and paradox are always lurking.

This course will rebuild the edifice of calculus from the ground up. It will require you
to take a step back, to re-examine your preconceptions, and to give careful meaning
to notions which you previously took for granted.

Why go to all the trouble? There are at least two compelling reasons:

1. Practical. It’s well-known that employers like to hire mathematicians. Why?
After all, physicists and engineers also know calculus, and are much more
geared towards real-world problems. The answer is: employers want you, not
primarily because of what you know, but because of how you think. Mathe-
maticians are unique in our ability to reason with absolute precision, allowing
us to solve problems that nobody else can. This isn’t a skill you can gain
by watching a YouTube video or even reading a book: you have to earn it,
through countless hours of hard work, at a desk, solving exercises.

2. Spiritual. Mathematics is beautiful. When founded in rigour, an elegant
proof is both convincing and inspiring. The satisfaction of understanding an
argument — truly understanding it — is unparalleled. We each have a finite
amount of time on this world, and our goal should be to fill it with as much
beauty (and love) as we can.
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1 Sets and logic

Most of this should be familiar from MTH4213. We will provide a quick review, but
please make sure you are on top of this. Ask for help if you need it. There are no
shortcuts here: you will quickly become lost if you do not internalise these ideas.

1.A Symbols

We begin by collecting the most common mathematical symbols that you will en-
counter. It is crucial to use these! Doing so will force you to think in a precise
way.

Set-theoretic symbols
e € is an element of
e C is a subset of
e U union
e N intersection
e ) the empty set.

We can also negate these symbols. For instance, the negation of € is obtained by
striking out the symbol: ¢.

Logical symbols
e = implies
e & if and only if (iff)
eV  forall

o there exists

1.B Set theory

Definition 1.1
A set is a collection of objects. The objects of a set S are referred to as the
elements of S. We write

xeS
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bo indicate that x is an element of S. j

We can define a set by listing its elements inside curly braces. For example:
S =1{1,2,3}. (1.1)

We have 1 € S but 4 ¢ S. In a set we do not allow repeated elements, so for

example:
{1,1,2,3,3,3} = {1,2,3}.

We can also define a set by stating a property that determines its elements. For
example, we can define the set of all positive real numbers as follows:

T={zxeR:z>0} or T ={x € R|z > 0}.

Here both “:” and “|” should be read as “such that”.

fDeﬁnition 1.2 h
Given two sets S and T, we say that S is a subset of T', written
SCT
if and only if every element of S is an element of 7T, i.e:
\_ reS=uxel. )
Taking S = {1,2,3} as in (1.1), we have
{1,2} € {1,2,3}, {1} € {1,2,3}, 1< {1,2,3}, {1,4} £ {1,2,3}.
Definition 1.3
The empty set () is the set with no elements. It is a subset of every set.
(] N

Exercise 1.4
Write down all the subsets of {1,2}. Then do the same for {1,2,3}, and for
{1,2,3,4}. Based on this, make a guess for how many subsets {1,2,...,n} has,

Kzmd prove that your guess is correct. D

fDeﬁnition 1.5 )

Let A and B be two sets. The union of A and B is the set of elements belonging
to either A or B (or both):

AUB:={x:x € Aorz € B}.
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The intersection of A and B is the set of elements belonging to both:
ANB:={z: z € Aand z € B}.

The set of elements of A which do not belong to B is denoted:

A\ B:={z:2z € Aand z ¢ B}.

fRemark 1.6
The intersection A N B can be empty even if A and B are nonempty. We have
inclusions:
ANBCA,
ANBCB,
AC AUB,
BC AUB,
ANBC AUB,
A\ B C A.
g \
Example 1.7

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

You are already familiar with the following sets of numbers:

N={1,2,3,4,---} natural numbers
No=1{0,1,2,3,---} natural numbers with 0 included
Z={0,£1,42,4£3,---} integers

Q={a/b: a€Z,be N} rational numbers

By definition of these sets we have immediately
NCNyCZCQ.

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:

NCNgCZCQCR.

10
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1.C Logic: implication and equivalence

Recall that “=" means “implies” or “therefore”. Here is an example of a true
statement:
I live in London =- I live in England.

The order is crucial! The following statement is false, as any Mancunian will proudly
attest:
I live in England = I live in London.

It is a very common mistake to mix up A = B and B = A. You are much less
likely to make this mistake if you use the mathematical symbol “=" when writing
your arguments. This is better than using terms like “therefore” or the dreaded

which causes endless logical headaches for students.

Occasionally we have two statements which each imply the other. For instance:
It is sunny <> It is daytime and there are no clouds blocking the sun.
In this case we say that the statements are equivalent. We write
Ae B

which means that A is true if and only if B is true. Here are some mathematical
examples:

l.L.z2>0&ex+1>1

2. If n is an integer, then n > % &Sn>1

2

3. If m is an integer, then m is even < m~ is even.

1.D Logic: quantifiers

We use the quantifiers V (“for all”) and 3 (“there exists”). Here are some examples
translating statements from English into mathematical symbols:

English Mathematics
For all real numbers z, we have Ve eR: 22 >0
2 >0
For all integers a and b, we have Va,beZ:a+b=b+a
a+b=b+a
For every real number r there VreRdneZ:n>r
exists an integer n with n > r

11
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Notice that here the colon “:” is read sometimes as “we have” and sometimes as “such
that” (this is really a defect of the English language; from the logical perspective
there is no difference).

1.E Demon Games

Thought experiments are mental exercises. These are very common in science. There
are a couple of thought experiments that involve Demons, in particular in physics
and mathematics. Famous examples are Laplace’s Demon or Maxwell’s Demon.

In this lecture course, we will sometimes translate statements like
VneNImeN : m>n (1.2)

(read “for all natural numbers n there exists a natural number m such that m > n”)
into a Demon Game, a thought experiment in which we play against an imaginary
Demon. This will provide a convenient framework for formulating mathematical
proofs.

The rules for the game are as follows:

1. We read the statement from left to right.

2. Whenever there is a “for all” quantifier V, the Demon gets to choose. If there
are restrictions, the Demon has to fulfil them.

3. Whenever there is a “there exists” quantifier 34, then we get to choose. If there
are restrictions, we have to fulfil them.

4. If the last statement is true, then we win. Otherwise the Demon wins.

fExample 1.8 h
The expression (1.2) corresponds to the Demon Game
e First the Demon picks n € N.
e Then we pick m € N.
_ e We win if m > n. )
~

fExample 1.9
The expression (0.4) corresponds to the Demon Game

e First the Demon picks = € R.

e Then the Demon picks € € R satisfying the restriction € > 0.

12
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e Then we pick § € R satisfying the restriction § > 0.
e Then the Demon picks y € R satisfying the restriction |z — y| < 0.

e We win if |22 —¢?| < e.

Be careful with the order. In Example 1.8, the Demon picks n first and we pick m
afterwards knowing what the Demon picked. This is different from the statement
IJn € NVn € N : m > n which translates into a Demon Game in which we have
to choose first and the Demon picks after us knowing what we picked. Of course,
neither we nor the Demon can look into the future, so in the Example 1.9 above, we
can pick a § that depends on x and & which the Demon has already chosen, but our
¢ cannot depend on y, as y is picked by the Demon afterwards.

Note that we abbreviated the expression Ve € R,e > 0 by Ve > 0 and we have also
abbreviated 35 € R, 4 > 0 by 36 > 0. In this lecture course, € and § are always real
numbers, so these abbreviations should cause no confusion.

Trial games: These are just examples of possible games that could have been
played, including the statement of who would have won the game if these moves
would have been played. It is best to write them down in a table.

fExample 1.10 h

For the game from Example 1.8, we have:

Trial Game 1 | Trial Game 2

Demon picks n = 44 18
We pick m = 27 55
Who wins? Demon Us

(as 27 # 44) | (as 55 > 18)

Example 1.11
For the game from Example 1.9, we have:

13
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Trial Game 1 Trial Game 2
Demon picks z = 4 4
Demon picks € = 1 1
We pick § = 1.5 0.2
Demon picks y = 5 4.1
Who wins? Demon Us
(as |22 —y?| =9« 1=¢) | (as |22 — 9| =081 < 1=¢)

\J

Winning strategy: A winning strategy is a strategy with which we always win the
game, no matter what the Demon plays (in particular, the strategy must be such
that we win even if the Demon plays particularly cleverly or stupidly).

fExample 1.12

For example in Example 1.8 above, a winning strategy is the following.

~

e The Demon picks n € N.
e Wepick m:=n+1€N.

e Then m > n, so we win.

Note that we could have also chosen m = n+ 37 to get another winning strategy,
or m = n3 + 12 to obtain yet another one. On the other hand, setting m = 3”—;7
is not a winning strategy — it satisfies m > n, but it is not an allowed move
Kb(—:-cause in general this m is not a natural number. D

Make sure that all moves are legal (i.e., possible restrictions are fulfilled). Remember
that the Demon has a free choice of legal moves. Also remember that we can’t see
into the future, so for example in the game from Example 1.9, when we pick §, we
can choose it depending on x and ¢ (which the Demon already picked), but not on y,
which the Demon will pick later!

Formal proofs: If we found a winning strategy for the Demon Game, then the
original mathematical expression is true. A winning strategy can then be translated
into a formal proof, using the following simple rules.

1. Whenever the Demon picks x, we write “Given x”.
2. Whenever we pick y, we write “Let y be ...”, or “Choose y such that ...”.

3. At the end, replace the “we win” by an end of proof boz, i.e. 1.

14
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Example 1.13
The winning strategy from Example 1.12 translates into the following formal
proof.

Theorem. Vn € N I3m € N:m > n.
Proof. Given n € N, choose m :=n +1 € N. Then m > n. O

Negation: Now we know how we can prove that a statement is true: we have to
find a winning strategy for the corresponding Demon Game. But how do we prove
that a statement is false?

We produce the negation (—A) of a mathematical statement A in a mechanical way

as follows. We change all 9 into V and vice-versa, and we negate the final expression

after the colon. Whenever we want to prove that some mathematical expression is

false, we will negate it and prove this negation.

fExample 1.14 h
Consider the statement

dneNVmeN:m < n.

We want to prove that this statement is false. We follow the rules above to
produce the negation:
VneNImeN:m>n.

We now have to prove that the negation is true, by finding a winning strategy for
the corresponding Demon Game. This is precisely what we did in Example 1.13

Kabove. )

15
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2 Real Numbers

Recall the following systems of numbers:

N — the natural numbers: 1,2,3,4,...

Ny — the natural numbers including zero: 0,1,2,3,4,...
7Z — the integers: ..., —3,—2,—-1,0,1,2,3,...

Q — the rationals: {p/q : p,q € Z,q # 0}.

We assume all the standard properties of these number systems:

e in N, Ny, Z and QQ, we can do addition and multiplication.
e in Z and QQ, we can also do subtraction.
e in QQ, we can also do division (except by 0).
We also assume the standard rules:
o Commutativity of addition and multiplication:
a+b=b+a, ab=ba.

e Associativity of addition and multiplication:
(a+b)+c=a+(b+c), (ab)c=a(bc).
e Distributivity of addition over multiplication:

a(b+c) = ab+ ac.

Moreover, Q is a field, which means that there is an additive neutral element 0 and
a multiplicative neutral element 1 as well as inverses for addition and multiplication
(except for a multiplicative inverse of 0). Equivalently, this means that the following
equations always have a (unique) solution for z: a + x = b and ax = b (if a # 0).

Finally, we assume the usual properties of order (>), i.e.
e every number a satisfies either ¢ > 0, a =0, or —a > 0.
e ifa>0and b >0, then a+b >0 and ab > 0.

e ifa>bandb>a then a=0=".

The real numbers contain Q (and hence Z and N). There are various ways of con-
structing the real numbers, e.g. as decimals, as “limits of Cauchy sequences”, or as
“Dedekind cuts”, etc. But we shall characterise the real numbers by their proper-
ties rather than defining them using a particular model. They should have all the
properties of Q (and in fact contain Q), but we ask for more than that!

In particular, we consider the question whether or not there are any “gaps” in the
real numbers, like the “gap” in Q between {z € Q : 22 <2}and {z € Q : 22 >2}.

16
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fDeﬁnition 2.1
Let a,b € R be real numbers with a < b. We then define the intervals:

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

\

2. A Maximum and minimum of sets

Definition 2.2 (Maximum and minimum)
Suppose A C R. Then a real number z is called a mazimum of A iff

1. z€ A,
2.Vye A : y<ux.

A real number z is called a minimum of A iff

1. z€ A,
2. Vye A : z<y.

fExamples 23 (i) A=[0,1]]={ze€R : 0<z<1}.
x = 1 is a maximum of the set A, because
1. 1€ A,
2.Vye A : y<1L

(i) A={z€Z : 2?2 <101}.
A has a maximum of 10 and a minimum of —10. (Check!)

(ili) A=(0,1)={zeR : 0<z <1}
x =1 is not a maximum of A, since z ¢ A.
x = 0.9 is not a maximum of A, since y =0.99 € A and y > x.

In fact, this set A does not have a maximum. Let us prove this!

statement that A has a maximum is:

dJre AVye A:y<ux.

We want to show that this is false — or equivalently, that the negation is

true. The negation (which we want to prove) is

Vre Adye Ay > .

17
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Proof. Given x € A, choose y = %il We must show that y € A and y > x.
Since x < 1 we have z +1 < 2 and so y = mTH < 1. We conclude that
y € A. Moreover we have

z+1 11—z
Y=y TP
and since x < 1 we have I_Tx > 0 so that y > =. ]

(iv) A = N. Does this set have a maximum? No! We actually already proved
this last week, when giving a proof (respectively a winning strategy for the
corresponding Demon Game) of Example 1.14. )

\

Could a set A have two different maxima?

Lemma 2.4 (Maximum is unique)
Let A C R. If A has a maximum, then this maximum is unique (and we denote
it by max(A)).

Proof. Suppose we are given z and x’ are two maxima of A. Then since x is a
maximum of A and 2’ € A, we have 2/ < x. Similarly, since 2’ is a maximum of
Aand 2 € A, we have z < 2/. From 2’ < 2 and 2 < 2’ we deduce = = 2’. So the
maximum is unique (if it exists). O

Of course, the minimum (if it exists) is unique as well and we denote it by min(A).

2.B Upper and lower bounds of sets

Everything here is a Everything here is an

lower bound for A Elements of A upper bound for A

9—0-0-00— 0000 &

®
Y
e

fDeﬁnition 2.5 (Upper and lower bounds)
Let A be a subset of R. Then we say that € R is an upper bound for A iff

Vye A:y < x.

Similarly, z € R is a lower bound for A iff

9 Vye A:x <uy.

18
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Obviously, if A has a maximum then that maximum is an upper bound for A. But
a set A can have an upper bound even if it does not have a maximum, and it can
have many different upper bounds.

fExamples 2.6 (i) A=10,1]. We have seen that x = 1 is the maximum of A,\

so this is an upper bound. But any real number bigger than 1 is also an
upper bound for [0, 1], for example x = 738 or z = 10'2.

(i) A = (0,1). We have seen that (0,1) does not have a maximum. However,
x = 1 is an upper bound for A, as any element y € A satisfies y < 1. Again,
every real number greater than 1 is an upper bound as well.

(iii) A = N. We have seen that A does not have a maximum, but does it have
an upper bound? No! (We will prove this soon!)

(iv) A = {2 € Q : 2% < 2}. This set has an upper bound, for example
x = 3. To prove this, we must show that every y € A satisfies y < 3, or
equivalently no element of A is strictly greater than 3.

But given y € Q with y > 3, we have y? > 9, so in particular y? > 2 and

thus y ¢ A.

Note that the set A = {z € Q : 22 < 2} does not have a maximum (we

will prove this formally later), but it does have many upper bounds (e.g.

any real number > 3). In fact, any real number = > 0 satisfying z? > 2 is
_ an upper bound for A. D

Definition 2.7 (Bounded sets)

We use the following terminology. A subset A of R is said to be bounded above if
it has an upper bound, and bounded below if it has a lower bound. We say that
A is bounded, if it is both bounded above and bounded below.

2.C Supremum and infimum of sets

~

Definition 2.8 (Supremum and infimum)
Suppose A C R. Then a real number z is called the least upper bound of A iff

1. z is an upper bound for A,
2. every upper bound z for A satisfies z < z.

The least upper bound of A (if it exists) is also called the supremum of A and
we denote it by sup(A).

A real number x is called the greatest lower bound of A iff

1. x is a lower bound for A,
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2. every lower bound z for A satisfies z < z.

The greatest lower bound of A (if it exists) is also called the infimum of A and
we denote it by inf(A).

How do we prove that a particular real number x is the supremum of a particular
given set A of real numbers? We must prove

1. z is an upper bound for A, so
Vye A : y<u,

2. There is no upper bound for A which is smaller than x, i.e.
VezeRwithz<z, Jye A : z<y.

fExample 2.9
A = (0,1). To show that sup(A) = 1, we have to prove

1.Vvye A : y<1

This is obvious from the definition of A.

2.VzeRwithz<1,3ye A=(0,1) : z<uy.

We are given z € R with z < 1. If z € (0,1), let y = 1*2'2. If 2 <0, let
y:%. In both cases, y € A and z < y. )

fRemark 2.10 h
We have talked about “the” supremum of A (if A has a supremum), so we should
check that A cannot have two different suprema. Given a subset A C R, consider
the set:

\

U(A) :={z € R: z is an upper bound of A}.
Then we have

sup(A) = min(U(A)).

We know by Lemma 2.4 that the minimum is unique. Hence if A has a supremum,
that supremum is unique. Similarly, the infimum (if it exists) is unique, since it
may be expressed as

inf(A) = max{z € R: z is a lower bound of A}.

= /

~

Lemma 2.11 (Maximum versus supremum)
Consider a set A C R.

(i) Suppose A has a maximum. Then A has a supremum, and sup(4) =
max(A).
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(ii) Suppose A has a supremum. Then A has a maximum if and only if sup A €
A. In this case, we have max(A) = sup(A).

There are many sets A which have a supremum but do not have a maximum, because
sup(A) € A. For example, A = (0,1).

Proof. (i) Let x = max(A). We have to check that z is an upper bound for A and
that there is no z € R with z < x which is also an upper bound for A.

By the definition of a maximum, we know that Vy € A : y < z, so x is an upper
bound for A.

If z € R with z < x, then there is an element of A which is bigger than z, namely x
itself. Hence, z is not an upper bound for A.

(ii) Now let x = sup(A). To show that z is a maximum for A, we have to check
that z € A and that x is an upper bound for A. But this is automatic: we are given
x € A, and by definition the supremum is an upper bound. O

Of course, the same result holds replacing “maximum” by “minimum” and “supre-
mum” by “infimum”.

2.D The properties of the real numbers

We think of the real numbers as decimal numbers with an infinite number of decimal
places after the decimal point. More formally, the real numbers can be defined using
“Dedekind cuts” or “Cauchy sequences”, but we will not do this here. We shall just
characterise them by a collection of properties and not worry about exactly how
they are constructed. When dealing with the real numbers, the following properties
are the only facts we will ever need to use.

fDeﬁnition 2.12 (The real numbers) )

The real numbers are a set R with the following properties.

1. Q C R, i.e. every rational number is a real number.

2. R is a field, i.e. there are operations +,- (with inverse operations —, =+,
except for division by zero) satisfying the usual rules mentioned before,
i.e. commutativity, associativity and distributivity, as well as existence of
inverses (except for a multiplicative inverse of zero).

3. R is totally ordered, i.e. Va,y € R exactly one of the following is true:
rT>y,r=yY,x<y.

4. The Completeness Azxiom: Every non-empty set of real numbers which is
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k bounded above has a least upper bound in R.

N

Remark 2.13
Q satisfies (1)—(3), but not (4). C satisfies (1) and (2), but not (3). It is the
Completeness Axiom which ensures that there are no “gaps” in R like those in

Q.

Theorem 2.14 (Archimedean property)
For every real number z, there exists a natural number n > z.

N

Remark 2.15

Although this seems “obvious” if we think of the real numbers as decimals, we
cannot be sure that the Completeness Axiom has not allowed “co” to be a real
number. So we need to carefully prove this!

Proof. Suppose there exists a real number x € R such that for alln € N: z > n.
We aim for a contradiction. If such an x exists, it is an upper bound for N. But
because N is a non-empty subset of R (e.g. 1 € N), the Completeness Axiom tells
us that there exists a supremum, say y € R.

Then y— 1 is not an upper bound for N. So I3n € Nwithn > y—1. Butasn+1 €N
and n 4+ 1 > y, y can not be an upper bound for N, which contradicts how y was
chosen (as the least upper bound for N). 4 ]

Corollary 2.16
For all € € R with € > 0 there exists n € N such that % < e.

Proof. We have % € R (because R is a field). By the Archimedean property (The-
orem 2.14), In € N such that % < n. But then by the usual rules of order,
%<n<:>1<n5<:>%<5. 0

Next, we will see that QQ lies “dense” in R.

Theorem 2.17 (The rational numbers are dense in R.)
Suppose z,y € R with z < y. Then dz € Q with x < z < y.

Proof. First, assume 0 < x < y.
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In the picture above, we first want to make the size (1) of the “grid” {% : k € N}
small enough, to make sure there is at least one element between x and y. We then
take the first of these which is strictly larger than .

We now turn this intuition into a mathematical proof. By Corollary 2.16 we can
choose an n € N such that % <y — x. We now wish to find m.

By the Archimedean property (Theorem 2.14), there exists s € N such that s > nx
and hence x < 2. Consider the set:

A={scZ:x <}

We have just shown that A is nonempty. Since z > 0 and n > 0 we see that A is
bounded below, e.g. by 0. From the Completeness Axiom formulated for infimum
(Theorem 2.22), we conclude that A has an infimum, say m = inf A. Clearly m > 0.

We claim that m € Z. Suppose for a contradiction that m & Z. Then there exists
an € > 0 such that [m — e, m| N Z = () which implies [m —e,m] N A = . It follows
that m —e¢ is a lower bound for A, contradicting the fact that m is the greatest lower
bound.

So we have m € Z with m < s for all s € A. It follows that m € A: if not, then
m —+ 1 would still be a lower bound for A, contradicting that m is the greatest lower
bound. We conclude that m € A is a minimum for A (Lemma 2.11), and hence is
the least integer such that x < 7. It remains to show that 7 < y.

But we know that mT_l < z (since m = min A). Moreover, we also know that
% < y — x. Adding these two inequalities, we have
m m-1 1

— = +-<z+@y—z)=1y.
n n n

So we are done in this case. But we still need to consider the cases x < 0 < y and
z<y<0.

In the case x < 0 < y, we observe that there is an obvious rational number between
z and y, namely 0. So we don’t have to do anything!

In the case z < y < 0, we observe that 0 < —y < —z. So from our first case, we
know that there exists 7> with —y < ¢ < —z and hence x < -7 < . O

Remark 2.18

In fact, we can always choose z # 0 by modifying the second case: If x < 0 < y
we set ' = 0 and search for 2 € Q with ' < 2z < y. Such a z can be found
according to the first case and it will then obviously also satisfy < z < y as
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kwell as z # 0. We will make use of this remark in Corollary 2.21 below. J

Next, we show, using only our axioms for R, that there is a real number /2.

Theorem 2.19
There exists z € R such that 22 = 2.

Proof. Let A= {2z € R : 22 <2}. A is non-empty (for example 1 € A) and A is
bounded above (for example 3 is an upper bound for A, since for any z € R with
z > 3, we have 22 > 9,50 z ¢ A).

So by the Completeness Axiom, A has a least upper bound = = sup(A) in R. Since
R is totally ordered, there are three possibilities:

x2>2, :U2:2, z? < 2.

If we can rule out the first and last one, then we can conclude that 22 = 2.

If 22 < 2
Our idea is to show that there is some n € N such that (z+ 1)? < 2, which will give
T+ % € A which contradicts x being an upper bound for A.

(Rough working.) How do we find such an n € N? Write ¢ := 2—2% > 0.
Then
1\2 5 2z 1 6 1
@+—):x+—~%3§@—@+—+a
n n on non
where we used that x < 3 (because 3 is an upper bound for A) and
1

3 < % for all natural numbers. We want the last expression to be

smaller than 2, so we need

6 1
—+ - <eg,
n n

or equivalently % < =. But such an n exists by Corollary 2.16.

We are now ready to continue the proof. If 22 < 2, let e = 2 — 22 > 0. By Corollary
2.16, there exists n € N such that % < % and hence % < e. Now

1\2 2 1 6 1 7
<x+—> :x2+£+7§(2—€)+f—i——§2—6+—<2,
n n n n n n

SO x + % € A. But this contradicts the fact that x is an upper bound for A. 4

If 22 > 2

Our idea is to show that there is some n € N such that (z — 1)? > 2. It will follow
that x — % is an upper bound for A, contradicting the fact that z is the least upper
bound for A.

24



Convergence and Continuity 2023-2024

(Rough working.) How do we find such an n € N? We set ¢ = 22 -2 > 0
and compute

12 9 2z 1 6

(x——) =" —+5=>24+e——,

n n o n n

using as above that z < 3 (and this time using
last expression to be bigger than 2, so we need
% < &, which again is doable by Corollary 2.16.

0). We want the

>
< g, or equivalently

3 \oﬁm‘,_.

Now we can complete the proof. If 22 > 2, let £ = 22 — 2 > 0. By Corollary 2.16,
there exists n € N such that % < &, and hence % < e. Now

1\2 2 1 6
(93—7) :$2——$+—222+8——>2,
n n o on n

since x < 3. This shows that = — % is an upper bound for A. (Recall that > 1.

Suppose z > © — % Since z > x — % > 0 we have 22 > (v — %)2 > 2, and hence
z ¢ A.) But this contradicts the fact that  was chosen as the least upper bound
for A. 4 O

In general (i.e., except for training purposes) we don’t have to reveal our rough
working!

fRemark 2.20 h
Earlier in your life, you will have seen the proof that /2 is irrational (it’s not
difficult; go ahead and look it up if you’ve forgotten how it goes). Strictly speak-
ing, that proof only shows that /2 is irrational if it exists! We have now proven
that it exists, using the axioms for the real numbers (Definition 2.12).

The existence of irrational numbers was a fraught topic for a very long time.
According to legend, the Pythagorean philosopher Hippasus was murdered due
Qso his insistence that they exist. D

We have proved v/2 € R, but we know that /2 ¢ Q, ie. V2 is irrational. But
what about %\@ (with ™ € Q)7 Obviously, ™+/2 is rational if m = 0 (since then
%ﬂ = 0). Suppose that %\@ is rational for some m,n € Z with m # 0. Then
%\/i = g for some p,q € Z with ¢ # 0. So V2 = 5—;, contradicting the fact that /2
is irrational. Hence %\/5 is irrational, provided m # 0.

We can use this to prove that not only the rational numbers are dense in R (see
Theorem 2.17), but also the irrational numbers.

(Corollary 2.21 (The irrational numbers are dense in R) \W
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LFor any x,y € R with x < y there exists an irrational number z with z < 2z < y.J

Proof. It will be enough to show that there exists r € Q, r # 0, with < rv/2 < v.
This means, it is enough to show that 3r € Q, r # 0, with % <r< %

But in the case that 0 <z < y or z < y < 0, Theorem 2.17 shows that there is such
an r. If x < 0 <y, such an r can be found according to Remark 2.18. ]

On the last few pages, we have been concerned with suprema of sets in R. We finish
this chapter with a statement about infima in R.

Theorem 2.22 (Completeness Axiom formulated for infima)
Suppose A C R is non-empty and bounded below, then A has a greatest lower
bound.

Proof. We have —A = {—z: = € A} is non-empty (since A is non-empty) and —A
is bounded above (since A is bounded below). Hence, by the Completeness Axiom,
there exists a supremum, y = sup(—A). We will show that —y is the greatest lower
bound of A, i.e., —y = inf(A).

1. —y is a lower bound for A. Suppose x € A. By definition of —A we know
that —z € —A. Since y is an upper bound for —A we know that —z < y or,
equivalently, x > —y. It follows that —y is a lower bound for A.

2. —y is the greatest lower bound for A. Suppose that z > —y is a larger one.
Since —z < y and y is the least upper bound on — A, we know that —z cannot
be an upper bound on —A. Choose x € —A with x > —z. Now observe that
—x € A and —x < z, contradicting the assumption that z is a lower bound

for A.
(1) and (2) together show that —y = inf(A). O
/Remark 2.23 h

We have used the Completeness Axiom (existence of the supremum for non-empty
sets bounded above) to prove the existence of the infimum for non-empty sets
bounded below. But using a very similar proof as above, one can easily deduce
the Completeness Axiom from the existence of infima. In other words, Theorem
K2'22 is equivalent to the Completeness Axiom. D
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3 Sequences

A sequence of real numbers is any infinite list of real numbers, for example

1,2,3,4,... or 1,4,9,16,... or 1,1,1,1,...
(there does not have to be a rule for how to find the next element). We write (z,,)22
to denote the sequence x1,xs2,x3,.... In this notation, the above three sequences

are (n)°%;, (n?)%, and (1)2,. We sometimes also simply write (z,). Formally, a
sequence is a function from N to R, defined by n — x,.

In this chapter, we are concerned with convergence of sequences. We start with the
easiest situation, asking whether or not a sequence converges to zero.

3.A Convergence to zero

Definition 3.1 (Convergence to zero) )
A sequence (x,)02; is said to converge to 0, denoted “z, — 0 as n — oo” or
“limy, oo T, = 07 if

Ve>03INeNVneNn>N : |z, <e. (3.1)/

fRemark 3.2 h
We will always assume that ¢ € R and N,n € N in this course, even if we do
not explicitly mention it. We will say that (x,)52; converges to ¢ € R if the
sequence (yp )2, defined by y,, = x, — ¥, converges to zero. So statements about
convergence to other limits than zero can always be converted into statements

kabout convergence to 0. Y,

Demon Game The Demon Game corresponding to the definition that (z,) con-
verges to zero (i.e., to the statement (3.1)) is the following. (Of course, the sequence
()02 is given, before the game starts!)

e First the Demon picks € > 0 (¢ € R).
e Then we pick N € N.
e Then the Demon picks n > N (n € N).

e We win if |z,| < e.

To prove that a given sequence (x,) converges to 0, we have to find a winning
strategy for this game. That is, we have to show that whatever (small) number
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e > 0 we are given, the |z,| are all smaller than e for n sufficiently large. In other
words, given € > 0, we need a strategy to produce an N (which will depend on ¢
and the given sequence (x,,)) such that |z,| < e for all n > N.

, T3 = %, .... Let us first look at

DO

Examples 3.3 (i) z, = %, soxy =1, 29 =
some trial games:

Trial Game 1 Trial Game 2 Trial Game 3

Demon picks € = 0.1 1076 1076
We pick N = 10 100 106
Demon picks n = 11 101 g 4 1
Who wins? Us Demon Us

(as % <0.1) | (as ﬁ e 10_6) (as ﬁ < 10_6)

The winning strategy is clear: if the Demon picks a particular value for ¢,
we choose N to be [1] (the least integer > 1). (Because of the Archimedean
property (Theorem 2.14), we know that this N actually exists.) We can
now translate this winning strategy into a formal proof.

Proof (that z,, = % — 0 asn —o00). Given € > 0, let N = [%], SO % <e
(with equality only if % is an integer). Now for all n > N, we have

1

< —=<e.
N =

|zn| =

S

So |z,| < €. O

(ii) =, = % converges to zero.

Strategy 1: Following the method of example 1, choose N = [ﬁ}, SO ﬁ <
€. This gives the following formal proof:

Proof. Given € > 0, let N = [ﬁ}, SO ﬁ < &. Then for all n > N, we have

1 1
|$"|:$<WS€’

so |z, | < e. O
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(iii)

Strategy 2: We can use the fact that # < % for all n € N. So the choice of

N in Example (i) will still work! This gives the formal proof:

Proof. Given € > 0, let N = [5, SO % < e. Now for all n > N, we have

1 <
-3 IAEON

1
N

IN
S|

|n| = <

n

So |z,| < €. O

1
n+n?

Tp = converges to zero.

We note that njng < % (because n? > 0), so we can again use the strategy

from Example (i). The formal proof is the following.

Proof. Given € > 0, let N = [5, SO % < e. Now for all n > N, we have

1 <1<1
n+n? "~ n N

|xn| = <e.

So |z,| < e. O

xn = 1 for all n € N. This is the sequence 1,1,1,1,... and it does not
converge to 0. To prove that this sequence does not converge to 0, we must
prove the negation of (3.1), namely

Je>0VYNeNIn>N : |z, >e. (3.2)

A formal proof that x,, = 1 does not converge to zero is the following.

Proof. Let € = % Then given any N, choose n = N + 1. Now, we have

1
|zn| =1> 3=¢
So (3.2) is true and hence the sequence does not converge to zero. O

Let (z,,) be the sequence defined by

Ty —

1 if n is prime,
0 if n is not prime.

Also this sequence does not converge to zero. A formal proof is the following
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Proof. Let € = % Then given any N, choose n to be any prime number
larger than N. Then |z,] = 1 > 1 = e. So (z,) does not converge to

Zero. O

(vi) x, = 251“” converges to zero.

We don’t know the exact value of sinn as it depends on the value of n
mod 27, but we do know that |sinn| <1 for all n € N.

Proof. Given € > 0, let N = (%], so £ < e. Now given any n > N, we

have )
|2 sinn|

< <e

| =

2< 2
n N
S0 |z, | < e. O

n

(vii) Let (x,) be the sequence given by

ITp =

1 - q c
B {n if n is prime,

0 if n is not prime.

(This is the followmg sequence: 0, 1 5o :1,), 0, é,O, %, 0,0,0, 11,0, cen)

Here, |z,| < 1 for all n € N, so the same proof as in Example (i) proves
that (z,,) c onverges to zero. More generally, this proof will work whenever
we have a sequence ()32, with |z,| < & for all n € N. )

\

Motivated by the above examples, we are now going to prove how the convergence
of some sequence implies the convergence of some other sequences.

Lemma 3.4 (Dominated convergence)
If (z,)02, is a sequence which converges to zero and (y,)°; is a sequence with
|yn| < |xy| for all n € N, then (yy)22; converges to zero.

Proof. Given any € > 0, we must show that there exists N such that for all n > N
we have |y,| < e. But we know dN € N such that for all n > N |x,,| < € (since (zy,)
converges to zero). So taking this value of N, we deduce that for all n > N we have
lyn| < |xn| < €, 80 |yn| < e. This proves the lemma. O

Corollary 3.5
If (z,,)72 is a sequence which does not converge to 0 and (y,)5; is a sequence
with |y,| > |x,| for all n € N, then (y,)22, does not converge to zero.
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Proof. This is the contrapositive of Lemma 3.4. We give a proof by contradiction. If
(yn)9e; does converge to zero, then by Lemma 3.4 so does (z,,)72, since |z,| < |yp|

for all n € N. ¢ O

Lemma 3.4 and Corollary 3.5 give us a lot of examples of sequences which converge
to zero and sequences which do not converge to zero, but it will be useful to have
some additional rules.

For example, if we have a sequence (z,)52; which converges to zero and a constant
c € R, does the sequence (y)22 given by y, = cz, converge to zero? If |¢| < 1 it
does by Lemma 3.4, but what if |c| is larger than 17

Lemma 3.6

If (z,,)52 is a sequence which converges to zero and ¢ € R is any constant, then

the sequence (y,)>2, defined by y,, = czy,, for all n € N also converges to zero.

How do we give a formal proof of this? Let us first consider a particular example,
say ¢ = 100. Suppose that we are given some £ > 0. We have to find N

such that |y,| < e for all n > N,
i.e., such that [100z,| < ¢ for all n > N,
i.e., such that |z,| < 55 for all n > N.

But such an N exists since we are given that (z,)72; converges to zero and we can
just take the value of N to be that given by the “(z,) Demon Game” for & = 15;.
Formally, the proof is as follows:

Proof. 1If ¢ = 0, there is nothing to do, since (y,)52; is then the constant sequence
0,0,0, ... which obviously converges to zero.

If ¢ # 0, suppose we are given some € > 0, set £ = ﬁ > 0. Because (z,,)92 ; converges
to zero, we know that 3N € N such that for all n > N we have |z,| < & = ﬁ Hence,
choosing the same N, we have for all n > N that

’yn| = |C$n| = |C‘ : |xn| < |C’ E=g¢,

50 (yn)22, converges to zero. O

Corollary 3.7

Let (zy,)22, be a sequence which converges to zero and (y,)5° ; a sequence sat-
isfying |y, | < c|z,| for some constant ¢ € R with ¢ > 0 and for all n € N. Then
(yn)$2_; converges to zero.
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Proof. By Lemma 3.6, (cxy,)32, converges to zero. So by Lemma 3.4, (y,)°, con-
verges to zero, since |y,| < c|z,|. O

Corollary 3.8

If (x,)52 4 is a sequence which does not converge to zero and (y,)22  is a sequence
with |y,| > ¢|xy| for some constant ¢ > 0 and all n € N, then (y,)32, does not
converge to zero.

Proof. By contradiction. Suppose (y,)5; converges to zero. Then by Lemma 3.6,

the sequence (¥2)7°; converges to zero. But |z,| < ‘y—gl' for all n € N, so (2,)0%

converges to zero by Lemma 3.4. 4 O

If (z,,)52; and (y, )02 are two sequences which both converge to zero, what can we
say about the sequence (z,)72, where z,, = =, + y, for each n € N?

We already know the answer in some examples, e.g. if x, = % and y, = %, o)
Zp = % Because (x,)%; converges to zero and z, = 2z,, we know from Lemma
3.6 that (z,)22; also converges to zero. Moreover, if z, = % and y, = #, we know
that (2,,)22, converges to zero, since + + 4, <1 41— % What about the general

n " nZ =n n
case of adding sequences?

Theorem 3.9 (Summing sequences converging to zero)
If (z,,)02, converges to zero and (yn)52, converges to zero then so does (2,,)02
where z, = x,, + y, for all n € N.

In order to win the Demon Game, given & > 0, we must find N such that |z, +y,| < €
for all n > N. We will need the following basic fact, which is used all the time in
this module.

Theorem 3.10 (Triangle inequality)
Vo,y € R: |z +y| < |z] + [yl

Proof. Exercise. Use that || = max{x, —x}. O

Because of the triangle inequality, we have |z, +yn| < |25|+|yn|. To show |z, +y,| <
¢ it is therefore enough to ensure that |z,| + |y,| < € (for n > N), but we can do
this by ensuring that |z, | < § and |y,| < 5.

Proof of Theorem 3.9. Given € > 0, we must show that there exists N € N with the

property that Vn > N we have |z, + y,| < €. But since (z,)52; converges to zero,
we know that 3N, € N such that |z,| < € = § for all n > N,. Moreover, since
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)2, converges to zero, we know that 3N, € N such that |y,| < € = § for all
Y n=1 g ) Y 2
n > Ny.

Set N := max{N,, Ny}. Then for all n > N, we have

|| < § (since n > N > N)
and |y,| < § (since n > N > N,).

So using the triangle inequality, |z, + yn| < |Tn| + |yn| < 5§+ § =¢. O
Using the results from 3.4-3.9, we can often prove that a given sequence converges

to zero by breaking it up into simpler sequences that we already know converge to
zero (similarly with sequences that do not converge to zero).

~

Examples 3.11 (i) Consider the sequence z,, = % + %H'

We know that (1) converges to zero, so by Lemma 3.6, (2) and () converge
to zero. But

il = <2 =13,

S0 (7734) converges to zero by Lemma 3.4. Moreover,
4 |_ _4 4 _ (4
mral = ma <n =1ah

so ( ni“) converges to zero by Lemma 3.4. We then deduce from Theorem

3.9 that (3 + %4-1)%0:1 converges to zero.

We could have also proved this directly:

Proof. Given € > 0, let N = [g Then for given n > N, we have

’ ’ 4 <3+4 7<
€T = — — — = =
" nt n+l-"n n n

7

NSE. O

. . 3
(i) Consider z,, = % — n;ii(;z)?

We first show that (ﬁ) converges to zero.

Indeed, given € > 0, choose N = (8%1, so that % < €2 or equivalently

\/Lﬁ < e. Then for all n > N, we have

<

=
IA
™

S
S
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\

(iii)

Now that we know that (%) converges to zero, we also know that (m)

Jn

converges to zero by Lemma 3.6. On the other hand, using

3 cos(mn) 11 _ 31
‘ n24+5n+7 3‘n2+5n+7} 3’5n| 7|ﬁ|7

3 cos(mn)
nZ+5n+7

Hence, by Theorem 3.9, (z,,)72, converges to zero.

we know that ( — ) converges to zero (by Corollary 3.7).

Again, we could have also proved this directly:

Proof. Given e > 0, let N = [(12)2]. Then for given n > N, we have

(| = 100 3cos(mn) ‘< 100 3 cos(mn) '< 100 3

vn o n2+5n+7| " n2+5n+7—ﬁ+n2+5n+7
100 3 _ 100 3 103 103

R TR R e R YRS -

: _ n2+1 1
Consider z,, = B — 73
a . 2
We write z, = x, — y, with x,, = "5# and y, = % Then, we see that

|| > Q—Z = in for all n € N. So by Corollary 3.8, we see that (z,) does
not converge to zero.

On the other hand, we know (as seen before) that (y,) converges to zero.
Together, this implies that (z,) does not converge to zero. [We can prove
this by contradiction: Assume (z,) converges to zero. Then, because (yy)
converges to zero, Theorem 3.9 shows that x, = 2, + y, converges to zero,
contradicting what we have just proved above. 7]

We can also prove directly that (z,) does not converge to zero, by noting
that for n > 5, we have

n3+n

3
’zn|: Bn2 = +n nAnS > e —

= 5n2 - %n (33>

_ 5

5n2
We want to show that 3¢ >0 VN € N 3In > N :|z,| > . First we choose
€ = 1. Then given any N, pick n > max{N,5} (We want both n > N — as
this is the condition for how we have to chose n in the Demon Game — and
also n > 5 — as this allows us to use the above estimate (3.3)). We then get
|2n| > £n > 1 = ¢, proving that (z,) does not converge to zero.

Example 3.12
Let (z,)5; be the sequence given by z,, = 217” ie. 5, }1, é, igs- -+ We would like
to compare this with the sequence g, = 1 (which we know converges to zero).

n
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We claim that 2% < %, Vn € N.

Proof. We prove this by induction. We know that the statement is true for n =1
(where it says that % < 1). Now assume that the claim holds for some n € N.

Then
1 11 ®11 1 1
B < ,
2ntl 22" = 2n  n4n " n+1
So the fact that the claim holds for n [we used this in (x)] implies that it also
holds for n 4+ 1. Hence it holds for all n € N. O

The claim, together with Lemma 3.4, then implies that (x,) converges to zero.

\ %

We want to generalise this and show that the sequence given by x,, = ¢" for some
¢ € R converges to zero if |¢| < 1 (and does not converge to zero if |c| > 1). To prove
this, it is useful to prove the following lemma first.

Lemma 3.13 (Bernoulli’s inequality)
IfaeR, a>—-1,thenVneN : (14+a)” > 1+ na.

Proof. We prove this again by induction. Obviously the statement is true for n =1
(where it just says 1 +a > 14 «). Assume now that it is true for some n € N. Then

—

*

A+a)""t'=14+a)1+a)" > (14+a)(1+na)=1+a+na+na®> 1+ (n+1)a,

N

where in () we used the induction hypothesis as well as & > —1. Hence the claim
being true for n implies that it is true for n + 1 as well. Thus it holds for all
n € N. O

Theorem 3.14 (“Geometric sequences”)
If ¢ € R and the sequence (z,,)%  is defined by =, = ¢”, then

n=
(i) (@) converges to zero if |c| < 1.

(ii) (zy) does not converge to zero if |¢| > 1.

Proof. If ¢ = 0, then z,, = 0 for all n, and (x,) converges to zero. So we may assume

c # 0.

(i) If |e| < 1, then |¢| = 14%05 for some o > 0. So by Lemma 3.13, we have

1 n 1 1
=l = (=) < <—.

1+« 1+ na no
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But (1) converges to zero (by Lemma 3.6, since X

the sequence (c") converges to zero by Lemma 3.4.

converges to zero). Hence

(ii) If |¢| > 1 then |¢| = 1+ « for some o > 0. Hence, by Lemma 3.13
[ = e* > 14+ na > 1,

for all n € N. But the constant sequence 1,1,1,... does not converge to zero
and hence (") does not converge to zero by Corollary 3.5. O

What about products and quotients of sequences? If (z,,)02, and (yn)5e; both

o0
converge to zero, what can we say about the sequences (z,y,)5>; and (’;—")n_l.
n —_

We cannot say much about the quotient (Z—Z)Zo:l It will depend on whether the
nominator or denominator go to zero faster. For example, let (x,)°2; be given by
zn, = L and (yn)22, defined by y,, = # We know that (z,,) and (y,) both converge
to zero. But we have:

Tn In
® L =M, 80 (yn) does not converge to zero.
o In =1 oo (42) does converge to zero.

Tn n Tn

In contrast to this fact, we can always say something about the product (z,yn)52 ;.

Theorem 3.15 (Product of sequences converging to zero)
If ()52, and (y,)52, both converge to zero then (z,yn)52; converges to zero.

Proof. We follow a similar strategy to the proof of Theorem 3.9, but instead of split-
ting € into § + 5, we split it into \/ev/c.

We must prove that
Ve >03IN eNVneNn>N : |z,y,| <e.

To prove this, suppose we are given € > 0. Let £ = /e. Then since (z,) converges
to zero, we have

AN, eNVneN,n> N, : |r,] <é= e
Similarly since (y,) converges to zero, we have
IN, e NVneN,n> Ny : |y,| <&=+/e
Let N = max{N,, Ny}. Then for all n > N, we have
[Tnyn| = |2nllyn| < Veve=e.

Hence (xnyn)52, converges to zero. O
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Example 3.16

Consider z,, = L 4

%. By Lemma 3.4, (m) converges to zero, as iz <

1. By Theorem 3.14, 27 = (2)" converges to zero. Thus, by Theorem 3.15, (zy,)
converges to zero.

Remark 3.17
Of course, we could have obtained this also by estimating x,, < % and using only
earlier results, but sometimes it is difficult to obtain such estimates.

The proof of Theorem 3.15 suggests that we might be able to prove more general
results by splitting € up in other ways, e.g. ¢ = £ - ¢ for some real constant ¢ > 0.
This is our next goal.

Definition 3.18 (Bounded sequences)

We say that a sequence (z,,)5; (of real numbers) is bounded above if AM € R
such that z,, < M for all n € N. The sequence is bounded below if 3m € R such
that x, > m for all n € N. We say that (x,) is bounded if it is bounded above
and below.

A sequence which satisfies the definition is illustrated here.

AR

Y

—
oo
w
N
ot

Remark 3.19
Clearly, (x,)0% is bounded if and only if (|z,])02, is bounded above. We can
write the condition for sequence (z,)2°; to be bounded as follows:

dM eRVneN: |z, <M.
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fExample 3.20
Every sequence (z,,)5 ; which converges to zero is bounded.

Proof. If (z,,) converges to zero then taking € = 1 in the definition of convergence
to zero (Definition 3.1), there exists some N € N such that for all n > N we have
|z, | < 1. This is illustrated in the following figure.

AR
[ ]
1 [
[ ]
[ ]
-+ "
1 2 3 4 5 C
® L]

—1

[ ]
Take M to be max{|z1|, |z2],...,|xn]|,1}. Then for all n € N, we have |z,| < M,

ie. —M <z, <M for all n € N.

This shows that M is an upper bound and —M is a lower bound for the sequence

k(:zzn), as defined in Definition 3.18. D/

We are now ready to state and prove the more general version of Theorem 3.15.

Theorem 3.21 (Product of sequences, more general version)
If (z,)22 is bounded and (y, )52, converges to zero then (z,y,)52, converges to
Zero.

Proof. As (z,,)22 is bounded, there exists M € R such that |z,| < M for all n € N.
Hence

[Znyn| = |2n||yn] < Mlya| = [Mynl, Vn e N.
But (y,) converges to zero and so (My,) converges to zero as well (by Lemma 3.6),
so (zpyn) converges to zero by Lemma 3.4. O
Remark 3.22

Alternatively, we could prove this like we proved Theorem 3.15, splitting up
€=M - 4. (As (yn) converges to zero, we will get |y,| < ;7 for large enough n.)
Try this!
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3.B Convergence in general

Definition 3.23 (Convergence of a sequence to = € R) h
A sequence (z,,)5%; converges to x € R if and only if (x, — )72, converges to
zero. Equivalently, (x,,)22, converges to € R if and only if

Ve>03INeNVn>N : |z, —z|<e. (3.4)

KVVe use the notation x,, — x as n — oo or lim,,_ o x, = T.

/Theorem 3.24
Suppose (z,)52; converges to x € R and (y, )52 ; converges to y € R. Then

(1) (exn)y2, converges to cx for any constant ¢ € R.

)
(ii) (zn + yn)52; converges to x + y.
)
)

(ili) (@nyn)o2, converges to zy.

converges to %

1

g (iv) if y # 0 and y, # O for all n € N, then ()™

Proof.

(i) By the definition of convergence of (z,) to z, we know that the sequence
(xn, —x) converges to zero. So by Lemma 3.6, the sequence ¢(x,, — ) converges
to zero, i.e. (cx,—cz) converges to zero. But then by definition (cx,,) converges
to cx.

(ii) As x, — x and y,, — y as n — 0o, we know that (2, — ) and (y, —y) are two

sequences that converge to zero. Hence by Theorem 3.9, ((x,—2)+(yn—v))5>

converges to zero. Rewriting this, we obtain that ((z, + yn) — (z + y))5%,
converges to zero. But then by definition (z,, + y,) converges to x + y.

(iii) We know that (x,, — ) and (y, — y) converge to zero. We write

TnYn — Y = (Tn — 2)(Yn — Y) + 2(yn — y) + (25 — 2)y. (3.5)
Then, we know that

o ((zn, —y)(yn —y)) converges to zero (by Theorem 3.15).

e (z(yn, — y)) converges to zero (by Lemma 3.6, as (y, — y) converges to
z€ero).

o ((zn—)y) converges to zero (again by Lemma 3.6, as (z, —x) converges
to zero).
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So by Theorem 3.9, the right hand side of (3.5) converges to zero and hence
(znyn — xy) converges to zero. But then by definition (z,y,) converges to xy.

(iv) This is a question on one of the Problem Sheets. O

fExamples 3.25 (i) Consider the sequence (z,) given by x,, = ¢ for all n € N.\

This sequence converges to c.

Proof. We must prove that (z,, —c) converges to zero. But z,, —c = 0 for all
n € N and we already know that the zero sequence converges to zero. [

(11) _ 3n245n+42

. 3
Tn = Gorray - This sequence converges to 5.

Proof. We write x,, in the form

3454
2+ 14

Tn

S|=(3 o
:M‘)—' 310‘1\7

But (3+ 2 + %) converges to 34 0+ 0 = 3. [This uses Theorem 3.24 (ii)
and the facts that the constant sequence 3 converges to 3 while (2) and
(%) converge to zero — the latter due to Lemma 3.4 and Lemma 3.6, as

seen several times before.]

Similarly, (2 + % + #) converges to 2+ 0+ 0 = 2, again by Theorem 3.24
(ii) [and the fact that (1) and () converge to zero).

In a last step, we then apply Theorem 3.24 (iv) to conclude that (z,,)
converges to % []

%

\

Lemma 3.26 (Limits are unique)
If ()52, converges to = € R and also converges to y € R then z = y. That is:
if a limit exists, then it is unique.

Proof. Suppose = # y. Without loss of generality, assume y > x and write « for the
difference y — z = |y — z|.

Since (z,) converges to x, we know that 3N, € N such that ¥n > N,, we have
| — 2] < 5.

Similarly, since (xy) converges to y, we know that 3N, € N such that Vn > N, we
have |z, —y| < 5.

Now consider some z,, with n > max{N,, Ny}. This z, satisfies |z, — x| < § and
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|z, —y| < §. Hence, using the triangle inequality,
a o«
=] <y 2l 4 fon — 2] = 2 9] +an —al < 24 S =0

So |y — z| < «, contradicting our definition of o as |z —y|. ¢ O

Lemma 3.27
Suppose we have two sequences (x,) and (y,) with z, — =z and y, — y as
n — oo. Suppose further that z,, <y, for all n € N. Then z < y.

Proof. Suppose for a contradiction that x > y. Take ¢ = *5¥ > 0. Since z, — =
there exists N, € N such that Vn > N, : |z, — 2| < e. This in particular implies:
r—y T+vy

Vn>Nz:xn>x—s:x—T: 5

Similarly since y, — y there exists N, € N such that Vn > N, : |y, —y| < e. This
in particular implies:

r — T+
Vn>Ny:yn<y+€:y+T: 2y'
Set N = max{N,, Ny}. Then for n > N we have
T+ T+
9 Y <y SYn < ?y
which is a contradiction. 4 O

Examples 3.28 (i) If (z,,)72; converges to z € R and there exists a constant
¢ € R such that z,, < ¢ for all n € N, then z < c.

Proof. We know that (y,) defined by y, = ¢ for all n € N converges to c.
We can then apply Lemma 3.27 to (z,,) and this choice of (yp,). O

Similarly, if (x,,)52; converges to € R and there exists a constant ¢ € R
such that x,, > c for all n € N, then z > c.

(ii) If the inequality x,, < y, in Lemma 3.27 is replaced by a strict inequality
Tn < Yn, we still can only conclude x < y and not * < y. An example
for this is , = 0 and y, = % for all n € N. Although we have =, < yn,
for all n € N, both sequences converge to zero, so x = lim, ., z, = 0 and

9 y = lim, o0 ¥y = 0 and we have z = y. )
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Lemma 3.29 (The sandwich principle)
If (y) is some sequence and (x,) and (z,) are two converging sequences such
that z,, <y, < z, and lim,, oo T, = lim,, 0 25, then (y,) converges as well and

limy, 00 Yn = limy 00 T

Proof. This is a question on the next Problem Sheet. O

3.C Monotonic sequences

Definition 3.30 (Monotonic sequences)
Let (z,,)52; be a sequence.

e We say (z,) is an increasing sequence if x, 1 > x, for all n € N.
e We say (z,,) is strictly increasing if x,+1 > x, for all n € N.

(zn)

(zn)

e We say (z,,) is a decreasing sequence if x,, 11 < x,, for all n € N.

e We say (z,,) is strictly decreasing if x,41 < x,, for all n € N.
(zn)

e We say (z,) is monotonic if it is either increasing or decreasing.

- J

Examples 3.31 (i) z, = % is strictly decreasing since n%rl < % for all n € N.

Similarly, z, = 3 + % is strictly decreasing as well.
(i) 2, = —% and 2, = 2 — L are strictly increasing.
(iii) @, =1 for all n € N is both increasing and decreasing (but not strictly).

(iv) x, = n is strictly increasing.

(D" .. : . .
(v) @n = *— is neither increasing nor decreasing.

Y (vi) @, = (—1)" is also neither increasing nor decreasing.

%

The sequences in the examples (i)—(iii) are monotonic and bounded, and all of them
converge to a limit in R. Example (iv) is monotonic but not bounded and it does
not converge to a limit in R. Examples (v) and (vi) are bounded but not monotonic;
the first does converge to a limit in R and the second does not. The next theorem
says that the fact that (i)—(iii) converge is not just a coincidence.

Theorem 3.32 (Bounded monotonic sequences converge)

If (z,,)02 is a increasing sequence which is bounded above, then (x,,) converges
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bo some real number. j

AR

upper
bonnd
least

u er ()
botnd « o o °

4

—1e
o
w
e~
(@)

The set A := {x,, : n € N} is a non-empty set of real numbers which is bounded
above (by the hypothesis of the theorem). So by the Completeness Axiom for R it
has a least upper bound, = sup(A4) (we will also denote this as x = sup,,cy Zn).
We aim to prove that (z,,) converges to this x.

Proof. Define x = sup,,cy . We must show that
Ve>03dNeNVn>N : |z, —z| <e.

Suppose we are given € > 0. We know that & — € is not an upper bound for the
sequence (since x is the least upper bound). Hence there is some element of the
sequence, say xny which satisfies xy > = — .

Because z, is an increasing sequence, we now know that Vvn > N we have z,, >
N > x — e. Moreover, x is an upper bound, so Vn > N, we have z, < x < x + €.
Hence |z, — x| < e. O

Remark 3.33
We don’t really need to know the actual value of the limit in this theorem. We
are proving that the limit exists.

fExamples 3.34 (i) One way to specify the value of 7 is as the limit of the\
increasing sequence of rational numbers

3, 3.1, 3.4, 3.141, 3.1415,

This is an increasing sequence which is bounded above (e.g. by 3.2), so by
Theorem 3.32 there exists a real number to which this sequence converges.
We call this real number 7.
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\

(i)

(iii)

By = . This is the sequence 0, 1 5 g, Z, .... It is increasing and bounded

above by 1 (for example). So by Theorem 3.32 it converges to a limit. In
this case, we know what the limit is: Since ”T_l =1- %, we know that the
limit is 1 (by Theorem 3.24 (ii)).

) ki (where 0! = 1). This is the sequence

1 L _
Tl = +F_a
1 1 5
$2—1+1!+2'—§—2.5,
1 1 1

5 1 8
n T3 T g 3= 2066

It is (strictly) increasing since 41 — Tp = ﬁ > 0. It is also bounded
above. To prove this, we observe that - = % . ﬁ ceees % < 21%1 if £ > 2.
So
_1q 1 1 1 1
Ty =14 = 1 + + 3l I < o
<1414 1 S
= 2 "4 oD
=22-1-1

an

so x, < 3 for all n € N. Since (z,,) is increasing and bounded above, we
can deduce from Theorem 3.32 that it converges to a real number. This
real number is denoted “e”.

It can be proved that e is not a rational number and in fact that it is not
a root of any polynomial equation with integer coefficients (we say that
e is “transcendental”). To define e, we need to express it as an infinite
sum Y po % When we do this, we are using Theorem 3.32 (or a result

equivalent to it).

Note that here we used
on— 1 —1

— 1
27: 2n1
k=1

You might remember this formula from your Calculus class, but we will
give a precise proof of it at a later stage (Lemma 4.10). D

_l’_

| =

-
2

What about increasing sequences which are not bounded above?

(Deﬁnition 3.35 (Tending to infinity) \W
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We say that the sequence ()02 tends to infinity if

VK eRINeNVRn>N : z, > K. (3.6)

In the literature, this is sometimes also called convergence to infinity. But note that
“o0” is mot a real number, so this is not the same as the definition of convergence
to a real number! Also note that the “winning condition” in (3.6) is z,, > K and

not just |z,| > K.

Examples 3.36 (i) z, = n. To prove this tends to infinity, we must show that
VKeRINeNIn>N : n>K.

We have seen that this is true in the chapter on real numbers. Our winning
strategy for the Demon Game corresponding to (3.6) is: Given K € R, let
N = HK H This number exists by the Archimedean property (Theorem
2.14). Now given any n > N, we have n > N = [|K|], son > |K| > K.

(ii) 2, = v/n. To prove that this tends to infinity, we must show that

VK eRINeNVn>N : /n> K.

Proof. Given K € R, let N = [K?]. Now given any n > N, we have
n > N = [K?], son> K?, and thus /n > |K| = K. O

(iii) x, = ¢, where ¢ > 1 is a real constant. To prove that ¢" tends to oo, we
must prove

VKeRINeNVYVR>N : "> K.

Proof. If ¢ > 1 then £ < 1 and we know from Theorem 3.14 that (1)"
converges to zero. So given any K > 0, we know that IV such that
()" < £ for allm > N. Thus ¢* > K for all n > N. If K < 0, then
c" > K holds for all n € N. Hence, we proved that ¢" tends to infinity. [

Comment: If ¢ < —1 then it is not true that ¢ tends to co. Although the
9 even powers of ¢ will tend to oo, the odd powers will tend to —oc. )

Theorem 3.37 (Increasing sequences converge or tend to infinity)

Suppose (x,)9° ; is increasing. Then either (z,) converges or it tends to infinity.

Proof. If the sequence is bounded above, then it converges (by Theorem 3.32). So
suppose that (x,) is not bounded above. We shall prove that then (z,) tends to

45



Convergence and Continuity 2023-2024

infinity, i.e. we shall prove that
VK eRIAN e NVn >N : z, > K.

Given K € R, we know that K is not an upper bound for (z,) (since the sequence
is not bounded above, i.e. has no upper bounds). Therefore, there exists some x
in the sequence with zy > K. Now for all n > N we have x,, > xxy > K (using
that (z,,) is increasing). O

Remark 3.38

Similarly, decreasing sequences either converge (if they are bounded below) or
tend to —oo. We leave it as an exercise to define precisely what it means that a
sequence tends to —oo and to prove these results.

3.D Subsequences

Intuitively and informally, a subsequence of (z,,)22 | = 1, x2, T3, 24, . . . is a sequence
like x1, x3, x5, X7, ... Or T9, T3, Ts5, L7, X11,.... We take just some of the terms of the
original sequence but we take infinitely many of them and we take them in the same
order as the original sequence. In the examples above, we took the x,, where n is
odd or the ones where n is a prime, but in general there does not have to be such a
rule!

Definition 3.39 (Subsequence)

A subsequence of (x,)72; is a sequence &y, Zy,, Try,... where r; € N for each
o0

J € Nand rjt1 > r; for each j € N. We also denote this as (z,,)72;.

Examples 3.40 (i) 2,4, s, ... is a subsequence of (x,)° ;. Here, we took

r1=2,r9 =4, r3 =6, etc. Sor; =25 and the subsequence can be written
as (r25)72;.

(ii) =1, 74,79, T16,. .. is another subsequence. Here we have chosen r; = j2, so
[e.¢]
the subsequence can be expressed as (z2) 221 y
fRemark 3.41 )

If we regard a sequence (z,) as a function N — R, n — z,,, then a subsequence
of (z,) is a composite function N — N — R, j = r; = x,,, where j > r; is

%

injective and order-preserving (i.e., strictly increasing).

\

Very often a sequence which does not converge has subsequences which do converge!
For example x,, = (—1)". Here z1,z3,s5,... is a subsequence which converges to
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—1 (in fact all the terms are —1) and x2, x4, T, . . . is a subsequence which converges
to +1 (in fact all the terms are +1). The following theorem, which is of great
importance later in the course, says that this is true in general.

Theorem 3.42 (Bolzano—Weierstrass, Version 1)
Every bounded sequence contains a convergent subsequence.

Proof. (The proof of this theorem is non-examinable.)

By Theorem 3.32 (“increasing bounded sequences converge”) and its analogue for
decreasing sequences, it will be enough to prove that every sequence of real numbers
has a monotonic subsequence.

Suppose we are given a sequence ()2 ;. There are two possibilities:

Case 1: For every N € N the set {z,, : n > N} has a maximum.
Case 2: For some N € N the set {x,, : n > N} does not have a maximum.

If we are in Case 1, we select a subsequence as follows:

1. Pick r; such that x,, = max{x, : n > 1},
2. pick rg9 > r; such that x,, = max{x, : n>r +1},
3. pick r3 > 7o such that z,, = max{z, : n>ry+ 1},

and so on. Now z,, > x,, > x,, > ... since we are taking the maximum of smaller
and smaller sets. That is, we found a decreasing subsequence.

If we are in Case 2, we let r; = N, so that z,, = xn. Then as {x,, : n > N} does
not have a maximum, there exists some ry > N = r; with x,, > x,,. Moreover, the
set {x,, : m > ro} cannot have a maximum. (If it did, say it had a maximum M,

then max{z N, TNt1, TN12s .-, Try—1, M} would be a maximum for {z,, : n> N}.)
Thus there exists some r3 > r9 with z,, > z,,. Repeating this argument gives an
INCTEAsING sequence Ty, < Tpy, < Tpy < . ... ]

fDeﬁnition 3.43 (Accumulation point) )
A real number z € R is called an accumulation point of a sequence (z) if for
every € > 0 there are infinitely many elements of the sequence which lie e-close
to x (i.e., satisfy |z, — x| < €). This means, x is an accumulation point of (z,,)
if and only if

Ve>0VYNeNIn>N : |z, —z|<e. (3'7)j

Lemma 3.44 (Limit is an accumulation point)
If (xy,) converges to x € R, then z is an accumulation point.
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Of course, if (x,) converges to x, then (by definition), given £ > 0 there exists
N € N such that all z,, with n > N lie e-close to = (and thus in particular infinitely
many). But let us formally prove this, using the precise mathematical definitions of
convergence (3.4) and accumulation point (3.7).

Proof. We need to prove (3.7). So we are given ¢ > 0 and N € N (picked by the
Demon) and we need to find n > N such that |z, — z| < e.

Since z,, — = as n — oo, we know by definition of convergence that for the given
e > 0, there exists some N such that Vn > N : |z, — 2| < e. (Here we relabelled
N to N in the definition of convergence, because N is already used with a different
meaning.)

Now, we can pick n := max{N, N} +1. This choice of n is allowed because n > N.
From n > N, we conclude that |z, — x| < &, which is what we wanted to show. [

In general, a sequence can have an accumulation point even if it does not converge
and it can have several accumulation points. (Later — on one of the Problem Sheets
— we will actually find an example that has infinitely many accumulation points!)

fExample 3.45 R
Let x, = (—1)". Then we know that (z,) does not converge. But both x = +1
and 2/ = —1 are accumulation points for (z,,).

Proof. For x = +1: Given any € > 0 and any N € N, let n := 2N so that n > N
and n even. Then |z, —1|=[1-1]=0<e.

For 2/ = —1: Given any ¢ > 0 and any N € N, let n := 2N + 1 so that n > N
and n odd. Then |z, — (-1)|=|(-1) - (-1)|=0<e. O
We also know that the subsequence ($2j);o:1 converges to +1 and the subsequence
(z25+1)72, converges to —1. So both accumulation points are actually limits of
Gubsequences. This is true in general, as the following lemma shows. )

fLemma 3.46 )
The real number = € R is an accumulation point of (x,)52; if and only if there
is a subsequence ()72, converging to z. y

Proof. Suppose there is a subsequence (z, );’;’1 converging to . Then for any € > 0,
there is J € N such that all the elements of the subsequence (z,,) with j > J satisfy
|y, — x| < e. In particular, there are infinitely many. (One can write this more
formally, as we have done in the proof of Lemma 3.44. I leave this as an exercise.)

Conversely, if x is an accumulation point, then we can construct a subsequence
converging to x as follows: From (3.7), fore = 1 and N = 1, we can find 71 > 1 such
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that |z,, — x| < € = 1. Then, using (3.7) again, this time with e =1/2 and N = rq,
we can find 72 > r1 with |z, — x| <& =1/2. We then iterate this, i.e., if z,,_, is
already constructed, we use (3.7) with e = % and N = rj_q to find some 7; > r;_1

with |z, — x| < % Clearly, the subsequence (z,;)72; then converges to . O

We can now restate Theorem 3.42.

Theorem 3.47 (Bolzano—Weierstrass, Version 2)
Every bounded sequence of real numbers has an accumulation point.

Proof. This follows by combining the first version of the theorem with Lemma 3.46.

O
The following lemma is often useful.
Lemma 3.48
Suppose that (2,,)52, converges to € R. Then every subsequence (z;,)72; also

converges to x.

Proof. Suppose that x,, — = and fix € > 0. There exists an N € N such that for
n > N we have |z, — x| < e. Choose J € N such that r; > N. Then for j > J we
have r; > r; > N and so |z,; — x| < € as required. O

The preceding lemma provides an easy way to prove that a given sequence does

not converge: identify two subsequences which converge to two different values (or,
identify a single subsequence which does not converge).

3.E Cauchy sequences

If a bounded sequence is not monotonic, how can we prove that it is convergent if
we don’t have a candidate for the limit? We start with an easy result.

Lemma 3.49
Suppose that (z,)02; converges to some x € R. Then the sequence (y,)5,
defined by y, = 41 — T, converges to zero.

Proof. We first observe that lim, o 41 = lim, o0 2, = . (This is “obvious”,
but we should still make sure we can formally prove it! See the next Problem Sheet.)

Then, using Theorem 3.24 (ii), we have

lim y, =

lim (zp41 — 2p) = lim 2541 — lim z, =2 —2 =0.
n—oo n—oo n—o0 n—o0
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We can also give a direct proof. Given € > 0 set € = /2. Since z,, — z there is an
N € N such that Vn > N : |z,, — 2| < &. Then for n > N we have

[Yn| = |Znt1 — 2n| = [(Tnr1 —2) — (2p — )| < |1 — 2|+ |2 —2[ < EFE=¢. O

Examples 3.50 (i) Let z,, = 2. Then we know that ,, — 1 as n — co. So

we obtain y, = Tp11 — Ty = nLH — "T_l — 0 as n — oo. (Indeed, we can

"2_51"(221()"“) = n(n1+1) —0asn— oc0.)

easily check that y, =

(ii) Let x,, = (—1)". Then |y,| = |Tp+1 — xn| = 2 for all n € N and hence (yy)
does not converge to zero. By Lemma 3.49, (z,,) can thus not converge to
any real number z € R (as we have already seen before). D

\

Note that the converse of Lemma 3.49 is false!

/Examples 3.51 (i) Let x, = y/n. Then the sequence (z,) does not Converge\
to any real number. But the sequence vy, = 41 — 2, = Vn + 1 —/n does
converge to zero (as we have seen in the Problem Sheet).

(i) Let 2, = 1+14+2+3+...42 =37, 1. This sequence does not converge
(we have actually already seen this in Chapter 0, but will see it again more
precisely below). Nevertheless y, = 41—, = —= does converge to zero.

K n+1

This means that for (z,)5%; to converge to some = € R it is necessary that the
sequence (Tp41 — &p)o2, converges to zero, but this condition is not sufficient. The
goal of this section is to find a sufficient condition! For this reason, let us rephrase
first the result from Lemma 3.49 using a quantifier statement.

Lemma 3.49 says that if (x,) converges to some x € R, then
Ve>03dN e NVn >N : |zp41 — xn| <e.

(This is nothing else than the definition of y,, = x,+1 — 2, — 0 for n — oc0.) The
following definition generalises this idea, testing not only the distance of z,, and z, 41
(for n > N) but actually all the distances of x, to x,, for n and m both greater
than N.

Definition 3.52 (Cauchy sequence)

A sequence ()7, is called a Cauchy sequence if and only if

Ve>03IN eNVR>NVm >N : |z, —z,] <e. (3.8)
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Theorem 3.53 (Equivalence of Cauchy sequences and convergent sequences)
Let (z,,)52, be a sequence of real numbers. Then (z,,)72; converges if and only
if it is a Cauchy sequence.

Proof. (The proof of this theorem is non-examinable.)
We first show: Convergent sequences are Cauchy sequences.

Assume that there is some z € R such that x, — = as n — co. We have to prove
that (z,) is a Cauchy sequence. So, we are given € > 0 (by the Demon). Then by
the definition of convergence, letting £ = §, we can find some N such that for all
n > N we have |z, — z| < & = §. We pick exactly this N. Then for all n,m > N,
we have

|xm_xn|§|$m_$‘+|$_xn|<g+5:%+%:8

Now we prove: Cauchy sequences do converge. We do this in several steps.

Step 1. Cauchy sequences are bounded: For € = 1 (in the definition of a Cauchy
sequence), we can find Ny such that for all n,m > Nj we have |z, — z,| < 1. In
particular, letting n = Ny + 1 be fixed, we find that for all m > N; we have

[Zm| = [(@m — 2N41) + TN 4] < JTm — 2N ]+ TN ] <14 |ong 4l
Thus the sequence is bounded, since for all m € N we have:
|2m| < max{[z1], [zal,. .., [on |, 1+ 28y 41}
Step 2. We can find a convergent subsequence: Indeed, this is just an application

of the Theorem of Bolzano—Weierstrass (Theorem 3.42). So in particular, we have
a subsequence (z,,)72; and some number x € R, such that z,;, — z as j — oo,

Step 3. The whole sequence converges to x: As x,; — x, by definition of convergence
there is some N such that Vr; > N : |z, —z| < &= §. Moreover, by the definition
of a Cauchy sequence, there is some N3 such that Vm,n > N3 : |z, —x,| < €= 5
Thus for any n > N := max{Ns, N3}, we can pick some r, > N and estimate

Ty — x| < |an — 2y, |+ |2p, —2| <E+E=-+ - =c.

N ™

So x, = x as n — oo. ]

While this theorem seems hard at first look, Cauchy sequences actually have a lot
of advantages:

e We have a condition that applies to all sequences (not just monotonic ones)
and tells us whether the sequence converges or not.
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e The statement is “if and only if”, so the Cauchy criterion is necessary and
sufficient.

e The theorem applies to sequences in R™ and C and C", not just to R. (In R",
by |z — x| we mean the distance between x,, and x,,.)

e Finally, there is an easier proof of the Bolzano—Weierstrass Theorem using
Cauchy sequences and it works in R"™, not just in R.
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4 Series

4.A Definition and first examples

A series is a “sum of an infinite number of terms”. Suppose (x,)52 ; is a sequence.
. . [ele] n
We define the partial sums of the series Y 7, xy by Sy, = ), ox. So

S1 =1,
Sy = x1 + 29,

S3 = x1 + 22 + x3,

Sp=x1+2To+x3+ ...+ T)H.

We can ask whether the sequence (S,)5; of the n-th partial sums converges, or
whether it tends to infinity, or whether it does neither.

Definition 4.1 (i) We say that > ;2 zj exists (or converges) if the sequence
(Sn)s; converges. If S, — S for some real number S then we write:

iwk = 8.
k=1

(i) We say that > ;7 x does not exist (or does not converge) if the sequence
(Sn)5; does not converge.

(iii) We write Y p2; @ = oo if S, — co. (If Y 2, o = oo then Y o, x “does
not exist” since oo is not a number.)

Examples 4.2 (i) Let us look at ) >, ) with zj, = m = % — kLH Then

— —1_1_1
Si=z1=1 2 = 2

Sp=mitm=1-t+i-l=1-1

Sn=z1+x+a3+...+an=1-3+3-3+3—...—i+1 L
S [
n+1°

(This is called a “telescoping sum”.) So (Sy)22; converges to 1. Hence
Do ﬁ exists and is equal to 1.
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ii) Let us look at S2° L. Here S, = S0,z is
(i) k=0 kI k=0

So=g =1,

51:%4-%:2,

Se=d+i+d+i+. .+ <2+ E77 <,
o =

ie Sp < 3 for all n € N. Thus (5,)5°, is increasing (since Sp11 — S, =
=S} +1) 7), bounded above (e.g., by 3) and thus converges to a real number in

R which we denote by e. That is, Y 2, % exists and is equal to e.

Here, we have used the fact that % = % . kil . % < 2,6%1 for kK > 2 as
well as .
11 1 RO |
k=1

As mentioned before, this will be proved precisely in Lemma 4.10 below.

(iii) Y opoy ﬁ We have

— 1 _
Si=7=1
1 1
S2=7+ %
1
S_\f_'_\[—i_ +\/ﬁ
1 _ n __
R Ak R

So the sequence (5,)52; does not converge to a real number. In fact, it
tends to infinity. So we say that > 72, ﬁ does not exist and we write

D k=1 ﬁ =
(iv) zx = (=1)*, i.e. we look at > 7 (—1)*. We have

S1=-1,
So=-1+1=0,
S3=—14+1—-1=-1,
Sy=—-141-1+1=0,
{O if n is even,

S, =
—1 if nis odd.
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L So (S,)52; does not converge, and we say that Y o, (—1)* does not existj

4.B Some rules and criteria for convergence

There is an easy necessary condition for » 7,z to exist (respectively an easy
sufficient condition for y ;2 | z to not exist).

Theorem 4.3
If Y72, xp exists, then the corresponding sequence (xj)52, converges to zero.
(Therefore, if (z)%2; does not converge to zero, then Y - |z, does not exist.)

Proof. This is a direct application of Lemma 3.49. If "7, xj exists, then by def-
inition the sequence of partial sums (5,)2°; converges (to some real number). So
by Lemma 3.49, (Sp4+1 — Sn)o, converges to zero. But S,11 — Sp, = @p41, so the
sequence (xp41)52, converges to zero and thus (x,)52; converges to zero. O

Note that the converse to Theorem 4.3 is false. For example in Example 3.2(iii) above
the sequence (xj)72, converges to zero, but the sequence of partial sums (S,)52,;
does not converge. Nevertheless, this theorem can be very useful to prove non-
convergence. For example in Example 3.2(iv) above, we know immediately that the
series Y 721 (—1)* cannot exist, since the sequence ((—1)¥)%2, does not converge to

Z€ero.

More generally, using the Cauchy criterion for convergence of sequences, we get a
Cauchy criterion for the convergence of series.

Theorem 4.4 (Cauchy criterion)
The series Y oo, x, exists if and only if

m

>

k=n+1

Ve>0dNeNVm>n>N : < e.

Proof. By definition, Y 72 | z}, exists if and only if the sequence of partial sums (.Sy,)
converges. By Theorem 3.53, (S,,) converges if and only if it is a Cauchy sequence,
i.e. if and only if

Ve>03dINeNVm>n>N : |S, — S, <e.
But [Sy, — Su| = ‘Z;cnzl Tk — Ezzl x| = ‘Z?:n-ﬂ - O

In the Problem Sheets, we have seen that convergent sequences build a ring and a
vector space. Can we do the same for convergent series?
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Lemma 4.5
IfY 22 ap==Sand > g0,y =T (i.e. both exist) then Y 7o (zx +yx) =S+ T

Proof. Let S, =Y p_ xp and T,, = >"}_, yx. So we have S, — S and T, — T as
n — oo. Moreover, let U, =Y (2 + yx). We must show that (U,)2, converges
to S+ T. But

n
Un=Z$k+yk Z$k+zyk—5 + Ty
k=1

by commutativity of addition in R. So (U,)%2 is the sequence with U, = S,, + T},

n=1

and hence by Theorem 3.24(ii) (U,,) converges to S+T. Hence Y o=, (zx+yx) exists
and is equal to S + T O

Lemma 4.6
If Y02 2, =S and ¢ € R then ) 2, cxp = cS.

Proof. This is very similar to the proof of the lemma above. It is a question on the

Problem Sheet. O
fRemark 4.7 )

The previous two lemmas imply that the set of convergent series forms a vector
space (details are left as an exercise). However, this set does not necessarily form
a ring, as products of infinite series are not straightforward. It is very rarely true

that
S an = (S0 (S )

Gince such an identity fails even for finite sums! D

Our last easy convergence criterion is similar to the dominated convergence for
sequences.

Theorem 4.8 (Comparison test)
Suppose (z1);2; and (yx)72; are sequences of real numbers such that 0 < y;, <
for all k € N. Then if > 2 |z, exists, it follows that ).~ y; exists. Moreover,

SR Yk <R Tk

Remark 4.9
We require here that both sequences (x) and (yx) consist only of non-negative
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kelements! j

Proof. Write S, = >}, xp and T,, = >"}_; yr. We know that (S5,)32, converges
(to some real number S € R). We want to prove that (7,,)52; also converges (to
some real number 7" < S). But because (7,)72, is a increasing sequence (since
yr > 0 for all k), we know that it converges if we can show that it is bounded above

(by Theorem 3.32 we know that bounded monotonic sequences converge).

But we have T, < S, for all n € N as y;, < zj, for all £ € N. Moreover, as (5,)22
is increasing and converges to S, we have S,, < S for all n € N. Hence T,, < S5,, < S
for all n € N, i.e. (7},) is bounded above. So we see that (7;,) converges to some 7.

We want to finally show that T" < S, but this follows directly from Lemma 3.27. O

4.C Specific series and more examples

We first have a look at some specific series: geometric series and the harmonic series.
Then, we construct more examples using our old examples from before, these specific
series and the rules from the last section.

Geometric series: We first prove a lemma for the partial sums of a geometric series.

Lemma 4.10
We have S, = >_7_, ar*~! = % if r # 1.

Proof. We have

n
Sy, = E a*t=a+ar+ar?+ .. ar" L
k=1

Multiplying by r yields
n
rSy = TZark_l =ar+ar’+ ... ar" 4 ar”.
k=1

Subtracting the first equation from the second gives a telescoping sum:
(r—1)S,=ar"—a=ua(r" —1),
and hence if r #£ 1, we have

Sn:a(r —1):a(1—7“). 0
r—1 1—r

Theorem 4.11 (Geometric series)
Suppose a € R, a # 0 and r € R. Let (x1);2, be given by xj, = ar®*=1. Then
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(i) if |7| < 1, then Y77, @, exists and equals 1%.

(i) if |r| > 1, then Y ;2 2 does not exist.

Proof.

(i) For the partial sums, we have by Lemma 4.10 that S, = > ,_, ) = (1 Tn),
so if |r| < 1 we deduce that lim,, .. S, exists and is equal to % (smce by
Theorem 3.14, r™ — 0 as n — oo and thus by Theorem 3.24(ii) S,, — (1 TO)

7). Since Zk::l x is defined to be lim,,_,, Sy, we have proved that Zk:l Ty

3 a
exists and equals 1%~

(ii) If |r| > 1, then |zgx| = |ar* | = |a||r|*~! > |a|. So (x3) does not converge
to zero as k goes to oo and therefore > ;7 | x does not exist (by Theorem
43). O

Harmonic series: As already seen in the introduction, the harmonic series does not
converge.

Theorem 4.12 (Harmonic series)
We have > 3%, 1 = 0.

Proof. We estimate

S ULV UL SO SIS SRS SN G R
m = — -4+ -4+ = — — — — m- —.
2 27374576 " " 7"8 om = 2
~—_—— ~——
>1 >1

We want to prove that S, tends to co, i.e., we want to show that
VK eRIAINeNV>N:S5, > K (*)

For K <0, S, > K is always true. So we assume that we are given K > 0 (by the
Demon). Choose m € N with m > 2K — 2 and set N = 2™. Then for n > N we

have m
Sn>SN:SQm21+EZK. O

The series > o, % This series exists!

Theorem 4.13
The series Y 7% 77 exists.
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Proof. For k € N we have k > % and therefore k2 > k% Hence

o<t 2

k2T k(k+1)
But m =1-— ﬁ and we have seen in Example 3.2 that > 32 (f — ﬁ) ex-
ists. Hence > 72, ﬁ exists (by Lemma 4.6) and hence > 22, ;5 exists by the
comparison test, Theorem 4.8. ]

fRemark 4.14 h
This theorem tells us that > 72, k% exists, but it does not tell us the value of this
infinite sum, only that

=1 > 2
;mggk(kﬂ)_z

L = T This is best proved using complex

In fact, one can show that ) 7, % 5

kanalysis.

/Remark 4.15

One can prove that Y p- k% exists if and only if a > 1.

oL

Examples 4.16 (i) Does the sum )~ ﬁ exist?

We have 0 < 2k1+k < 2% and we know that Y 7, 2% exists (by Theorem

4.11). Hence by the comparison test, Theorem 4.8, > 77 ﬁ exists.

(i) We have seen before that » 2, % exists. We can give an easier proof of
this, using that 0 < 4 < %%1 for all k € N. As > 72, Qk%l exists (by
Theorem 4.11), we obtain from the comparison test that » -, % exists.

(iii) Yopoy ﬁ does not exist according to Example 3.2. We can give a shorter
. . 1 1 . o0 1 .
proof of this fact: As 0 < ¢ < T if Y ooy T would exist, then by the

comparison test also > 72, % would exist. But Theorem 4.12 tells us that
this is not the case, so Y o, L does not exist.
vk y

What about series where some of the terms are negative?

4.D Absolute convergence
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Definition 4.17
We say that Y -, xp converges absolutely if > 72 |xy| exists.

Theorem 4.18 (Absolute convergence implies convergence)
If 02 |z exists then Y 72 |z exists.

Proof. Given a sequence (x)72, in R, define

L {xk if 2, > 0,

x ]
0 if 3, <0,
and
_ -y if x, <0,
x), = ]
0 if x > 0.

We observe that
(i) zp =2z —a; forallk €N,
(i) 0 < z;f <|ag| for all k € N,

(ili) 0 <, < x| for all k € N.

Therefore, by the comparison test, Theorem 4.8, > 77 xz exists and ) ;7 | x, exists.
Thus, by Lemma 4.5, Y22, xp = > oo, (2 — 2, ) exists. O

fExample 4.19 )

Let us look at the series
oo o
sin k
Z 2k :
k=1

Does it exist? We notice that this series converges absolutely, since |SH21#| <

1
) 2k
for all £ € N and we know that > 2, 2% exists, so Zzozl\sg}f\ exists by the

sink ovists.

ZC Y,

comparison test. Theorem 4.18 then shows that Y - ;

One can “re-order” an absolutely convergent series.

Theorem 4.20 (Re-ordering an absolutely convergent series)
Let Y32, @) be absolutely convergent and ¢ : N — N a bijection. Then the
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re-ordered series ) ;7| x4 exists and

Z LTk = Z T (k)
k=1 k=1

Proof. (The proof of this theorem is non-examinable.)

We aim to use the Cauchy criterion (Theorem 4.4) to show existence of Y 7% | T y1);
that is, we want to show that

Ve>03dNeNVm>n>N : ‘ Z x¢(k)’<5.
k=n+1

Let S, =Y p_; || be the partial sum. Let € > 0 be given (by the Demon). Then
as (Sp)52, is increasing and converges to S = Y 7 |zx|, we can find N; € N such
that |Sy, — S| =5 — SN, <e. That is,

Z |z | = Z\a:k\ Z\xk| < e. (4.1)

k=N1+1

Now set N := max{¢~1(1),...,671(N7)}. For any k > N we have k ¢ {¢p~1(1),...,
#~1(N1)} and hence ¢(k) ¢ {1,...,N1}, where we have used the fact that ¢ is
injective. In other words, kK > N 1mplies ¢(k) > Ni. Therefore, with this choice
of N, we find

VYm>n>N : ’ Z a:¢(k)‘§ Z |x¢(k)}§ Z |zk| < e.

k=n+1 k=n+1 k=N1+1

Thus, by the Cauchy criterion, the re-ordered series exists. Notice that by setting
n = N above, we have that ZZL:NH ’x¢(k)| < g, for all m > N, and so

o0

> lwam| <e (42)

k=N+1

We now show that the rearranged series converges to the same value as the original
series. We have:

) ) N1 00 N o)
}Zﬂﬁk—zqu(k)‘: Zxﬁ > fﬂk—Z%(k)— 2. %(k))
k=1 k=1 = k=N;+1 = k=N-+1

< Zxk—2x¢k)’+’ Z xk‘+’ :E¢(k‘
k=N1+1 k=N+1
(0.)
= Zwk—Z%k)M Z el + D e
k=Ni1+1 k=N-+1
< 3e.
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The steps in this estimate are justified as follows. In the second and third lines we
have used the triangle inequality. In the final step we have used (4.1) and (4.2) to
bound the second and third terms; also, the first term is a finite sum of terms taken
from the series Y ;2 Ny +1 Tk and is hence bounded by e.

Since the above estimate holds all € > 0, we conclude that Y%, zp = 372 Zga.-
O

What about series that do exist but do not converge absolutely?

Definition 4.21
A series ) 2 xy is conditionally convergent if it converges but does not converge
absolutely.

Let us look at an example, namely the alternating harmonic series:

Theorem 4.22 (The alternating harmonic series exists)

The series -
1 1 1 1 1 1
S Ll PR R
];( ) k 2+3 4+5 6+

is conditionally convergent.

Proof. We have seen in Theorem 4.12 that the series does not converge absolutely.
We thus simply need to show that the series converges. For n,m € N with m > n,
define

- 1
Spm = Z (_1)143—&-1%'
k=n-+1
If we can show that S, ,, is small when n,m are large, then the Cauchy Criterion
will tell us that the infinite sum Y 70 (—1)"1 exists.

If n is even then S, ,, = n%rl - n%rz + %—H‘} — ek % Grouping the terms in pairs,

_(_1 1 1 1 1 1
Snm = (i1 —w2) + G —mr) +o (G )
assuming m is even. (If m is odd then there is an unpaired term 1 at the end.)
The terms are all positive, and hence S, ,, > 0. Grouping into pairs in the other
possible way,
_ 1 1 1 1 1

Som =1~z —w3) =~ (1 — )

where we have assumed m is odd. (There is an unpaired term —% at the end if m

is even.) All terms other than the first are negative, and so S, ,, < n%rl
A similar argument for n odd gives —

1Snm| < 7

1 . . .
1 < Snom < 0. Summarising, in all cases
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Now apply Theorem 4.4 (the Cauchy Criterion). Given & > 0, let N = [1/e]. Then,

for all m > n > N we have |S, | < n%ﬂ < 1/N < e. Hence the infinite sum

Soo (—1)F L exists. O

Remark 4.23
One can prove that > 3o (—1)¥*!1 = In2, the natural logarithm of 2, but we
will not do this in this course.

Now let us re-order the series with some bijective ¢ : N — N which is chosen exactly
in such a way that the sum » 2| 24 is given by

(That is ¢(1) = 1,
¢(8) =10, ¢(9) =1

Sru=(-0 -3+ (oD -3
L TR 2/ 4°\3 6/ 8'\5 10/ 127
1
2

2

, etc.) As seen in the introduction, we obtain

LR W T S
T2 46 810 12 T 2"

So the value of the re-ordered sum is half the value of the original alternating har-
monic series! This might seem surprising, but we did not make a mistake! In fact,

we have the following general theorem.

Theorem 4.24 (Riemann rearrangement theorem)

Let Y 32, @k be a conditionally convergent series. Then for any L € R there
exists a bijection ¢r, : N — N such that > 72, Ty, (k) exists and has value L.
Moreover, there also exists a bijection ¢, : N — N such that "7 T oo (k) = OO

Proof. (The proof of this theorem is non-examinable.)

Step 1: We first prove that > 3%, 2 = oo and > 50, z; = oo. (Recall that z;
denotes zp when x; > 0 and 0 otherwise, and that z, denotes —xj when xp < 0
and 0 otherwise.)

. o0 + o0 — o .
Since ) 72, x; and ) 7, x, are each sums of positive terms, each of these sums
either converges (to an element of R) or sums to oc.

e It cannot be true that both Y 7, a:;: and )7, x, converge to elements of R
because then > 3%, |z = Y524 (z) + ;) would converge to an element of R.
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e It cannot be true that » .-, a:;: converges and ) .~ x, = 00, because this
would imply that > 70 |z = Y ooy (2 — ;) = —o0.

e Similarly, it cannot be true that > 77, z; converges and > oo, z; = oo, as
then ) 7| x5 = oo.

Hence both > 72, l‘}g = o0 and } ;% ) = oo.

Step 2: Assume we are given L € R, we construct ¢r,.

It is easier to explain what to do if we first change the xg, x;, notation to something
more convenient. Suppose the xi which are > 0 are, in increasing order of their
numbering, y1, 42,93, ... and the z;’s which are < 0 are 21, 29, 23,.... We re-order
the x’s as follows. First we take just enough of the yi’s to make their sum > L
(we can do this since the sum of all of them is infinity by Step 1). So we take
Y1,Y2,...,Y;, say. Next we take just enough of the z;’s to bring the sum down
below L, say z1,z22,...,%j. Then, we take just enough more of the y;’s to make
the sum > L again, starting with the first y, we have not used yet, so we take
Yii+1, - - -, Yiy for some ig. Then we take just enough more of the z;’s to make the
sum < L again, say zj, 41, ..., %j,. And so on. Each time we use up a finite number
(> 1) more of the yi’s or zi’s, so they all get used eventually, so this process will
really define a bijection ¢, : N — N.

Step 3: We show that the re-ordered series satisfies Y 7 | x4, 1) = L.

Since at each stage we take just enough terms to move the sum to the other side
of L, we know that after the first stage the partial sum is within |y;,| of L, after
the second stage it is within |z | of L and so on. But since the sequence (xj)72
tends to zero (as ) _p-; x converges) so do its subsequences (y;,,)>°_; and (zj,,)50_;.
Hence the partial sums of our re-ordered sequence converge to L.

Similarly, one can construct ¢ by taking just enough positive elements to make
the partial sum larger than 1, then take one negative element. Then, continue with
just enough positive elements to make the partial sum larger than 2 before taking
again one negative term. Next, we take enough positive terms to make the partial
sum larger than 3, etc. (The details are left as an exercise.) O

4.E Ratio test

The following test is extremely useful in practice.

Theorem 4.25 (Ratio test for positive series)
Suppose that x, > 0 for all £ € N. Consider the sequence (xpi1/xx)5e, and
suppose that (zx11/zx) — R for some R € RU {oco}.
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(i) If R <1 then the series ) ,—, xj exists.

(ii) if R > 1 or R = oo then Y 72, x) does not exist.

If R =1 then we are out of luck, and cannot conclude anything.

Proof. Start with (i), assume that R < 1. We first show that zj — 0.
Choose an 1 > 0 such that R+ &1 < 1. Since xp11/xp — R there exists N € N
such that for k£ > N; we have
|xk+1/:1:k — R‘ < €1.
In particular we have xyy1 /2, < R+ €1 and since xx > 0 this implies

Tp+1 < 2p(R +€1). (4.3)

Inductively, we see that for & > 2 we have

2| =z < 21 (R+e1)F L.

Since R+¢1 < 1 we have (R+¢1)*~! — 0 (Theorem 3.14) and hence from dominated
convergence (Lemma 3.4) we see that z; — 0.

We now show that Y 7,z exists, using the Cauchy criterion (Theorem 4.4). Fix
€ > 0. For m >n > N; we have

m m m m—n
S oml= > w< Y (R — gy Y (Rt )t
k=n-+1 k=n+1 k=n+1 k=1

where the inequality follows from (4.3). The latter sum is bounded above by the full
geometric series

Y (R+e) <> (Rte) =S
and we note that S > 0. Since x;, — 0 there exists Ny € N such that for k£ > N:
lzk| < e/8S.

Let N = max{Njy, No}. Then for m > n > N we have

m

>

k=n+1

Co\m
nn
I
)

m—n
< Tp+1 - Z R-i—é‘l
k=1

We conclude from the Cauchy criterion that Y -, xj exists. This completes the
proof of (i).
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Turning to (ii), assume that R > 1. Choose €1 > 0 such that R —e; > 1. Since
Zg+1/xk — R there exists N € N such that for £ > N we have

|xpr1/xk — R| < 1.
In particular we have xyy1/zr > R — €1 and since xx > 0 this implies
Tp1 > (R —€1).
Inductively, we see that for k > 2 we have
2| =z > 21 (R — 1) L. (4.4)

Since R — &1 > 1 we have by Theorem 3.14 that the sequence ((R — e1)F71)2° | di-
verges. By Corollary 3.5 we conclude that (x5)52, diverges. It follows that 7, @y
does not exist (Lemma 4.5).

The case R = oo is similar and left as an exercise. O

Theorem 4.26 (Ratio test for never-zero series) )
Suppose that zj # 0 for all & € N. Suppose that |zgi1|/|zg] — R for some
R e RU{o0}.

(i) If R <1 then the series ) .-, x) is absolutely convergent.

(i) If R > 1 or R = oo then the series > 72 | x5 does not exist.

_ )

Proof. Part (i) follows directly from Theorem 4.25 applied to the series > 27, |z

For part (ii), suppose for a contradiction that >~ ; x) exists. Then x; — 0 which
implies |z;| — 0. But similar to (4.4) above, we have
k| > |z1|(R— &)™

with R —e; > 1. This implies || — 0o, a contradiction. O

fExample 4.27
Consider the series
2k 4+ 3k
k k°
P 3*+4

We will prove this converges using the ratio test. Letting x; = (2 +3F) /(3% +4%)
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we have

Tpy1 26T 43 3R 44k
Tp  SFTL 4 4Rl 9k 4 3k
2k:+1 +3k+1 3k +4k
ok L 3k 3k+1 +4k+1
2)k+1+1 i((% k_|_1)

L (14

3
(1/3) 1 4

We conclude from the ratio test that the series converges. Similar examples can
kbe found on Problem Sheet 5. )

4.F Power series

Consider the series
o0
>
k=0

for x € R fixed. We know that this converges when |z| < 1 and that it does not
converge when |z| > 1 (Theorem 4.11). So we define a function

f:(-1,+1) =R
fla)=7) a"
k=0

Theorem 4.11 gives us an alternative formula for f(z), namely f(z) = t=, but note
that while ﬁ makes sense for all z € R except x = 1, the infinite sum Y 72, z*

only makes sense for —1 < x < +1.

Similarly, we can define the exponential function exp(zx) by

exp(z) := Z o

k=0

where this series exists. For what values € R does exp(x) exist? We know it exists
for z = 1, because we proved earlier that > > 4 exists (we called this sum “e”).

So exp(x) exists for all 0 < z < 1 by the comparison test, Theorem 4.8. It fol-
lows that exp(x) converges absolutely for all x with |z|] < 1 and hence exp(z)
exists for these values of z by Theorem 4.18 (“absolute convergence implies con-
vergence” ).
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Remark 4.28
One of the Problem Sheet questions shows that exp(z) exists for = 2. By the
above argument, it therefore exists for all x with |z| < 2.

We can do better, and prove that exp(z) exists for all z € R. It will suffice to prove
this for all x with > 0 (as absolute convergence implies convergence).

Theorem 4.29 .
exp(z) 1= Y oo G exists for all z € R.

Proof. As mentioned above, we only need to consider x > 0. For M with 1 < M <k
we have

K=k -(k—1)-(k—=2)-...-(M+1)-M...3-2-1> MM,
k—M terms

In fact, k! > M*=M for all M € N (since if M > k then M*M < 1).

Now given x € R with « > 0, pick M € N with M > 2x. Then

k k k N
i x M T M
< iy - () (3
k! — Mk—M M/ — 2
So > %ﬁ converges by the comparison test, Theorem 4.8 0

This shows that exp is a well-defined function from R to R. Similarly, we can define

. o T L
sin@) = - gyt g T o
2 4 6
X X xr
COS()_177+175+

for all values of z € R for which these sums exist. For what values of z € R are
these defined?

The series for sin(z) converges absolutely for all z € R by the comparison test. To
see this, write the series for sin(x) as

7

sin(x )—0+ +OZL‘ —54-0.% +§—I—Ox —?—I-

and note that every term in the series is less than or equal in absolute value to the
corresponding term in the series for exp(z). But we have just proved that exp(z)
exists for all 2. Hence by Theorem 4.18 the series for sin(z) exists for all € R.
Similarly, the series for cos(x) exists for all z € R.

In general, we have the following result for a power series (that is a series of the
form Y 32, apz).
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Theorem 4.30 (Radius of convergence) )
Given any power series Y po apx® (with coefficients a;, € R), exactly one of the
following three statements is true:

(1) Y22, axx® converges absolutely for all x € R.
(i) S°32, axa® exists only for z = 0.
(iii) 3R > 0 (called the radius of convergence) such that:

(a) Ypo,axx® converges absolutely for all z with |z| < R.

(b) -3, akz® does not converge for any z with |z| > R.

We cannot say what happens when |z| = R: depending on the value of z,
the series may or may not converge.

/)
\
Examples 4.31 (i) > 72, %1;3 converges absolutely for all z € R.
il < (k¥ only converges for z = 0.
k=0
iii >z has radius of convergence R = 1.
k=0
Y (iv) More examples are given on the Problem Sheets. )

Proof of Theorem 4.30. 1t is sufficient to prove the following statement

() If X is a real number such that the series converges for x = X, then
the series converges absolutely for all Y € R with |Y| < | X].

Why is this sufficient? We set
[e.e]
S = {|X| : X eRand Zakazk converges for z = X}.
k=0

e If S has no upper bound, then given Y € R, we can find X such that |X| € S
and | X| > |Y|. Then (%) implies we are in case (i).

e If S has an upper bound, then it has a least upper bound R (by the complete-
ness action). If R =0 then S = {0} and we are in case (ii).

e Finally if R > 0, given Y € R with |Y| < R, there exists X € R with |X| € S
and |X| > |Y|. Then (x) implies that we are in case (iii).
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It remains to prove (x): Assume Y po,arX" converges and |Y| < |X|. Since
Y oregarX k converges, the terms azX* converge to zero and hence there exists
M € R such that |ap X*| < M for all k € N (by Example 3.20). Therefore
Y |k Y |k
o] = oul - X [ <0 [

and as |X| < 1 the sum Y32 | %|* exists (Theorem 4.11). Hence by the comparison
test (Theorem 4.8), Y72 j|axY™| exists. This proves (x) and hence the theorem. [
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5 Continuity

A function from R to R assigns a real number f(z) to each real number x. There
doesn’t have to be a single rule for this assignment. We think of f as a “black box”
into which we input a real number z and we get a real number f(z) as output. We
only insist that if we input the same number on more than one occasion, we get the
same answer. If so, we say we have a “well-defined function”.

Possible examples include simple functions such as f(z) =z, f(z) =5 (Vx € R) or
f(x) = sin(z?), but also more complicated looking ones, for example

_J0 ifx¢Q,
f(x)_{l ifxeQ,

or
f(x):{o ifx ¢ Qorifx=0,

1/q ifzxeQand z= % in lowest terms, with p > 0.

For the latter examples, it is hard to draw the graphs, as they look quite “wild”.
The goal of this section is to study continuity of functions and some of the properties
of continuous functions.

5.A Definition and first examples

We shall formalize the idea that a function is continuous if one can draw its graph
“without lifting the pen off the paper”.

A

— / . T

\g " I a

Y

continuous not continuous

Having this picture in mind, we can now give a precise definition of continuity at
some point a € R.

Definition 5.1 (Continuous functions)
Suppose f: R — R is a function and a € R. We say that f is continuous at a if

Ve>035>0VheR,|h| <6 : |flath)— fla) <e. (5.1)
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kWe say that f is continuous if it is continuous at a for all a € R. J
A
V4
€
f(a)
€
y,
—\\ 510
\_/ >
a

~

Examples 5.2 (i) f(z) = z is continuous at 0.

Winning strategy for the Demon Game. Suppose the Demon picks € > 0.
We then have to pick 4. Let us simply assume we have done this and
continue with the game. The Demon then picks h with |h| < §. We win
if [f(0+h)— f(0)] <e. But [f(0+ h)— f(0)] =|h—0| = |h| <, which
suggests that we could have simply chosen § = ¢ as our winning strategy!
So we can turn this into a formal proof.

Proof. Given € > 0, let § = &. Then for all h € R with |h| < §, we have
[fO+h) = fO)]=|h-0[=|hl <d=¢,

so f is continuous at 0. O

(ii) The constant function f(x) =5 is continuous at all points a € R.

A

Proof. Given a € R and € > 0, let § be any positive real number, e.g. § = 1.
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Then for all h € R with |h| < § we have
|f(a+h)— f(a)]=|5—5|=0<c¢,
so f is continuous at a. O

(iii) f(z) = 3z is continuous at all points a € R.

Proof. Given a € R and € > 0, let § = 5. Then for any h € R with |h| < §
we have

|f(a+h)— f(a)] =13(a+ h) —3a| =|3h| < 36 = ¢,

so f is continuous at a. O
_ / Y,

How do we prove that a function is not continuous at some a € R? We have to show
the negation of (5.1), namely

Je>0V9>03heR,|h| <6 : |fla+h)— fla)|] >e. (5.2)

fExample 5.3 h

Let f(z) be defined by

fz) =

0 ifx <0,
1 ifz>0.

We claim that f(z) is not continuous at 0.

Y

Proof. We pick € = % Now whatever § > 0 we are given (by the Demon), we

can pick h € (0,9), for example pick h = g. Then

[f(0+R) = F(O)] = [f(h) = f(O)| =1 -0 =1 2=

=E&.

N | =

Thus we have shown that the negation of (5.1) is true and hence f is not contin-

\ _uous at 0. OJ 1)
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Recall that our definition (5.1) of “f : R — R is continuous at a € R” was
Ve>030>0VheR,|h| <0 : |[fla+h)— fla)| <e.

So the Demon specifies € > 0 which says how close f(a 4+ h) must be to f(a). We
then reply with 6 > 0 (possibly depending on a and on &) which guarantees that if
|h| < 6 then f(a + h) is indeed e-close to f(a).

Obviously, this is equivalent to the following statement:
Ve>030 >0Vz eR, |z —al <d : |f(z)— fla)] <e. (5.3)

From (5.1), we arrive at (5.3) by replacing h by x — a, and vice versa. The negation
of (5.3) is

Fe>0Vi>03xeR,|z—a|l < : |f(x)— fla)] >e. (5.4)
While sometimes it is easier to work with (5.1) and (5.2), there are other situations
where it is more convenient to work with the equivalent statements (5.3) and (5.4).

~

/Examples 5.4 (i) Let f(z) be defined by

)1 ifreqQ,
f(x)_{o its ¢ Q.

Here is a schematic illustration of how f(z) looks.
A

1

Y

We claim that this function is not continuous anywhere.

Proof. We first show that if a € Q, then f is not continuous at a. We must
show that

Je>0Vi>03xeR, |z —a|l < : |f(x)— fla)] >e.

As our a € Q, we have f(a) = 1. We pick ¢ = 1 (in fact any ¢ € (0,1]
would do). Now given any ¢ > 0 there exists an irrational number x in the
interval (a — d,a + 0) (by Corollary 2.21 “irrational numbers are dense in
R”). For such an z, f(z) = 0 and thus
[f(@) = fla) =10 -1 =12

= E.

N | =
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Hence f is not continuous at a.

On the other hand, if a ¢ Q, then f(a) = 0. We pick again ¢ = % Given
any 6 > 0 (by the Demon), there exists a rational number z in the interval

(a — d,a + 9) (by Theorem 2.17 “rational numbers are dense in R”). For
such z, f(z) = 1 and hence
1
[f(z) = fl@)|=[1-0[=127 =e¢,
so f is not continuous at a. O

Let f(x) be defined by

if x € Q,
if z ¢ Q.

fla) = {0

We claim that this function is continuous at a = 0 and not continuous at
any other point a € R.

*

Proof. We first show that f is continuous at a = 0. We must show that
Ve>030 >0Vz eR, |z| <6 : |f(x)] <e.

(This is just (5.3), where we plugged in @ = 0 and f(a) = 0.)

Given any € > 0 (by the Demon), we choose § = ¢ (as this worked both for
the linear function f(z) = x and for the constant function f(z) = 0). Now,
for all z with |z| < d = ¢, f(x) is equal to either x or 0. In either case, we
have |f(x)| < e. Thus f is continuous at a = 0.

Next, we show that if a € Q,a # 0, then f is not continuous at a. We must
show that

e>0Vi>03zeR,|z—a|<d : |f(x)— fla)] > e
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As a € Q, we have f(a) = a which motivates us to pick ¢ = % > 0 (in fact

any € € (0,|a|] would do). Now given any § > 0 there exists an irrational
number z in the interval (a — d,a + 0) (by Corollary 2.21). For such an =z,
f(z) = 0 and thus

T
f@) — f@] =10—al = o| > T =,

Hence f is not continuous at a.
Similarly, if a ¢ Q, then f(a) = 0. We pick again ¢ = ‘%' Given any 6 > 0
(by the Demon), we pick a rational number = such that

e z€(a,a+0)ifa>0,

e z€(a—4d,a)ifa<0.
This ensures that |z| > |a|. We can find such an x by Theorem 2.17. As
f(x) = z, we have

7@) ~ f@)| = o —0] = Ja| > Jal > 12 = ¢

so f is not continuous at a. O 1)
/Remark 5.5 h

It is possible to construct functions f for which the set of points a where f is
continuous is a complicated set. For example, there exists functions that are
continuous at every irrational a € R but not continuous at any rational a € R.
An example (see the Problem Sheet) is:

f(z) 0 ifx ¢ Qorifx=0,
€Tr) =
1/q ifzeQandzx= % in lowest terms, with p > 0,

\_ /
But let us go back to well-behaved functions.
fExample 5.6 h

f(x) = 22 is continuous at every a € R. To prove this, we have to show that for
every a € R the following statement holds:

Ve>030>0VheR,|h| <d : |(a+h)?—d?| <e.

Let us start with an informal calculation: (a + h)? — a® = a® + 2ah + h? — a® =
2ah + h? = (2a + h)h. We want |h| to be small enough that |(2a + h)h| < e.
What conditions do we need to place on |h| so that the following sequence of
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inequalities hold
|(2a + h)h| < (2|a] + |h|)|h| < (2|a| + 1)|h| < &?

The first inequality always holds: it is the triangle inequality. The middle in-
equality will hold if |h| < 1. The final inequality will hold if || < (2|a| + 1) te.

This leads us to the following formal proof.

Proof. Given any a € R and € > 0, choose 6 = min {(2[a| + 1)~'e,1}. Then, for
all h with |h| < 6 we have

|(a+ h)2 = a2] = |2ah + hQ\ < (2|al + |h])|R| < (2]a] +9)d < (2]al +1)0 < e.

\SO f is continuous at a. O

/)

/Remark 5.7 h

A similar proof works for all polynomial functions. You will see more examples
\Of this type on the Problem Sheet! D,

What if the function f is only defined on a subset D C R, not on the whole
of R?

/Examples 5.8 R
(i) f(z)=1. Here f is a function D — R where D = R\ {0}.
(i) f(z) =322 Here f:(-1,1) = R.
e o0 xk
k(111) flx) =31 g % Here f:[-1,1) = R. )
fDeﬁnition 5.9 )
We say that f: D — R is continuous at a € D if
Ve>030 >0Vx € D, |z —al < : |f(z)— fla)| <e. (5.5)
KVVe must specify z € D instead of x € R, as f(x) only makes sense for x € D. )
\

fExample 5.10
f(z) = V/x. Here f is a function f : [0,00) — R. To prove that this function is
continuous at a = 0, we must show that

Ve>036 >0V € [0,00),|z]<d : |Vz|<e.
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But this is easy:

Proof. Given ¢ > 0, we take § = ¢2. Then if z € [0,00) and < § = €2, we have

|v/x | < € as required. So f is continuous at 0. O
Remark 5.11
f(z) = v/z is not differentiable at = = 0, but it is continuous at z = 0.

(3 N

Example 5.12
One can prove (and we will assume this in this course) that any power series

o0
> ot
k=0

defines a continuous function from D to R, where D is the disc of convergence of
the series, i.e. D = {x € R : |z| < R} where R is the radius of convergence of the
series (see Theorem 4.30). In particular, exp(x), sin(z) and cos(x) are continuous
functions on all of R. Similarly, every polynomial function is continuous at every
point a € R, as a polynomial is a power series with only finitely many non-
Kvanishing coefficients ay. D

5.B Rules for continuous functions

Suppose that f: Dy — R and g : Dy — R are continuous. Let us construct more
continuous functions from them:

o We define c¢f : D1 — R by (c¢f)(z) = cf(x), for c € R.
e We define f+¢g: D1 N Dy — Rby (f+g)(z) = f(z) + g(x).

e We define f-g: D1N Dy — Rby (f-g)(x) = f(z)g(x). (Do not confuse this
product of f and g with the composition f o g.)

—

o Wedeﬁneg:DlﬂDgﬁ{xeR : g(x) #0} = R by (g)(x):%

fExamples 5.13 h

(i) h(z) = 1 is the quotient of the constant function f(z) =1 by the function
g(x) = z, and it is defined whenever g(x) # 0, i.e. on R\ {0}. Is this h
continuous?

(ii) h(z) = % is the quotient of the function f(z) = sin(z)cos(x) by
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the function g(x) = 22 + 2 and it is defined whenever g(z) # 0, i.e. on all
of R. Moreover, f(z) is the product of the continuous functions sin(x) and
cos(z) and g(x) is the sum of the continuous function z? and the constant
function 2. We want to know whether this A is continuous.

Theorem 5.14 (Building continuous functions from other continuous functions)
Suppose f: D1 — R and g : Dy — R are two functions, ¢ € R is a constant and
a € D1 N Dy. Assume moreover that f and g are continuous at a. Then

(i) cf is continuous at a.

)
(ii) f + g is continuous at a.
)
)

(iii) f - g is continuous at a.

L (iv) If g(a) # 0, then g is continuous at a.

Proof. Exercise (on the Problem Sheet). O

Example 5.15

Every polynomial function is continuous. This follows from the previous theorem
and the fact that the identity function f(z) = z and the constant function f(z) =
¢ (for ¢ € R fixed) are both continuous.

Now let us look at the composition of functions: Suppose f: Dy - Randg: Dy — R
are two functions. Then we can define the composition g o f by

(9o f)(x) = g(f(2))
at all points € D; such that f(z) € Da.

KE ) N
xample 5.16
f(z) =1—cos(x),so f: R —[0,2]. g(x) =z, so g:[0,00) = [0,00). Then

go f is a function R — [0, 00)
(90 1)(@) = VI=cos(@).

Gn fact, g o f is a function R ER [0,2] & [0,v/2] € [0,00). Is it continuous?

(Theorem 5.17 (Continuity of composition of functions) W
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Suppose f: D1 — Dy and g : Do — R. Moreover, suppose that a € D and that
f is continuous at a and g is continuous at f(a). Then (g o f) is continuous at a.

Informally: As f is continuous at a, we know that if x is close to a, then f(z) is
close to f(a). As g is continuous at f(a), we know that if f(z) is close to f(a), then
g(f(x)) is close to g(f(a)). So the difficulty is just to convert the words “is close to”
into a precise statement involving € and 4.

Proof. We must prove that if we are given any € > 0, then we can find § > 0 such
that for all x with |z — a| < 6 we have |g(f(z)) — g(f(a))] < e. We know by the
continuity of g at f(a) that given £ > 0, there exists d; > 0 such that for all y € Do
with |y — f(a)| < 01, we have

l9(y) —g(f(a))| <e.

We also know, by the continuity of f at a that given £ = §1, there exists § > 0 such
that for all z € Dy with |z — a|] < §, we have

|f(z) — fla)| < & =01.

Thus, given € > 0, we can choose d; and then ¢ as above. We deduce that for xz € Dy
with |z —a| < 0, we have |f(x) — f(a)| < §; and hence |g(f(z)) —g(f(a))| < e. This
proves that (g o f) is continuous at a. O

fExample 5.18 )

f:R—=R, f(x) =cos(x), g: R — R, g(z) = exp(x).

f and g are continuous at all points a € R (by our assumption that power series

are continuous at all a inside their discs of convergence). Hence by the above

theorem, go f is continuous at all a € R, i.e. the function (go f)(x) = exp(cos(x))
Qs continuous everywhere. D

5.C Continuous functions and limits of sequences

Suppose f : R — R is continuous, and (x,)5; is a convergent sequence. What can
we say about the sequence (f(x,))22 7 The kind of question we are interested in is
the following: we know that x, = % converges to 0. Does it follow that the sequence
exp(L) converges to exp(0)?

Theorem 5.19
Let f : D — R be a function which is continuous at @ € D. If (z,)02; is a
sequence in D which converges to a, then the sequence (f(xy))22; converges to

80



Convergence and Continuity 2023-2024

(). y

This theorem can be upgraded to an “if and only if”: see the Problem Sheet.

Proof. We must show that given any € > 0, there exists N € N such that for all
n > N we have |f(z,) — f(a)| <e.

Since f is continuous at a, we know that given £ > 0, 3§ > 0 such that for all x € D
with |z — a| < §, we have |f(x) — f(a)| < e.

Since (zy,)02 converges to a, we know that given 6 > 0, 3N € N such that for all
n > N we have |z, —a| < 0.

Combining these two facts, we see that for all n > N we have |z, — a] < ¢ and
therefore |f(x,) — f(a)| < e. Hence (f(xy))s2; converges to f(a). O

fRemark 5.20 h
The proof of Theorem 5.19 follows the same strategy as that of Theorem 5.17
(“continuity of the composition of continuous functions”). If we think of a con-
vergent sequence (z,,)72; as a function N — R, n — z, and extend this to a
function

NU {oco} = R

by sending oo to the limit a of (x,)7%, then we can think of this function as

being “continuous at oo” (this is not rigorous, but there is a way to make it
rigorous via the concept of a “topological space”). Hence, Theorem 5.19 might
be interpreted as a special case of Theorem 5.17.

\
Examples 5.21 (i) z, = cos ((1 + 2)(1 + n—lg)) We know that ((1+ 2)(1 +
n%))flo:l converges to 1 by Theorem 3.24. Moreover, we know that cos(z)
is continuous at a = 1 (since it is continuous everywhere). Hence Theorem

5.19 tells us that (z,,)52; converges to cos(1).

(i) We can use Theorem 5.19 to prove that (ﬁ)le

going back to the definition of convergence. To do this, observe that

converges to 0 without

1

e - converges to 0

o I »i> x 1s continuous at 0.

(}]Ience by Theorem 5.19, the sequence ﬁ =f (%) converges to f(0) = /0 =

(iii) We can use Theorem 5.19 to prove that a function is not continuous. For
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example let

~_J0 ifz#0,
f($)_{1 W =),

Now let z, = £ so that ,, — 0. Then f(z,) = 0 for all n and so f(z,) — 0.
But f(0) =1 #0, so f cannot be continuous at 0 by Theorem 5.19.

S The Examples 5.4 can be tackled similarly. D,

Continuing the idea from Example (iii) above, we introduce the following:

Definition 5.22
We say that lim,_,, f(x) exists and is equal to ¢ € R iff

Ve >030 >0Vh,0< |h| <0 : |fla+h)—/{ <e.

It is important that we require |h| # 0, because we do not want to consider f(a) in
the definition!

One can show (see the Problem Sheet) that lim,_,, f(z) = ¢ (according to the above
definition) if and only if for every sequence (x,)5% ; which satisfies x,, # a for all n
as well as x,, = a for n — oo, we get f(z,) — £ as n — oo.

An equivalent definition to our earlier definition of “f is continuous at a” is to say
that f is continuous at a if and only if lim,_,, f(z) exists and is equal to f(a). With
this definition, it is obvious that the function

_J0 ifz#0,
f(x)_{1 if 2 =0,

is not continuous at x = 0, since lim,_, f(z) = 0, but f(0) = 1.

5.D The Intermediate Value Theorem

Theorem 5.23 (Intermediate Value Theorem (IVT))
If f:[a,b] — R is continuous and f(a) < 0 and f(b) > 0 then Je € [a,b] such
that f(c) = 0.

As a first step to proving this theorem, we prove the following lemma.

Lemma 5.24
Suppose f : [a,b] — R is continuous and ¢ € [a,b] such that f(c¢) > 0. Then
30 > 0, such that Vo € (c—d,c+d)Na,b] : f(z) > 0.
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Proof. Since f is continuous at ¢, we know that Ve > 0 3§ > 0 such that Vz €
(c—0d,c¢+6)Nla,b] we have |f(z) — f(c)] <e.

So picking € = ! (20), we know that

>0V e (c—d,c+0)N[a,b] : |f(z)— flo)| < )

and therefore

30 >0Vz € (c—0d,c+0)Nfa,b] : —= < f(x) <

[\

so in particular f(z) > 0. O

Remark 5.25
The statement of the lemma includes the possibility that ¢ = a or ¢ = b. There
is an obvious analogous result for f(c) < 0.

Proof of Theorem 5.23. Let A = {x € [a,b] : f(z) < 0}. This set is non-empty,
since a € A. It is also bounded above (by b). So by the Completeness Axiom, A has
a least upper bound, say c € [a,b]. We will prove that f(c) = 0.

If f(¢) <0 then ¢ # b and so ¢ < b. By Lemma 5.24 30 > 0 such that for all
x € (¢c—0,c+0) NJa,b] we have f(z) < 0.

Choose = € (¢,c+ ) N [a,b]. This exists since ¢ < b. Then f(z) < 0 and so x € A.
On the other hand = > ¢. This contradicts the fact that ¢ is an upper bound for A.

If f(¢) >0 then ¢ # a and so ¢ > a. By Lemma 5.24 3§ > 0 such that for all
x € (¢—0,¢+40) NJa,b] we have f(z) > 0.

Choose = € (¢—d,c)N[a,b]. This exists since ¢ > a. Then f(z) > 0 and we see that
x is an upper bound for A. But x < ¢ which contradicts the fact that c is the least
upper bound for A.

Hence the only possibility is f(c) = 0. O

Remark 5.26 (i) We have used exactly the same steps in this proof as we
used earlier in the course to prove that there exists a number “/2” in R
(Theorem 2.19). In fact, if we work through the proof of the IVT with the
function f(x) = 2% — 2, we get exactly the proof of Theorem 2.19.

(ii) We used the Completeness Axiom to prove the IVT and in fact this is
necessary: the IVT is not true if we replace R by Q in the domain of f.
For example f(x) = 22 — 2 has no value ¢ € Q such that f(c) = 0.
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(iii) The IVT is of course also true for functions that have f(a) > 0 and f(b) <0
(just apply Theorem 5.23 to the function — f).

fExample 5.27 )

Let f(x) = 2°+x+1. There is no formula for the solutions to a general equation of
degree 5. There are formulas for the solutions of polynomial equations of degrees
2, 3 and 4, but is was proved by Abel and Galois in the early 19** century that
there cannot be a formula in terms of square roots, cube roots, etc. for a general
polynomial equation of degree 5 and above (the Level 7 module Further Topics
in Algebra concludes with a proof of this fact).

But we can use the IVT to prove that f(x) has at least one real root! We have
e f(10)=10°+10+1 >0,
e f(—10) = (-10)°> - 10+ 1 < 0.

Since f is continuous on [—10,10] (being a polynomial), we can deduce that

KElc € [-10, 10] such that f(c) = 0. )

We can generalise this example and prove that every polynomial of odd degree has
a real root.

fCorollary 5.28 h

Suppose p(z) is the polynomial
p(z) = 2" + 12"+ . 4 asx? + a1z + ao

where n is odd and a; € R for all j. Then p(z) = 0 has at least one solution

KI’GR. Y,

Proof. Let M = max{1, |ag| + |a1]| + ...+ |an—1|}. Then we have

p(M)=M"4ap_ 1M+ ...+ a1 M + ag
> M™ — |an_1\M"*1 — .= ]a1|M — ‘CL()’
>M" — (lap_1|+ ... + |ag)) M™1
> M N M — (Jan-1| + ... + |aol))
> 0.
Here, we used M > 1 for the third line and M > |ag| + |a1| + ... + |an—1| for the
last line. Similarly, we obtain p(—M) < 0.

Now, p is continuous on R since p is a polynomial. Hence by the IVT, 3¢ € [-M, M]
with p(c) = 0. This proves the corollary. O
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Remark 5.29

A polynomial of even degree may not have a real root. For example p(z) = 22+ 1
has no real roots. However, every polynomial has a complex root! This result is
called the Fundamental Theorem of Algebra.

Another application of the IVT is the following.

Corollary 5.30 (A fixed point theorem)
Let f : [0,1] — [0,1] be a continuous function. Then f has a fized point, i.e.
there exists ¢ € [0, 1] such that f(c) = c.

Proof. Let g be the function defined by g(z) = f(z) — . Then g is continuous since
it is a sum of continuous functions. Moreover

e 9(0) = (0) = 0> 0 (since £(0) > 0),
e g(1) = f(1) = 1 <0 (since f(1) < 1),

Hence, by the IVT Fec € [0, 1] such that g(c) = 0. But this means f(c) —c =0, i.e.
fle)=c. O

fRemark 5.31 (i) We cannot replace [0, 1] by the open interval (0,1) in Corol—\
lary 5.30. There exist continuous maps (0,1) — (0,1) which do not have a
fixed point (see Problem Sheet 6).

(ii) Corollary 5.30 can be generalized to every dimension n, where it says: let
D™ denote the unit disc in R", i.e.

D" := {(z1,22,-.-,%n) : T2+ 2Z+ ... +22 <1} CR™

Then every continuous map f : D™ — D™ has at least one fixed point. This
is called the Brouwer Fixed Point Theorem (proved by Brouwer about 100
years ago). The proof uses Algebraic Topology. D

\

We end this section with a more general version of the Intermediate Value Theorem.

Corollary 5.32 (More general form of IVT)
Suppose f : [a,b] — R is continuous and y is a real number between f(a) and
f(b). Then Jc € [a, b] such that f(c) =y.

Proof. Suppose without loss of generality that f(a) < f(b). We are given a value y
with f(a) <y < f(b). Define g by g(x) = f(x) — y.
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e g is continuous on [a, b] as the sum of two continuous functions,
e g(a) = f(a) —y < 0 (since f(a) < y).
* g(b) = f(b) —y >0 (since y < f(b)).

So by the IVT, 3¢ € [a, b] with g(c) =0, i.e. f(c)=y. O

5.E Continuous functions on closed intervals and the “boundedness
principle”

Our aim in this section is to prove the following results for a continuous function f
on a closed interval [a,b] C R.

(i) fisbounded on [a, b], so by the Completeness Axiom the set f([a,b]) = {f(z) :
x € [a,b]} has a least upper bound M and a greatest lower bound m.

(i) M and m are attained by f on [a,b], i.e. Jc,d € [a,b] with f(¢) = M and
f(d) = m (that is: M and m are maximum and minimum of f([a,b])).

(iii) f([a,b]) is the closed interval [m, M]. (This is the easy step: it follows directly
from the general IVT, Corollary 5.32.)

To prove (i), we first prove the following consequence of the Bolzano—Weierstrass
theorem (Theorem 3.42), which stated that every bounded sequence in R has a
convergent subsequence.

Corollary 5.33 (Bolzano—Weierstrass for a closed interval [a,b] C R)
If (zn)pZ, is a sequence in [a,b] then (z,);2, has a subsequence (z,;)52; which
converges to a point in [a, b].

Proof. A sequence in [a, b] is bounded (it is bounded above by b and bounded below
by a). So by Theorem 3.42 the sequence (z,);2; has a subsequence (z,;)32; which
converges to a point x € R.

But for all j we know that z, > a, so comparing (z, )‘;‘;1 with the constant sequence
(a)72, we see that lim; ,o zr; > a by Lemma 3.27. Similarly, z,; < for all j and
hence lim; o ,; < b. Hence, x = lim; ;o 2, € [a,b]. O

Remark 5.34
We do need [a,b] to be closed. For example the sequence x, = < has all its
elements in (0, 1) but its limit is x = 0 ¢ (0,1).
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: N
Examples 5.35 (i) z, = (—1)"(1 — 1). This is the sequence 0,3, —2,3 —1

%, —g, .... Thus z, € [—1,+1] for all n and hence it must have a subse-

quence which converges to a limit in [—1, 1].

Indeed, z1, x3, x5, x7, . . . is a subsequence which converges to —1. Moreover,

X2,T4, T, T3, - - . 1S a subsequence which converges to +1.

(ii) Write down all the rational numbers in [0,1] € R in order of increasing
denominator:

This sequence must have a subsequence which converges with limit in [0, 1].
1111

Indeed, the subsequence given by the elements 3, 3, 5, 5,... converges to
i 123 4
zero while the subsequence 3, 3,7, =, ... converges to 1. One can show that
in fact, for every x € [0, 1] there exists a subsequence of the above sequence
9 which converges to x. D
fDeﬁnition 5.36 h
Suppose D C R and f: D — R is continuous. We say that
e fis bounded above on D if {f(x) : = € D} is bounded above,
e f is bounded below on D if {f(z) : = € D} is bounded below,
e fis bounded on D if {f(xz) : = € D} is bounded. )

fExamples 5.37 (i) f:R — R given by f(x) = sin(z) is bounded above by +1\
and below by —1.

(ii) f : R — R given by f(z) = 2? is bounded below by 0 but not bounded
above.

(iii) f:(0,1) — R given by f(z) = 1 is bounded below by 1 but not bounded

above.
Theorem 5.38 (Boundedness Principle I)
If f:[a,b] — R is continuous, then f is bounded on [a, b].

Remark 5.39
As Example (iii) above shows, we need [a, b] rather than (a,b).
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Proof. We assume for a contradiction that f : [a,b] — R is continuous but not
bounded above. As f is not bounded above, we can choose z1 € [a,b] with f(z1) > 1
and z2 € [a,b] with f(z2) > 2, etc. That is, we have a sequence (z,)5; in [a,b]
with f(z,) > n.

By Corollary 5.33, this sequence (z,,);2; has a subsequence (., )]O‘;l which converges
to some x € [a,b]. By Theorem 5.19, the sequence (f(z,;));; converges to f(z)

since f is continuous at z. But on the other hand, by construction, (f(zr,;))52,
tends to infinity. Contradiction.

This shows that f is bounded above. The fact that f is bounded below follows
analogously. 0

Theorem 5.40 (Boundedness Principle IT)

If f: [a,b] — R is continuous, then f attains a maximum and a minimum on |[a, b],
ie. Jec € [a,b] s.t. f(x) < f(c) for all z € [a,b] and 3d € [a,b] s.t. f(z) > f(d)
for all = € [a, b].

Remark 5.41

This is only true in general for a closed interval [a,b]. For example the function
f(z) = 1 on the open interval (0,1) has a greatest lower bound which is 1, but
the value 1 is not attained inside the open interval (0, 1), so the function has no

minimum on this open interval.

Proof. Let M = sup{f(z) : x € [a,b]}. (This exists according to Theorem 5.38 and
the Completeness Axiom.) Suppose towards a contradiction that M is not attained
by f at any x € [a, b].

Now define ¢ : [a,b] — R by g(z) = M%f(x) This is well-defined since we assume
f(x) # M for any z € [a,b]. Since f is continuous, so is g (since it is the quotient of
continuous functions and the denominator is not zero). Hence by Theorem 5.38 also
g : [a,b] — R is bounded. In particular, there is some M’ > 0 such that g(z) < M’

for all z € [a, b].
But this means that

1 /
mgM Vz € [a, b
:%SM—JC@) v € [a, b]
= f(z) SM—% Vz € [a,b].
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In particular, M — ﬁ < M is an upper bound for f, contradicting the fact that M
was chosen to be the least upper bound.

Hence M must be attained by f for some ¢ € [a,b] (i.e. f(c) = M). Applying
exactly the same reasoning to the function — f, we see that — f attains a maximum

on [a,b] and hence f attains a minimum at some point d € [a, b]. O
Theorem 5.42 (The Interval Theorem)
If f:[a,b] — R is continuous, then {f(x) : z € [a,b]} is a closed interval.

Proof. Let m = inf{f(x) : x € [a,b]} and M = sup{f(z) : = € [a,b]}. By the
Boundedness Principle I (Theorem 5.38), we know that M and m exist and by

the Boundedness Principle II (Theorem 5.40) we know that they are attained, i.e.
de,d € [a,b] with f(c) =m and f(d) = M.

Without loss of generality, assume ¢ < d. f is continuous on [¢,d] (as [¢,d] C [a, b]).
So, given any y € [m, M| = [f(c), f(d)], by the Intermediate Value Theorem (in the
general form of Corollary 5.32), there exists some = € [a,b] with f(z) = y. Hence
{f(z): x € [a,b]} = [m, M]. O

Where to from here?

The Semester B module MTH5105: Differential and Integral Analysis takes these
ideas further, developing the modern edifice of calculus on rigorous foundations.
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