On deriving most of mathematics from first principles

J.A.Pyne

Abstract

In this volume, we aim to build a strong mathematical foundation that will be used in the

Contents

I___Foundations|

[L.1Mathematical logic (To add to as needed)|
[[11 Defining a definition] . . . . . . . . . . . . . o e
LI2What s truth?l . . . . . . . o

11.1.2.1 Logical statements and logical connectives| . . . . . . . ... ... ... ... ......
I1.1.3 Logical propositions| . . . . . . . . . . . . e e e e

[1.1.4.2 Proof by contradiction| . . . . . . . ... ... ... L
[ 143 Proof by contra-position] . . . . . . o v v v v e e

[L.2Sets and mappings|

|1.2.1.2 Subsets and universal quantifiers| . . . . . . . .. ... ... oL oL
[1.2.1.3 Operations on sets| . . . . . . . . . . oL
|11.2.1.3.1 The union, the intersection and set inclusion |. . . . . . ... ... ... ...

[1.2.1.3.2 The complement of a.set| . . . ... ... ... ... ... ...........

Viappine

[1.2.2.2 The image and pre-image| . . . . . . .. .. ... ...
[T.2.2.3 Tnjective, surjective and bijective MappIngs| . . . . « v v v v v v v o
[1.2.2.4 Compositions of maps| . . . . . . . . . . ..
[1.2.2.5 Inverse mappings| . . . . . . . . ...

(1.3The Natural numbers|
|1.3.1 Constructing the Natural numbers| . . . . . . . ... . . oo oo o
|1.3.2 Properties of the natural numbers| . . . . . .. ... ... L Lo

[1.3.2.1 Equality of natural numbers|. . . . . .. ... ... oo oo
|1.3.2.2 !nequality of natural numbers| . . . . . . .. ..

[1.3.2.3 Defining addition and multiplication on the Natural numbers| . . . . . . . . . ... ..
|1.3.2.4 Closure properties ot addition and multiplication| . . . . . . . . .. ... .. ... ...
[1.3.2.5 Commutativity of addition and multiplication|. . . . . . . .. . .. ... .. ... ..

—

N O U U = = =

10
13
13
16
20
25
25
27
28
28
30
37
42
49



[1.3.2.6 Associativity of addition| . . . . . . ... Lo Lo
[1.3.2.7 Multiplication distributes over addition| . . . . . . .. .. ... ... . o 0L
[1.3.2.8 Associativity of multiplication|. . . . . . . . . ..o oo
11.3.2.9 The Zero and Identity laws| . . . . . . . .. ... oo
[L.3.2.10T'he cancellation lawsl . . . . . . . . . . . .
[1.3.2.11Summation and product notation|. . . . . . . . . ... .. Lo Lo
11.3.2.12Exponentiation| . . . . . . . . . . L e
[L3.213ubtractionl . . . . . . . . . .
|1.3.2.14The principle of strong induction| . . . . . . . . . .. ... L Lo

[1.3.2.15T'he well-ordering principle| . . . . . .. .. ... ... .. o oo
[1.372.T76Rules for the nequality Operators|. . . . . « v v v v v v e e e e e

[L.4Cardinality, countability, relations|

[1.4.1 Cardinality] . . . . . ... . .

..............................................
A3 Relationd . . . - o o o oo e

[1.4.3.1 Definition of a relationl . . . . . . . . . . . . . ...

[1.4.3.2 Reflexive Relationl . . . . . . . . . . . . .

11.4.3.3 Equivalence Relations| . . . . . . . ... ... .

[1.5Construction of the Integers|

|I1.5.1 Defining the Integers| . . . . . . . . . . .
[1.5.2 Extending equality to the integers| . . . . . .. ... ... ... ... .. L.
|1.5.3 sztending inequality operators to the integers|. . . . . ... .. ... ... ... ... ...,
1.5.4 Extending addition to the integers| . . . . . . . . . L
|1.5.5 Extending multiplication to the integers| . . . . . . . . .. . ... o oL
|1.5.6 Closure properties of addition and multiplication| . . . . . . .. .. .. ... ... ... ..
[1.5.7 Associativity of integer addition and multiplication| . . . . . . ... ... ..o 0L

1.5.8 Commutativity of integer addition and multiplicatio

1.5.9 Multiplication distributes over addition| . . . . . . . . . . . . ... Lo Lo
[1.5.10C'he Zero and Identity laws| . . . . . . . . . ..
|L.5.1Extending subtraction to the integers|. . . . . . . . . ... o Lo
Lo 12I'he cancellation lawsl . . . . . . . . . o

[L.5.1dxtending the summation and product notations to integers|. . . . . .. ... ... ... ...
|1.5.1Ifxtenaing the rules for inequalities to the INTEZErs| . . . . . v v v v v v v e
[L5.15The absolute value functionl

[6C : Fihe Raf 5
[1.6.1 Defining the Rationals| . . . . . . . .. . .
[1.6.2 Extending equality to the rationals| . . . . . . . ... ... oo oo
|1.6.3 Extending inequality operators to the rationals| . . . . . . .. ... ... .00
[1.6.4 Extending addition to the rationals| . . . . . .. ... ... ... .. o 0000000
1.6.5 Extending multiplication to the rationals|. . . . . . . . . . . .. ... L oL
1.6.6 Closure properties of addition and multiplication| . . . . . . . . . . .. ... ... ..
|1.6.7 Associativity of rational addition and multiplication| . . . . . . .. .. ... 0oL
|1.6.8 Commutativity of rational addition and multiplication| . . . . . . . .. ... .. ... ... ..

[1.6.9 The Zero and Identity laws| . . . . .. ... ... ... ... ...

1.6.1(Multiplication distributes over addition| . . . . . . . . . . .. ... o

IL.6.12I'he cancellation lawsl . . . . . . . . . . e

[1.6.1defining multiplicative inverses and division| . . . . . . . . . . ... oL Lo

[1.6.14xtending the summation and product notations to the rationals| . . . . . ... ... .. ...
[T.6. 1% xtending the rules for inequalities to the INTEZETs| . . . v . o v v v v v it e e e

98

98
104
106
106
107
111

114
114
117
118
118
119
119
121
122
123
124
124
126
128
134
141
147



|1.6.16Extending exponentiation to the rational numbers| . . .
|1.6.1"Fxtending the absolute value tunction| . . . . . . . . ..

2 Elementary Number Theory|

[2.1Introduction|

2.2Divisibility
[2.2.1 Definition of divisibility of integers| . . . . . . . . .. ..

12.2.2 The greatest common divisor and the least common multiple| . . . . . . ... ... ... ...

[2.3Prime and co-prime numbers|

[2.4The integers modulo n|
[2.4.1 Remainders after divisionl . . . ... ... ... ... ..

[2.4.2 Congruences and residues (Modular arithmetic)| . . . . .

[2.5Diophantine equations and Polynomials|
[2.5.1 Linear Diophantine equations| . . . . . . ... ... ...
|2.5.1.1 Linear equations with two variables] . . ... ..
[2-5.1.2 Tincar equations with more than two variables| .
2.5.2 Polynomials| . . . . . ... .. 000000
12.5.2.1 Defining addition between two polynomials| . . .
12.5.2.2 Defining multiplication between two polynomials|

192
192

192
192
196

211
211
211

229
229
230



Part 1
Foundations

1.1 Mathematical logic (To add to as needed)

There are no facts, only interpretations.

Friedrich Nietzsche

In this section, we will introduce mathematical logic. This will give us the tools and basic building blocks
to be able to talk about mathematics formally. What do we mean by ‘in a formal way’? Modern mathematics
is built on a bedrock of logic, that is to say, given some statements which we will take to be true or have
already been proven true, what can we logically deduce must also be true, and what is also false. As an
example, we are familiar with the idea of positive whole numbers, also called positive integers; we are also
familiar with the idea of a positive whole number being prime when the only other positive whole numbers
that divide it are 1 and itself, for example, 2 is prime. From the facts that the positive whole numbers exist
and there is at least one prime, we can logically deduce there must be infinitely many primes. We will see
the proof of this later.

In this document we won’t be needing the full tools of mathematical logic, doing so will take us too far
afield, instead, we will only cover the key fundamentals we will need as well as define some terms which will
be used throughout.

1.1.1 Defining a definition

What is a definition? What does it mean to define something? Definitions are at the heart of mathematics,
without them we wouldn’t be able to do anything at all. A definition is a declaration that gives a formal
name to an object, class of objects, ideas, etc. For example, we can define prime numbers, such a definition
might look something like this.

Definition. Definition of a prime number
Consider a positive whole number, we say that this positive whole number is a prime number if the only
other positive whole numbers that divide it are itself and the number 1.

With this definition whenever we refer to the idea of a prime number, we know that this prime number
must satisfy that it only has two distinct numbers that divide it, itself and 1. As we will say throughout this
document, we can use a definition when making logical arguments. Definitions are the backbone of defining
the setup to logical arguments, if we don’t know about the objects we are arguing about then we can’t make
any logical deductions, or deduce the truth of mathematical statements. Now that we know what a definition
is, we can start using it to lay the foundation for the rest of the document. For formality, we will make,
somewhat paradoxically, a formal definition of a definition

Definition 1.1.1. Definition
A definition is a statement which gives a formal name to a concept.

1.1.2 What is truth?

What is truth? In particular, what is mathematical truth? Loosely speaking truth and mathematical truth
is based on the idea of does the premise entail this conclusion. That is to say, if we assume that a few
statements are true, then the conclusion we are trying to reach is also true. This is rather vague at the
moment because we haven’t defined what we mean by true.

1.1.2.1 Logical statements and logical connectives

We will need a few definitions.



Definition 1.1.2. Declarative logical statement
We define a Declarative logical statement to be either true or false. Here we are using the intuitive
definition of true and false.

We need to make the definition of declarative logical statements to define what we mean by true and
false, again somewhat paradoxically we need a definition of true and false to define what we mean when a
declarative logical statement is true. We shall ignore the paradoxical nature of these definitions.

Definition 1.1.3. Assignment of truth

Let P be a declarative logical statement, an assignment of truth is an interpretation of the statement P
that sees P as either true or false. We write this as § (P).

If this assignment of truth § sees P as true we write 6 (P) = 1 and we say that 0 interprets P as true. If
this assignment of truth sees P as false we write § (P) = 0 and we say that § interprets P as false.

These two definitions will allow us to build the foundations that we will need. It is first important to note
that an assignment of truth is not an absolute assignment of the truth of a declarative logical statement.
Different assignments of truth, and thus different interpretations, can give rise to different values of P being
true or false. Now, we have a building blocks to build more complex logical statements.

A first natural question is when does one the truth of one logical statement imply the truth or falseness
of another? Thinking about how this should work gives us a sense that something true should never imply
that something false is true, whereas something false can imply anything at all. Using this we define the
logical implication operator.

Definition 1.1.4. Logical implication
Let P and Q be logical statements. We define the logical implication of the statements P and Q, written
as P = Q, to have the following logical values

PlQ[P=Q
11 1
1[0 0
01 1
00 1

Table 1: The truth table for the logical implication operator.

We read this as P implies Q, or if P then Q.

Example 1.1.1. Let P = “The sky is overcast” and let Q = “The sun is not visible”. We have by the truth
table of logical implication that P = @ is true when

1. P is true and Q is true
2. P is false and Q is true
3. Both P and Q are false.

In words we have P = @Q is true in these circumstances

1. If it is true the sky s overcast then the sun is not visible.

That is, if the sky is overcast then the sun is not visible

2. If it is false that the sky is overcast then the sun is not visible.

That is, if the sky is not overcast then the sun is not visible.

3. If it is false that the sky is overcast then the sun is visible.

That is, if the sky is not overcast then the sun is visible.



In particular case two could be true say when it is nighttime, if it is nighttime the sun is clearly not
visibldl]
Lets look at these statements the other way, Q@ = P. We have that is is true when

1. Q is true and P is true
2. Q is false and P is true
3. Both Q and P are false.
In words that is we have QQ = P is true in these circumstances
1. If the sun is not visible then the sky is overcast
2. If the sun is visible then the sky is overcast

3. If the sun is visible then the sky not is overcast

There is one definition that arises from logical implication that is occasionally useful in proving other
statements.

Definition 1.1.5. Vacuous truth
Let P and @ be statements such that we have P = Q. Suppose that P is false, then by the definition of
logical implication we have that P = Q is true. We say that P = Q is vacuously true.

Example 1.1.2. The statement “All my children are goats” is vacuously true for someone who doesn’t have
any children.

It is often the case we have theorems in mathematics which are of the form P implies @) and @ implies
P, that is two separate logical sentences can imply each other. This is the logical bi-conditional.

Definition 1.1.6. Logical Bi-conditional
Let P and @ be logical statements. We define the logical Bi-conditional of the statements P and Q,
written P < @Q, to have the following logical values

Pl Q| PeQ
1|1 1
110 0
011 0
00 1

Table 2: The truth table for the logical Bi-conditional operator.

We read this as P if and only Q, meaning P implies @ and Q implies P.

Example 1.1.3. Let P = “A number is even” and let Q = “It is divisible by 2”. By the truth table of the
logical bi-conditional that P < @ is true when

1. Both P and Q are true.

2. Both P and @ are false.

That is in words we have P < ) when

1. A number is even if and only if it is divisible by 2

2. A number is not even if and only if it is not divisible by 2

Now that we have the logical implication and logical bi-conditional, we can start defining more complex
logical connectives. These are the logical conjunction, logical disjunction and logical negation

1We are clearly not talking about sunsets



Definition 1.1.7. Logical conjunction

Suppose we have two logical statements P and Q. We define logical conjunction, written as P A Q, to be
true if and only if P and @ are both true, that is to say the logical conjunction connective has the following
truth table

PIQ[PAQ
I]1 1
1[0 0
01 0
00 0

Table 3: The truth table for the logical conjunction operator.

Informally, we call this logical AND rather than logical conjunction.

Example 1.1.4. Let P =“c > 2”7 and Q = “c < 10”7 and suppose that P and Q are true, then P A\ Q is true
and represents the expression 2 < x < 10.

Example 1.1.5. Let P A Q be the expression “Adam likes apples and oranges”. We can break down p A Q
into the two separate logical sentences, P = “Adam likes apples” and QQ = “Adam likes oranges”.

Definition 1.1.8. Logical disjunction

Suppose we have two logical statements P and Q. We define logical disjunction, written as PV @, to be
true when either one of P and @Q are true or both P and @ are true. This is to say the logical disjunction
connective has the following truth table

PIQ[PVQ
I]1 1
1[0 1
01 1
00 0

Table 4: The truth table for the logical disjunction operator.

Informally, we call this logical OR rather than logical disjunction.

1.1.3 Logical propositions

Now that we have an idea about logical connectives we can consider more complex logical statements, in
particular we now start to consider statements whose truth values can depend on a variable.

Definition 1.1.9. Variable
A variable is something that has a value that can change.

How can a statement whose truth value change depending on a variable. To answer this we need to
introduce the idea of all the possible values that this variable can take.

Definition 1.1.10. Domain of Discourse
We define the Domain of Discourse to be the collection of all values that a variable can take. We will
denote the domain of Discourse by D.

Definition 1.1.11. Logical proposition
Let D be a Domain of Discourse. We define a logical proposition, denoted by P (ni,na,...,nx) be a
proposition that is based on the variables ny,ns, ..., ng are variables from the domain of discourse.



Example 1.1.6. Let P (n) be the proposition denoted by

P (n) =n is a even number

where the domain of discourse D = N where N denotes the positive whole numbers, i.e 1,2,3,....
We have for even n, say 2,4,6,8,... that P (n) is true. and for odd n, say 1,3,5,7,... that P (n) is
false.

Example 1.1.7. Let P (n,m) be the proposition denoted

P(n,m)=n>m

that is n is greater than m, where the domain of discourse D = N is again the positive whole numbers
1,2,3,....
Suppose that n =2 and m = 3, then P (n,m) is false, if n = 45 and m = 7 then P (n,m) is true.

We see that logical propositions allow us to construct more complex logical statements and are the
building blocks for the more complex Mathematical statements that we will be using.

1.1.4 Proof

Logic and truth are two of the corner stones of Mathematics, the third is proof. Without proof we are unable
to verify the truth of any mathematical statements. So what exactly is a proof?

Definition 1.1.12. Mathematical proof

Suppose we have some logical statements which are known or assumed to be true, and suppose we wish
to see if some conclusion if true given this assumption. We define a Mathematical proof is where we start
from these assumptions and at each step logically deduce additionally true statements until we have proven
the conclusion. In other words a Mathematical proof can be broken down into a simple question. Do the
assumptions entail this conclusion?

This isn’t a truly rigours definition of a mathematical proof, and one can define this rigorously in a course
on mathematical logic. To do so here would be too much of a diversion, instead we will just keep in our
minds that a proof is a series of logical deductions from assumptions to a conclusion. When we have reached
the conclusion we use a special symbol. We use the symbol [ at the end of a proof to show that we are
done.

There are many different types of proof that we will invoke throughout the rest of this document.

1.1.4.1 Direct Proof
The first type of proof we define is direct proof. We define a direct proof as follows.

Definition 1.1.13. Direct Proof
In a direct proof, the conclusion is logically established by using axioms, definitions and previously proven
theorems.

We will give an example of direct proof.

Example 1.1.8. In this example we will breakdown each step of a direct proof.
Here we will give the definitions we will be using and any assumptions which we will be using in the
prove(i,e previously proven theorem):

1. We say a number is an integer if it is a whole number, such as —4,—3,54,8,0,2,7 and so on.

2. We will also assume that adding and multiplying integers works as we would have taught in school, for
example 5+ 7 =12, 2% 14 = 28 etc.

3. We say that an integer is an even integer if it can be written as x = 2 x m where m is any integer.



We now move to the proof.

Suppose we have two such even integers, say r and y. We will use direct proof to show that x + vy must
also be even.

Proof:

Suppose we have two even integers x and y. By the definition of an even integer we have that x = 2 xn
and y = 2 xm for some integers n and m. Now consider zx + vy, we have

z+y=2*xn+2xm=2x(n+m)

Now, n+m is adding two integers together and is an integer. say k = n+m, hence we have that x+vy = 2xk,
but by definition of an even we have that x + y is even. This concludes the proof. [

1.1.4.2 Proof by contradiction

The second type of proof we define is proof by contradiction. This is a very powerful tool.

Definition 1.1.14. Proof by contradiction

Suppose we have a logical statement P that we wish to find the truth of. If we suppose that =P is true and
then assuming —~P we can derive another logical statement Q which is known to be false, or we can derive
both Q and —Q. Then we must have that —P is false and P is true.

In other words, proof by contradiction states that if, when making an assumption, we can derive a false
statement, then the assumption itself must have been invalid. We can justify proof by contradiction using
the following truth table.

P|-P|—-—P| - —-P=P
1 0 1 1
1 0 1

Table 5: The truth table for proof by contradiction.

Example 1.1.9. Like with the example using direct proof. We will break down each step of proof by contra-
diction.

Here we will give the definitions we will be using and any assumptions which we will be using in the
prove(i,e previously proven theorem):

1. We say a number is a rational number if it is the ration of two integers a and b where b # 0. Examples
12 15

of rational numbers are 33" 3 and so on. We say a number is irrational if it is not rational.

8

2. We say that a rational number 4 is in simplest form if the only number that divides both a and b is 1.

b

3. Any rational number has a simplest form.

4. We will also assume that adding and multiplying rational numbers works as we would have taught in
school, that is we have for two rational numbers 3 and ¢ that

d
a c axd+bxc a ¢ axc
7—|—7:7’7*7:
b d bxd b d bxd

5. We say V2 is the number which satisfies V2%x/2=2
6. We assume the definition of an even integer from the previous example

7. If axa = a® is an even integer, then so is a



We now move to the proof.
We have that /2 is an irrational number. This is to say that V2 is not the ratio of two whole numbers

a
a and b where 7 is in simplest form.

Proof:
Aiming for a proof by contradiction, suppose that /2 is a rational number that is in simplest form. This

is to say we have that /2 = % for some integers a,b. We have by assumption that /2 is the number such
that /2 % /2 = 2. Hence we have that

2
a a a

Where a? = a x a and b> = b+ b. We can multiply the above expression by b> on both sides to get

a? =2 x>

By definition of an even integer we have that a® is even and so a must be even, that is a = 2*k for some
integer k. Hence we have that

= 2%k’ =4%k>=2xb
That is 4 x k* = 2 % b2 which implies that b> = 2 x k2, that is b is even and so b must be even. This is a
contradiction, as we have that a is even and b is even and so there share a divisor of 2, contradicting the

a
fact we assumed that /2 = 7 was in simplest form.

Therefore, /2 must be irrational. [
1.1.4.3 Proof by contra-position
Another type of proof that we define is proof by contra-position, sometimes called proof by contra-positive.

Definition 1.1.15. Proof by contra-position
Suppose we have a logical statement P and we wish to show that P implies some other statement Q). We
are able to show that P = @ if we can show that =@ = —P.

Proof by contra-position states that proving a statement of the form P = @ is the same as showing that
—@Q = —P. It is easier to see this from the truth table.

Pl Q|-P|Q|P=Q|Q=-P
110] 0 1 0 0
171 0 0 1 1
01]0 1 1 0 1
01 1 0 1 1

Table 6: The truth table for proof by contra-positive.

Maybe, to make it even clearer, we can use a worded example. Let P denote the statement “It is raining”
and @ denote the statement “I wear my coat”. We have that P = Cﬂ The contra-positive would be
=) = —P. In words this would be “If I don’t wear my coat” then “It is not raining”.

Example 1.1.10. A more mathematical example can be seen now. We will let x be an integer and we will
show that if 2% is even then x is even. We will use proof by contra-position. So We will show that if x is
not even then x2 is not even.

1. So, x not being even means x is odd. This means that © = 2n + 1 for some integer n.

2. Now, we have z2 = (2n+1)° = 4n® +4n +1 =2 (2n? +2n) + 1.

2If we are being logical and don’t want to get soaked before we get to our destination.



3. Hence, we have shown that 2 is of the form 2k + 1 for some integer k.

4. Therefore 2 is odd.

Concluding the proof by contra-positive.



1.2 Sets and mappings

No one shall expel us from the paradise that
Cantor has created for us.

David Hilbert

1.2.1 Sets

1.2.1.1 Introduction and basic definitions

We start with the most elementary definition, a Set or less formally, a collection of ‘objects’. This notion of
an object is not very rigorous, what do we mean by an object? Do these objects really existﬂ In what way
can one collection of objects differ from another?

These questions are at the foundation of Mathematics and to justify the notions and hence tools we need
would require a significant detour into the realm of Mathematical logic. The interested reader would find
so-called Zermelo—Fraenkel set theory to be of interest in formalising the notion of a set, we will give a brief
overview at the end of the section. To avoid the trip into Mathematical logic, we will instead define sets
with a more ‘hands on’ approach

Definition 1.2.1. Naive definition of a Set
A set is a collection of objects. We list the elements surrounded by curly brackets { }.

This definition will make sense after we see some examples
Example 1.2.1. Let S ={1,2,3, Dogs, Cats, Apples, Pears}. Then S is a set.

Example 1.2.2. Let S = {"Fo0”,{1,2,3, Dogs, Cats, Apples, Pears} , Apples, Pears}. Then S is a set.
We note that the set from the previous example is now in this set.

It would be useful to talk about a particular object in some set S. For example we can say that 1 is in
the set from example 2.1. above. We formalise this idea

Definition 1.2.2. Element of a set
An object in a set is called an element of the set.

Definition 1.2.3. Set membership
Let S be a set and let © be an element of the set S. We say that x is a member of the set S and write
x € S. Ify is some object which is not in the set S we write that y & S.

Example 1.2.3. Let S = {1,2,3, Dogs, Cats, Apples, Pears}. We have that 1 € S and Dogs € S but we
have that Blue ¢ S.

The above example shows a few interesting points. Dogs in English is used when we wish to talk
about multiple dogs at once, so it would be absurd to deny that Dogs could itself be a set, for example
Dogs = {Lassie, Scooby — Doo, Snoopy, Blue}. So we have that

S =1{1,2,3,{Lassie, Scooby — Doo, Snoopy, Blue} , Cats, Apples, Pears}

Does this now mean that Blue € S7. The answer is no, Blue is not any one of the objects in S, however
there is an object in S that does contain Blue, namely Dogs. This shows that € only looks at most one
layer deep of {...}.

One might wonder if it can ever be the case that a set contains itself, that is a set like S = {S}7 Again
the answer is no, to see why we need to define a new way of making sets, where the elements of the set are
conditioned on some statement being true.

3By exist we mean in the abstract sense.



Example 1.2.4. Suppose we want the set of all even integers then we have

S ={xz:x is an even integer}
The : symbol stands for such that, so S reads the elements x such that x is an even integer.

Returning to the question of can a set contain itself. Consider the set

S={R:Risasetand R¢ R}

That is S is the set of all sets R such that R is a set and R does not contain itself. Now suppose that S € S.
By definition of S we must conclude that S ¢ S. Conversely if S € S then by definition of S we have that
S € S. This is an issue, and shows the flavour of the issues of allowing a set to contain itself, so we shall
revise our definition to not allow for a set to contain itself.

Definition 1.2.4. Set
A set is a collection of objects such that none of the objects in the collection is the set itself.

1.2.1.2 Subsets and universal quantifiers

Given a set, we can talk about a smaller collection of the elements of the set, which we call a subset.

Definition 1.2.5. Subset

Let S be a set. If K is also a set such that for every x € K we also have that x € S then we say that
K is a subset of X, and write K C S. We say that K is a proper subset of S if we have that S C T and
S # T, we denote a proper subset by C, hence C allows for the possibility that K = S. We call C and C the
set inclusion operators.

Conversely can also define the notion of a super-set, this isn’t too useful for what we are doing but it
does sometimes appear in other text so it worth mentioning it now.

Definition 1.2.6. Super-set
Let S CT. We say that T is a super-set of the set S and we write this asT 2 S.

Example 1.2.5. Let S ={1,2,3,4,5,6} then some subsets of S are {1,2}, {4} and {1,2,6}
With the idea of a subset we have our first proposition

Proposition 1.2.1. Two sets are equal if and only if they are subsets of each other

Let X andY be sets. We have that X =Y if and only if X CY and Y C X.

Proof:

This is an if and only if proposition so we have to prove that given X =Y then X CY andY C X and
then we need to show that given X CY andY C X, that X =Y.

(=): Suppose that X =Y then we have that X and Y have the same elements, in particular we have
that every x € X is also in'Y so that X CY. Likewise Y C X.

(«<): Suppose that X CY andY C X. X CY means that for every x € X we have that x € Y. Likewise
Y C X means that for every x € Y we have that x € X. Hence we must have that the elements of X and Y
are the same, that is X =Y. [

There is also another property of subsets that is useful.

Proposition 1.2.2. Set inclusion transitivity property

Let R, S and T be sets such that R C S and S CT. We have that R CT

Proof:

Let R, S and T be sets such that R C S and S C T. Suppose that x € R. By assumption we have that
R C S and so x € S. Likewise by assumption we have that S CT and so x € T. Hence RCT.

The result follows. [

A similar result holds if we replace subsets with proper subsets.
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Proposition 1.2.3. Proper set inclusion transitivity property

Let R, S and T be sets such that R C .S and S CT. We have that RC T

Proof:

Let R, S and T be sets such that R C S and S C T. Suppose that x € R. By assumption we have that
R C S and so x € S. Likewise by assumption we have that S CT and so x € T. Hence R C T.

We must show that it is not possible for R = T. As R C S then by definition we have that R # S,
likewise as S CT then S #T. As R# S # T we conclude that R # T and so R CT.

The result follows. [

We can also make the following observation.

Proposition 1.2.4. Proper set inclusion and subset inclusion is not transitive

Let R, S and T be sets such that R C S and S CT. We have that R C T

Proof:

Let R, S and T be sets such that RC S and S C T.

IfR# S then R C S and so proposition[I.2.3 applies. So suppose that R =S then R C S and soVx € R
we have that x € S. Now as S C T we have that S#T = R#T as R=S.

The result follows. [

We will define what we truly mean by transitivity in the next chapter, right now it is more important
to know that sets satisfy this property than why this property is named the way it is. As set inclusion is
transitive, so is set equality.

Proposition 1.2.5. Set equality transitivity property

Let R, S and T be sets such that R=S and S =T. We have that R ="T.

Proof:

Let R,S and T be sets such that R =5 and S =T. We have that R =T. By equality of sets we have
that R C S and S C R, likewise we also have that S CT and T C S. Now as RC S and S C T then we
must have by transitivity of set inclusion that R C T. Moreover as T C S and S C R we again have by
transitivity that T C R. The result follows by equality of sets. [

Definition 1.2.7. The empty-set
The empty-set is the set that contains no elements. It is denoted by 0.

To make our lives a little easier we will introduce some notation

Definition 1.2.8. Universal and ezistential quantifiers

Let S be any set. The universal quantifier ¥, meaning for all, allows us to talk about every element S.
We can condition the universal quantifier with a such that ,:, in order to pick all the elements that satisfy a
given condition.

The existential quantifier 3 tells us of the existence of an element in S. Just saying an element in a set
exists is not particularly usual and so we normally combine 3 with a condition.

Some examples will help us here.

Example 1.2.6. Consider the set {1,2,3,4,5,...} =N, we call N the natural numbers. Moreover, consider
§={1,2,3,4,5,6}

1. We have that Vx € S that x € N, that is every element of S is also an element of N.

2. We can apply the universal quantifier multiple times in a statement, for example

Vae NNVbeN,JceN:a+b=c

3. Let a,b € N that is let a € N and let b € N. Then we can construct the following set. We say that a is
divisible by b if 3¢ € N such that a = bc, we write this as b | a. The set of all such ¢ can be expressed
by

C={ceN:a=bc}
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The empty set has the interesting property that it is a subset of any set.

Proposition 1.2.6. The empty-set is contained in every set

Let S be any set. Then ) C S

Proof:

We have that ) C S means that every element of O is also contained in S. The definition of the empty
set means that there are no elements in ). We can phrase this to the following statement

Ve:z€h=xcS

But x € () is not true for any x so

Ve:zelhl=zxzecS
O

s vacuously true. It hence follows the empty-set is contained in any set.

Proposition 1.2.7. The empty-set is unique
The empty-set is unique, that is there is only one distinct set which is the empty-set

Proof:
Suppose that O and (' are two empty sets. By proposition[1.2.6 we have that ) C 0, likewise O' C (). So

by proposition we have that ) = . Hence the empty-set is unique. [
It would be nice to have more ways to construct sets. Two key ways to do this are with the union

operation and intersection operation.

Definition 1.2.9. Union and intersection of sets
Let S and T be any two sets. We define the union of S and T, denoted by SUT, is the set

SUT ={x:z€S orxeT}

The intersection of S and T, denoted by SNT, is the set

SNT={z:zeS andx T}
., A, then the union of all of these sets is denoted

If we have a finite number of sets, given by Ay, As,

by
and the intersection is denoted by

Sometimes it is useful to define a union or intersection of multiple sets given some condition or multiple
conditions, usually when the conditions involve other previously defined sets, this is denoted as

U 4
Condition 1 forA
Condition 2 forA

for the union and for the intersection

n A
Condition 1 forA
Condition 2 forA
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Example 1.2.7. Let S ={1,2,3,4,5,6} and let T = {2,4,5,6,7,8}, we have that

SUT ={1,2,3,4,5,6} U{2,4,5,6,7,8} = {1,2,3,4,5,6,2,4,5,6,7,8} = {1,2,3,4,5,6,7,8}
SNT=1{1,2,3,4,5,6} Nn{2,4,5,6,7,8} = {1,2,3,4,5,6,2,4,5,6,7,8} = {2,4,5,6}

We note that in the union we have multiple elements, for example we have two 2’s. Repeated elements
in a set are considered to be the same element so we don’t write them, i.e {2,2} = {2}

Example 1.2.8. Let A) = {1,2,3}, Ay ={1,2,7,9} and A3 = {1,4,8,12}. We have that the union of these
sets is given by

A=A UAU A3
1

n

K3
={1,2,3}U{1,2,7,9} U{1,4,8,12}
={1,2,3,4,7,8,9,12}

The intersection of these sets is given by

ﬂAi:AlmAgmAg
=1

={1,2,3}N{1,2,7,9} N {1,4,8,12}
= {1}

We make one useful definition about intersections

Definition 1.2.10. Disjoint sets
Let X and 'Y be sets. If we have that X NY = () then we say that X and Y are disjoint sets.

1.2.1.3 Operations on sets

1.2.1.3.1 The union, the intersection and set inclusion Before we continue we introduce three new
ideas that will play a role throughout the rest of this paper.

Definition 1.2.11. Operation
An operation o acts on some inputs to produce an output or some outputs.

Example 1.2.9. The union U and intersection N are examples of operations. These operators operate on
two sets to produce a third.

Definition 1.2.12. Commutative operation
Let o be an operation that accepts two inputs, i.e we have Ao B for valid inputs A and B. We say that
o is commutative if and only if Ao B=Bo A

Example 1.2.10. Consider N = {1,2,3,4,5,...}. We are familiar with the idea of addition of positive
numbers, say 1 + 2 = 3. It is clear that the addition operation is commutative for N, e.g. 1+2=3=2+1

Definition 1.2.13. Associative operation
Let o be an operation that accepts two inputs, i.e we have Ao B for valid inputs A and B. We say that o
is associative if and only if (Ao B)oC = Ao (B o C) where the operation in the brackets should be computed

first.

Example 1.2.11. Again consider N = {1,2,3,4,5,...}. The addition operator for N is associative, e.g.
(14+2)43=34+3=6=14+5=14+(2+3)
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We note that we have not defined a rigorous notion of addition, to do so will require us to consider
mappings which we do later.
We have the following proposition about the properties of intersections, unions and set inclusions.

Proposition 1.2.8. Properties of intersection, union and set inclusion
Let A, B,C be sets. Then we have that the following properties are true

1.

10.
11.
12.
15.

1

2
3
4
5.
b
7
8
9

ANB=BNA

. AUB=BUA
.ANBCA
.ACAUB

ACB=ANB=A

.ACB=AUB=2B
 ACB=ANCCBNC
.ACB=AUCCBUC
CANA=A

AUA=A

BNnC ANnB)NC
AuB)UC
BuUC

BNC

An( ) =
AU(BUC) =
An( ) =
AU( )=(AUB

( )n
( )u
(ANB)U(ANC)
( )N(AUC)

Proof:

1.

ANB=BnNA:

Let x € AN B then x € A and x € B by the definition of the intersection. It is hence clear that
x € BNA. So we have ANB C BNA. Likewise if v € BNA thenx € B andx € A, so thatx € ANB.
So BNAC AN B. It hence follows by proposition that ANB=BnNA.

AUB=BUA:

Let x € AU B then x € A or x € B by the definition of the union. We hence have that x € B U A.
So we have AUB C BU A. Likewise if t € BUA thenx € B and x € A, so that x € AU B. So
BUAC AU B. It hence follows by proposition that AUB = BU A.

ANBCA:

Let © € AN B, then by the definition of the intersection x € A and x € B. Hence x € AN B means
that x € A so that AN B C A.

ACAUB:

Let x € A. By the definition of the union of two sets we have that y € AU B if and only if y € A or
y € B. Hence it follows that v € AU B

ACB=ANB=A:

Let A C B and suppose that © € A, then we have that vt € B as A C B. Hence x € AN B. This holds
for any choice of © € A. We conclude that if AC B then ANB=A

14



10.

11.

12.

15.

ACB= AUB=B:

Let A C B. Observe that B C B so that AUB C BUB = B, that is to say AUB C B. Now
B CAUB. Hence AUB = B.

ACB=ANCCBNC:

Suppose that A C B and let x € ANC, then by definition x € A and x € C. Also we have that as
A C B that x € A gives x € B. Hence x € BN C. It follows that ANC C BNC.

ACB=AUCCBUC:

Suppose A C B and let x € AUC. We have thatx € A orx € C. If x € A then as A C B we have that
x € B so that x € BUC. Ifx € C then clearly x € BUC. FEither way we have that AUC C BUC.

ANA=A:

Let x € A, then by the definition of the intersection we have that y € AN A if and only if y € A and
y€ A, hencex € ANA. Sothat AC ANA. Now If x € ANA we have by definition of the intersection

of two sets that x € A and x € A, so the force of deductive logic then drives one to the conclusion that
rz €A SoANAC A. Hence ANA=A.

AUA=A:

Let x € A, then by the definition of the union of two sets, we have that y € AU A if and only ify € A
pry € A, hencex € AUA so that A C AUA. Now suppose that x € AU A, then again by the definition
of the union we have that x € A so that AUA C A. Hence A= AU A.

AN(BNC)=(AnB)nC:
Let A, B and C be sets. Consider AN (BNC), we have that x € AN (BNC) means that x € A
and x € BN C, likewise v € BN C means that x € B and x € C. Now as x € A and z € B
and © € C so we have that x € AN B and x € C. Finally we have that x € (ANB)NC so that
AN(BNC)C (AnB)nC.

Now consider (ANB)NC, ifx € (ANB)NC thenx € ANB and x € C, also x € AN B means that
re€Aandr € B. Asx € Aandx € B and x € C' so we have that x € A and x € BN C so that
x € AN(BNC). Hence (ANB)NC C AN (BNCQC).

Hence AN(BNC)=(AnB)NC

AU(BUC)=(AUB)UC:

Let A, B and C be sets. Consider AU(BUC) and let x € AU (BUC), we have that either x € A or
x € (BUCQ). Ifx € A then we have that x € AUB so that x € (AUB)UC. Ifx € BUC then either
xe€BorxeC. IfreBthenX € AUC so that x € (AUB)UC. Otherwise x € C and we have
that x € (AU B)UC. Hence we have that AU(BUC)C (AUB)UC

Conversely let x € (AU B)UC. We have that either x € (AU B) orxz € C. Ifx € (AU B) then either
x € A or x € B, in either case we have that x € AU(BUC). Ifx € C thenx € AU(BUC). So that
(AUB)UC C AU (BUCQC).

Hence AU(BUC)=(AUB)UC

AN(BUC) = (ANB)U(ANC):

Let x € AN(BUC), then we have that x € A and x € BUC. We have x € BUC gives us that x € B
orzeC. Ifx e Bthenx e ANB and sox € (ANB)U(ANC). Likewise is x € C then x € ANC
sox € (ANB)U(ANC). Hence AN(BUC)C (ANB)U(ANC).

For the opposite inclusion, let x € (AN B)U(ANC) then we have that either x € ANB orx € ANC.
If x € AN B then © € A and x € B, so we hence have that x € BUC so that v € AN (BUCQ).
Likewise if we have v € ANC thenx € A andx € C, sox € BUC and x € AN (BUC). Hence
(ANB)U(ANC)C AN(BUC)

So AN(BUC) = (ANB)U(ANC).
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14. AU(BNC)=(AUB)N(AUC):
Let x € AU (BNC) then eitherx € A orx € BNC. Ifx € A thenx € AUB and x € AUC, which
istosayr € (AUB)N(AUCQC). Ifx € BNC thenx € B and x € C, so it follows that © € AU B and
x € AUC which is to say x € (AUB)N(AUC). Hence AU(BNC)C(AUB)N(AUC).
Now, suppose that z € (AU B)N(AUC). We then have that x € AUB and x € AUC. Nowx € AUB
gwesx € A orx € B, also x € AUC means that x € A or x € C. This gives us two possible outcomes.
Ifr e Athenx € AU(BNC) so that (AUB)N(AUC) C AU (BNC). Suppose that © ¢ A then we
must have that © € B and x € C asx € AUB andx € AUC. Hencex € BNC sox € AU(BNC).
Hence (AUB)N(AUC)C AU(BNCQC).
So we have that AU(BNC)=(AUB)N(AUC).

The proposition now follows. [

Theorem 1.2.1. Equivalence of Subsets with union and intersection
Let A, B be sets. The following are equivalent

1. ACB

2. AnB=A
3. AUB=B
Proof:

Suppose A C B. By proposition we have that

A=ANACANBCA

Hence A= ANB.

Now suppose that AN B = A, then A C B. This shows 1 and 2 are equivalent.

Suppose A C B. Let x € A then x € B. Then as x € B we have that t € AU B so that B C AU B.
Suppose that © € AU B, then either x € A or x € B. If x € B we are done and we have that AUB C B. If
x € A then as A C B we have that x € B so that AUB C B.

Hence AUB = B.

Now suppose that AU B = B. Suppose that © € A thenx € AUB = B sox € B, hence A C B.

This shows the equivalence of 1 and 3.

The equivalence of 2 and 3 now follows. Indeed, suppose that AN B = A then by the equivalence of 1 and
2 we know that A C B, also by the equivalence of 1 and 8 we know that AUB=B. O

1.2.1.3.2 The complement of a set It sometimes becomes useful to talk about the elements that are
not in some set S. This only makes sense if S is contained inside some larger set.

Definition 1.2.14. Complement of a set
Let S be a set such that S C U for some set U. We define the complement of S, denoted by S€ as the
following set
S¢={zxcU:z¢S}

We can alternatively write S¢ = U \ S, where \ is the set difference operation.
Moreover we can also consider the complement of a set A with respect to some other set B, again occurring
inside some larger set U which is to say A C U and B C U. We have that

A\B={rx€A:z ¢ B}
We call
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Example 1.2.12. Let U = {1,2,3,4,5,6}, S ={1,2,3,4,6} and T = {2,4,6}. We have that S C U so that

SC ={zeU:z¢gS}={5}
T ={zxcU:x¢T}=1{1,35}

Also

S\T={xeS:z2¢T}={1,3}
T\S={zeT:z2¢&S}=0

An immediate result follows from the previous definitions of the complement of a set and set difference.

Theorem 1.2.2. De-Morgan’s laws
Let A and B be subsets of some universal set U. We have the complement laws

1. (AnB)° = A°UBC®

2. (AUB)® = A9 0 B°

We also have the set difference laws
1. U\N(ANB) = U\ AU U\ B)
2. U\(AUB) = (U\ A)n(U\ B)

Proof:
We first prove the complement laws.

1. (AnB)Y = A° U BC:

Letz € (AN B)C, by the definition of the set complement we have that x ¢ (AN B). So by the definition
of the intersection and x not being an element of AN B we have that © € A or x ¢ B. Suppose that
x & A, then by the definition of set complement we have that x € A® so that x € A® U BC. Likewise
if v & B then € B¢ so that v € A° U B®. Hence we have that (AN B)C C A U B°.

Now suppose © € A° U B®, then x € A® or x € B®. Suppose x € A® then x ¢ A so that ng ANB
hence z € (AN B)C. Likewise if v € B¢ then z ¢ B so v ¢ AN B so that x € (ANB)°. Thus

ACUBC C (AnB)“
Hence (AN B)C =AU B°.
2. (AUB)® = A° N BO:
Let x € (AU B)C, then we have that x ¢ AUB so x ¢ A and v ¢ B. This means that x € A® and
x € BY which is to say x € A° N B®. So (AUB)C C A° N B€.

Suppose © € A® N B® then x € A® and x € B€. = € A® means that x ¢ A and x € B® means that
x€B,soxd Aandx & B hencex € AUB. Thus x € (AUB)C. Hence A® N B¢ C (AUB)C

Thus (AU B) = A n BC
It is left to prove the set difference laws.

1. U\(ANB) = (U\ A)U U\ B):

Let X € U\ (AN B) then by definition we have that x € U and x ¢ AN B, which is to say that
x & A or x & B with the possibility of being in neither. If x & A then x € (U \ A) and we clearly have
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x € (U\A)U U\ B). Likewise if v ¢ B and both cases clearly hold in the case where © ¢ A and
X & B. It follows that in every case that x € (U \ A)U(U \ B). Hence U\(ANB) C (U\ A)U(U \ B)

Now suppose that x € (U \ A)U (U \ B) then by definition we have that x € U\ A or x € U\ B with
the possibility of being in both. If v € U\ A then x € U and X € A. Hence x ¢ AN B, likewise if
X €Y\ B then we again conclude that X ¢ AN B. However as x € U then we have by definition that
x €U\ (AN B). We conclude that (U\ A)U(U\B) CU\ (AN B)

It follows that U\ (ANB)=(U\ A)U (U \ B)

U\(AUB) = (U\ A)N(U\ B):

Suppose that U\ (AUB) thenx € U andx € AUB sox & A and x ¢ B. Clearly then x € U\ A and
x €U\ B sothatx € (U\ A)N(U\ B). So we have that U\ (AUB) C (U\A) N U\ B).

Let x € (U\NA)N(U\B) thenx € U\ A and z € U\ B which is to say that t € U and x ¢ A and
x & B. Clearly x ¢ A and x € B gives us that x ¢ AU B and so x € U\ (AU B) by definition. This
allows us to conclude that (U\ A)N(U\B) CU\ (AUDB)

Hence U\ (AUB)=(U\A)N(U\ B)

This proves the theorem. [

Proposition 1.2.9. Additional properties of set complements and set differences
Let A, B and C be a sets such that AC U, B CU and C CU. Moreover suppose U is not contained in
any other set. Then we have that

1.

o RS

10.

Svo e e

AUAC =U

ANAC =0

¢ =U

U =10

If A C B then B¢ C A¢
(49) = 4
A\B=AnBC°
(A\B)“ = A°UB
A\ B¢ =B\ A

(A\B)NC = (ANC)\ (BNC)

11. A\ (B\C)=(ANB)\ (ANC)
12. (A\B)NnB=10
18. (A\B)N(ANB)=10
Proof:
1. AUAC =U:

Letx € AUAC thenx € A orx € A, If x € A then as A C U we have that x € U. If x € A° then
by the definition of set complements we have that x € A€ if and only if x € U. Hence AU A® C U.

Conwersely suppose that © € U. We know that A C U so if x € A we clearly have x € AU A®. So
suppose x© & A then by definition of the set complement we have that x € A® so that z € AU AC.
Hence U C AU A°.

So AU AC =U.
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. AN A% = 0:

Let x € ANAC, then x € A and x € AC, however x € A® means that x ¢ A. This contradicts the fact
that x € A, hence there are no elements x € U so that x € A and x € AC, this is to say AN A€ = ().

Hence AN A€ = 0.

.09 =U:
By the definition of the empty set we have that () has no elements. The complement of the empty-set is

0¢ ={z cU:z¢0}

Hence every x € U is such that x ¢ (). So )¢ C U.
Conversely let x € U, then x € () as ) has no elements. so x € )€ hence U C (°.
It follows that )¢ = U.

L UC =0:
Let x € UY, by the definition of set complement we have that

U’ ={yeU:ygU}
This is clearly empty as no such y can satisfy y € U and y € U.
Hence U = ().

. If AC B then B¢ C A®:

Suppose that A C B. We have by proposition [1.2.8 property 5 we have that AN B = A. It follows that
(AN B)C = A®. Now by De-Morgan’s laws we have that (A N B)C = AUBC®. Hence A°UBC = A°.
Finally by theorem we know that X UY =Y if and only if X C Y for sets X and Y. Hence
B¢ C A“.

- (A9)° = 4:
Let z € (AC)C. By definition we have that

(A = {wcU g A%}

Hence x € (AC)C if and only if x ¢ A®. However x & A® means that x € A. Hence (AC)C CA
Suppose that © € A, then x & AC, moreover by definition x ¢ AC if and only if x € (AC)C, hence
AC (A9)°.

Hence (AC)C =A

. A\B=ANBC:

Let x € A\ B, then by definition we have that A\ B is the set

A\B={yeA:y¢ B}
Hence x € A\ B means that © € A and x ¢ B. We have that x ¢ B means that x € B¢. So that
x € AN BC. It follows thatA\BQAﬂBC.

Letx € ANBY, thenx € A and x € B¢. x € B® means that x & B, so by definition x € A and x ¢ B
means that x € A\ B. Hence AN B¢ C A\ B.

Hence A\ B = AN BC.
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8. (A\ B)Y = A°UB:
We know that A\ B = AN BY by the previous property. Now by De-Morgan’s laws we have that

(A\B)® = (AnB®)“ =AU (B°)  =A°UB
9. A9\ BY =B\ A:

We know that A° \ B¢ = AC 0 (BC)°. Now, (BC)” = B hence A° 0 (B€)” = A° N B = Bn A°.
Finally we know that BN AY = B\ A by property 7.
Hence A\ B¢ = B\ A.

10. (A\B)NC = (ANC)\ (BNC):
11. A\(B\C)=(ANB)\ (ANC)
12. (A\B)NB =1

13. (A\B)N(ANB)=10

The proposition now follows. [

1.2.1.3.3 Cartesian Product We now look to another method of constructing a set. This method
differs from the union and intersection as it allows us to construct a set where the elements come in pairs,
in particular these pairs are ordered.

Definition 1.2.15. Ordered pair
Let S and T be sets. Let s € S andt € T. We say that the tuple (s,t) is an ordered pair of an element
in S and an element in T.

Definition 1.2.16. Cartesian product of two sets
Let S and T be sets. We define the Cartesian product of S and T, denoted S x T to be the set of all
ordered pairs of the form (s,t) where s € S andt € T. This is to say that

SxT={(st):s€S5,teT}
Example 1.2.13. Let S = {1,2,3} and T = {4,5,6}. We have that

SxT={(1,4),(1,5),(1,6),(2,4),(2,5),(2,6),(3,4),(3,5),(3,5)}
Tx8S=4{(4,1),(42),(4,3),(5,1),(5,2),(5,3),(6,1),(6,2),(6,3)}

~

This example shows that S x T # T x S in general.
We can make repeated uses of this idea, we just need to defined an ordered n-tuple.

Definition 1.2.17. Ordered n-tuple
Let S1,89,...,5, be sets. Let sy € S1,82 € S2,...,5, € Sy We say that (s1,52,...,5,) i an ordered
n-tuple of an elements in S1,S2,...,5,.

Definition 1.2.18. Cartesian product of n sets
Let §1,55,...,S, be sets. We define the Cartesian product of S1,S52,...,Sn, denoted S1 x Sg X --- xS,
to be the set of all ordered pairs of the form (s1,s2,...,5,) where s € S1.89 € Sa,...8, € S,. This is to
say that
S xSy x--- xS, = {(81,52,...,$n) 181 € S1.89 € 527...3n S Sn}

If all the sets are the same we denote this by S™.
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We make the following observations

Lemma 1.2.1. Cartesian product is empty if and only if at least one of the sets in the product is empty

Let A and B be sets. We have that A x B =0 if and only if A=10 or B =10.

Proof:

We argue as follows. Suppose that A x B # () then we have by definition of a non-empty Cartesian
product that A x B # 0 if and only if 3(a,b) € A x B. Now, by the definition of a Cartesian product we
have that as (a,b) € A x B if and only if Ja € A and b € B, which is to say A # 0 and B # 0.

This proves the result as assuming A x B # ) gives us A# 0 and B#0. [

Proposition 1.2.10. Criterion for commutativity of the Cartesian product
Let A and B be sets. We have that A x B = B x A only if at least one of the following holds.

1. A=B
2. A=0orB=0orA=B=10

Proof:
Let A and B be sets.

1. A= B:
Suppose that A = B then without loss of genemlithI consider

AxB=AxA={(a,a):a€ A}

Moreover

BxA=AxA={(a,a):a€ A}
Hence, varying over every a € A we have that A x B= B x A.
2. A=0orB=0 orA=B=0:
By lemma[1.2.1] we have that if A=0 or B=0) or A=B =0 then Ax B=0=Bx A.
The proposition follows. [
We have seen that the Cartesian product is not commutative, but what can we say about associativity.

Example 1.2.14. Let A = {1}. Consider

Ax(AxA)=Ax{(1,1)}={(1,(1,1))}
AxA)xA={(1,1)}x A={((1,1),1)}

Hence A x (Ax A) # (Ax A) x A. So in general the Cartesian product is not associative.
We have the following criterion for the associativity of the Cartesian product.

Proposition 1.2.11. Criterion for associativity of the Cartesian product

Let A, B and C be sets. We have that A x (Bx C) = (Ax B) x C if and only if A=0 or B=10 or
C=1.

Proof:

Suppose that A x (B x C') = (A x B) x C, we need to show one of A, B or C is empty.

Consider A x (B x C), we have that

4Without loss of generality means we have made a choice in the proof which allows us to consider a single case as the other
cases have the same argument just with the notation changed to reflect the different choice.
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Ax (BxC)=Ax{(bec):be B,ce C}={(a,(b,c)) :a€ A, (bc)e BxC}

Now consider (A x B) x C, we have that

(Ax B)xC={(a,b):a€ Abe B} xC ={((a,b),c): (a,b) € Ax B,ce C}

Hence for equality we need that a = (a,b) and (b,c) = c¢. However this is not possible as (a,b) € A and
(b,c) € C. Hence one of the products must be empty, which implies that one of A, B or C is empty.

Now suppose that one of A, B or C is empty. Without loss of generality suppose that A = (), then by
lemma[1.2.1] we know that one of Ax B=0 and Ax (Bx C)=0. Also (Ax B)xC=0xC=10.

Hence we have that (A x B) x C =0 = A x (B x C). is associative. [

It is left to see how the Cartesian product interacts with unions, intersections and complements.

Proposition 1.2.12. Properties of Cartesian products, unions, intersections and complements
Let A, B,C and D be sets. We have the following properties

1.

NS St e e

(ANB)x (CND)=(AxC)N(Bx D)

AX(BNC)=(AxB)n(AxC)

(AxB)N(Bx A)=(ANB) x (AN B)

(AUB)x (CUD)=(AxC)U(BxD)UAXxD)U(BxC)

Ax (BUC)=(AxB)U(AxC(C)

(BUC)x A=(BxA)U(CxA)

IfACB and C C D then Ax C C B x D. Moreover if A# 0 and C # 0 then

AXxCCBXT < ACBandCCD

IfACBthenAxCCBxC

9. IfCC D then AxCCAxD

10. Ax (B\C)=(AxB)\(AxC)

11. (A\B)xC=(AxC)\(Bx ()

12. (AxB)\(CxD)=(Ax (B\D))U((A\B)x ()

13. Suppose A C C and B C D and consider C\ A and T \ B. We have
(C\NA)xD=(CxD)\(AxD
Cx(D\B)=(CxD)\(Cx B)

Proof:

1. (ANB)x (CND)=(AxC)N(B x D):

Let (z,y) € (ANB) x (CN D), then by definition of the Cartesian product we have that (z,y) €

(ANB)x (CND) if and if only x € A and x € B andy € C andy € D. © € A and x € B and
y € C andy € D means that (x,y) € A x C and (z,y) € B x D, finally this happens if and only if
(z,y) € (Ax C)N(B x D).
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2. Ax(BNC)=(AxB)N(AxC):
We know that AN A = A. By the previous property we have that

Ax(CND)=(ANA) x (BNC)=(Ax B)N(AxC)

3. (AxB)N(BxA)=(ANB)x (AN B):
By property 1 we have

(Ax B)N (B x A) = (ANB) x (BNA) = (ANB) x (AN B)

4. (AUB)x (CUD)=(AxC)U(BxD)U(AxD)U(BxC):

Let (z,y) € (AU B) x (CU D), then by definition of Cartesian product and the union of sets we have
that (x,y) € (AUB) x (CUD) if and only if t € A orxz € B andy € C ory € D.

x€AorxzeBandy e C ory€ D will occur if and only if (t € Aorx € Bandy e C)or (x € A
orx € Bandy€ D).

(xeAorzeBandyeC)or(x€Aorxe B andye D) occurs if and only if (x € A andy € C)
or(xeBandyeC)or(xreAandye D) or (xeBandye D).

By the definition of the Cartesian product we have that (x € A andy € C) or (x € B andy € C) or

(x€ Aandy € D) or (v € B andy € D) if and only if (z,y) € AxC or (z,y) € AxD or(xz,y) € BxC

or (z,y) € B x D. Hence by the definition of the union of two sets, (z,y) € Ax C or (z,y) € Ax D

or(z,y) € BXxC or (z,y) € Bx D occurs if and only if (x,y) € (A x C)U(B x D)U(A x D)U(B x C).
5 Ax(BUC)=(AxB)U((AxC():

We know A = AU A and so by the previous property we have that

Ax(BUC)=(AUA)x (BUC)
=(AXB)UAXC)U(AxC)U(Ax B)
=(AxB)UAXxC)

6. (BUC)x A=(BxA)U(C x A):
Again A = AU A and so by property 4 we have

(BUC)x A= (BUC) x (AU A)
=(BxA)U(BxA)U(CxA)U(C x A
=(Bx AU (C x A)

7. If AC B and C C D then Ax C C B x D. Moreover if A# (0 and C # () then

AXCCBXxT <— ACBand(CCD

Let ACBand CC D. If A= 0 or C =) then by lemmal1.2.1 we have A x C =0 and by proposition
[1.2.6 we have Ax C=() C BCD.

So suppose that A # () and C # () then lemma[1.2.] gives A x C # (. Then we have that (z,y) € AxC
if and if onlyx € A andy € C. We have AC B sox € Band C C D soy € D, hence (z,y) € Bx D.
Hence Ax C C Bx D.

It is left to prove that if A# 0 and C # 0 and A x C C B x D, then A C B and C C D. Suppose
AxCCBxD. IfA=0then Ax C =0 by lemma|l.2.1 and A x C = () C B x D irrespective of C,
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10.

11.

12.

13.

so C need not be a subset of D. Likewise if C = () then A x C = 0 C B x D irrespective of A so A
need not be a subset of B.

So suppose that A # 0 and C # 0 then Iz € A and Jy € C such that (z,y) € A x C, we have that
AxCCBXxT and so (X,y) € BxD sox € B andy € D.

Hence for A# 0 and C ), we have that AC B and C C D gives AXC CBxD and AxC CBxD
gives A C B and C C D. Hence we have

AXxCCBxD < ACBandCCD

IfACBthen AxCCBxC:

Let A be such that A C B. We have for any set C that C C C, hence by the previous property we know
that

ACBandCCC=AxCCBxC

IfCCDthen AxCCAXD:
Let C be such that C C D. We have that A C A and so by property 7 we have that

ACAandCCD=AxCCAxD

Ax (B\C)=(Ax B)\ (AxC):

Let (z,y) € Ax (B\ C) then we have that (x,y) € Ax (B\C) if and only if x € A andy € B\ C.
y € B\ C means that y € B andy & C. Thus, x € A andy € B and y ¢ C happens if and only
if (x,y) € Ax B and (z,y) € A x C. Hence by definition of the difference of two sets we have that
(x,y) € Ax B and (x,y) € Ax C if and only if (z,y) € (Ax B)\ (A x C).

(A\B)x C = (AxC)\ (B xC):

Let (x,y) € (A\ B) x C then we have that (z,y) € (A\ B) x C if and only if x € A\ B and y € C,
moreover x € A\ B means that x € A and x ¢ B. Hence v € A and x ¢ B and y € C occurs if
and only if (z,y) € A x C and (x,y) € B x C. Hence by definition we have that (z,y) € A x C' and
(xz,y) & B x C if and only if (z,y) € (Ax C)\ (B x C).

(Ax B)\ (C x D) = (Ax (B\D))U((A\ B) x C):

Let (x,y) € (Ax B)\ (C x D), then we have that (xz,y) € A x B and (x,y) ¢ C x D, which happens
ifand only if t € A andy € B andx € C andy &€ D. Now, x € A andy € B andx & C andy & D
means that either x € A andy € Bandx & C orx € A andy € B andy & D. In the first case, x € A
and y € B and x ¢ C, we have that x € A\ C and y € B, in the second case, x € A and y € B and
y & D we have x € A and y € B\ D.

x€Aandye Bandx € C orx € A andy € B andy & D occurs if and only if x € A\C and y € B
orx € A andy € B\ D. Now by the definition of the Cartesian product we have that x € A\ C and
y € B gives us that (z,y) € (A\NC)x B andxz € A andy € B\ D gives us (z,y) € Ax (C\ D).

Hence x € A\C andy € B orx € A andy € B\ D occurs if and only if (z,y) € (A\C) x B or
(z,y) € Ax (C\ D), from which we deduce that (z,y) € (A\ C) x B or (z,y) € Ax (C\ D) if and
only if (x,y) € (A\C)x BUA X (C\ D).

Suppose A C C and B C D and consider C\ A and T\ B. We have

(C\A)xD=(CxD)\(AxD)
Cx(D\B)=(CxD)\(Cx B)

Recall that C\ A={x:2 € C and x ¢ A}. Now we have by property 11. that
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(C\A)x D= (C x D)\ (Ax D)

Likewise, by property 10. we have that

Cx(D\B)=(CxD)\(Cx B)

Hence the result has been shown. [

1.2.1.3.4 Power Set We make one final definition of an elementary operation for sets.

Definition 1.2.19. Power set
Let S be a set. We define the power set of the set S, denoted P (S) to be the set which contains all of the
possible subsets of S.

Example 1.2.15. Let S = {1,2,3} then we have that
P(S) ={0,{1} {2}, {3}, {12} ,{1,3},{2,3}, 5}

1.2.1.4 Set Partitions

Recall the idea of disjoint sets, that is if X and Y are sets then X and Y are disjoint if X N'Y = (). This is
saying that X and Y have no elements in common. Now suppose we have a set S such that X UY = S but
X NY = 0. Then S is made of two distinct pieces. Of course there is nothing special about S being made
of only two pieces, and could be made of many many pieces. We capture this idea in the next definition.

Definition 1.2.20. Partition of a set
Let S be a set and define S to be the set of subsets of S. We say that S is a partition of S if the following
hold.

1. V81,55 € S we have S; NSy = () whenever S1 # So

2. Taking the union of every T € S gives us S that is

s=r

TeS

3. VT € S we have that T # (.

If the number of sets in S is finite with say n elements then we call S an n-component partition

Example 1.2.16. Let S = {1,2,3,4} and let S, = {2,4} and S = {1,3}. Then Sy and Sy partition S.
Interestingly we have that S¢ = Sy and S = Sy, so the complements of these sets still forms a partition

If instead we have S3 = {1} and Sy = {2,3,4} then we also have a partition where the complements are
also a partition. Now if Ss = {2}, S¢ = {1,3} and S; = {4} then S5, S¢ and S is a partition of S.

The fact in the first two examples we had two sets partitioning S where the complements also partitioned
S is not a coincidence.

Proposition 1.2.13. Complements of 2-component partition is partition

Let S be a set such that A C S and B C S is a 2-component partition for S. We have that A and B
partition S if and only if A® and BS partition S.

Proof:

(=) : Suppose that A C S and B C S partition S. By definition we have that

1. ANB=10
2. AUB=2S
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3. A-0 and B # 0

We need to show that A€ and B€ is a partition that is
1. A°NBY =10

2. AUB¢ =5

3. A€ £ and B€ #0

1. AN BY =0:
As AU B = S we have on taking the complement of both sides that

AUB=S
(AUuB)© = 5¢
A°NBY =0

So AN B¢ =1.
2. AUBC =8:
Likewise as AN B = 0 then on taking the complement of both sides we have that

ANB=10
(AN B)° =¢°
A“UBY =8

So A UB¢ = 5.

3. A€ £ and B€ #0:

Suppose that A = () then by taking the complement of both sides we have that A = S which implies
B = 0, which is a contradiction as A and B partition S. Likewise if we suppose that B¢ = () we will
have to conclude that A = O which will be a contradiction. It thus follows that neither A€ or B can
be empty.

Hence A€ # 0 and B® # (.

It follows that A€ and B€ is a partition of S

(«): Suppose that A® and B¢ is a partition of S. We have that A° C S and B¢ C S. By the previous
part we have that (AC)C and (BC)c is a partition of S. However (AC)C = A and (BC)C = B. Thus A
and B is a partition of S

The result now follows. [

There are some additional results we can state about partitions that relate to the operations we can do
on sets. We will require the following lemma.

Lemma 1.2.2. Set difference and intersection are disjoint sets
Let S and T be two sets. We have that S\ T and SNT are disjoint sets, which is to say that

(S\T)N(SNT)=10

Proof:

Suppose that x € (S\T)N (SNT) then by definition x € S\T and x € SNT. Asxz € S\ T then we
have that x € S and x € T, likewise as x € SNT then x € S and x € T. It is clear that no such x can exist
hence (S\T)N(SNT)=0.
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1.2.1.5 A brief look at Zermelo—Fraenkel set theory

At the start of this section we introduced the idea of Zermelo-Fraenkel set theory. This is the complete
formalisation of set theory and the true bedrock of mathematics. The Zermelo—Fraenkel set theory axioms,
hence now referred to as ZF, are given as follows.

Definition 1.2.21. Zermelo—Fraenkel set theory axioms
The Zermelo-Fraenkel set theory axioms are the following.

1.

The axiom of extensionality:

The aziom of extensionality asserts that two sets are equal if and only if they contain the same elements.

The aziom of the empty-set:

The aziom of the empty-set asserts that there exists a set which contains no elements

The axiom of pairing:

The aziom of pairing asserts that given any set A and any set B, there is a set C' such that, given any
set D, D is a member of C if and only if D is equal to A or D is equal to B. This is to say, given two
sets, there is a set whose members are exactly the two given sets.

The axiom of specification:

The axiom of specification asserts that we can construct a set which satisfies a given condition, so long
as this condition is not inherently contradictory.

The aziom of unions:

The aziom of unions asserts that we can perform the union of two sets A and B

The aziom of powers:

The aziom of powers asserts that for any set S we can construct a set P (S) whose elements are all
the possible subsets of S.

The aziom of infinity:

The axiom of infinity asserts that there is at least one infinite set A, that is at least one set with
infinitely many elements. That is we have a set A such that the ) € A and if x € A then the set zU{z}
is also in A.

The axiom of replacement:

We will need the next section to fully understand this axiom, however informally asserts that for some
set S, and form another set by replacing the elements of S by other sets according to any definite rule.
The aziom of foundation:

The aziom of foundation asserts that for every non-empty set S, there exists an element x € S such
that © and S are disjoint. This also asserts that no set can contain itself.

There is also one axiom which we have left off. This is the controversial axiom of choice.

Definition 1.2.22. The axiom of choice
Let S be a set of non-empty sets. The axiom of choice asserts that there is a way to pick an element of
each of the sets in S.

With the axiom of choice we have the following

Definition 1.2.23. ZFC azxioms
The azxioms of ZF along with the aziom of choice gives us the ZFC azxioms
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We can already see that our “hands-on” approach to set theory has somewhat indirectly captured the
essence of the ZF axioms. We can use the ZF axiom to prove in a truly rigours way what we did with out
“hands-on” approach. Although an interesting field of study itself, we will not really need to use the ZF
axioms, although occasionally we may rely on choice.

There is one other thing that needs bringing up, ZFC has one more component, the axioms alone are not
enough to prove anything. We need the notion of inclusion, that is being an element of a set. That is we
include the symbol € along with the axioms, where € takes on the meaning we defined earlier. With this we
can in theory use ZFC to start proving and building up mathematics from the bedrock.

1.2.2 Mappings
1.2.2.1 Introduction and basic definitions

Now that we have the of a set what can we use it for? Many areas of mathematics can be broken down into
the theory of sets, in particular how we can get from one set to another. Without this idea we wouldn’t be
able to get very far at all. As an example, you may have seen, in a calculus course for example, the idea
of a function f (z), say f (x) = 22 where x can be any number we choose. Say x = 2 then f (2) = 4. You
may have also seen functions where we are not allowed to use any number we wish for example, if we take
f (z) = /z then we are only allowed positive numbers if we want a to find an answer using the numbers we
are familiar with, such as 1,88.125, 7, v/2 etc. This set we will denote by R. The alert reader may now see
how sets will come into play, to define in a rigours way the ideas of f (z) = 22 and other such functions, we
need to consider what are the allowable inputs which once done will give us the possible outputs. That is if
we have a set whose elements are inputs and we define some form of function, which we will now call a map,
then we will get another set whose elements are what inputs will be 'mapped* to.

Definition 1.2.24. Mapping

Let X and Y be sets. Suppose we have some rule or description, which we will denote by f, by which for
each © € X there is some element f(x) € Y. We say that the rule (description) is a mapping or map or
function from X toY. We denote a mapping with the following notation

f: X—=Y
z = f ()

where the first line tells us what sets the mapping is between, and the bottom line tells us where each
element x € X gets mapped to

Definition 1.2.25. Domain
Let f : X—Y be a mapping between two sets X and Y. We say that the set X is the domain of the
mapping f. The domain contains the elements which the map can act on. We can write this as
Dom (f) =X

Definition 1.2.26. Co-Domain

Let f: X—Y be a mapping between two sets X and Y. We say that the set Y is the Co-domain of the
mapping f. The co-domain contains the possible elements that the map can send elements of X to. We can
write this as

Cdm(f)=Y
We have some examples of mappings.

Example 1.2.17. Let X = {1,2,3} and let Y = X. Define the map

fiX—Y

z f(z)==x
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To see what f does we will take each element of X one at a time. Starting with 1 we have that 1 —
f(@) =1, for 2 we have 2 — f(2) = 2 and finally 3 — f(3) = 3. Hence the map [ takes an element of X
and leaves it alone. A map which takes every element of its domain and leaves it alone is called an identity
map, or if you prefer the do nothing at all map.

Example 1.2.18. Let X =Y = N. Let f be the map given by

f: X—=Y
x— f(x) =2z

It is clear to see that every element in the domain gets doubled, i.e f(1) =2, f(2) =4, f(3) =6 and so
on.

A map does not need to be given by an explicit mathematical formulae

Example 1.2.19. Let A = The set of all humans currently alive on planet earth, from which it should be
clear to see that You € A E| Let B={0,1}. Let f be the mapping given by

f:A—B
1, If a has hair on their head
a— f(a)= _ )
0, If a does not have hair on their head
Then f is a map which indicates if a given person has hair on their head or not.
The above definition of a mapping can be made more general

Definition 1.2.27. Piecewise mapping

Let f : X — Y be a mapping. We say that [ is a piecewise mapping if we need multiple rules or
descriptions to fully describe f. That we wish to define the mapping using different rules based on the input.

If for each of this input ranges we define a mapping g1, g2, gs,--- then we can write the piecewise function
as follows

f: X—=Y

g1 (), Condition for g

v f(x) = g2 (2), C’ondz:tzion for go
gs (z), Condition for gs

Example 1.2.20. Let f : N — N be defined by

f:N—>N

2, If v j5
v fl@)= 20 e

5z, Otherwise
We have that f (1) =2, f(2) =4 and so on up to f (4) =8, then f(5) =25 and so on.
We make one more useful definition that will be useful throughout the rest of the text,

Definition 1.2.28. Closure of a mapping

Let X be a set. If we have a mapping such that f : X™ — X. We say the mapping has closure on the set
X, or we say that f is a closed mapping.

5Unless you are either not a human or somehow reading this in some unknown form of existence
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1.2.2.2 The image and pre-image

We now define a more technical notion of how a mapping f maps an element in the domain to the co-domain.

Definition 1.2.29. Image of an element
Let f: X—Y be a mapping of between two sets X and Y, and let x € X be an element of the domain.
We say that f (x) € Y is the image of the element x.

Which in turn allows us to define a subset of the co-domain for which every element z € X gets mapped
to

Definition 1.2.30. Image of a mapping
Let f: X—Y be a mapping of between two sets X and Y. We define the set

Image (f) = f (X) = {f () ;2 € X} C Y

To be the image of the domain, sometimes called the range of f. That is the image is the set of all possible
outputs of the mapping f with the domain X .
Moreover, suppose that A C X then we define the image of the subset A to be

fA) ={f(@):zeA}Cf(X)CY
That is we can consider the image of subsets of X.

Example 1.2.21. Consider the mapping in example we have that X =Y =N and is f the map

f: X—Y
x— f(x) =2z
then we have that Tmage (f) = f (N) = {2z : z € N}

Example 1.2.22. Let f be an arbitrary mapping such that f : 0—Y for some set Y. What is Image (f)?.
We have by the definition of a mapping|1.2.30, we have that

Image (f) = {f (z) : = € 0}

However, we know that the empty set has no elements, so there are no elements that f can send anything
to, so Image (f) = 0.

Likewise we can define how a mapping is mapped to from the domain to the co-domain. This is called
the pre-image.

Definition 1.2.31. Pre-image of an element
Let f: X—Y be a mapping of between two sets X andY, and let y € Y be an element of the co-domain.
If f (x) =y then we say that f (z) € X is the pre-image of the element y and we denote this f= (y).

Which in turn allows us to define a subset of the domain for which every element y € Y gets mapped to

Definition 1.2.32. Pre-image of a mapping
Let f: X—Y be a mapping of between two sets X and Y. We define the set

Prelmage (f) = f ' (Y)={z € X : f(z) €Y} C X

To be the pre-image of the co-domain. That is the pre-image is the set of all possible inputs that give the
given oulputs.
Moreover, suppose that B CY then we define the pre-image of the subset B to be

By ={zeX :f(z)eByCf(Y)CX
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Example 1.2.23. Consider the mapping f : N — N given by

f:N—=N
z f(x) =

o8

We have that 5 is defined in the naturals only when x is an even number, hence the pre-image must
consist of the even numbers.

Prelmage (f) = f~* (N) = {mEN:gEN} ={0,2,4,6,8...}

Example 1.2.24. Consider the mapping f : N — N given by

f:NoN

z f(z) = 2°
We have that the pre-image is given by

Prelmage (f) = {x eN:2%e N} ={0,1,2,3,4...} =N
With these definitions we can make the following observations

Proposition 1.2.14. Properties of the image and pre-image
Let f: X =Y be a mapping and let A C X and B CY. We have that the following properties hold for
the image and pre-image

1 f(X)cy

BCf(A) < 3CCA:f(C)=B
F(XNA)Cf(A) = f(4)=[(X)
FXNf(A )Cf (X\ 4)
fAUfY(B)) C f(AUB
fANf1(B)=f(ANB

PDPON%.Q"*T*\%SQ

~
.Q

11. f
Likewise the following properties hold for the pre-image
1. ff1(V)=X
2 X)) =X
5. AC fH(f(4)
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Suppose that instead of the mapping f : X — Y we consider a new mapping based on f, which we we
call f. We define f to be the mapping

f: A=Y
v f(2) = f(2)

that is f maps every element of a € A to what f (a) does. With this new mapping we have the following
property

()~ (B)=Anf(B)

5T B)) = f1(B)
6. f71(B)=0 < BCY\f(X)
7. ACfY(B) < f(A)CB
8. JTHY\B)C fH(B) < fT1(B)=X
9. f7H(Y\B) = X\f (B)
10. AUf~Y(B)C f~Y(f(A)UB)
11. Anf~Y(B)C f~*(f(A)NB)
Proof:
We start with the properties of the image.
Lfx)CY

This holds by definition of the image.

FUHY)) = fF(X):
Letx e f (f’l (Y)) and recall the definition of the image and pre-image.

A ={f@):zeA}Cf(X)CY
'B)={zeX:f(x)eB}Cf(Y)CX

We have that

FUTO)) ={f)yef ()}

Hence z € f (f_1 (Y)) means that x = f (y) for some y € f~1(Y), additionally we conclude that
y € X. Moreover by the definition of the pre-image we have that f=1(Y) C X. It thus follows that

€ f(X) and so f (J71(Y)) € f (X)),
Now suppose that x € f(X), that is x = f (') for some ' € X. Now by definition of the pre-image
as o’ € X with f(2') € Y we have that 2’ € f~'(Y). Hence by definition of the set f (f~* (Y)) we

must conclude that f (') € f (f~'(Y)), which is to say z € f (f~' (Y)). Hence f(X) C f (f1(Y)).
It follows that f (f~*(Y)) = f(X).
f(ft(B) cB:

Suppose that v € f (f~' (B)) where B CY. We hence have that x = f (b) for some b € f~' (B), hence
b€ X giving us f (b) € B and so f (f~'(B)) C B.
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4 f(fH(B)) = BN f(X):

Let x € f(f~'(B)) then by property 3 we have that x € B. Additionally as v € f(f~'(B)) and
B CY then f(f~*(B)) C f(f7*(Y)) and so x € f(f~*(Y)). Now by property 2 we have that
f(fHY) = f(X) thusz € f(X) and so x € BN f(X). It follows that f (f~'(B)) € BN f(X).

Now suppose that © € BN f(X). By definition of f(X) we have x € f(X) gives us that x = [ (')
where ' € X, moreover we also have that x € B. Now we have the set f (f_1 (B)) is given by

£ {f(®):bef (B}

B)) =
We have that x = f (2') and so 2’ € f~1(B), hence clearly by definition of the image we have that
z € f(f71(B)). It follows that BN f (X) C f (f~(B)).
Hence the result f (f~*(B)) = BN f (X).
(T (A) = f(A):
By property 4 we have that

FUTHA) = F(A)NF(X)
as f(A) CY. Finally f (A)Nf(X)=f(A) as f(A) C f(X). The result follows.
CfA)=0 = A=0:
(<): Suppose that f (A) = 0. By definition of the image we have that

fA) ={f(z): 2z e A}
) =

By set equality we must have that f (A) = {f (z): x € A} = 0. Hence there can be no elements f ()
where x € A which can only occur if A = 0 for if not then f (A) has at least one element for some
x’ € A, contradicting the fact that f (A) = 0. It follows that A = ().

(=): Suppose that A = ), we have that the image of the empty set is given by

It follows that f (A) =10

 BCf(A) < ICCA:f(C)=B:

(=): Suppose that B C f(A). We show that 3C C A : f(C) = B. So, suppose that © € B then we
have that x € f (A) by assumption. By definition of the image we have that

fA) ={f(z): 2 e A}

Hence we have © € f (A) gives us that x = f (2') for some ' € A. We define the required set C' as
follows.

CZUx’

z'€A
f(=")eB

That is C is defined to be those elements &' € A such that f (z') € B which is a subset of f (A). Clearly
C C A as each &' € C is by construction an element of A. Additionally we also have f (C) = B by
construction of C.

(«<): Suppose that IC C A: f(C) = B. As f(C) = B we have by the definition of the image that
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F(C)=A{f(z):2eC}

that is x € f(C) gives x = f (c) for some ¢ € C and additionally x € B by assumption. Now C C A
soc€ A. Hence x € f(A), hence we must conclude that B C f (A), possibly being equal if C = A.

The result follows.

FXNA)Cf(A) = f(A)=[f(X):
(=): Suppose that f (X \ A) C f(A) and recall the definition of the complement of sets. We have that

X\A={zeX :x¢gA}
Now, A C X by hypothesis of the proposition. So if x € f (X \ A) then by definition of the image we
have that
FX\NA) ={f@):zeX\A}={f(z):z € X andz & A}

but then if x ¢ A then x & f(A). However if A = X then we have that X \ A = 0 from which it
follows by property 6 that f (X \ A) = 0 and so as the empty set is a subset of any set we conclude
that O C f (A), that is we must have f (A) = f(X).

(<) : Suppose that f (A) = f(X), by definition of the image we have that

fA)={f(a):aec A} ={f(x) :z € X) = f(X)
Now consider f (X \ A) this set is given by

FX\NA) ={f@):zeX\A}={f(z):z € X andz & A}

But as all such x € A must also be x € X by assumption we conclude that f (X \ A) = 0 and the empty
set is clearly contained in any other set. Hence f (X \ A) C f (A). The result has now been shown.

FXONF(A) € f(X\A):
Let x € f(X)\ f(A). By definition we have that

FONF(A) ={zef(X):xé f(A)}

Hence v € f(X)\ f(A) gives us that x € f(X) and x & f(A). That is Iy € X with ypA such that
x = f(y), thisisy € X \ A. Hence it follows that x € f (X \ A). That is f(X)\ f(A) C f(X\ 4).

F(AUF(B)) C F(A)UB:

Letx € f (A uft (B)) This is our first usage of the pre-image of a set so we recall the definition,
we have that

FUB) ={zeX:f(x)eB)C X

Hence the image f (A uft (B)) s given by

AU B)={fly):yec AU f " (B)}
={fly):ycAorye f1(B)}
={f(y):ycAoryeX:f(y) € B}

Now, x € f (AU f~(B)) gives us that either Iy € A with v = f(y) or Jy € X with f(y) € B. In
the first case where Jy € A with © = f (y) then by definition of the image we have that x € f (A) and
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1.

so is clearly in the union f(A)U B. Now for the second case we have that x € B as y € X such that
x = f(y) € B, likewise it is in the union f (A)U B.

Hence x € f (A)U B and we have that f (AU f~!(B)) C f (A) U B. Hence the result.

f(ANf1(B)) =f(A)NB:
Letx € f (Aﬁ f! (B)), the image of AN f~1(B) is given by

AN (B)={flw):yecAnf (B}
={f(y):yeAandye f'(B)}
{fly):ye Aandy € X : f(y) € B}

Now x € f (Aﬁ ft (B)) gives us that Jy € A with x = f (y) and Jy € X with f (y) € B. Hence we
clearly have that x € f(A) and x € B and so is in the intersection f (A) N B. Hence we have that
F(ANF(B) C f(A) B,

Now suppose that x € f(A) N B. We have that © € f(A) and x € B, from the first of these having
x € f(A) means that Jy € A such that © = f(y). Now as x € B means there is some y € X with
x = f(y'). However as f(A) N B then we must have that f (y') € f(A) hence y € A. Hence both
y and y' are in the set AN f~1(B) and so we have x € f (AN f~'(B)) and therefore f(A)N B C
FANSH(B)).

The result f (AN f~'(B)) = f(A)N B follows.

We now turn our attention to the results for the pre-image.

FY) = X
By definition of the pre-image we have that
i) ={zeX: f(x)eY}C X

Clearly f~*(Y) C X by definition. Now if v € X then we must also clearly have f (z) € Y and so
X C f~Y(Y). Hence f71(Y) = X.

U (X)) = X:
Lety € f~1(f (X)), we have that the set f=1 (f (X)) is given by

FFPUX) ={re X f(z) € f(X)}

It is hence clear that for any x € f~1 (f (X)) we have clearly have x € X, that is f~1 (f (X)) C X.
Likewise if v € X then clearly x € f(X) and so by the definition of f=1(f (X)) we have that x €
FYH(f(X)). That is X C f~1(f(X)). The result follows.

AC f7H(f(A)):
Suppose that x € A C X. By property 2. of the pre-image we have that f~'(f (X)) = X. Hence
re€AC f71(f(X)) =X giving the result.

Suppose that instead of the mapping f : X — Y we consider a new mapping based on f, which we we
call f. We define f to be the mapping

f: A=Y
v f(2)=f(2)
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that is f maps every element of a € A to what f (a) does. With this new mapping we have the following
property

() By =Anf(B):

Let x € (f)_l (B). We have that (ﬂ_l (B) is given by

() ' (B)y={zcA:f(z)eB)

So x € (f)fl (B) gives that x € A, moreover as f(x) € B and f maps every x € A to f(x) then
f(z) = f(x) € B. It follows that x € {1 (B) and sox € AN f~(B). Thus (f)_l (B) C Anf=1(B).
Now, suppose that x € AN f~1(B), by definition of f we have that f (z). Now x € f~'(B) means
that f () € B, now as f (x) maps any x € A to f (z) we have that f (x) = f (x) and so x € (]?)71 (B)

Hence (ﬂfl (B)=Anf~Y(B)

CfHANB)) = T (B):
This follows by property 2. f=1 (f (X)) = X. Indeed we have

.Y (B)=0 < BCY\ f(X):
(=) : Suppose f~1(B) =0, by definition of the pre-image we have

f'B)={zeX:f(x)eB}=0

Hence the pre-image being empty means that there are no elements x € X with f (x) € B. Now the set
Y\ f(X) is given

YAF(X)={yeY :ygf(X)}
Thus as there are no x € X with f (x) € B, then Y \ f(x) will not remove any f (z) € B, that is
BCY\ f(X).
(<) : Suppose that B CY '\ f (X). We Have that Y \ f (X) is precisely the set of y € Y withy & f (X),
therefore the set B CY \ f(X) means that if f(b) € B then we have have that b & f(X) and hence
b¢ X. This holds for any f (b) € B and hence we must have that the pre-image of B is empty. This
is to say f~1(B) = 0.
CAC[(B) < f(A)CB:
(=) : Suppose that A C f~1(B). Recall the definition of the image

fA) ={f(z): 2z e A}
Now for some a € A we have that a € f~1 (B) and so there is some x € X such that f (z) € B, in
particular a = x and so x € A which gives f (A) C B.

(<) : Now, suppose that f (A) C B we have that for some y € f (A) that y € B and in particular by
definition there is some x € A such that f (x) =y € f (A). Hence as A C X we have that x € X and so
by definition of the pre-image we have that x € f~1 (B). This is to say we conclude that A C f~1(B).
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8. fFYY\B)Cf'(B) = f1(B)=X:
Suppose that f~1 (Y \ B) C f~1(B). We have that pre-image of Y \ B is given by

fF'Y\B)={zcX:f(x)eY\B}={zeX:f(z) €Y and f(z) ¢ B}

Hence by definition y € f~1 (Y \ B) gives us that y = = for some v € X with f (x) €Y and f (z) ¢ B,
but then we can’t have y € f=1 (B) by the definition of the pre-image on B. Hence we conclude that
7YY\ B) C f~Y(B) holds if and only if Y \ B = 0 from which B =Y and so by property 1. we
have that f~* (B) = X.

9. f7H(Y\B) =X\ f1(B):
Suppose that x € f~1 (Y \ B) then by definition we have that f (x) € y and f (x) & B for some x € X,
but this is clearly the definition of X \ f~1 (B) and so x € X \ f~1 (B).

Conversely if v € X \ f~1(B) then f(x) € B but by definition of f we have that f (z) € Y and so
re f~1(Y\B).
It follows that f=* (Y \ B) = X \ f~1(B).

10. AUF1(B) C £ (f (A) U B):

Let x € AU f~1(B). We have that either x € A or z € f~1(B). If v € A then f(z) € f(A) and so
f(x) € f(A) U B, the result follows on taking the pre-image as

AU UB) ={ze X f(z) € f(A)UB}
This is to say that x € f~1 (f(A)UB)={z € X : f(z) € f (A)UB}.
Now if x € f~1(B) then we have by definition that f () € B and by a similar argument to above we
conclude that f (z) € f (A)UB so that on taking the pre-image we conclude that x € f~1 (f (A)UB) =
{reX: f(zx)e f(A)UB}.
Hence it follows that AU f~1(B) C f~1(f (A) U B).
11 AN (B)C F1(f(A) N B):

Suppose that x € AN f~1(B) thenx € A and x € f~1(B) and so f(z) € B. Asx € A then
f(x) € f(A) and hence as f(z) € f(A) and f(x) € B then f (x) € f (A) N B. The result follows on
taking the pre-image.

Hence AN f~Y(B)C f~1(f(A)NB)

The proposition now follows. [

1.2.2.3 Injective, surjective and bijective mappings

Armed with the examples we have seen we can make a few comments about mappings. Consider example
1.2.18 where we have that X =Y = N and is f the map

f: X—=Y
z— f(x)=2x

We have that for every z,y € X with f(z) = f(y) that = y, which is to say if the image of two
different elements agree, then the elements are in-fact the same. This is clear to see, suppose that x,y € X
with f (z) = f (y), then we have that

fx)=1(y)
20 =2y
T=Y
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Another way of expressing this idea is that two distinct elements in the domain will have distinct images,
we say a mapping with this property is an injective mapping. Now, if we consider Image (f) C Y and
consider the map

g : X—> Image (f)
x—g(z) =2z

Then, for every y € Image (f), we have that there exists some element x € X such that y = g (z). Again,
we can show this. Let y € Image (f), then we need to show that 3z € X such that g () = y. Now

NI @
Il

We hence will need to take x = y, however we first then to verify that z = % € X. We note that

y € Image (f) means that y = 2k for some k € N, so

Yy
=2
2
2k
r=—
2
z=k

asz € X =N and k£ € N then we can rest safe in the knowledge that our choice for x indeed works. As
a sanity check we have that

g(fv):%:?%:y

This choice of x works for any choice of y. Another way to express this idea is that every element in the
image of the mapping is the image of some element in the domain, we say a mapping with this property is
a surjective mapping.

It is worth noting that the mapping ¢ is both injective and surjective, this makes g a special type of
mapping. If we take an element in the domain x and consider its image g (z) € Image (f), then as g is
injective we know that g (z) is a distinct element in Image (f). Moreover, as ¢ is surjective then there is an
element in the domain, say a with the property that g (a) = g (), but as g is injective then we know that
a = x. This means that we can go between elements of the domain and elements of the image in a distinct
way, a mapping with this property is called a bijective mapping and the domain and image are said to be in
bijection with each other.

We formalise these ideas now to a mapping between any two sets.

Definition 1.2.33. Injective, surjective and bijective maps
Let f: X—Y be a mapping between two sets X and Y.

1. We say that f is an injective mapping, sometimes called a one-to-one mapping, if

Ve,ye X, f(x)=f(y)=z=y

That is we have that f (x) = f (y) for xz,y € X then x = y. If we know that f is injective we can write
the mapping as

f: X—=Y

which is read as f is an injective mapping from X to Y.
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2. We say that f is a surjective mapping, sometimes called a onto mapping, if

YyeY,Jze X :y=f(x)
That is we have that for each y € Y, there exists some x € X such that f (x) = y. If we know that f
is a surjective then we can write the mapping as
f: X—=>»Y
which is read as f is a surjective mapping from X toY

3. We say that f is a bijective mapping, sometimes called a one-to-one and unto mapping, if f is both
injective and surjective. If we know that f is a bijection then we can write the mapping as

f: XY
which is read as f is a bijective mapping from X to Y.

We will look for additional examples of each type of mapping.

Example 1.2.25. Let f : N—=N where f (x) = x. We will prove that f is a bijective mapping.

Proof:

To show f is bijective we show that f is injective and surjective. To see that f is an injection, suppose
that f (x) = f (y) where x,y € N, the domain. then we have that

f(@)=1(y)
r=y

This shows f is injective as this holds for any choice of x,y € N. To see that f is surjective consider y € N,
the co-domain, we show there exists an x € N, the domain, so that f (x) =vy. We have

y=f(z)
y=x
so we take v =y. This works for every y € N, the co-domain, so f is surjective.

As f is both injective and surjective it is by definition a bijective map, that is f : N—»N. [

Example 1.2.26. Let f : N—N where

© .
5, If = is even

f (@)= {a:, If x is odd

Is f injective? To see if it is we would need to show that f (x) = f (y) with ,y € N means that x = y.
It becomes clear that there are x,y € N where this does not hold, for example f(1) =1 and f(2) =1 so
fQ) = f(2) but 1 # 2. This shows that [ is not injective. Is [ surjective? To see if it is we would need
to show that Vy € N, 3z € N such that y = f (x). Note that for every even input x = 2k we have that

2k
f(x) = -5 = k. So for any y € N if we take x = 2y then every y € N gets mapped to to by 2y. So f is
surjective.

As f was not injective we have that f is not a bijection, so we have f : N—»N.
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Example 1.2.27. Let X = {1,2} and Y = {3,4,5} and define the map f : X—=Y by

f()=3,f(2)=4

Then it is clear that f is injective, as each input is mapped to a distinct output. More formally suppose
that f (z) = f(y) where x,y € X. We have that by the definition of the mapping f (1) = 3, f(2) = 4.
In the first case we have f(z) = f(y) = 3 and so x = y = 1, likewise in the second case we have that
f(x)=f(y) =4 and so x =y = 2. This proves injectivity.

To see that f is not surjective, consider the image Image (f) = {f(x):2 € X} ={3,4} #Y. SoJyeY
such that Bx € X with y = f (x).

It hence follows that f is not bijective, that is f : {1,2} < {3,4,5}.

Example 1.2.28. Let X = {1,2,3} and Y = {4,5} and define the map f: X—Y by

f()=4, f(2)=4, f(3)=5

We have that [ is not injective as f (1) = f(2) =4 but 1 # 2. However we have that f is surjective as
the image of f is Image (f) = {f (x) :x € X} ={4,5} =Y.
By definition f is not bijective, hence f :{1,2,3} — {4,5}.

We note that we can always construct a mapping g from f : X — Y such that g : X— Image (f) is a
surjection.

Proposition 1.2.15. The restriction of a mappings co-domain to its image is a surjective mapping
Let f : X—=Y be a mapping and consider Image (f) = {f (z) : x € X}. Consider the following mapping

g : X—> Image (f)
x— f(x)

Then g is a surjective map.

Proof:

Let f : X—=Y and consider Image (f) = {f (x) : x € X}. By the definition of the image of a mapping
we have that Image (f) C Y. Moreover, by the definition of the image of a map we have that
y € Image (f) if and only if Iz € X such that y = f(x). This will hold for all y € Image (f) so g is a
surjection.  [.

In the proof we used the idea of restricting the co-domain of the function so that it was the image
Image (f) rather than Y, while leaving the domain X unchanged. In actuality we didn’t restrict the co-
domain at all but instead only considered those elements of the co-domain that actually get mapped to. It
should be clear that the image Image (f), the elements that actually get mapped to, only depends on the
allowable inputs for the function, that is only depend on the domain X. In many fields of mathematics it is
sometimes desirable to restrict the domain X that is being worked with to a smaller subset of the domain
A C X. As a quick example of why this is useful, and which we will see later, is for inverse mappings. For
now the key idea of an inverse map is to be able to create a bijection between a mapping and its domain
and co-domain to enable us to unambiguously go between the two. Why is this useful?

For an example, suppose that you wanted to go on holiday abroad then you’ll need to convert your
currency to the currency that is in use where you go to. Suppose that you use gold coins where as the contry
you vist only uses silver coins. The exchange rate from gold coins to silver coins is given by the following
mapping F (z) = Ax? where the domain is the set of all the numbers that we are familiar with, that is R,
and A is some positive number which is greater than 0.

Suppose we wish to convert 50 gold coins into the new currency, then we will have E (50) = A * 50% =
2500A silver coins. Finally suppose that after our holiday we have some silver coins left over that we wish
to convert back to gold coins, say 25004 — y where 0 < y < 25004, how many gold coins will we get back?

To work this out we will need to find a way to go backwards from Image (E) back to the domain. To do
this we will solve g = Ax? for x, we have that
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= Az?

:xQ

— 4. 19
== VI

You may wonder where + came from and what it means. =+ stands for plus or minus and is used when we are
unsure wherever the number is positive or negative. It occurs here because for the numbers we are familiar
with there are two possible answers when taking the square root of a number, for example if we wanted to

find the square root of 2 we have that V2%4/2=2or (—\/5) (—\/5) =2.
So, going back to the currency problem. When we wish to convert our remaining silver coins back into

gold coins we will get back
25004 — y
= :t ———————
TV T

This is a problem, because the domain of E was any of the usual numbers we don’t know wherever we
should get back the positive or negative value, as both will have given us the silver coins we had remaining;
perhaps on a more relatable note, we would find it very annoying if we got back from holiday and converted
are positive money back only to end up with a negative amount of money. To over come this problem we
should ensure that the domain of E consists of only positive numbers, rather than any value, by doing so
the negative square root value is no longer valid and we hence get back the correct amount of money.

Although a simple example, this shows the importance sometimes having to restrict the domain of a
mappings. We define the idea of a restriction of the domain now.

SNESEN

Definition 1.2.34. Restriction of a mapping
Let f : X—=Y be a mapping between two sets X and Y. Let A C X be any subset of X. We define the
restriction of f to A, denoted by f14, by the mapping

fla: A=Y
> fla(2)
In particular, restricting a mapping will cause the image to change so that Tmage (f[4) C Image (f)
Now that we have the idea of restricting a mapping we can see the following

Proposition 1.2.16. Restriction of an injective mapping is injective

Let f: X—=Y be a mapping between two sets X and Y such that f is an injective mapping. Let A C X
be any subset of X. We have that the restriction fla: A —Y is an injective map. In particular we have that
fla: A — Image (fla) is an injection.

Proof:

To show that fla: A =Y is an injective we show that fla (x) =f[a (y) for x,y € A means that x = y.
Suppose that f| 4 is not an injective map, then we have that 3x,y € A with x # y such that f1a () =fa (y).
However A C X and so x,y € X but [ is an injective map so f (z) = f(y) with x # y, contradicting the
fact that f is an injection.

We conclude the the restriction map f|a must be injective.

Finally, by definition of Image (f]4) we have that

Image (f14) = {f14 (x)  z € A} C Y

that is the image is all the elements f[a will map elements of A to, as f [a: X = Y is an injection we
must conclude that fla: A — Image (f[a) is an injection, for if not then the original restriction map could
not have been an injection. [
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Example 1.2.29. Let f: X—Y be a mapping where x = {1,2,3,4,5,6} and Y = {7.8,9,10,11, 12} where

x—= f(x)=x+6

Consider A C X where A = {1,2,3} and B C X with B = {1,2,3,4,5}, then A C B. We have that
fla: A=Y has the image Image (f[4) = {7, 8,9} and we have that f|p: B—Y has the image Image (f|g5) =
{7,8,9,10, 11}

Hence under the two different restrictions we observe that Image (f14) C Image (f[5).

From this example we have the following result.

Proposition 1.2.17. The image of a subset is a subset of the image
Let f: X—Y be a mapping of sets and let A, B C X where A C B, we have that

Image (f[4) € Image (f5) < Image (f)

Proof:

Let f: X—Y be a mapping of sets and let A, B C X where A C B. Consider the restriction mappings
fla: A=Y and flg: B—=Y. Let y € Image(fla), then by definition we have that Ix € A such that
fla (z) =y. As A C B we have thatx € A= x € B and so f|p () =y, hencey € Image (fg). This shows
that Image (f4) C Image (f[g). To see the final inclusion note that AC BC X sox € A2z eB=zeX
and so f (xz) =y, hence y € Image (f).

This shows the result. [

We conclude with the following observation.

Proposition 1.2.18. Injective mapping to image is a bijection

Let f : X—=Y be an injective map between two sets X and Y. Let A C X be any subset of X possibly
being X itself. We have that the mapping g : A— Image (f4) is a bijection.

Proof:

Let f : X—=Y be an injective mapping and let A C X. By proposition[1.2.16] we have that the mapping
fla: A — Image (f14) is an injection. Also, by proposition that fla: A — Image (f[a) is a surjection.
Hence by definition we have that f]a: A — Image (fla) is a bijection. [

1.2.2.4 Compositions of maps

We have seen how a mapping f takes elements in one set, the domain X, and sends them to the elements
of another set, the image Image (f) C Y of some co-domain Y. We can extend this idea so that the image
Image (f) and more generally the co-domain Y act as the domain for some other mapping g. This will allow
us to consider some more interesting examples of mappings in general.

Definition 1.2.35. Composition of two mappings
Let f: X - Y and g : Y — Z be two mappings for some sets X,Y and Z. We define the composition
map by

gof: X —=2
z g (f (z))

That is, the mapping f is done first and then we apply the mapping g.

Additionally, let h : X — X be a mapping from X to X then if h is composed with itself we write
hoh=h(h(x)) = h?(x). If h is composed with itself n times we write h"*! (x). This is sometimes called
the n + 1-fold composition of h with itself.

Example 1.2.30. Let f: N — N and g : N — N be maps such that
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f:N—>N
e f(2) = 2?
g:N—-N
g (z) =2°

Then we have that, for some arbitrary r € N that

gof(x)=g
fog(z)=f(g(x)) =

In this case go f = f og, and it does not matter in which way we compose the two mappings.

The ideas of injectivity and subjectivity also apply to compositions of maps. We will see if go f is injective.

Recall that a mapping h : X — Y is injective if h(x) = h(y) for xz,y € X means that x = y. So let
z,y € N and consider go f (z) = go f (y). Then we have that

This makes sense as 25,95 € N as 25 = x x x * £ * x * v * & which is multiplication in N, also We can
take the sizth-root of x® without issue. Likewise for y. It is clear that the composition is not surjective for
example 2 € N does not have an element x € N such that 2% = 2. If we were to include any possible positive
number we would have x = /2 ~ 1.1224620483094.

Hence g o f is not bijective as it is not surjective. Likewise for go f.

Example 1.2.31. Consider the mappings f : N — N and g : N — N given by

f:N—=N
x> f(z) =4x 42
g:N—N

z (@) =V

We have that

gof(x)=g(f(x)=g(4x+2) =iz +2
fog(x)=f(g9(2) =f(Vr) =4/ +2

Unlike last time we have that go f # go g. Now is g o f injective? Let x,y € N and consider

gof(z)=gof(y)
Vidr +2 = /Ay +2 <= dx+2=4y+2
4o +2=4y+2

r=1Yy
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So we have injectivity. We do not have subjectivity as, for example with y =1 € N then

1=+v4x +2
1=4x+2
—1=4x
1

What about f o g?. For injectivity let x,y €N then

fog(z)=fog(y)
4o +2=4/y+2
Vi=\y < z=y

hence we have injectivity. We do not have subjectivity, for example with y =1 € N we have that

1=4vx+2
—1+4Vx

1

Example 1.2.32. Consider X = {1,2,3}, Y = {4,5} and Z = {6} and the mappings f : X—=Y and
g:Y—Z given by

f)=4, f(2)=4, f(3)=5

9(4)=6,9(5) =6

Finally, consider the composition map given by

gof:X—7Z (1)
z =g (f(x)) (2)

Clearly g o f is not injective as g (f (1)) =6 and g (f (2)) = 6 but 1 # 2. However the compositing map
is surjective as Image (go f) = {6} = Z.

We deduce an immediate result.

Proposition 1.2.19. Domain of composition mapping equals the domain of the first function
Let f: X—=Y and g : Y—Z be mappings. Consider the composite mapping go f : X—Z. We have that

Dom (g o f) = Dom (f)

Proof:

Let f : X—Y and g : Y—Z be mappings and consider the composite mapping go f : X—Z. We need
to show that Dom (g o f) = Dom (f).

Let x € Dom (g o f), then g (f (x)) is well-defined with say z = g (f (z)) for some z € Z. Hence for this
to be well-defined we have that Iy € Y such that y = f (x) is well-defined. But then x € Dom (f), hence
Dom (g o f) € Dom (f).

For the inverse inclusion, let x € Dom (f) then f (z) =y for somey € Y. As g : Y—Z is a mapping
with domain Y, then 3z € Z such that g(y) = Z. Hence we have that g(y) = g(f(z)) = z. Hence
Dom (f) € Dom (g o f).

As we have that Dom (g o f) C Dom (f) and Dom (f) C Dom (g o f), then we conclude by proposition
that Dom (g o f) = Dom (f) as required. [
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These examples show something interesting. In the first example we note that f and g are both injective.
Indeed we have for x,y € N that

x2:y2:>x:y
x3:y3:>x:y

and the composition mappings go f and f o g where both injective, in the last example we had that both
f and g where surjective as

Image (f) ={f(z):2€{1,2,3}} ={4,5} =Y
mage (g) = g (x) : ¢ € {4,5}} = {6} = Z

and the composition map g o f was also surjective. This is not a coincidence which we prove now

Proposition 1.2.20. Injectivity, surjectivity and bijectivity of composition mappings
Let f: X—Y and g : Y—Z be mappings.

1. If f and g are injective maps then so is go f
2. If f and g are surjective maps then so is go f
3. If f and g are bijective maps then s is go f
Proof:

1. If f and g are injective maps then so is go f:

Let f: XY and g: Y—Z be injective mappings, then by definition we have that

Va,be X, f(a)=f(b)=a=b
Ve,de X, g(c)=g

Consider the composition map

gof:X—Z7
x> g(f(z))
Let x,y € X then we have that
9(f (@) =9g(f ()

As this works for every x,y € X we have that g o f is injective.

2. If f and g are surjective maps then so is go f:

Let f: X—=Y and g: Y—>Z be surjective mappings, then by definition we have that

VbeY,Jace X : f(a)=0
Vde Z,3ce X :g(c)=d
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Consider the composition map

gof:X—Z7
z =g (f(x))

Let z € Z, then Jy € Y such that g (y) = z, also Jx € X such that f (x) = y as both f and g are
surjective, then we have that

g(f(@)=9gy) =2

As this works for every z € Z we have that g o f is surjective.

3. If f and g are bijective maps then s is go f:

Let f: X»Y and g : Y—»Z be bijective mappings, then by definition we have that f is an injection
and a surjection so f satisfies

Va,be X, f(a)=f(b)=a=0b
VdeY,dce X : f(c)=d

Also g is an injection and surjection and so satisfies

Va,beY, g(a)=g(b)=a=0b
Vde Z,3ceY : Y (c)=d
Consider the composition map
gof:X—7Z
z =g (f(x))

By part 1. we have that go f is an injection as f and g are injections, by part 2. we have that go f is
a surjection as f and g are surjections. Hence by definition as g o f is both injective and surjective it
is bijective.

O

In a sense we can also deduce properties about the mappings f and g if we know something about the
composition map g o f

Proposition 1.2.21. Properties of mappings from composite map
Let f: X =Y and g: Y—Z be mappings and consider the composite map go f : X—Z.

1. If go f : X—Z 1is an injective map, then f: X—=Y is an injective map.
2. Ifgo f: X—>Z is a surjective map, then g : Y —Z is a surjective map.

Proof:
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1. If go f : X—=Z is an injective map, then f: X—Y is an injective map:

Let go f : X—Z is an injective composite mapping, then g (f () = g (f (y)) for all x,y € X, we need
to show that Vx,y € X that f(z) = f(y) =z =y.

So indeed, suppose that for some x,y € X that f (x) = f (y), then we have that

Now, as g o [ is an injective map we conclude that x = y, hence f(x) = f(y) = = = y. Hence
[ X—=Y is an injection.
2. If go f: X—>Z is a surjective map, then g : Y —Z is a surjective map:

Let go f : X—»Z is a surjective composite mapping, then Vz € Z, 3z € X : z = go f(x), we need to
show thatVz € Z,Jy € Y : z = g(y). Let z € Z then as go f is surjective there is some x € X such
that z = go f(x).

Now, we have by proposition that Dom (g o f) = Dom (f) and so x € Dom (f), so that f (x) €
Image (f). This is to say Iy € Y : y = f(x) and hence z = g (y). As this can be done for any z € Z
we conclude that g : Y—>Z is a surjection.

O
The examples also allow us to deduce something about the image of composition mappings

Proposition 1.2.22. The image of a composite mapping
Let f : X—Y and g : Y—Z be mappings for sets X, Y and Z. Consider the composition mapping given

by

gof:X—Z7
x> g(f(z))

We have that Image (g o f) = g (Image (f)) where we recall the notation f(X)={f(z): 2 € X}
Proof:
We have that

Image (9o f) = {g(f (z)) : 2 € X}

also, we have that

g (Image (f)) = {g(y) : y € Image (f)}
Now, y € Image (f) means that y € {f () : x € X}, hence y = f (z) for some x € X, hence

g (Image (f)) = {g (f (z)) : v € X}

Hence the two definitions agree, that is Image (g o f) = g (Image (f)).

We do need to check the case of Y = 0. If Y = 0 then we note that Image (g) = @ by the remark after the
definition of the image of a function. So g : 0—0, i.e g takes has no elements in its domain and no elements
in its co-domain and so is a mapping that maps nothing to nothing. Also f : 0—0, we prove this
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Lemma 1.2.3. Mapping from empty set to some co-domain set is valid if and only if co-domain is empty
Let Y be some set, then f : 0—Y is a mapping if and only if Y = ()
Proof:

(=): Suppose that Y # () then As € S, that is there is at least one element in S, but the domain is empty

so there are no elements that could be mapped to s, hence f is not a well-defined mapping, so we conclude
that Y = ().

(<): Suppose that Y = 0, then [ : 0—0 holds as a mapping, mapping nothing to nothing. O
So the lemma shows f : 0— (). Hence

Image (go f) =0 = g (0) = g (Image (f))
As required. [

From the proposition we also deduce the following

Proposition 1.2.23. Image of composite mapping is a subset of the image of the second function
Let f: X—=Y and g : Y—Z be mappings. Consider the composite mapping go f : X—Z. We have that

Image (g o f) C Image (g)
Proof:
We know by proposition that Image (g o f) = g (Image (f)) where

g (Image (f)) = {g (y) : y € Image (f)}
Now, observe that Tmage (f) C Y, and in particular Image (f) C Dom (g). Hence, with proposition

l@ we deduce that

g (Image (f)) = {g (y) : y € Image (f)} C g (Dom (g)) = {9 (y) : y € Dom (g9)} = Image (g)

Hence we have Image (go f) = {g(y):y € Image (f)} C Image(g), which is to say Image(go f) C
Image (g) as required. O

We have seen earlier that function composition need not be commutative, for example when f : N—N
with f(z) =4z + 2 and g : N—=N with g (z) = /z. We saw that

gof(x)=+vdx+2
fog(x) =4z +2

What can we say about associativity and function composition?

Example 1.2.33. Let f : N—N, g : N—N and h : N—N where

f:N—N

x f(z)=4x+2
g: N—N

r—g(x)==x
h:N—N

= h(z) =z

Consider the following
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ho(gof) @) =hg(f @) =h((4z+2)?) = /(4o +2)° = 4w +2
(hog)of(z)=h(g(z))of(z)=Va2o(do+2) =zoda +2=4dx+2
In this case the function composition is associative.
This is not a coincidence

Proposition 1.2.24. Function composition is associative
Let f: W—X, g: X—=Y and h: Y—Z be mappings. We have that

ho(gof)=(hog)of

Proof:

Let f : W—=X, g: X—=Y and h: Y—Z and consider the composite mappings ho (go f): W—Z and
(hog)of:W—Z.

Let w € W, then we have that as f: W—X is a mapping then Jx € X such that x = f (w), likewise as
g: X—=Y, then Jy € Y such that y = g (x) = g (f (w)). Finally as h : Y—Z is a mapping then 3z € Z such
that z = h(y) = h (g (f (w))).

Likewise, for the same w € W we have x = f (w), now as (hog)o f(w) = (hog)(f(w)) then we need
to see where ho g maps f (w). As hog(x) = h(g(x)) then we have that (hog) (f (w)) = h(g(f (w))), We

know that g (f (w)) =y and h (g (f (w))) = =.
Hence ho(go f)=(hog)o f asw as an arbitrary element of W. O

1.2.2.5 Inverse mappings

With the theory of composite mappings now understood, we are in a position to try and understand how
to undo a given map f : X—Y. Why did we need to develop a theory of composite mappings? The idea
comes from the fact that undoing a mapping should somehow be the same as never doing anything in the
first place. This is to say, if we denote the inverse map by f~! then we should expect that f~' o f (z) = z,
likewise the original mapping f somehow undoes f~! i.e fo f~! (y) = y where y is in the co-domain of f.
As always in mathematics, examples will help to understand whats going on.

You may recall from a course in physics that an object thrown in a vacuum so that there is no air
resistance, where only gravity acts has the following equation for its height

H (t) = Vosin(0)t — %gt2

where Vj is the objects launch velocity in metres per second m/s, 6 is the angle that the projectile is
launched at from the horizontal, g is gravity in metres per second? m/s? and ¢ is time in seconds s. Suppose
the particle is launched with a velocity of 45m/s at an angle of 45 degrees to the horizontal and we take
g = 9.8m/s?%, then for example, the height above the origin of the projectile at t = 1s is

1 49
H (1) = 10  sin (45) * 59.8 =5V2 — 0~ 2.17m

25v/2

Now suppose you are told that the maximum height is achieved at a time of ¢ = T ~ 0.721s which
125 25+/2
is h = — =~ 2.551m. Considering time values 0 < t < 47\[ ~ 0.721, find the time that the projectile was

first at 2m above the ground. In essence we need to take h (¢) and somehow undo the process to find some
t such that h (t) = 2. How do we do this? Well set h (t) = h then solve for ¢ as follows
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h =10sin (45)t — = (9 8) t*
49
h =5Vt — —¢2
5v/2 0

ot 2 —5V2t+h=0
49t> — 502t + 10h = 0

Now, from school we have learnt the quadratic formula, applying this here we will get two answers for ¢

— (=50v/2) + 1/ (~50v/2)" — 4(49) (10n)

t
2 (49)
5072 + /5000 — 1960A

98

Hence when h = 2 we get the following times

 50v/2 £ /5000 — 1960 (2)
- 98
5072 + /5000 — 3920

98

~ 50v/2 + /1080

B 98

~ 50v2+6v/30

B 98

~ 25V24330
49

25v2 4+ 3v/30 25 3
That is, t = # ~ 1.057s or t \f V30 ~ 0.386s. This example illustrates a key point

about inverse maps, when we undo a given map we should get back the original input. Thankfully in this
case we were told when the ball reaches its maximum height and the time it does so which was about 0.721s

25v/2 — 3v/30

hence we have that the value we are looking for is the smaller ¢t = ~ 0.386s. In fact if we want

to find the time the projectile was first at hm above the ground we will always take the smaller of the two
values for ¢ found. That is, defining a new map T given by

50v/2 — /5000 — 1960k
t(h) = %8

So that when he particle is launched with a velocity of 45m/s at an angle of 45 degrees to the horizontal
with ¢ = 9.8m/s? and using our knowledge of the fact that the maximum height is achieved at a time of

25v/2 125

t= 19 ~ 0.721s which is h = 19 ~ 2.551m, then the mapping
2 — — 1960h
T (h) 50v/2 \/5;(;00 960

is the inverse to
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H (t) = 10sin (45) t — % (9.8)

Indeed, for example we have that

HoT(t)=H (T (h))

oy (50[ — /5000 — 1960h>
B 98

_ 502 — /5000 — 1960R | 1 50v/2 — /5000 — 1960 |
= 10sin (45) ( 93 > ~5 (9.8) ( 93 )
-y (50\/5 — /5000 — 1960h> _Los (50v/2 — v/5000 — 1960%)°

98 2 982

500 5v/2y/5000 — 1960k 1 (5000 — 100+/10000 — 39207 + (5000 — 1960%))
T 98 98 —3 98 982
250 51/10000 — 3920h 1 (5000 — 1004/10000 — 3920% + (5000 — 1960h))
49 98 2 980
250 5,/10000 — 3920k 1 (10000 — 100v/10000 — 39207 — 1960h)
49 98 2 980

250  5v/10000 — 39207 (5000 — 501/10000 — 3920/ — 980h)
ECH 98 - 980
250 5y/10000 — 3920h 5000 = 504/10000 — 3920k = 980K
49 98 T 080 980 T
_@_5¢m_@+5¢m+h

49 98 49 98
=h

Again, we have this idea that inverse functions should somehow return any mapping back to where it
started.
We can start to express this idea in terms of a so-called identity mapping.

Definition 1.2.36. Let idyx : X—X be a mapping from X to itself, so that

id: X—X
z—id(z) =2

We say that id is the identity mapping on the set X. Suppose we also have a mapping idy : Y —Y | then
idy s the identity map on the set Y, so it is clear that idx # idy.

Indeed we can prove that these identity maps do nothing under function composition.

Proposition 1.2.25. Composition with the identity mapping does nothing
Let f : X—Y be a mapping and consider the identity maps idx : X—X andidy : Y—Y. We have that

1. foidx=f
2. idyof =f
Proof:

We simply need to compose the maps to see the desired results.

o1



1. foidx :f.'
Let x € X then foidx (z) = f (idx (z)) = f (z) = f.

2. idy Of = f
Let x € X then idy of (x) =idy (f (z))=f(z)=f
Hence the result follows.
For completeness we will prove some trivial properties about the identity mapping.

Proposition 1.2.26. Properties of the identity mapping
Let idx : X—X be the identity map on X. Then the following hold

1. idx s an injective map
2. idx is a surjective map
3. idx is a bijective map
4. ddx oidyx = idx
Proof:
1. idx s an injective map:
Let x,y € X then we have that idx (z) = idx (y) = = =y, hence idx is injective.

2. idx is a surjective map:

Let y € X be such that y = idx (x) for some x € X, then y = x as this works for every y € X then
idx s surjective.

3. idx is a bijective map:
By parts 1. and 2. we have that idx is injective and surjective and thus by definition is bijective.
4. idX OidX = ldX
Let x € X and consider idy oidx (z) = idx (idx (x)) = idx () = z = idx (z).
0.
The identity mapping will allow us to define the idea of a left and right inverse of a mapping.
Definition 1.2.37. Left inverse
Let f: X—Y be a mapping. We define g : Y —X to be the left inverse of [ if
go f=idx
Definition 1.2.38. Right inverse
Let f: X—Y be a mapping. We define g : Y—X to be the right inverse of f if
fog=idy
Example 1.2.34. Let f: N—N be such that f (x) =z + 1. Define the mapping g : N—N by
x—1, If x #0,
g9(x)= :
0, Otherwise

Then g is a left inverse of f. Indeed we have that
gof@) =g(f@) =g+ =(@+)-1=2

52



as x+ 1 > 0 for every x € N. Observe also that f is an injective map, indeed let x,y € N and suppose

f(x) = f(y) then

fx)=Ff(y)
r+1l=y+1
T=y

It is also worth noting that g is not injective as we have g (1) = 0 = g (0) but 1 # 0. We note that f is
the right inverse of g as the calculation above shows.

Example 1.2.35. Let X = R and define Y = Rt = {z € R:x > 0}, the set of familiar numbers. Let
f : R=>RT be define by f(x) = x2. We can define two possible right inverses of f. The first is given by
g1 : RY—R where g (x) = \/x. Indeed

fog ()= /(o () =f (Vo) = (V&) =2 = ide (x)

The second, as you may have guessed, is given by go : RT—R where g1 () = —\/x where likewise we have

foga(z)=flg2(x)) = f(—Vr) = (—\/5)2 =2z = idg (z)

We note that f is surjective. Let y € RY then f(x) =y= a2’ =y=a= +/y € R, hence every output
of f is mapped to by some input. It is clear that f is not injective as f (2) =4 = f (-2).

Does f have a left inverse?. By the definition of a left inverse we will need to find some g : RT—R such
that g o f =idg. So for each input of f, g will have to send f (z) back to x, hence we might require that f
be injective, for if not then I,y € R such that f (x) = f(y) with x # y and we have the problem where g
could send f (x) back to either x ory, and if it is sent back to y then we don’t have the identity mapping!

Now, f is not injective as we have seen that f(2) = 4 = f(—2), so if there where a left inverse g it
wouldn’t know where to send 4 back to, it could have been either 2 or —2.

Example 1.2.36. Let X = R and Y = R\ {0} = {z e R: 2z #0}. You may have seen the function e*
before, we shall consider this mapping, that is the mapping f : R—R\ {0} given by f () = e* = exp (z). We
can define a left inverse to f by g : R\ {0} =R where g (x) = In (z), where In(x) is the natural logarithm,
the logarithm to the base e. We will discuss logarithms in more detail later but for now we can think of
In (x) =y as asking the question e¥ = x, that is value of y do we need to raise e to to get x. This g is indeed
a left inverse of f as

gof(z)=g(f(z)) =g(e") =In(e") =z =idg

Like in the previous example, we can ask the question does f have a right inverse? By definition for f
to have a right inverse, there needs to be a mapping g : R\ {0} =R such that f o g =idg \ {0}. So for each
g (y) with y € R\ {0} we have that f will send g (y) back to y. This will happen if every output of f has some
input that generates it, that is f is a surjection. If this not the case then there is some element y € R\ {0}
that is not mapped to by f (x) for some x € R.

For example we have that Ax € R such that e* = —1 for example. So f is not surjective in this case we
are not able to define a right inverse that makes sense.

We can generalise the last two examples to the next two propositions.

Proposition 1.2.27. Condition for the existence of a left inverse

Let f : X—Y be a mapping with X # 0. We have that f has a left inverse g : Y —X such that go f = idx
if and only if f is an injective mapping.

Proof:

(=): Suppose that f has a left inverse g : Y—X such that go f =idx. We know by pmposition
that idx s an injective mapping, moreover we know by proposition that if a composite map go f is
injective then so is f. Hence as go f =idx and idx is injective, we conclude that f is an injective map.
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(«<): Suppose that f is an injective map, then Vr,y € X we have that f (x) = f(y) => x=y. Letz € X,
we need to construct a map which acts as a left inverse to f.

Consider the following map h [1mage(s): Image (f) =X, where we send y € Image (f) back to the element
that it was mapped from. Now, define g as follows

g:Y—X

x, If y € Y \ Image (f)
h(y), If y € Image (f)

We note that if Image (f) = Y then we do not need to consider the first case x, If y € Y \ Image (f),
however if Image (f) C Y then there exists at least one x for this case.
Now with this g we have that

yHg(y)—{

gof(z)=g(f(x) =h(f(z)) =z=idx

Hence g is indeed a left inverse of f.
The proposition now follows. [

Proposition 1.2.28. Condition for the existence of a right inverse

Let f : X—=Y be a mapping with X # 0. We have that f has a right inverse g : Y—X such that
fog=idy if and only if f is a surjective mapping.

Proof:

(=): Suppose that f has a right inverse g : Y—X such that fog=idy. We know by proposition
that idx is a surjective mapping, moreover we know by proposition that if a composite map f o g is
surjective then so is f. Hence as fog=idy and idy is surjective, we conclude that f is a surjective map.

(«): Suppose that f is a surjective map, then Yy € Y,3x € X : f(x) = y. We need to construct
ag:Y—=>X such that fog = idy. As f is surjective we have that Yy € Y,3x € X : f(z) = y, in
particular we know that there maybe more than one such x so that f (x) =y, if this is the case we pick for
that y one of the possible choices of x. Hence we can define g (y) = x for every y € Y then we have that
feogly)=F(g()=[(z)=y=idy

The proposition now follows. [
These two propositions give the following immediate results

Proposition 1.2.29. Left inverse of injective mapping is a surjection

Let f: X =Y be an injection with left inverse g: Y — X. We have that g is a surjection.

Proof let f and g be as stated. Then by definition of a left inverse we have that g o f = idx. Moreover
we have the identity mapping idx is an injection as it is bijective. We then have by proposition [1.2.21] that
g is a surjection. [

Proposition 1.2.30. Right inverse of surjective mapping is an injection

Let f: X =Y be a surjection with right inverse g : Y — X. We have that g is an injection.

Proof let f and g be as stated. Then by definition of a right inverse we have that f o g =idy. Moreover
we have the identity mapping idy is a surjection as it is bijective. We then have by proposition [1.2.21] that
g is an injection. [

The ideas of a left and right inverse will allow us to construct the idea of a so-called two-sided inverse,
that is an inverse which is both a left inverse and a right inverse. this will allow us to consider when a
mappings can be inverted without regards to how we compose the mappings. However there is one final
result about left and right inverse that will be required in order to pave the way.

Proposition 1.2.31. Bijection has a left and right inverse
Let f : X = Y be a bijective mapping. We have that there exists a left inverse g : Y — X and there
erists a right inverse h :' Y — X such that
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go f=idx
foh=idy

Proof:

Let f: X = Y be a bijection. We have that as f is a bijection then we know that f is both injective
and surjective. Now by proposition [1.2.27 that a left inverse exists if and only if f is an injective mapping.
Likewise by proposition [1.2.28 we have that a right inverse exists if and only if f is a surjective mapping.
Hence we have the existence of a left and right inverse. As required. [

Proposition 1.2.32. The existence of a left and right inverse implies a bijection

Let f : X—Y be a mapping such that 3g1 : Y—X such that g1 o f = idx and Jgo : Y—X such that
fogs=idy. We have that f is a bijection.

Proof:

Let f : X—Y be a mapping such that 391 : Y—X such that g1 o f = idx and Jgo : Y—=>X such that
fogs = idy. We have by proposition that as g1 is a left inverse of f then f must be injective.
Likewise by proposition [1.2.28 that as g is a right inverse of f then f must be surjective. It hence follows
by definition that f is a bijective mapping. [

These propositions are useful in proving the following.

Proposition 1.2.33. Bijection if and only if left and right inverses exist

Let f : X—Y be a mapping. We have that f is bijective if and only if 391 : Y —X such that g1 o f = idx
and Ags : Y—X such that f o go = idy.

Proof:

(=): Let f : X = Y be a bijective mapping. We have by proposition we have that f being a
bijection gives the existence of a left and right inverse.

(«): Suppose we have a mapping f : X — Y such that 3g; : Y—=X such that g1 o f = idx and
dgo : Y—X such that fogs =idy. Then f has both a left inverse and a right inverse, hence by proposition

we have that f is a bijection.

The result is shown. [

We have seen that if f: X — Y is a bijection then f has both a left and a right inverse, likewise if these
two inverses exist then we have that f is a bijection. This property is key to defining what we mean by the
inverse to a bijective mapping.

Definition 1.2.39. Inverse
Let f: X—Y be a mapping. We say that the mapping g : Y —X is an mverscﬁ of f if we have that g is
both a left inverse and a right inverse for f. This is to say, g is an inverse of f if we have that

go f=idx
fog=idy

We sometimes use the notation f~1 to denote the inverse.

Example 1.2.37. Let f : Rt —R" be such that f (z) = 22, then we have that g : RT—RT with g (z) = \/x
is an inverse of f. Indeed

9 g($2)=\/3?=x:idR+
fog(@)=f(g()=f(Vz) = (Va)' =z = idg+

6We will first need to prove that in order to speak of the inverse of a mapping that we will need the left and right inverses
to be equal
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Example 1.2.38. The identity mapping idx : X =X with idx (z) = x, Vo € X is its own inverse, indeed

idx oidy = idx (idX (x)) =idx (a:) =z =1idx

Example 1.2.39. Let f : {1,2} = {a,b} be such that f(1) = a and f(2) = b. We have that g :
{a,b} — {1,2} with g (a) =1 and g (b) =2 is an inverse to f. Indeed we have that

Example 1.2.40. Let f : R—=R™T be given by f () = e®. We have that g : Rt —R where g (z) = In(x) is
an inverse of f.

We shall prove that the composition of a mapping and its inverse gives the identity mapping. Firstly, we
will need to show the following propositions.

Proposition 1.2.34. Mapping is injective and surjective if and only if the inverse is a mapping

Let f : X =Y be a mapping. We have that f is a bijection if and only if f~1, the inverse of f, is a
mapping.

Proof:

(=) : Let f: X =Y be a bijection, then f is both surjective and injective. Let y € Y, then as f is
surjective we have that 3x € X such that f (x) =y, moreover by injectivity of f we have that there is only
one such x which does this. Define g:Y — X by

gy) ==
Asy €Y is an arbitrary element, it follows that
VyeY :JxeX:g(y) ==z
such that = is unique for a given y. That is g is a mapping. Now by the definition of g we have that

VyeY: f(g(y) =y
Now, let x € X and let

then

f@)=Ffg(f @)= f()

by the above. However, f is an injection so we have that ©’' = x and thus © = g (f (z)).

It follows that f and g are inverse mappings of each other.

(<) : Suppose that f : X — Y is a mapping, moreover suppose that f~! : Y — X is also a mapping
which is the inverse of f. We show that f must be a bijection.
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1. f is injective:

Let x,y € X and suppose that f (z) = f (y)

f@)=71(y)
FHf @) =1 (v)
=z =y, As f~! is the inverse of f

Hence we have that f is injective.

2. f is surjective:

Suppose that y € Y. We then have that

yeyY
= " (y) € X, As f~1 is the inverse of f
=/ (71 (y)) =y, By definition of an inverse mapping
=3JdreX: f(z) =y, Whereac:f_l(y)

Hence we have that [ is surjective.

As f is both injective and surjective it is a bijection. [
We can now show that the inverse of a bijective mapping is also a bijective mapping.

Proposition 1.2.35. Inverse of a bijective mapping is a bijective mapping

Let f: X =Y be a bijective mapping. We have that f=':Y — X, the inverse of f, is also a bijection.

Proof:

Let f: X =Y be a bijective mapping. By definition of being a bijection we have that f is both injective
and surjective. By propositz'on we have that f~1 is a mapping. Now it is clear that the inverse of the
inverse is the original mapping that is.

_1y—1
(f ) =7
Now, f is a bijection and thus is a mapping. But as f is a mapping we have that by proposition
we have that f~1 is a bijection. As required. [

We can now see that the composition of a bijective mapping with its inverse must be the identity map.

Proposition 1.2.36. Composition of bijective mapping with the inverses is the identity mapping
Let f: X =Y be a bijective mapping, and let f~1 : Y — X be the inverse mapping of f. We have that

foft=idy
flof =idx

Proof:
Let f : X = Y be a bijective mapping, with inverse given by f~1:Y — X. As f is bijective we have that
by proposition we have that f~1 is a bijection. Let x € X, then we have that

WeY:fla)=y=f"y =2

Hence, we have that
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f~Yof(z)=f"1(f(x)), By function composition
= /' (), By aboue
=z, By above
=1idx (z), By the definition of the identity map of X
We have that the domain of f~ o f is clearly X, likewise the co-domain is X, which is the same as idx.

Moreover ¥ox € X we have f~'o f (z) = x =idx (z). So the mappings are equal.
Likewise, let y € Y, then we have that

ExeX:f_l(y):x:f(x):y

Hence, we have that

fof(y)=f(f"(y), By function composition
= f(z), By above
=y, By above
=1idy (y), By the definition of the identity map of Y
We have that the domain of f o f~1 is clearly Y, likewise the co-domain is Y, which is the same as idy .

Moreover Yy € Y we have fo f~1(y) =y =idy (y). So the mappings are equal.
In both cases the composition yields the required identity mappings, as required. [
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1.3 The Natural numbers

The natural numbers are the work of God.
All the rest is the work of mankind.

Leopold Kronecker (Paraphrased)

1.3.1 Constructing the Natural numbers

We now have enough tools and core theory to start building up from the foundations of mathematics. We do
this using the ZFC axioms, although perhaps not with the complete rigour we should be using. We touched
on these briefly in section We will state them again.

1.

The axiom of extensionality:

The axiom of extensionality asserts that two sets are equal if and only if they contain the same elements.

The axiom of the empty-set:

The axiom of the empty-set asserts that there exists a set which contains no elements

The axiom of pairing:

The axiom of pairing asserts that given any set A and any set B, there is a set C' such that, given any
set D, D is a member of C if and only if D is equal to A or D is equal to B. This is to say, given two
sets, there is a set whose members are exactly the two given sets.

The axiom of specification:

The axiom of specification asserts that we can construct a set which satisfies a given condition, so long
as this condition is not inherently contradictory.

The axiom of unions:

The axiom of unions asserts that we can perform the union of two sets A and B

The axiom of powers:

The axiom of powers asserts that for any set S we can construct a set P (S) whose elements are all the
possible subsets of S.

The axiom of infinity:

The axiom of infinity asserts that there is at least one infinite set A, that is at least one set with
infinitely many elements. That is we have a set A such that the ) € A and if x € A then the set zU{x}
is also in A.

The axiom of replacement:

We will need the next section to fully understand this axiom, however informally asserts that for some
set S, and form another set by replacing the elements of S by other sets according to any definite rule.
The axiom of foundation:

The axiom of foundation asserts that for every non-empty set S, there exists an element x € S such
that = and S are disjoint. This also asserts that no set can contain itself.

We also recall that we include the symbol € in the ZFC axioms, which allows us to talk about element
inclusions in sets. In other words, ZFC defines a set of axioms that allow us to talk about sets and elements
of sets. Next, we have that, formally speaking, ZFC is allowed to make statements about mappings. Finally,
we will ZFC has the power to prove the results in the previous two sections we made on sets and mappings,
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so we will assume these as well. We will use this as the building blocks for building the natural numbers.
How can we do this from the ZFC axioms?

As it stands right now ZFC only gives us the existence of the empty set, and there is at least a set which
contains infinitely many elements. We start with the empty set, a set which contains no elements, we can
use the ZFC axioms to build a new set which contains the empty set.

Our ultimate goal is to identify each natural number with the number of elements in some corresponding
set. Hence naturally the empty set containing no elements would be identified with the number 0, and so
on. The question is given that we only have the empty set, how can we build a new set? We can use the
axiom of powers. This states that we can take any set S and construct a new set P (S) whose elements are
the possible subsets of S. Applying this to the empty-set, a set which contains no elements and thus has no
subsets except for itself, must give us P () = {@}. This is sufficient for what we need to do.

So, we have two sets, ) and {0}. We shall identify §) with 0 and {@} with 1.

Definition 1.3.1. Zero
We define the number zero to be ). That is, we say Zero is a set that contains no elements.

Definition 1.3.2. One
We define the number zero to be {0}. That is, we say One is the set whose only element is (.

How do we define any more numbers? We can use the axiom of unions. This raises the question why not
use the axiom of powers again? If we apply the axiom of powers to {(}} we get the set

P({0}) = {0,{0}}

If we assume we already know what the natural numbers are, we could identify this with the number 2.
However, a repeated application of the axiom of powers would give us

P{0,{0}}) = {0,{0}, {{03}.{0,{0}}}

Which we would identify with the number 4. Another application would give us a set that we would identify
with the number 8. Clearly, we are skipping numbers such as 3,5,7,9 etc. We can’t get additional numbers
that aren’t powers of 2. Instead, we can define an operation that will allow us to construct each number one
at a time.

This operation uses the axiom of unions, and starts of with the numbers 0 and 1, which we recall are the
sets 0, and {0} respectively. Applying the axiom of unions to these two sets gives us

Du{0}={0.{0}}

This is in agreement with P ({#}}), so we can identify this with the number 2. Now, the axiom of pairing
allows us to create a set that contains as elements any two sets that have already been created. Applying
this to {0, {0}} with itself allows us to create the set {{0),{0}}}. Hence we can now apply this operation
again on the set {0, {0}} to get

{0,403 U {{0,{0}}} = {0, {0}, {{0, {0} } }}

A set of 3 elements so we identify this with the number 3. We can keep doing this to build the Natural
numbers. Lets make some definitions

Definition 1.3.3. The successor operation
Let x© be a set. We define the successor operation, denoted by S to be given by

S(z)=zU{z} (3)

We call this the successor function, as it is clear in the context of the Natural numbers that S (n) = n+1,
but we shall prove this later.

This definition allows us to essentially make any finite number. This leads us to our first potential
definition for the Natural numbers. We first need to define the idea of recursion.

We have the following proposition
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Proposition 1.3.1. Equality of successor operation
Let a,b be sets. We have that S (a) = S (b) if and only if a = b.
Proof:
(=) : Suppose that a,b are sets and S (a) = S (b). By definition of S we have that

aU{a} =bU{b}

Now, as a € S (a) and S (a) = S (b) then we have that a € bU{b} and so a € b or a =b. Similarly, as
be S(b) we get that b€ aU{a} and sob€ a orb=a.
Now, if a = b we are done, so suppose a # b, then we have that a € b and b € a. Consider the set given

by

X ={a,b}

which can be constructed by the Axiom of pairing. Now as a € b we have that b {a,b} # 0 and likewise
as b € a we have aN{a,b} # 0. This contradicts the Axiom of Foundation, X does not contain an element
that is disjoint from it. It follows that we can’t have a # b and conclude that a = b.

(<) : This is trivial by the definition of S. O

There are a few extra properties about the successor function that we shall make use of

Corollary 1.3.1. Successor mapping is injective
Let a,b be sets. We have that the successor function is injective, that is for all sets a,b we have that

Proof:
Suppose that a,b are arbitrary sets and that S (a) = S (b), by proposition this holds if and only if
a =b. Hence we have injectivity. [

Corollary 1.3.2. Empty-set is not the successor of any set

We have that § # S (a) for all sets a.

Proof:

Consider the definition of S (a) and suppose for contradiction that § = S (a). We have by definition of
the successor mapping that

0 =5(a)=aU{a}

This is a contradiction, as aU{a} is a set of two elements, namely a and {a} but the empty-set by definition
has no elements. [

Definition 1.3.4. Recursive definition of a set
A set S is defined recursively if the elements of S are defined in terms of other elements x € S. Moreover
we have that there is some initial element xo which is used to define the other elements of the set.

Definition 1.3.5. First definition of the Natural numbers
We define the set N, called the set of natural numbers, to be the set given by

N=A{x:2=0o0orz=2S5(y) for somey e N} (4)

We have defined N recursively in terms of elements of N. As an example 2 € N as 2 = S (1) and likewise
1 = 5(0) and we know that 0 is really the same as (), which is the initial element of N as defined above.
This definition allows us to get any = € N, however it is not quite enough to get every element of N at the
same time. We know that there should be infinitely many natural numbers, indeed for any n € N we have
also that n + 1 € N. In other words we have a chain of sets of increasing size, that is we have
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Ny = {0, {0}, {{0,{0}}}} =3

Which satisfy Ng € N; € No € N3 C .... So we see at each stage N,, is a finite set of size n and so ultimately
our current definition of N can ultimately only ever reach a finite n. although we can make this n arbitrarily
large. To ensure we get every possible n at once we need to invoke the axiom of infinity.

1. The axiom of infinity:

The axiom of infinity asserts that there is at least one infinite set A, that is at least one set with
infinitely many elements. That is we have a set A such that the ) € A and if z € A then the set zU{z}
is also in A.

There is a useful definition that we can extract from the axiom of infinity.

Definition 1.3.6. Inductive set
Let A be a set and let f : A — A be a mapping. We say that A is an inductive if it satisfies the following
two properties

1.0eA
2. Ifx e Athen f(z) € A
For now, we will be focused on the case where f = S, the successor mapping.

In light of the axiom of infinity we have a set that contains the infinitely many Natural numbers. This
is nearly what we want, although it won’t be the set of Natural numbers. This set could clearly have many,
many more things than just the Natural numbers.

We can make a new definition, which will allow us to define N. We will also be able to show the fact this
definition defines N to be the smallest such inductive set that contains all of the Natural numbers.

Definition 1.3.7. The set Ng
Let S be an inductive set. We define Ng as follows

Ne= () 4 (5)
ACS
A is inductive
This is well-defined by the axiom of specification, being an inductive step is definable and the collection
of all subsets of S is a set we can define.

We have that all of these sets Ng are the same.

Theorem 1.3.1. Fvery Ng set is the same set
Let S and T be inductive sets. Define the sets Ng and Ny We have that
Ng = Nr (6)

Proof:
By the axiom of extensionality we know that two sets are equal if and only if they contain the same
elements. To see that Ng and Np have the same elements consider the new set given by

C =NgNNyp
We recall from proposition [1.2.8 that for two sets A and B we have AN B C A. Hence it follows that
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C =NgNNp C Ng

That is, C C Ng, that is to say every element of C is also an element of Ng. Now recall the definition of
NS;

Ng= [ 4
ACS
A is inductive

We know that C C Ng, hence as Ng is the intersection of all subsets of S we must conclude that C' C S.
Now, we know that S is an inductive set. Hence S satisfies the following

1.0eS
2. Ifx e S then S(z) e S

If we can show that C is an inductive set we know that C was one of the sets we used to construct Ng
and hence Ng C C, which will give the equality C' = Ng.
Now, to show that C is an inductive set me must show that

1. peC
2. Ifx € C then S (z) € C

1. heC:
We have that C = Ng N Np and we have that

Ne= (] A4
ACS
A is inductive

Ne= () 4
ACT
A is inductive

In the definitions of both Ng and Np we have that these are the intersections of inductive sets and so
) € Ng and ) € Np. It hence follows that as C = Ng NNt we must have O € C.

2. If v € C then S (z) € C:

Now suppose that x € C. Like before we know that C = Ng N Np, and by the definition of the
intersection of two sets, it follows that x € Ng and x € Np. Now we have that

Ne= (] A4
ACS
A is inductive
hence as © € Ng we have we must have that x € A for every subset A of S. Moreover each such A
is an inductive set and so by definition of an inductive set we have that S (x) € A for every subset A
of S. Hence S (x) € Ng and likewise a similar argument shows that S (x) € Np. It thus follows that
S(x)eC.

As x € C was arbitrary we must conclude that this holds for any x € C.

Hence C is an inductive set.

Now, we know that C C S and C' is an inductive set then it follows that C is one of the inductive sets in
the definition of Ng. It hence follows that Ng C C'. It follows by the axiom of extensionality that as Ng and
C' contain the same elements then C = Ng.

Likewise the a similar argument shows that C = Np. So it follows that Ng = Np. O
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In light of this theorem we can now truly define N.

Definition 1.3.8. The Natural numbers N

Let S be an inductive set, and construct the set Ng. The set Ng is the set of Natural numbers and by
theorem [1.3.1] no matter the inductive set S we have that all such Ng are the same. Hence we simply refer
to the natural numbers by N.

We identify the elements of N not in terms of (), and sets of sets containing @), but instead by the more
usually numerals that we use. We have already defined Zero and One, by definitions and The
other numbers follow likewise, i.e

0=10
1=25(0) = {0}
2=5(1) ={0,{0}}
3=25(2)
4=25(3)

n+1 :S (n)

We said that we can prove that N is the smallest such inductive set that contains all the natural numbers,
this is to say if A C N is an inductive set we must have that A = N. We thankfully do not need to prove
this as the previous theorem gives this for free. This also gives us the following definition for a minimally
inductive set, we make the definition in such a way that we argue about sets of inductive sets.

Definition 1.3.9. Minimally inductive set of sets
Let S be a set whose elements are also sets satisfying some condition, and let f : S — S be a mapping.
We say that S is minimally inductive if and only if the foll lowing holds

1. S is an inductive set under the mapping g

2. No proper subset of S is inductive under the mapping g

One of the most powerful properties of the natural numbers is the principle of Induction. This tool is
powerful in proving many statements on the Natural numbers. It works in a similar way to how an inductive
set Worksm We show that the statement works for some base case, usually n = 0, then we assume that if it
holds true for some n then it holds true for S (n) =n+ 1.

Theorem 1.3.2. The principle of induction
Suppose we have a proposition P (n) about a Natural number n € N. Moreover, suppose that

1. P(0) is true
2. P (n) being true implies P (S (n)) = P (n+ 1) is true for any Natural number n.

If these two statements are true, we have that P (n) is true for any natural number n, and we say the
proposition P (n) holds by the principle of mathematical induction.

Moreover we call P (0) the base case for induction and P (n) being true implies P (n+ 1) being true is
the inductive step.

Proof:

Let P (n) be a proposition about a Natural number n € N such that P (n) satisfies

1. P(0) is true

2. P (n) being true implies P (S (n)) = P (n+ 1) is true for any Natural number n.

"Hence the similar names.
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Consider the set given by

Q={n:P(n) is true}
That is, Q is defined as the set of Natural numbers such that that P (n) is true, clearly Q C N. By hypothesis
we know that P (0) is true, so 0 € Q. Also by hypothesis we know that if P (n) is true for some n € N. then
we have that P (S (n)) = P (n+1) is also true, hence we have that every n € N is also in Q, hence N C Q
and so by the axiom of extensionality we have that Q = N. Hence P (n) is true for every Natural number

neN. [

Now that we have induction we can make a final definition that will be useful. This definition combines
a few previously proven results into a convenient package, this package has the strength to prove the usual
properties of the natural numbers and perhaps are an easy way to remember the basis for deducing properties
about the natural numbers.

Definition 1.3.10. The Peano azxioms
We define the Peano azioms as follows. Let A be a set and consider the successor mapping on A,

S:A— A. If we have that

1. A is an inductive set

(a) De A
(b) If v € A then S(x) € A

2. S is an injective mapping.
3. Vx € S we have that § # S (x)
4. YBCA. If0€ B and S(n) € B for alln € B then B=A

If A satisfies all of the above, then we say that A satisfies the Peano axioms and induces Peano arithmetic.

1.3.2 Properties of the natural numbers

Although we have constructed N we haven’t defined what we can do with this set. We know from our
intuitions that we can define addition, a form of subtraction, multiplication and in some cases division. We
also know that there is some notion of a Natural number being larger or smaller than another, when two
Natural numbers are equal and so. We will explore some of these properties so that we can start doing some
form of Mathematics.

1.3.2.1 Equality of natural numbers

Firstly, it is important to define when two Natural numbers are equal, again as we have defined the natural
numbers in terms of Sets, this just comes down to the axiom of extensionality.

Definition 1.3.11. FEquality of natural numbers

Let n,m € N be two natural numbers. We define that two natural numbers are equal, denoted n = m if
and only if n € m and m Cn. This is simply the axiom of extensionality.

If we do not have n = m then we say that n and m are not equal and we denote this n # m.

This definition clearly makes sense as each natural number is a set.

Example 1.3.1. We have that 1 = 1. Indeed by definition 0 = 0 and 1 = {0}. It is clear that {0} C {0}
hence the aziom of extensionality gives us that {0} = {0}. Thatis 1 =1

Example 1.3.2. We have that 3 = 3. Indeed by construction we have that 3 = {0,{0},{0,{0}}} It is clear
that {0,{0},{0,{0}}} hence the aziom of extensionality gives us that {0,{0},{0,{0}}} = {0,{0},{0,{0}}}.
e 3 =3
Example 1.3.3. We have 1 # 2. We have that 1 = {0} and 1 = {0,{0}}. Now {0} C {0,{0}} bdut
{0.{0}} < {0}

In particular in light of the definition of equality on the natural numbers if n = m and m = k we must
have that n = k.
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1.3.2.2 Inequality of natural numbers

We can define also define what it means for natural numbers to not be equal. We make use of the notion of
set inclusion. Recall that a set S is a subset of the set T', written S C T, if for every s € S we have that
s € T and that S is a proper subset of T', written S C T'if S C T and S # T. We will use the proper subset
notation to define the so-called less than operator. This operation comes naturally from the definition of the
natural numbers by the successor mapping. The successor function has the following chain of definitions for
each n € N

0=10

1=5(0)={0}

2=5(1) ={0,{0}}

3=25(2) = {0,{0},{0, {0} }}
4=5(3)={0,{0},{0,{0}},{0,{0}, {0, {0}}}}

n+1=.5(n)

From this chain of definitions and the axiom of foundation, 0 = (} is the set element minimal element
of N, so every natural number is contained in one that comes after. We can make the following definition
which defines when one natural number is smaller than another.

Definition 1.3.12. Less than Operator

Let n,m € N. The less than operator, denoted by n < m and read as n is less than m, is defined as
follows.

We have n < m if and only if n C m. The set that denotes the number n is an element of the set m. In
the language of mathematical logic, we have that that < is actually a logical proposition, given by

< ) 1, IfnCm
n,m) = ‘
0, Otherwise

Recall that for predicates 0 indicates that the predicate is false and 1 indicates that the predicate is true.
Example 1.3.4. We have that 2 < 3. Indeed 2 = {0, {0}} and 3 ={0,{0},{0,{0}}}, and clearly

{0,403} c {0.{0} . {0.{0}}}
We can combine the less than operator with the equality operator.

Definition 1.3.13. Less than or equal to operator

Let n,m € N. The less than or equal to operator, denoted by n < m, and read as n is less than or equal
to m, is defined the same as n < m except we now allow for the situation that n = m. This is to say < is a
logical proposition given by

1, Ifn<m
<(nm)=<1, Ifn=m
0, Otherwise

Where on the right-hand side of the definition we are talking about sets, and on the left-hand side we are
talking about natural numbers, although we know these are the same thing.

Example 1.3.5. We have that 2 < 3. From the previous example, we know that 2 < 3. Moreover, we have
that 3 <3 as 3 =3.

We have defined less than and less than or equal to, we can define a similar notation of greater than and
greater than then equal to, we can do this by considering when n ¢ m.
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Definition 1.3.14. Greater than operator
Let n,m € N. The greater than operator, denoted by n > m and is read as n is greater than m, is defined

as follows.
We have n > m if and only if n ¢ m. That is, the set that denotes the number n is not an element of

the set m. That is to say that > is a logical proposition, given by

> (n,m) = 1, Ifngdm
’ 10, Otherwise

Likewise, we can define the greater than or equal to operator.

Definition 1.3.15. Greater than or equal to operator

Let n,m € N. The greater than or equal to operator, denoted by n > m, and read as n is greater than or
equal to m, is defined the same as n > m except we now allow for the situation that n = m. This is to say
> is a logical proposition given by

1, Ifn>m

>nm,m)=1<1, Ifn=m
0, Otherwise

1.3.2.3 Defining addition and multiplication on the Natural numbers

We can use the principle of induction to make definitions as well as a proof technique. We shall use induction
now to make two definitions, in particular, we define two mappings that will allow us to start manipulating
Natural numbers as we expect them to. To do so it is enough to specify what the mapping does when 0 is
given as an argument, and then do define what the mapping does when given S (n) as an argument, hence
defining it in terms of n for each n € N. This will make sense when we define these operations.

We first recall the Cartesian product of two sets. Let S and T be sets, the Cartesian product of S and
T, denoted S x T is the set of all ordered pairs of the form (5,t) where s € S and t € T. This is to say that

SxT={(st):s€S5,teT}
If S = T then we denote S x T by S2.

Definition 1.3.16. Addition on the Natural numbers
We define addition on the Natural numbers by the following mapping. Let + : N> — N be such that for
all (m,n) € N2 we have the following

+:N?—=N (7)

m+0=m, Ifn=0

) = m) = {m+5(n)25(m+n>, Ifn 0

We will write + (m,n) as m + n.
In light of this definition, we can prove that 1 +1 =2

Theorem 1.3.3. 1+1=2
We have that 1+ 1 = 2.
Proof:
We know that 1 =S (0) and 2 =5 (S (0)). Hence, we are proving
5(0) +5(0) = S(5(0))
By the definition of the addition mapping, we know that ¥ (m,n) € N? that
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m+S(n)=S(m+n)

In particular if n = 0 we have Ym that

m+S(0) = S (m+0)

and

S(0)+5(0)=5(S(0)+0) (9)
Moreover, by the definition of addition, we know that Ym that if n = 0 then

m+0=m

Hence

S(0)+0=5(0)
= S(S(0)+0)=5(S(0))
= 5(0)+ 5(0)=5S(S(0))
This is to say. 1 +1=2. As required. .

Definition 1.3.17. Multiplication on the Natural numbers
We define multiplication on the Natural numbers by the following mapping. Let * : N x N — N be such
that for all (m,n) € N x N we have the following

*: Nx N—N (10)

m+x0=0, Ifn=0

(m,n)H*(m’n):{m*S(n):m*TH_m’ lfn#0

We will write x (m,n) as m xn, or more compactly just as the juztaposition mn

As with addition we provide a proof that 2x2 =4

Theorem 1.3.4. 2%2=/

We have 2 x 2 = 4.

Proof:

We know that S (1) = 2 and so by definition of multiplication we have that

2%2=2x5(1)=2%1+2

Likewise we know that S (0) = 1 and so by another application of the definition of multiplication we have

that
2%14+2=2%5(0)4+2=2x0+2+2
Now 2 %0 =0 by definition as so we have that

2%2=2%x0424+2=042+2=242

It is left to show that 2+2 = 4. We use a similar proof to1+1=2. As4=5(5(2)) =S5 (S(5(5(0))))
and 2 =5 (5 (0)) we need to show that

5(5(0) +5(5(0) = 5(S(5(5(0))))
By the definition of addition we have that ¥ (m,n) € N? that
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m+S(n)=S(m+n)
In particular we have that if n =0 and Vn € N that

m+S(0) =S (m+0)
So that

That is 2 + 2 = 4 and so the theorem is proved. [

These two definitions are enough to prove every elementary property of addition and multiplication that
we are familiar with. However to do so will require an upgrade to the idea of induction. This will allow us
to perform induction on both the addition and multiplication mappings. Once we have done this we will
have put the natural numbers on a firm logical basis. This idea is called double induction, or more clearly
induction on two variables.

For example, we know from school that n+m = m+mn for all natural numbers n and m. To show that this
is true, we start by induction on n, so we have to show that m + 0 = 0+ m and then that (m +n =n+ m)
implies that (m + .S (n) = S (n) +m), each of these will be proved by induction on m. This is the idea of
double induction.

Theorem 1.3.5. Double induction
Let P (m,n) be a proposition about a pair of natural numbers m,n € N. Moreover suppose that

1. P(0,0) is true.
P (0,n) being true implies that P (0,5 (n)) is true.

P (m,0) being true implies that P (S (m),0) is true

e e

For a given m € N, from the truth that P (m,x) is true for all x, and also that of P (S (m),n) for
some n, we can infer that P (S (m),S (n)) is true.

If these statements are true, we have that P (m,n) is true for any natural numbers m,n € N and we say
that the proposition P (m,n) hold by the principle of mathematical double induction.

Proof:

Let P (m,n) be a proposition about a pair of natural numbers m,n € N, which satisfies

1. P(0,0) is true.
P (0,n) being true implies that P (0,5 (n)) is true.

P (m,0) being true implies that P (S (m),0) is true

e

For a given m € N, from the truth that P (m,x) is true for all x, and also that of P (S (m),n) for
some n, we can infer that P (S (m),S (n)) is true.

Statements 1 and 2 are the base case and the inductive step for the proof of P (0,n) for all n € N.
Likewise statements 1 and 3 are the base case and the inductive step for the proof of P (m,0) for all m € N.

Finally, the statements 3 and 4 is the base case and inductive step for a proof, by induction on n for a
proof of the statement that if P (m,n) holds for alln, then P (S (m),n) holds for all n, and thus by induction
we have that P (m,n) is true for all m. [O.

We can start proving the basic properties of N that we are familiar with.
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1.3.2.4 Closure properties of addition and multiplication

We show that addition and multiplication on the natural numbers to produces a natural number.

Theorem 1.3.6. The addition and multiplication mappings on the natural numbers are closed
For all n,m € N. We have that

1. n+meéeN.

2. nm € N.

Proof:

1. n+m € N:
Let n,m € N. We need to show that

(a)
(b)
(c)
(d)

(a)

(b)

(c)

(d)

0+0eN

0+n €N implies0+ S (n) €N

m+0 € N implies S (m) +0 €N

For some m € N. Suppose that m + x € N for all x € N, and S(m)+n € N for some n € N
implies that S (m) + S (n) €N

0+0€eN:
We have by the definition of addition that

0+0=0
which is clearly in N.
0+ n € N implies 04+ S (n) € N:

Now, suppose that 0+ n € N for some n, we show that 0+ S (n) € N.
By the definition of addition we have that

0+S(n)=S(0+n)
Now 0+ n € N by assumption, therefore we have that S (0 +n) € N. Hence 0+ S (n) € N.

m+0 € N implies S (m) +0 € N:
Now, suppose that m + 0 € N for some m, we show that S (m)+ 0 € N.
By the definition of addition we have that

S(m)+0=S5(m)=S5(m+0)
Now m + 0 € N by assumption, therefore S(m +0) € N. Hence S(m)+0€N

For some m € N. Suppose that m + x € N for all x € N, and S(m) +n € N for some n € N
implies that S (m)+ S (n) € N

Now suppose that m+x € N for all x € N and some fired m € N, and suppose that S (m)+n € N
where n is some fized value, we show that S (m)+ S (n) € N.

So, we have that S (m) € N and S (n) € N we can use the definition of addition, doing so gives

S(m)+S(n)=S5(S(m)+n)

By assumption S (m) +n € N, hence as we have that m +x € N for all x € N, then we have that
S (S (m)+n) € N. Therefore we must conclude that S (m) + S (n) € N.
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Hence by the principle by double induction we have that m +n € N for all m,n € N. That is, addition
is closed.

2. nm € N:
Let n,m € N. We need to show that

(a)
(b)
(c)
(d)

(a)

(b)

(c)

(d)

0x0eN

0xn €N implies 0x S (n) €N

m =0 €N implies S (m)*0 €N

For some m € N. Suppose that m+x € N for all x € N, and S (m)*n € N for some n € N implies
that S (m) xS (n) € N

0x0¢eN:
We have by the definition of multiplication that

0x0=0
which is clearly in N.
0xn €N implies 0% S (n) € N:

Now, suppose that 0« n € N for some n, we show that 0 S (n) € N.
By the definition of multiplication we have that

0xS(n)=0%xn+0

Now 0xn € N by assumption, moreover we have proved that addition is closed, so 0 xn+0 € N
therefore we have that 0% S (n) € N

m 0 € N implies S (m) *0 € N:

Now, suppose that m 0 € N for some m, we show that S (m) 0 € N.

By the definition of addition we have that

S(m)x0=0
Where S (m) x 0 = 0 by definition of multiplication. Hence as 0 € N we have that S (m) *0 € N.
For some m € N. Suppose that m+x € N for all x € N, and S (m)*n € N for some n € N implies
that S (m) xS (n) € N:
Now suppose that mxx € N for all x € N and some fized m € N, and suppose that S (m)*n € N
where n is some fized value, we show that S (m) = S (n) € N.

So, we have that S (m) € N and S (n) € N we can use the definition of multiplication, doing so
gives

S(m)*S(n)=5(m)*n+5S(m)

By assumption S (m)+n € N, moreover as mxx € N for all x € N we must have S (m)+n+S (m) €
N as addition is closed.

Hence S (m)* S (n) € N.

Hence by the principle by double induction we have that m xn € N for all m,n € N. That is,
multiplication is closed.

Hence,

we have that the addition and multiplication mappings are closed. [
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1.3.2.5 Commutativity of addition and multiplication

This will prove that for all a,b € N that a +b = b+ a and ab = ba.

Theorem 1.3.7. Addition and multiplication are commutative
For all a,b € N we have that

1.a+b=b+a

2. ab=ba

Proof:

1.a+b=b+a:

We argue by double induction. We need to show that

(a)
(b)
(c)
(d)

(a)

(b)

(c)

(d)

0+0=0+0

0+n=n+0 implies0+ S (n) =5(n)+0

m+0=0+m implies S(m)+0=0+ S (m)

Ifm+xz=xz+m forallz € N and S(m)+n =n+ S (m) for some n € N, then we have that
S(m)+S(n)=5(Mn)+S5(m)

0+0=0+0:

This is trivial by definition of addition.

0+n=n+0 implies0+ S (n) =5 (n)+0:

Suppose that 0 +n =n+ 0, we show that 0 + S (n) = S (n) + 0. By the definition of addition we
have that

0+S(n)=5(0+n)
We know by assumption that 0 +n =n+ 0. Hence

SO0+n)=Sn+0)=S(n)+0
m+0=0+m implies S(m) +0=0+ S (m):
Suppose that m + 0 = 0+ m, we show that S (m)+ 0 =0+ S (m). By the definition of addition
we have that
S(m)+0=S(m)=5(m+0)
We know by assumption that n + 0 = +m. Hence

S(m+0)=S0+m)=0+S(m)

Ifm+x=xz+m forallz € N and S(m)+n =n+S5(m) for somen €N, then we have that
S(m)+S(n)=S5mn)+S(m):

Suppose m + x = x4+ m for all x € N and that S (m) +n =n+ S (m) for some n € N, we show
that S (m)+ S (n) =S (n)+ S (m).

We have

S(m)+S(n)=5(S(m)+n)

Now we have by assumption that S (m) +mn =n+ S (m), for some n € N, hence
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S(S(m)+n)=Sn+S(m))=S(Sn+m))

Likewise a similar chain of reasoning gives

S(n)+S(m)=S5(S(n)+m)=5(m+S5(n)=5(S(m+n))
Finally, we have that m +mn = m + n by assumption, and so S (S (n+m)) =5 (S (m+n))
Hence by the principle of double induction we have that a+b = b+ a for all a,b € N. That is addition
18 commutative.

2. ab=ba:
We need to show that

(a) 0x0=0%0

(b) 0xn=n=0 implies0x S (n)=5(n)*0

(¢) m*0=0xm implies S (m)*0=0xS(m)

(d) If mxxz = x*xm for allz € N and S (m)*n = nx*S(m) for some n € N, then we have that
S(m) xS (n)=.5(n)*S(m)

(a) 0%0=0x0:
This is trivial by the definition of multiplication.

(b) 0xn=nx0 implies 0% S (n) =5 (n) *0:

Suppose that 0xn = nx0, we show that 0xS (n) = S (n)x0. We have by definition of multiplication
that

0xS(n)=0xn+0
=nx04+0, By assumption
=0+ 0, By definition of multiplication
=0, By definition of addition
= S (n) %0, By definition of multiplication

(c) m*0=0xm implies S (m)*0=0x%S5(m):
Suppose that m % 0 = 0 xm, we show that S(m) 0 = 0x* .S (m). We have by definition of
multiplication that

0xS(m)=0xm+0
=m=x*040, By assumption
=0+ 0, By definition of multiplication
=0, By definition of addition
=5 (m) %0, By definition of multiplication

(d) If mxx =xxm for allz € N and S (m) xn = nx* S (m) for some n € N, then we have that
S(m)*S(n)=25(n)*S(m):
Suppose that m x x = x *m for all x € N and S (m) *xn = n* S (m) for some n € N, we show
S (m) xS (n) =58 (n)*S(m). By definition of multiplication we have that
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Sim)xSn)=Sm)sn+S(m)=nxS(m)+S(m)=nxm+n+S(m)=nxm+S((n+m)

Likewise, we have that

Sn)xS(m)=Sn)*xm+Sn)=m=+xSn)+Sn)=m+xn+m+S(n)

=mxn+S(m+n)

Now, we know that addition is commutative so we have that S (m +n) = .S (n+ m), moreover by

assumption we have that nxm = mxn. Hence

nxm+Sn+m)=mxn—+S(m+n)

Hence by the principle of double induction we have that ab = ba for all a,b € N. That is multiplication

15 commutative.

The result now follows. [

We can also now deduce the following property of multiplication

1.3.2.6 Associativity of addition

This will prove that for all a,b,c € Nthat a+ (b+¢) =(a+b) +¢

Theorem 1.3.8. Addition is associative
For all a,b,c € N we have that

a+(b+ec)=(a+b)+c

Proof: We can show this by induction. Let x,y € N be arbitrary, and let P (n) be the proposition given

by

(Z+y)+n=z+(y+n)

For the base case we have n = 0 and so

(x+y)+0=x+y, By definition of addition
=x+(y+0)

Hence P (0) is true.
Now, suppose that P (n) is true, that is

(+y)+n=z+(y+n)
We show that P (S (n)) is also true, that is

(x+y)+Sn)=x+(y+S(n)
Now, we have that

(z+y)+S5(n)=5((z+y)+n)

= S( + (y +n)), By the induction hypothesis

= ( (y +n)), By definition of addition
(y+ S (n)), By definition of addition

, By definition of addition

Hence P (S (n)) is true.
It follows by mathematical induction that Va,b,c € N we have that a + (b+ ¢)
addition is associative. [

74

(a+0b) + ¢, that is



1.3.2.7 Multiplication distributes over addition

This will prove that for all a,b,c € N we have that a (b+ ¢) = ab+ ac and (a + b) ¢ = ac + be.

Theorem 1.3.9. Multiplication distributes over addition
For all a,b,c € N we have that

1. a(b+c)=ab+ac
2. (b+c)a=ba+ca=ab+ac

Proof:

We can be quick, and solve both problems nearly simultaneously, as we have shown that multiplication is
commutative.. To do this we show that for all a,b,c € N we have that a (b+ ¢) = ab + ac.

Let a,b € N be arbitrary and we argue by induction on the proposition P (n) given by

a(b+n)=ab+an

For the base case n = 0 we have that

a(b+0) =a(b), By definition of multiplication
=ab
= ab + 0, By definition of addition
= ab + a x 0, By definition of multiplication

Hence P (0) is true.
Now suppose that P (n) is true, that is to say

a(b+n)=ab+an
We show that P (S (n)) is true, that is

a(b+ S(n)) =ab+aS (n)
Indeed, we have that

a(b+S(n)=a(S(b+n)), By definition of addition
=a(b+n) + a, By definition of multiplication
=ab+ an + a, By assumption
= ab+ aS (n) 0, By definition of multiplication

Hence P (S (n)) is true.
It hence follows by the principle of mathematical induction that Ya,b,c € N we have that a(b+c) =

ab + ac.
Now, we have shown that a (b+ ¢) = ab+ ac, to see that (b+ ¢)a = ba + ca = ab+ ac we simply observe
that

(b+c)a=a(b+c), Multiplication is commutative

= ab+ ac, By part 1 of the theorem

ba + ca, Multiplication is commutative

As required. [
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1.3.2.8 Associativity of multiplication

This will prove that for all a,b,c € N that a (bc) = (ab) ¢

Theorem 1.3.10. For all a,b,c € N we have that a (bc) = (ab) ¢
Proof:
We again show this by induction. Let x,y € N be arbitrary, and let P (n) be the proposition given by

(zy)n =z (yn)

For the base case we have n =0 and so

(zy) 0 = 0, By definition of multiplication
=z (0), By definition of multiplication
=z (y x 0), By definition of multiplication

Hence P (0) is true.
Now, suppose that P (n) is true, that is

(zy)n =z (yn)
We show that P (S (n)) is also true, that is

(zy) S (n) = = (yS (n))

Now, we have that

(xy) S (n) = (xy) n + zy, Definition of multiplication
=z (yn) + xzy, By assumption
= zy + x (yn), Addition is commutative
=z (y+ (yn)), Multiplication is distributive over addition
=z ((yn) +y), Addition is commutative

=z (yS (n)), Addition is commutative

Hence P (S (n)) is true.
Hence, it follows by the principle of mathematical induction that for all a,b,c € N we have that a (bc) =

(ab)e. O

1.3.2.9 The Zero and Identity laws
These two laws allow us to note that adding zero to any natural number n gives back n and multiplying n
by 1 gives n.

Theorem 1.3.11. The zero and Identity laws
Let n € N. We have that

1.n+0=n=04+n

2. 1lxsn=n=n=x1
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Proof:
By commutativity, it is enough to only prove

1.n4+0=n
2. nxl=n

1. n+0=n:
This is true by the definition of addition.
2. nx1l=nmn:

We have by the definition of multiplication that

nxl=nxS0)=nx0+n=0+n=n

Where the last equality comes from the zero law and the fact addition is commutative.

The result follows. [

1.3.2.10 The cancellation laws
These laws allow us to deduce that if a + b = a + ¢ then we must have b = ¢, and if a # 0 that ab = ac gives
b=c

Theorem 1.3.12. The cancellation laws
Let a,b,c € N. We have that

1. If a4+ b= a+ c then we have b = c.
2. For a # 0, if ab = ac then we have that b = ¢
Proof:
1. Ifa+b=a+ c then we have b = c:
We argue by induction, let b,c € N be arbitrary and let P (n) be the proposition given by
n+b=n+c=b=c

For the base case P (0) this holds trivially. Now suppose the proposition P (n) holds that is

n+b=n+c=b=c

We show that P (S (n)) holds, that is

S(n)+b

Sn)+c=b=c

Now, we have that
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Sn)+b=5(n)+c
Sn+0)+b=SMn+0)+c
n+S0)+b=n+S5(0)+c
n+ (S (0 —|—b) =n+ (S(0) +¢), By associativity
(S(0 = (5(0) + ¢), By hypothesis, as P (n) has b, c being arbitrary
b+S( )—C—i—S( ), By commutativity
S(b+0)=S(c+0)
S() =50

\./\_/

Hence we have b = c by proposition[1.3.1, So P (S (n)) is true.

Hence by mathematical induction we have that if a + b = a + ¢ we must have that b = c.

. For a # 0, if ab = ac then we have that b = c:
We again argue by induction, let b,c € N be arbitrary and let P (n) be the proposition given by

nb=nc=b=c

Moreover, we do induction starting at n = 1 as the case n = 0 is vacuously true. So for P (1) we have
that this holds trivially. Now suppose that P (n) holds. that is

nb=nc=b=c

We show that P (S (n)) is true

Indeed we have that

S(n)b=S(n)c
bS (n) = ¢S (n), By commutativity
bn 4+ b =cn+ ¢, By commutativity
a+b=a+c, nb=nc by assumption, so let nb = nc = a for some a

b = ¢, By the cancellation law for addition

Hence P (S (n)) is true.

Hence by mathematical induction we have that for a # 0 if ab = ac we must have that b = c.

As required. .
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1.3.2.11 Summation and product notation

Now that we have a well-defined notion of addition and multiplication we can define a shorthand to can
be useful in avoiding writing out longer chains of additions (or multiplications) in certain situations. We
will require the following mapping. Let s € N"*! be an ordered n + 1-tuple of Natural numbers where
s = (S0, 81,51, 82, .- ., 5,) and define N, = {0,1,2,3,...,n}. Let f: N,, = N be a mapping defined by

f:N,—-N
7 f (Z) = S;
This is to say that f simply gets the value of s; which is an element of the ordered tuple s.

Definition 1.3.18. Summation notation
Let s € N" ! be an ordered n + 1-tuple of Natural numbers where s = (8o, 81,51,52,...,5,) and define
N, =1{0,1,2,3,...,n}. Let f:N,, = N be a mapping defined by

fiN, >N
i f(i)=s;

We define the summation notation by

Zf(i)=f(0)+f(1)+f(2)+'--+f(n)

This can also be written as

n
ZSi=So+51+S2+"'+Sn
i=0
We call i the index of the summation and that i = 0 as the starting index of the summation for some
a € N and that n is the ending index of the summation. In the case that s € () then we define the summation

to be 0 and call such a summation an empty sum.
We can also define the summation over a subset of N,, which allows for starting the summation at a
starting point other than i = 0. Let T'C N. We can define the summation over the set T by

S
ieT
If we have a mapping g : N — N for some mapping g then we can define a summation over g by
> g (si)
i€T

Finally, we can define a summation over a predicate P (i) for i € T giving
> g(si)
P(3)

which means to take the sum of the g (s;) where i satisfies the predicate P. If the predicate is not satisfied
by any i then the summation is also said to be an empty summation and given a value of 0.

In light of definition a summation of a predicate we have that if a > n where a is the index lower of
summation and n the upper point of summation then the sum would be by definition equal to 0. That is to
say

Zn:sizo, Ifa>n

i=a
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Example 1.3.6. Let s = (2,3,4,8) € N* then we have that

3

Zsi:2—|—3+4—|—8:17
=0

Example 1.3.7. Let g (n) = n and let k = 4 then we have that

4 3
~1g()=> i=1+2+3+4=10
=0 =0

K2

Example 1.3.8. Let s; € N then we have

—

S1 = 81
i=1

Example 1.3.9. Let g(n) =nx*n and let T = {2,6,11} C N then

> gi)=g(2)+g(6)+g(11) =2x2+6x6+ 11+ 11 =4+ 36+ 121 = 161
€T

Example 1.3.10. Let g(n) =n, let P (n) be the predicate such that

Pn) = {1, Ifn=246

0, Otherwise

Let T = {2,6,11} C N! then we have for the i € T that satisfies P (i) is given by

Zi:2+4:6

P(i)
Example 1.3.11. Let f (n) =n+ 5. Consider the sum
6
> n+5=03+5)+4+5)+(5+5+(6+5 =8+9+10+11 =238
i=3
We can re-express this sum as
3

D> n45=((0+3)3+5) + ((1+3)+5) +((2+3)+5) + ((3+3)+5) =38

1=0

We have re-indexed the sum into an equivalent form.
We can make some observations about summation notation.

Proposition 1.3.2. Properties of summation notation

Let n,m € N such that m < n. Let s,t € N and let ¢ € N. In addition define A=N,, and B=N,\ A =
{m+1,m+2,...,n} so that AUB = N,,. Let a € N be the lower index summation. We have that the
following properties hold.

n m n
=0 =0

€A i€EB i=m+1

m

2. isi:ZSi—l— zn: Si

i=m-+1
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n

3. Zc:c*n
i=1
n n

4. Zc*si:c*Zsi
i=1 i=1
n n n
i=1 i=1 i=1

Proof:
n m n
D SUED SUES SUED JURES St
i=0 i€A i€B i=0 i=m+1
We argue by induction on n. Let P (n) be the proposition given by
n m n
SO NS JUES SIRE St
i=1 icA i€B i=1 i=m+1

The base case P (0) we have that A =0 and B =Ny \ A = {0} as we have by assumption that m < n.
Hence

0
E S; = So
i=0
Likewise we have
0
E S + E s; =0+ E S; = 8o
icA i€eB i=0

So the base case holds. Now suppose that the P (n) that is

n m n
2811251+281:Z$l+ Z S;
i=1 i=1

i€A i€B i=m+1

we need to show that

n+1 m n+1
Z S; = Z Si + Z S;
i=1 i=1 i=m-+1
also holds. By definition we have that
n+1 n
ZSi =Sy +S1+S2+ -+ Sy + Spy1 = Zsﬂ—snﬂ
i=1 i=0

Now we have that
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n+1

n
g S; = E Si + Sn+1
i=1 i=0

n
= Z s; + Z Si + Sn+1, By the induction hypothesis
i=1 i=m+1
n+1

= Z s; + Z s;, By definition

=1 i=m+1

Hence P (n+ 1) holds and the results follows by induction.

n m n
. E S; = E S; + E S; !
i=a i=a

1=m-+1
This follows by a similar argument as 1. but starting the induction at a.

n

. E C=Cx*xnNn:

i=1
We argue by induction on n. Let P (n) be the proposition given by

Z c=cxn
i=1
For the base case P (1)

Zc:c:c*l

i=1

Now suppose that P (n) holds we need to show that P (n + 1) holds, that is

n+1

ch:c*(n+1)
i=1

We have that

n+1 n
Zc:Zchc:n*chc:c*nJrc:c*S(n):c*(nJrl)
i=1 i=1

The result follows by induction.

n n
. ZC*Si :C*Zsi:
i=1 i=1
We have by definition of summation that

n

E cx8 =C*x81+Cx8y+---+C*S8y,

i=1

Now as multiplication distributes over addition we have

n n
E ckS;=c*8 +ckSg+---tcxsy,=c(s1+82+ -+ 8,)=cCx E Si
i=1 i=1
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i=1 i= i=1

We argue by induction. Let P (n) denote be the proposition given by

n n n
IRRTED SRR
i=1 i= i=1

For the base case P (1) we have that
1
Zsz—i—tz = 851 +t1
i=1
Likewise we have

1 n
281+Zt1 = 51 +t1
i= i=1

So the base case holds. Now suppose P (n) holds so we need to show P (n+ 1) holds. By definition we

have
n+1 n n n
Zsi +28i+ti+8n+1 +itpp1 = Zsz +Zti+8n+1 +itn+1
i= =1 =1 =1

By the induction hypothesis. Now addition is commutative so we get

n+1 n n+1 n+1

n n n
Zsi+ti = ZSi+Zti+Sn+1 +tpt1 = Zsi + Snt1 +Zti+tn+1 = Zsi—FZti
1= =1 =1 1=1 =1 i=1 =1

The result follows by induction.

O
The summation notation allows us to deduce an additional property of multiplication .

Proposition 1.3.3. Product of two naturals being zero implies one of the numbers is zero
Let a,b € N. If ab =0 then at least one of a or b is zero.
Proof:
Let a,b € N and let ab = 0. Using the summation notation we have that

b
ab:Za:a—l—a—i—a—f—---—i—a:O
=1 b times

From which we can see that this holds for a = 0 and only a = 0. Suppose that a # 0 then

b
Za:a+a+a+---+a>0

i=1 b times

A contradiction to the hypothesis.

A similar result holds for ab = Z b. Finally if both a and b are zero the result is trivial.
i=1

The result has been shown.  [l.

A similar definition can be made for multiplication, called product notation
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Definition 1.3.19. Product notation
Let s € N" ! be an ordered n + 1-tuple of Natural numbers where s = (s, 81, 81,82, - --,5,) and define
N, ={0,1,2,3,...,n}. Let f :N,, = N be a mapping defined by

f:N, =N
i f (i) = s

We define the product notation by

This can also be written as

H‘Si = 8,81 % Sg k% Sy
i=0
We call @ the index of the product and that i = 0 as the lower starting point of the product for some a € N
and that n is the upper point of the product. In the case that s € () then we define the product to be 1 and
call such a product an empty product.
We can also define the product over a subset of N, which allows for starting the product at a starting
point other than i = 0. Let T C N. We can define the product over the set T by

I
i€T
If we have a mapping g : N — N for some mapping g then we can define a product over g by
H g (s:)
i€T

Finally, we can define a product over a predicate P (i) fori € T giving
> g(s)
P(3)

which means to take the product of the g (s;) where i satisfies the predicate P. If the predicate is not satisfied
by any i then the product is also said to be an empty product and given a value of 1. In light of definition a
product of a predicate we have that if a > n where a is the lower index of the product and n the upper point
of product then the product would be by definition equal to 1. That is to say

isizl, Ifa>n

Example 1.3.12. Let s = (2,3,4,8) € N* then we have that

3
Hsi:2*3*4*8:192
1=0

Example 1.3.13. Let g (n) =n and let k = 4 then we have that

4—1 3
[[o)=]]i=1+2%3x4=24
=0

=0
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Example 1.3.14. Let s; € N then we have

1
[+ =
=1

Example 1.3.15. Let g(n) =n*n and let T = {2,6,11} C N! then

Hg(i)zg(2)*g(6)*g(11):(2*2)+(6*6)+(11*11):4*36*121:17424
ieT

Example 1.3.16. Let g (n) =n, let P (n) be the predicate such that

Py = {1 =246
n)=
0, Otherwise

Let T = {2,6,11} C N then we have for the i € T that satisfies P (i) is given by

}:i=2*4=12
P(i)

There is an some immediate properties of product notation that are clear

Proposition 1.3.4. Properties of product notation

Let n,m € N such that m < n. Let s,t € N* and let ¢ € N. In addition define A =N,, and B=N,\ A =
{m+1,m+2,...,n} so that AUB = N,,. Let a € N be the lower index summation. We have that the

following properties hold.

n

1. Hsi:Hsi*Hsi:ﬁsi—i— ﬁ S;
i=0 i=0

i€A i€B i=m+1
n m n
2 [Ls=TTs 11 »
1=a 1=a 1=m-+1
n n n
3. Hsiti = S; ti
i=1 i=1 =1
Proof:
n m n
LTs=TTs To=TTs+ I1 o
=0 i€A i€B =0 i=m+1

We argue by induction on n. Let P (n) be the proposition given by

n n m n
[ 0= T =TT+ 1T
=0 =0 i=0

1€A ieB i=m+1

The base case P (0) we have that A =0 and B =Ny \ A = {0} as we have by assumption that m < n.

Hence

0
[[si =0
i=0

Likewise we have
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0
H3i+HSi:0+HSi:30
1=0

icA i€B
So the base case holds. Now suppose that the P (n) that is
n m n
H S; = H S; + H S;
i=1 i=1 i=m+1

we need to show that

n+1 m n+1
[Isi=1Tsi+ II =
i=1 i=1 i=m+1
also holds. By definition we have that
n+1 n
Hsi:50*51*82*"'*8n*5n+1 :Hsi*8n+1
i=1 =0

Now we have that

n+1

n
=1 1=0

m n
= H S; % H Si * Sp41, By the induction hypothesis
i=1

i=m+1
m n+1
= Hsl * H si, By definition
=1 1=m-+1

Hence P (n+ 1) holds and the results follows by induction.

n m n
Le-Tae 1T o
i=a

1=a 1=m-+1
A similar argument as in part 1 shows this.

n

n
. Hsiti:HSi
=1

= =1 =1

ti.'

n

We argue by induction. Let P (n) denote the proposition
In the base case P (1) we have

Likewise
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ti = 51 *tl = Sltl
1

8i

1
=1 1

1

K2

Which shows the base case. Now suppose P (n) is true, we show that P (n + 1) is true. We have that

n
H ns;t; = H Siti * Spy1tnyl
i=1 i=1

n

I
=

tz‘ * Sp41 * tn+1
1

Si

?

—

.
3

n
= HSl *Sn+1 *Htl *tn—'rl
=1 =1

n+1 n+1

= H 8 H t;
i=1 =1

The result follows by induction.

O

1.3.2.12 Exponentiation

With the product notation defined we can define another operation called exponentiation

Definition 1.3.20. FEzponentiation of Natural numbers
Let (m,n) € Nx N and let A : N x N — N. We define the exponentiation of m by n to be m multiplied

by itself n — 1 times

A:NxN—=N

1, Ifn=0and m=0

1, Ifn=0
/\(m,n):Hmzl*Hm ,n#0

i=1 i=1

(m,n) = A(m,n) =

We will write A (m,n) as m™. We say that m is the base and n is the exponent. We sometimes say that m
has been raised to the power of n. In the case that n =0 and m = 0 we have a vacuous product and so an
empty product which by definition has a value of 1.

With the above definition, we make a quick remark. We know that an empty product has a value of 1
and as multiplication by 1 doesn’t change the value we can write exponentiation as

n n
[[n=1+]]m
i=1 =1

This makes it clear that exponentiation is multiplication of 1 by n copies of m.

Example 1.3.17. Let n =2 and m = 2 then we have that as 2 =S (1) then

2
AN22)=]]2=2+2=14
i=1
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Example 1.3.18. Let m =4 and n =1 then we have that
A4,1) =4 =4
Example 1.3.19. Let m =5 and n = 0 then we have that
A(5,0)=5"=1
Example 1.3.20. Let m =2 and n =7 then we have that
A(5,0)=5%=1
As we have defined a new operation we should check that the operation is meaningful

Theorem 1.3.13. Exponentiation is closed
For all n,m € N we have that

A(n,m)eN
Proof:
There are two cases to consider m =0 and m # 0. When m = 0 the operation is defined such that
A(n,0) =1
which is in N. When m # 0 then A (n,m) € N as multiplication in N is closed. O

We should also verify that the other properties that we have verified for addition and multiplication
either hold or do not. For example we can find examples that show that exponentiation is not commutative.

Proposition 1.3.5. Ezxponentiation is non-commutative
There exist n,m € N such that

A(n,m) # A (m,n)

Proof:
Let n = 3 and m = 4 then we have that

from which its clear that 81 # 64. [

Proposition 1.3.6. Ezxponentiation is non-associative
There exist a,b,c € N such that

(@) # a0
Proof:
Let a =2,b=3 and ¢ = 4 then we have that

(2%)* = 8% = 4096
2(3%) — 281 — 2417851639229258349412352
Clearly 4096 # 2417851639229258349412352.  [J

The non-associativity of exponentiation shows an important point, that the order in which we do expo-
nentiation can give drastically different result and so the order in which the exponentiation should be done
will depend on the context. We will bracket for each case as required. There is an interesting property for
the case (ab)c called the power law of exponentiation.
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Proposition 1.3.7. Power law of exponentiation
Let a,b,c € N. We have that

(ab)c — ab
Proof:
By definition of exponentiation we have that
c c b
(ab)c = H ab = H a
i=1 i=1 \j=1

That is we are multiplying H?:I a by itself ¢ times. The product H§:1 a itself is the multiplication of a
by itself b times. We can therefore express the above by

c times

=(a*xa*---*xa)x(axax---*ka)x---x(a*xa*- - *a)

b times b times b times

c times

There are therefore b x ¢ multiplications of a with itself, as we need to perform c iterations of H?:1 a.
Hence we have that

be

C S

(ab) —a*xa*xa*x---%xa= I |a:abC

—_—
bxc times i=1

As required. [

There are some additional properties that we can deduce. Consider 2™ for m € N we have form = 0,1,2,3
and 4 that 20 = 1,2! =2, 22 = 4, 22 = 8 and 2* = 16. Notice that multiplying any 2™ by 2 adds one to the
power. In fact multiplying any 2™ by 4 adds to the power. It looks like the powers multiply together. For
example 2™ x 2" = 2™+T"  We can show this is true for bases other than 2.

Proposition 1.3.8. Multiplying exponents of same base adds the powers
Let a,m,n € N. We have that

Proof:

Leta,n,m € N. If n =0 and m > 0 then a™ = 1 and we have that a®+a™ = a™™™ = 1xa™ = o™ = ¢™.
Likewise for the case m = 0 and n > 0. So suppose that m > 0 and m > 0. We have by definition of
exponentiation that

n

m
a”*am:Ha*Ha:a*a*---*a*a*a*---*aza*a--~*a=a”+m
i=1 =1

n times m times n+m times
as required. [

We also have the following result that combines multiplying two numbers and raising that result to a
power. As an example consider (2 x 3)2 = 62 = 36. Now consider 22 = 4 and 32 = 9 and we clearly have
4 %9 = 36. The powers can come through to each of the numbers of the multiplication.
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Proposition 1.3.9. Power of product is product of powers
Let a,b,n € N. We have that

(a*b)" =a" *b"
Proof:
If n =0 then (a * b)o =1 by definition and a® * b° = 1. So suppose that n > 0 then we have that

(a*b)"=Hab:ab*ab*ab---*ab

=1 ntimes

ntimes

= <a xa*kqQ-- ok a) * <b xbxb---x b) , By commutativity of multiplication
ntimes
=a" xb"

The proposition has been shown. [

1.3.2.13 Subtraction

We can define an operation that will allow us to at least partially undo addition. To define this operation
we need to make use of the less than operator.

Definition 1.3.21. Subtraction of natural number
Let n,m € N such that m < n. Let d € N such that n = m +d. We define subtraction by

d=n—m
We call d the difference between n and m.
There is an immediate result from the definition of subtraction
Proposition 1.3.10. a+ (b—¢) = (a+b) — ¢
Let a,b,c € N with b > ¢. We have that
a+(b—c)=(a+b)—c

Proof:
We argue by induction. Let P (n) denote the proposition

a+(n—c)=(a+n)—c
For the base case n = 0 we have by definition ¢ = 0 and so
a+(0-0)=a=(a+0)-0
Now suppose that P (n) holds, we show that P (n + 1) is true that is

at((n+1)—c)=(a+(n+1))—c
We have thatn+1=(n+0)+1=n+ (0+1) and so

a+((n+1)—c)=a+(n+(0+1)—¢)
=a+(n+(1-c¢)
=(a+n)+1-c
=a+(n+1)—c
As required. [
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We immediately see that subtraction is not commutative that is a — b # b — @ in fact it is not even
defined for b — a unless b > a but then it is not defined for a — b and visa-versa. Likewise it is not associative
as for example (8 —4) —2 = 2 but 8 — (4 — 2) = 6. We do however retain the fact that multiplication is
commutative over subtraction

Proposition 1.3.11. Multiplication distributes over subtraction
Let a,b,c € N with b > ¢ and let a € N. We have that

1. a(b—c)=ab—ac

2. (b—c)a=ba—ca=ab-—ac
Proof:

1. a(b—c) =ab—ac:

Let a € N be arbitrary. We argue by induction of the proposition P (n) given by

a(n—m)=an—am
where by definition m < n. For the base case we have P (0) we have that n =m =0 and so
a(0—0)=ax0=0=a*x0—ax*0
Showing the base case. Now suppose that P (n) holds we show that P (n+ 1) is true, that is we show
a(ln+1)—m)=a(n+1)—am
where m < (n+ 1). There are two cases to consider ifm =mn+ 1 then we have
a((n+1l)—m)=a*x0=0=a(n—1)—am
Now suppose that m < (n+ 1) then
a((n+1l)—m)=a(n+1)—am

by the induction hypothesis. The result follows by induction.

2. (b—c)a=ba—ca=ab— ac:

As multiplication is commutative we have that

(b—cla=a(b—rc)
=ab—ac

=ba — ca

The result follows. [
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1.3.2.14 The principle of strong induction

The final property of the natural we shall look at is that of the principle of strong induction, although
as we will see, this is actually equivalent to usual induction. There is one more version of induction that is
sometimes useful, this is the so-called principle of strong induction, this is instead of assuming P (n) is true
and showing that P (n + 1). We instead assume that for all n < k for some k € N we have that P (n) is true
for all n < k and we show that this implies that P (k4 1) is true.

Theorem 1.3.14. The principle of strong induction
Let P (n) be a proposition about a natural number n € N. Moreover, suppose that

1. P(0) is true.
2.VkeN:PO)AP(Q)AP((2)A---AP(k) all being true implies that P (k + 1) is true.

If these two statements are true, we have that P (n) is true for any natural number n, and we say the
proposition P (n) holds by the principle of strong mathematical induction.

Proof:

Define P (n) to be the following proposition

P(n)=PO)AP(1)AP(2)A---ANP(n)
We show that P (n) for alln > 0. By assumption P (n) is true as P (n) = P (0). Now suppose that P (n)
is true for some n € N, that is
P(n)=PO)AP()AP(2)A---AP(n)
is true, we show that P (n+1) is true, that is

Pn+1)=PO)AP(L)AP2)A---AP(n)AP(n+1)
By assumption 2. as we have that ¥Yn € N: P(0) AP (1) AP (2) A--- A P(n) implies that P (n+1) is
true. Hence we have that
Pn+1)=Pm)AP(n+1)=P(n+1)

18 true.
Hence by the principle of mathematical induction we have that P (n) is true for alln > 0. O

As mentioned earlier, we said that strong induction and the usual induction are equivalent, we shall prove
this. We used induction to prove strong induction so it is left to show that given the assumptions for strong
induction, we can deduce the truth ¥n € N of the proposition P (n) only using induction.

Theorem 1.3.15. Strong induction is equivalent to the usual induction
Suppose that the assumptions of strong induction hold. That is suppose P (n) be a proposition about a
natural number n € N and moreover suppose that

1. P(0) is true.
2.VkeN:PO)AP()AP((2)A---AP(k) all being true implies that P (k + 1) is true.

We have that the truth of P (n) for alln € N can be deduced using only regular induction.
Proof:
Let P (n) be the proposition be given by

Vk < n we have P (k) is true

We show by the principle of induction that
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1. P(0) is true
2. P (n) being true implies P (n + 1) is true for any natural number n.

1. P(0) is true:
To see this, we have that P (0) is given by

Vk < 0 we have P (0) is true

This clearly holds as the only natural number that is less than or equal to zero is zero. Hence P (0) is
true and so P (0).

2. P(n) being true implies P (n+ 1) is true for any Natural number n.:

Suppose that P (n) is true, that is

Vk < n we have P (k) is true

we show that P (n+ 1) is true, that is

Vk <n+1 we have P (k) is true

Let k <n+1 be a natural number, have two cases to consider.

(a) If k < n+ 1 then we must have that k < n. Now, we know that P (n) is true by assumption,
moreover by the assumptions of strong induction holding true we can conclude that P (0) AP (1) A

P(2)A---AP(n) all being true gives us P (n + 1) is true. Hence we can conclude that P (n + 1)
holds.

(b) Now, the remaining case is k = n+ 1. In this case P (n+ 1) is the statement

Vk <n-+1 we have P (k) is true

Now, we have that P (n+1) = P (n) A P (n+ 1), from which we can assume the truth of P (n)
by assumption and by hypothesis this allows us to deduce the truth of P (n+1). This gives us the
truth of P (n+1).

Hence, in both cases we conclude the truth of P (n +1).

Hence the proposition follows by mathematical induction. Which is to say, strong induction can be proven
using reqular induction. [

We have now shown the equivalence of regular and strong induction.

1.3.2.15 The well-ordering principle

Consider the way we constructed the natural numbers, we started with one element 0 = (), and build each
element in turn by the successor function. That is

1=5(0)=0u{0}
2=5(1)=1U{1}
3=5(2)=2uU{2}

This is clearly constructing some form of ordering on N, in particular we can consider this in two different
ways. Firstly we can see the successor map under set inclusion, that is
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0clc2c3c4cshsc...

likewise we can consider this ordering in the more intuitive sense of the less than or equal to operator.
0<1<2<3<4<5<...

This just doesn’t hold for the entirety of N. For example consider the set S = {2,4, 6,8}, we have from the
successor mapping that 2 € 4 € 6 € 8, hence 2 is the smallest element of S, with respect to the inclusion of
sets. We phrase this in the following proposition

Theorem 1.3.16. Well-ordering principle

Let S C N be a subset of N with the possibility of being the entirety of N. We have that 3x € S such that
x s the smallest element of S with respect to set inclusion. This is to say Jx € S such that Yy € S we have
z Cuy.

Proof:

As 0 is by construction included in every natural number it is enough to show that any subset of N\ {0}
has no minimal element with respect to set inclusion. For this purpose we will define M = N\ {0}

Let S C M that has no smallest element with respect to set inclusion. We argue by strong induction on
S

By assumption S has no smallest element with respect to inclusion then 1 & S otherwise it would be by
definition the smallest element with respect to inclusion. Define T to be the complement of S and then we
0eT.

Now suppose that everyn € M such that k <n isinT. Ifn+1 € S then it would be a minimal element
as every element less than n+1 is in the complement of S, hence n+1 € T'. This implies that every element
of M is in T by strong induction.

It follows that S = (). Hence the result. [

We have shown in some sense that N is well-ordered. We will see that the idea of well-ordering is an
example of a so-called relation.
1.3.2.16 Rules for the inequality operators

Now that we have a firm grasp of the natural numbers we can deduce some properties that relate to inequal-
ities. In the natural numbers, there are a few results which can be deduced.

Proposition 1.3.12. Properties of inequalities for natural numbers
Let a,b,c,d € N. We have the following properties for inequalities

~

a <b is the same as b > a
. a<bisthe same as b > a
. Ifa<bandb<cthena<c

.Ifa<bandb<cthena<c

2
3
4
5. Ifa<bandb<cthena<c
6. Ifa<bandb<cthena<c
7. Ifa>band b > c thena > c
8 Ifa>bandb>cthena>c
9. Ifa>band b > c thena > ¢
10. If a > b and b > c then a > ¢

11. Ifa<bthena+c<b+c
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12.
13.
14.
15.
16.
17.
18.

Ifa<bthena+c<b+c
Ifa>bthena+c>b+c
Ifa>bthena+c>b+c
If a < b then ac < be
If a < b then ac < be
If a > b then ac > be

If a > b then ac > be

Proof:

1.

10.

a <b is the same as b > a:

Suppose that a < b then by definition of a < b we have that a Cb. We then clearly have that b ¢ a and
so either b > a by definition or b = a. In other words b > a.

a < b is the same as b > a:

Similar to the first part. If a < b then by definition a is a strict subset of b, that isa C b. If a is a
strict subset of b then b ¢ a by definition of a subset. Hence b > a by definition of greater than.
Ifa<bandb<c thena<ec:

Suppose that a < b and b < c. By definition, we have that a C b and b C a and so by proposition [1.2.3
we have a C ¢ which is to say a < c.

Ifa<bandb<cthena<ec:

Asa<bandb<cthenaCbandbC c. Applying proposition[1.2.3 gives a C ¢ and so a < c

Ifa<bandb<cthena < c:

Similar to part 4. As a < b then a C b and likewise as b < ¢ then b C c¢. Applying gives a C ¢
and hence a < c.

Ifa <bandb< cthen a < c:

Similar to part 4. and 5. As a < b then a C b and likewise as b < ¢ then b C ¢. By proposition
we have that a C ¢ and hence a < c.

Ifa>bandb>c thena > c:

By the first part of the proposition we have that a > b and b > ¢ then a > c is the same as b < a and
c <b then ¢ < a, and so part 3. of the proposition applies.

If a > b and b > c then a > c:

Applying part 2. of this proposition to a > b and a > ¢ and part 1. to b > ¢ gives the equivalent
statement b < a and ¢ < a then ¢ < a, and so part 4. of the proposition applies.

Ifa > b and b > c then a > c:

Applying part 1. of this proposition to a > b and part 1. to b > ¢ and a > c¢ gives the equivalent
statement b < a and ¢ < b then ¢ < a, and so part 5. of the proposition applies.

If a > b and b > c then a > c:

Applying part 2. to a > b, b > ¢ and ¢ > a gives the equivalent statement b < a and ¢ < b then ¢ < a
and so part 6. applies.
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11. Ifa<b thena+c<b+c:
Suppose that a < b, then a Cb. We arque by induction on ¢ that (a + ¢) C (b+ ¢).
Let P (c) be the proposition given by

(a4+c¢)C(b+c)

For the base case ¢ = 0 and we trivially have a < b by hypothesis. Hence P (0) is true.
So suppose that P (c) is true, that is to say

(a+c)C(b+e)

We need to show that P (c+ 1) = P (S (c)) is true. That is

(a+S(c) C (b+S(c))

We know from the definition of addition that Ym € N and n # 0 that

m+n=m+S(n)=S(m+n)

Hence we have

(a+S)Cc+S()=S(a+c)CcSb+c)

By the induction hypothesis, we know that a +c Cb+c. Let x,y € Nwithz =a+c andy =b+c.
Then we have to show that

S(x) CS(y)

Now, we have that x = x + 0, likewise y =y + 0 and so

S(z) CS(y)
S(x+0)CS(y+0)
z+S(0)Cy+5(0)
a+c+S0)Cb+c+S(0)
a+S(c+0)Cb+S(c+0)
a+S(c) Cb+S(c)

Hence P (S (c)) = P(c+1) holds.
The result follows by induction. Therefore a + ¢ C b+ ¢ for all ¢ € N and therefore a + ¢ < b+ c.
12. Ifa<bthena+c<b+c:

Suppose that a < b. If a < b then by part 11. we have a + ¢ < b+ c. So suppose that a = b then we
must have that a + ¢ = b+ ¢ and so by definition a + ¢ < b+ c.

18. If a>b thena+c>b+c:

Applying part 2. of the proposition give the equivalent statement of b < a then b+ c¢ < a+ ¢ and so we
can apply part 11.
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1.

15.

16.

17.

18.

Ifa>bthena+c>b+c:

Applying part 1. of the proposition give the equivalent statement of b < a then b+ ¢ < a+ ¢ and so we
can apply part 12.

If a < b then ac < be:
Suppose that a < b, then a Cb. We argue by induction on c that ac C bc.
Let P (c) be the proposition given by

(ac) C (be)

For the base case ¢ = 0 and we trivially have a «0 < b*0 = 0 < 0 is vacuously true. Hence P (0) is
true.

So suppose that P (c) is true, that is to say

(ac) C (bc)

We need to show that P (c+ 1) = P (S (¢)) is true. That is

(a5 () < (bS ()

We know from the definition of multiplication that Ym € N and n # 0 that

mxn=mx*S(n)=mxn+m

Hence we have

(aS(c)) C (bS(c)) = a*xc+cCbxc+ec

By the induction hypothesis, we know that ac < be and so by part 11. we conclude that ac+ ¢ C bc+ ¢
which is to say aS (c¢) C bS (c). Hence P (S (¢)) = P (c+ 1) is true and the result follows by induction.
Hence we conclude that ac C be.

If a < b then ac < be:

Suppose a < b then if a < b we apply part 15. Otherwise, we have that a = b and so by definition
ac = bc which s to say ac < be.

If a > b then ac > be:

Applying part 2. of the proposition gives the equivalent statement of b < a then bc < ac and so we
apply part 15. of the proposition.

If a > b then ac > be:

Applying part 1. of the proposition gives the equivalent statement of b < a then be < ac and so we
apply part 16. of the proposition.

The result has been shown. [
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1.4 Cardinality, countability, relations

God created infinity, and man, unable to
understand infinity, had to invent finite sets.

Gian-Carlo Rota

1.4.1 Cardinality

In the previous chapter when constructing the natural numbers, we made continuous reference to the idea
that the number 1 = {0} is somehow the set that contains a single element, 3 = {0, {0}, {0, {0}}} somehow
contains three individual elements. We can make this a rigorous definition, to do so we will use the idea we
have been using all along. This is to say, the natural number n is a set that has n elements.

Definition 1.4.1. Cardinality of a natural number
We define the cardinality of a natural number n € N, which we will denote |n| to be the same as the
identity mapping. That is to say

||:N—N

nenl=n
Example 1.4.1. Consider 1 and 3 from before. We have that

1] =0} =1

and

31 = {0,{0} {0, {0}}}| =3

Indeed, we have captured the essence of that intuitive idea that a natural number n is a set that has n
elements.

Now that we have a notion of size for natural numbers, we can extend this idea to sets in general. In
particular, how many elements does a given set have? To build this idea we will also be making use of map-
pings. For an example, suppose we have the set S = {2,4, 6, 8}. Intuitively we know that this is a set which
has four element, and by our definition above we know that [4] = |{0,{0},{0,{0}},{0,{0},{0,{0}}}}| =4,
is a set that contains 4 elements. Now, consider the mapping f : S — 4, given by

F@2)=0

f(4)={0}

f(6) ={0,{0}}

f(8) =1{0,{0},{0,{0}}}

With f being defined as it is, we conclude that f is a bijection. Hence we know that each element x € S
maps exactly to one and only one of the elements y € 4. This somehow tells us that S is a set which has 4
elements, as 4 is a set which contains 4 elements. We can make this a definition of the size of a set, and in
doing so define the notion of a finite and “Infinite” set

Definition 1.4.2. Cardinality of a set
Let S be a set.
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1. Suppose that n € N. We define the cardinality of the set S, denoted by |S| = n, to be n if and only if
there exists a bijective mapping f : S — n. We write this

S| =n

If such a mapping exist we say that S is a finite set of size n. We recall that each element of n is
nothing but a set whose elements are sets.

2. Suppose that f : S — N be a bijective mapping. We say that the cardinality of the set S is infinite.
Informally we denote this by oo, but formally we say that |S| = Ny = |N|, where Rg is pronounced
Aleph-Null.

3. Suppose that f : S — T is a bijective mapping. We say that the sets S and T have the same cardinality
and write |S| = |T.

This definition made reference to the idea of an “infinite” set. We know that the axiom of infinity gives us
the existence of one infinite set, this infinite set that is defined by the axiom of infinite includes the natural
numbers but it also includes the so called ordinal numbers. The natural numbers are what are called cardinal
numbers, they refer to the size of collections of objects or the amount of some quantity, they can also be used
to list (enumerate) a collection. For example we can think of a race between 20 drivers. We must have that
one driver comes first, another second, another third, and so on. Each driver can be listed using a number
from 1 to 20 inclusive, alternatively a number from 0 to 19. When used in this way, the natural numbers
order by enumeration the positions the drivers in the race finished. Now, elements in the infinite set that are
not the natural numbers also have this property that they can be used to enumerate the finishing positions
of race drivers, however to use them we first would have to go through every single natural number first.
The first such non-natural number ordinal is usually denoted w, and so to label something w-th, infinitely
many things would have to come before.

This gets complicated quickly and as such we won’t go into more details for now. Instead the idea that
the natural numbers can be used for enumeration turns out to be a useful one, especially later down the line
when we start considering sets like R. For now, we are only interested in sets whose cardinality is either
finite or Xy and we will continue the exploration of cardinality.

To continue this exploration we will need to relate the ideas of subsets to that of cardinality.

Proposition 1.4.1. Proper subset of a finite set has strictly smaller cardinality
Let S and T be finite sets such that S C T, then we have that |S| < |T.
Proof:
Let S and T be finite sets such that S C T with say |T| = n, we argue by induction on n, the cardinality
of the set T.
Let P (n) be the proposition given by
If T is a finite set with S C T and |T| =n then S is a finite set and|S| < |T| =n

We need to show that
1. P(0) is true.
2. If P (n) is true then P (n+ 1) is true.

1. P(0) is true:

We have that |T| =0 and so T = 0. As T = () then there are no subsets S C 0 for if there were then
T # (. Hence the base case is vacuously true.

2. If P(n) is true then P (n+1) is true:
Suppose that P (n) holds for some n € N which is the statement

If T is a finite set with S C T and |T| =n then S is a finite set and|S| < |T| =n
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We need to show that P (n+ 1) also holds that is we show that

If T is a finite set with S C T and |T| =n+1 then S is a finite set and|S| < |T| =n+1

So suppose that |T| = n+ 1 for some n € N such that S C T. As S is a strict subset of T we know
that 3t € T with t ¢ S. Hence we have that S C T\ {t}. We need to now show that |T\ {t}| =n
Lemma 1.4.1. Set of cardinality n + 1 minus an element has cardinality n

Let S be a finite set with cardinality n+1. Consider the set S\ {s} where s € S is an arbitrary element
of S. We have that |S\ {s}| =n

Proof:

We need to show that for the set S\ {s} that there exists a bijective mapping to a set of n elements.
We know that S has cardinality n 4+ 1, hence there exists a bijection f : S — n+ 1. We know by
construction that n +1 =nU{n}, hence we have that n = n+ 1\ {n}.

Consider the mapping given by g defined as follows

g: S\ {s} »>n=n+1\{n}
o [F@ @ £ )
=4 () {f(s):fffm—{n}

This is to say g is a mapping that takes each x € S and maps it to f (x) if f () # {n} € n+1, that is
if f doesn’t map x to the removed element of the set n+ 1, otherwise if f does map an element x € S
to {n} then g maps x to whatever f takes the removed element s to.

For example suppose that S = {0,1,2}, i.e we are considering the case n = 2, let f : S — 3 be
the identity mapping, this is a bijection. Suppose we now consider S\ {2} = {0,1} and consider the
mapping g : S\ {2} — 2 given by

g9:9\{2} = 2=3\{2} = {0,{0}}

@) @) £ {2
#9(@)= {f(2) If () = {2)

We have that g(0) =0 =0 and g (1) =1 = {@}. We could have instead considered S\ {1} = {0, 2}
again with f being the identity mapping. We have that in this case g is the mapping given by

g9:S\{1} = 2=3\{2} = {0, {0}}

o [r@i @A)
=4 () {f(l):fff(x){Q}

In this case we have that g (0) =0=0 but g(2) = f (1) =1 = {0}.

Now, we need to show the general case where g is given by

g:S\{s} 2 n=n+1\{n}

@@ #
4 (@) {f(s):fffm:{n}

is a bijection.
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(a)

(b)

g 15 an injection:
To see that g is an injection, suppose that x,y € S\ {s} and that x # y. There are three cases to
consider.

i f(x) #{n} and f(y) #{n}:
We have by definition of the mapping g that f(x) = g(z) and f(y) = g(y). Moreover we
know that f is a bijection and in particular an injection, hence as f (x) # f (y) we must have

that g (z) # g (y)

By the definition of the mapping g we have that g (x) = f(s). Now, recall that y € S\ {s},
thus it follows that y # s. Now, by the injectivity of f we have that f (y) # f(s) = g (x).
Moreover by the injectivity of f we have that f (y) # {n}. It now follows by definition of g
that

g =fy) #[f(x)=g(x)

That is g (y) # g (z).

iii. f (y) = {n}:
This is the same as f () = {n} except the roles of x and y are swapped, for completeness we
give the details.
By the definition of the mapping g we have that g (y) = f (s). Now, as x € S\ {s} it follows
that x # s. By the injectivity of f we have that f(x) # f(s) = g(y). Moreover by the
injectivity of f we have that f (z) # {n}. It now follows by definition of g that

gx)=f(x)# f(y) =9)

That is g (y) # g (x).
This shows that g is an injection.

g 18 a surjection:

We need to show that Vy € n,3x € S such that g(x) = y. Let y € n. We know that f is a
bijection and in particular it is a surjection and so by definition we know we must have

Yyen+ 1,3z eS: f(x)=y

Consider the definition of g. We know that g : S\ {s} — n, hence to show that g is surjective we
need to show that any y € n has an element &' € S with f (z') = y. Moreover as S doesn’t have
the element s we can’t use x = s in the surjectivity of f to show surjectivity of g.

Vyen=n+1\{n},32' e S\ {s}:x#aand f(2') =y

Finally, we need to consider f (s) and in particular the two cases of f (s) # {n} and f (s) = {n},
from the definition of g.

i f(s)# {n}:
Suppose that f (s) # {n}. As f is a bijection we have that f is invertible, in particular we must
have that f~1 ({n}) # s. There are two additional cases to consider now, f(s) =y = f (z)

and £ (s) £y = f ().

A f(s)=y=[():
Suppose that f (s) =y, by definition of g we have that

g (7 ({n}) =y
as f~1({n}) #s. So let ' = f=({n}).
B. f(s)#y=f(x):
Suppose that f (s) # y, by assumption of surjectivity of f we have that f (x) =y. Hence
f(s) # f(x) and so by injectivity of f we have that x # s., hence we can simply take
7 =z,
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Now suppose that f(s) = {n} We know that {n} &€ n and so by assumption we have that
f(x) =y # {n}. Thus we conclude that x # s so we let ¥’ =z

In each case we have found a valid choice for ' and so surjectivity has been shown.

It follows that g : S\ {s} — n is a bijection and by definition of set cardinality we conclude that S\ {s}
has cardinality n. As required. [

Now, by the lemma we have that T \ {t} is set of cardinality n. Now if S = T \ {t} then |S| =n <
n+1=5(n) and so is finite by definition, otherwise we must have that S is a proper subset of T \ {t}.
So the induction hypothesis holds, that is S is a finite set with less than n elements. Moreover as
n <n+1 it follows that S has less than n + 1 elements.

Hence P (n+ 1) holds.

The result now follows by induction. [
This proposition has an immediate consequence.

Lemma 1.4.2. Subset of a finite set has at most the same cardinality

Let S and T be finite sets such that S C T, we have that |S| < |T.

Proof:

There are two cases to consider. Firstly if S = T we have by definition that S and T have the same
elements and therefore the identity map is a bijection between the two sets. Hence |S| = |T|. The finally
case is S C T which is simply proposition|[1.4.1. O

We defined the cardinality of a set S in terms of a bijective mapping from S to N, although this doesn’t
mean we can’t deduce things about cardinality for say injective mappings or surjective mappings. We will
assume unless stated otherwise that the sets we are dealing with are finite.

Proposition 1.4.2. Cardinality of finite sets in an injective mapping
Let S and T be two finite sets, and suppose that f : S — T is an injection. We have that

S| < [T

Proof:

Suppose that f : S — T is an injective mapping between finite sets with |S| = n and |T| = m. Now
consider the mapping given by g : S — Image (f). We have by propositz'on that an injective mapping
to the image is a bijection and so by definition |Image (f)| = n. Additionally by definition of the image of f
we have that Image (f) C T. It follows that as Image (f) C T then n = |S| = |Image (f)| < |T'| = m, that is
|S] < |T'|. As required. O

Proposition 1.4.3. Cardinality of finite sets in a surjective mapping
Let S, T be two finite sets, and suppose that f : S — T is a surjection. We have that

T] < 15|

Proof:

Suppose that f: S — T is a surjective mapping between finite sets with |S| = n and |T| = m. For each
t € T define xy € f~1 ({t}), m; exists because f is surjective and so by definition for any t € T the is some
s €S such that f (s) =T.

Define X = {x; € S:t €T}, that is X is the set of all such elements defined by the pre-image above.
Clearly X C S and so by we have that | X| < |S].

Now, consider the restriction mapping f|s. We have that for allt € T that x; € X and that f|s (z¢) = ¢,
and so fls is surjective. Moreover if we have so some Ty, x, € S with fs (x¢) =t and fls (z,) = v and
t = v then by definition we have that xy = x, and fls is a bijection. Hence by definition |T| = |X| < |S|.
O
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If we have two sets of finite cardinality , what can we say about the Cartesian product? This should
also have finite cardinality. If we have a set S of cardinality n and a set T' of cardinality m. The Cartesian
product S x T has elements of the form (s,t) for s € S and ¢t € T. For some element sy we can have that
every element ¢ € T is in S x T for which there are precisely m such elements of this form. We can do this
for each element in s € S for which there are n such elements. Hence we expect the total number of elements
in S x T to be nm.

Proposition 1.4.4. Cardinality of the Cartesian product of finite sets
Let S and T be two sets with cardinalities |S| = n and |T| = m then

IS x T|=|S||T| =nm

Proof:
If either one of |S| =0 or |T|=0then S=0 orT =0 and so SxT =0. So let S and T be as given
then |S| =m and |T| = m. Let s € S and define the following mapping

f:T—={s}xT
to £ = (5,)

We show that f is a bijection. Indeed suppose that f (a) = f (b) where a,b € T then (s,a) = (s,b) and as s
1s fized we conclude that a = b which shows injectivity. Now lett € {s} xT thent = (s,t") for somet’' € T but
then clearly f (t') =t and so Vt € {s} x T,3t' € T such that f (t') =t. Hence f is surjective and therefore
we have that f is a bijection. By proposition |1.4.9 as f is an injective mapping between finite sets then
IT| < |{s} x T|. Likewise by proposition[I.4.5 we conclude that |{s} x T| < |T| hence |T| = |{s} x T| = m.

Now define the set K by

K={{s} xT:s€ S}
for any s € S. Define the following mapping

g:S—>K
x> g(x)={a} xT
We show that g is a bijection. Clearly if g (a) = g (b) then {a} x T = {b} x T and as T is a fized set
then a = b and injectivity holds. Now let k € K then k = {k'} X T where k' € S then clearly g (k') = k so
surjectivity holds. Hence g is a bijection and so by a similar argument with the mapping f we conclude that
S| = K| =n
We now need to show that set K partitions S x T. This is to say we need to show that

1. Vz,y € K we have that x Ny = () whenever x # vy
2. Vx € K we have that
SxT = U T
reK
3. Vx € K we have that x # ()

1. Vz,y € K we have that x Ny = () whenever x # y

We can make use of the fact that g is a bijection. If g () = g (y) thenx =y and soxNy=x =y # (.
Now if g(x) # g(y) then x # y say © = {s1} X T and y = {s2} x T with $1 # sa. It follows that
xNy=10.
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2. Vx € K we have that

SXT:Ux

zeK

By definition we have that any © € K has the form {s} xT where s € S. Lety € {s} xT theny = (s,t)
for somet €T and soy € S x T therefore

ngSxT

reK

Likewise suppose that x € SXT then x = (s,t) for some s € S andt € T. This implies that x € {s} xT
and as {s} x T € K then z € K so that

SxTC Ux

rzeK

It follows that

SXT:U&:

reEK
forallz e K.

3. Vx € K we have that x # ()
Letz e K thenx # 0 as S #0 and T # (). Hence Vo € K x # (.

It follows that K partitions S X T. Now as K is a set containing n elements and K partitions S x T and
each element of K is a set containing m elements. We have that the cardinality of S x T is the sum of the
cardinalities of each set x € K which is m xn. That is to say

|S x T| =nm

and the result is shown. [

1.4.2 Countability

Definition 1.4.3. Countable Set

Let S be a set. Let T C N allowing for the possibility that T = N. We say that S is a countable set if
and only if the mapping f : S — T is a bijection.

If T is a finite subset of N we say that S is a finitely countable set and thus countable. If T =N we say
that S is a countably infinite set. If S is not a finitely countable set or a countably infinite set we say that
S is a uncountably infinite set.

Informally, a set S is finitely countable or countably infinite if we have some process for which we can
enumerate each element of S, that is to say list out each element in some way. We have an immediate result.
We can make the notion of an enumeration rigorous

Definition 1.4.4. Enumeration

Let S be a finitely countable set with cardinality |S| = n and define N,, = {1,2,3,...,n} for somen € N.
We define an enumeration of S to be a bijective mapping f : N,, — S or a bijective mapping g : S — N,,.

If S is a countably infinite we define an enumeration of S to be the bijection f : N — S or a bijective
mapping g : S — N.

It is clear that in either case the if f is a enumeration of a countable set S then so is f~! is also an
enumeration of S.
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Proposition 1.4.5. Inverse of an enumeration mapping is an enumeration mapping

1. Let S be a finitely countable set with cardinality |S| = n have enumeration f : N, — S then f=1: 5 —
N,, is an enumeration of S where f and f~' define the same enumeration of the elements of S

2. Let S be a countable set have enumeration f : N — S then f=1 : S — N is an enumeration of S where
f and f~1 define the same enumeration of the elements of S

Proof:

1. Let Let S be a finitely countable set with cardinality |S| = n have enumeration f : N, — S then
f~t:8 = N, is an enumeration of S where f and f~' define the same enumeration of the elements
of S:

As f is a bijection then it has an inverse f=' : S — N, which is also a bijection. Hence f~' is an

enumeration. To show that f and f~! define the same enumeration of the elements of S we note that
foft=idy, and f~lo f =ids.

2. Let Let S be a countable set have enumeration f : N — S then f~' : S — N is an enumeration of S
where f and f~! define the same enumeration of the elements of S':

As f is a bijection then it has an inverse f~! : S — N which is also a bijection. Hence f~' is an
enumeration. To show that f and f~! define the same enumeration of the elements of S we note that

fofl=idy and f~lo f =idg.
The result is shown. [

Proposition 1.4.6. The natural numbers are countably infinite

We have that N is a countably infinite set.

Proof:

To show that N is countable we need to find a bijective mapping f : N — N. We can clearly take idy, that
is the identity mapping on N. That is to say

idy:N—N
z—idy (z) =2

As required. [
We also have the following immediate result.

Proposition 1.4.7. Any subset of N is countable

Let S C N then S is countable.

Proof:

Let S C N and suppose that S is not finite, for if it is by definition it is countable. As N is well-ordered
we have by theorem [1.5.1¢] that S is well-ordered and so have a set inclusion minimal element say so. As S
is infinite then S\ {so}. We will use this as the basis for induction.

Suppose we have s, € S\ {so, $1,82,...,8,—1} then another application of the well-order principle means
there is some set inclusion minimal element sn11 with s,+1 € S\ {so,S1,82,...,8,}. This holds for all
n € N and so we conclude that S = {sg, $1, 82, ... } is countable by defining the bijective mapping mapping

f:N—=>S
x> f(x) = s,
The result follows. [

Proposition 1.4.8. The empty-set is countable
We have that 0 is a countable set.
Proof:
The empty-set has cardinality 0 which is finite. O
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There are some results that can be deduced which give equivalent conditions for a set to be countable.
Two of these results follow by definition of a countable set.

Proposition 1.4.9. Equivalence definitions of a countable set
Let S be a set. The following hold.

1. S is countable if and only if there is an injection f : S — T for some subset T C N

2. S is countable if and only if S = () or there is a surjection f : T — S for some subset T C N
Proof:

1. S is countable if and only if there is an injection f : S — T for some subset T C N:

(=): Suppose that S is countable then by definition there is a bijection f : S — T for some T C N. As
f is a bijection then f is an injection and we are done.

(«<): Suppose that there is an injection f : S — T for some T C N. Consider the mapping g :
S — Image (f). By proposition we have that g is a surjection. By definition of a surjection
we have that Yy € Image (f) there is some x € S such that f () = y. It follows that g is a bijection
as g s also an injection by definition of the image of a mapping. Therefore |S| = |Image (f)| and as
Image (f) €T C N we have that S is countable.

2. S is countable if and only if S = 0 or there is a surjection f: T — S for some subset T C N:

(=): Suppose that S is countable then there is a bijection f : T — S and by definition is therefore a
surjection.

(<): Suppose that f : T — S is a surjection. If S = 0 then f : T — S is vacuously injective and
surjective and therefore |S| = |0| = |T| and therefore countable. So suppose that S # 0. By proposition
we have for any mapping g : X — Y that the pre-image of g~ (Y) = X, therefore f=*(S) =1T.
By assumption T C N and is therefore either finite or some countably infinite subset of N possibly being
N idtself. If T is finite then we have that |S| < |T| by definition of f being surjective and there for |S|
is finite and therefore countable. So suppose that |T| = Rg then T is either a countable subset of N or
N itself.

Let g : T — N be a bijection then g~! : N = T is an bijection by proposition and we have that
fog ' :N = S is a surjection by proposition [1.2.20. It is left to show that f o g=' being surjective
implies S is countable. Proposition|1.2.28 gives that fog™! being surjective means there exists a right
inverse h such that h : S — N. By proposition [1.2.30] we have that h is injective. It follows by part 1
that S is countable.

The result is shown. [

Proposition 1.4.10. Set is countable if cardinality of set equals cardinality of a countable set

Let S, T be sets such that |S| = |T| then if S is countable so is T.

Proof:

Suppose that S is countable. We have that as |S| = |T| then there exists a bijection f : S — T, in
particular there exists a bijection g : T — S. Now as S is countable there exists and injection h : S — N.
Now as g is a bijection we have that g is an injection. The mapping ho g : T — N is an injection as h and
g are. Hence as h o g is an injection it follows that T is countable by proposition|1.4.94 O

1.4.3 Relations
1.4.3.1 Definition of a relation

So far we have seen a few notations that relate elements of a set to another. An example that relates
elements of a set is equality of natural numbers, two natural numbers are equal if and only if there are the
same element. Another example that we have seen on the natural numbers is the less than operator <. A
natural number x is less than y if and only if x C y. A more fundamental example of a relation is that of
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a mapping f : S — T. We can consider a function as relating any s € S and ¢t € T to the pair (s,t) where
f(s)=t.

In a sense, we have that the idea of relations is somehow as fundamental as sets and mappings, in fact we
just described a mapping as some form of relation so the idea of relations is more fundamental than that of a
mapping. Using the examples of the comparison operators on N we can motivate a definition for a relation.

Definition 1.4.5. Relation

Let S be a set and consider the Cartesian product S x S. A relation is a subset R C S x S. We write an
element (a,b) € R as aRb or we also write a ~ b and we say that a relates to b. If (a,b) € R we write aRb
or we write a % b

We can recast the ideas at the start of this section into the language of relations.
Example 1.4.2. Consider equality on N. We can define equality as a relation N x N where a ~ b if and
only if a Cb and b C a. Explicitly we have that R is a subset of N x N given by
R=1{(0,0),(1,1),(2,2),...}
Example 1.4.3. Consider the less than operator on N. We have that the less than operator is a relation
where a ~ b is given by a Cb. To see this consider T = {0,1,2}. Then the less than relation on T is given
by the relation
R= {(Oa 1) ) (07 2) ; (17 2)}
Example 1.4.4. Let S ={0,1} C N and define T = P (S} be the power set of S given by

T ={0.{0},{1},{0,1}, 5}
We can define a relation RCT x T by

R={(0,0),0,{0}),©.{1}),@,{0,1}), (0, 5),({0},{0}), ({0} ,{0,1}), ({0}, 5),
{1}, {1)), ({1},{0,1}), ({1}, 5), ({0, 1} ,{0,1}), ({0, 1}, 5), (S, 5)}

This relation expresses inclusive subset inclusion, C, on S.

Example 1.4.5. Let S ={0,1,2} and T = S. Define T x T by

T x T ={(0,0),(0,1),(0,2),(1,0),(1,1),(1,2),(2,0),(2,1),(2,2)}

We can use the less than or equal to operator, <, to define a relation. We have that
R= {(070) ) (Oa 1) , (07 2) ) (17 1) ) (L 2) ) (27 2)}

1.4.3.2 Reflexive Relation

All of the examples from the previous section, except the strictly less than example, share a common
property. Each element is related to itself, that is in each example there is some element s € S such that
(s,s) € RC S x S. We formalise this in the following definition.

Definition 1.4.6. Reflezive relation
Let S be a set with a relation R C S x S. We say that the relation R is reflexive if and only if Vs € S we
have that (s,s) € R. If there is an s € S such that (s, s) € R then we say that the relation is anti-reflexive.

We have given examples of reflexive relations and one example of an anti-reflexive relation. We give an
additional example of an anti-reflexive relation.

Example 1.4.6. We have for a,b € N that a = b if and only if a C b and b C a. If this doesn’t hold then
a # b and either one of a C b or b C a is true but not both. It follows that the relation a ~ b meaning a # b
is anti-reflexive. This also implies that if a # b then either a < b or b < a.
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The examples given so far have allowed us to see some examples of relations and one particular type of
relation, a reflexive relation. Unfortunately only considering relations on elements a single set S currently
gives us few practical examples to work with. A simple extension to the idea of a relation can fix this.

Definition 1.4.7. Binary Relation
Let S and T be sets. We define a binary relation to be a subset R C S x T. We write an element
(s,t) € R as sRt or write s ~ t and we say that s relates to t. If (s,t) ¢ R we write sRt or we write s 7 t.

We can extend this the notion of a relation and binary relation to that of any finite Cartesian product

Definition 1.4.8. n-ary Relation

Let 51,55,55,...,S, be sets. We define an n-ary relation to be a subset R C S1 X Sy X S3x---x 8, =8S.
An element of R has the form r = (r1,72,73,...,7,) and we say that the elements of r relate. We write this
as R(r) = R(r1,7m2,7r3...,70)

In light of these previous definitions we would like to extend the definition of a reflexive relation to binary
and n-ary relations. To see how we could extend a reflexive relation to a binary relation suppose we have two
sets S and T'. The definition of a reflexive relation of a set Z is that (z,2) € R, C Z x Z where z € Z and R,
is the relation defined on Z. A natural way to extend this two S and T is to have either (s,s) € RC S x T
or (t,t) € R C S x T where R is a binary relation for S and T. Hence for a reflexive binary relation to makes
sense we must have that s,t € SN T and therefore the relation would have to be defined on SN T.

In the first case (s,s) € R C S x T we have by definition of an ordered tuple that (s, s) € R if and only if
s € S and s € T. Likewise for (t,t) € R C S x T we must have s € S and ¢ € T which is to say s,t € SNT.
If S # T then there will exist at least one element (s,t) € R C S x T where either s€ Sands¢T ort €T
and t ¢ S, in this case it is not possible for a reflexive relation to exist.

Definition 1.4.9. Refiexive binary relation
Let S and T with relation R C S x T. We say that the relation R is reflexive if and only if S=T.

A similar argument shows there can be no reflexive n-ary relation unless all of the sets that make the
relation are the same. For example consider the sets X,Y and Z. The natural way to represent a relation
R C X xY x Z would be to have either (z,z,2z) € R, (y,y,y) € Ror (2,2,2) € R where x € X, y € Y and
z € Z. If (x,z,x) € R then by definition we must have x € Y and = € Z, likewise if (y,y,y) € R theny € X
and y € Z and finally if (2, z,2) € R then z € X and z € Y. Any of the cases implies that z,y,z € XNYNZ

Definition 1.4.10. Reflexive n-ary relation
Let 51,55,53,...,5, be sets with relation R C S1 X S3 X S3 X --- x S,. We say that the relation R is
reflexive if and only if S; = S; for alli,j € {1,2,3,...,n}

This means when talking about a reflexive relation we only need to consider a single set.
An example of a binary relation is a mapping.

Example 1.4.7. Let S = T = N and define the mapping f : S — T given by f(s) = s. We have that f
defines a relation as we have that

R={(0,0),(1,1),(2,2),(3,3),...} SN x N

Example 1.4.8. Let S = {1,2} and T = {3,4}. Define the mapping f : S — T by f (1) =4 and f (2) = 3.
We have f defines a relation as

R={(1,4),(2,3)} CSxT
We can consider operators as relations by using the n-aray notion of a relation

Example 1.4.9. Let X =Y = Z =N. We can consider the operator + as a mapping given by

f: XxY—>Z
(z,y) = f(z,y) =24y
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A relation can be defined by f. A sample of this relation R looks as follows

R ={(0,0,0),(0,1,1),(4,3,7),(3,4,7),(2,2,4),...,} CNxNx N
In general, R has the following definition

R={(z,y,x+y):z,ye N}

We note that as X =Y then for any x € X we have x € Y and likewise for any y € Y we have that
y € X. We therefore have that R (x,y,x+y) = R(y,z,y + x). This is confirming the fact that addition is
commutative.

Example 1.4.10. Let X =Y = Z = N. We can consider the operator * as a mapping given by

fiXxY—>Z
(z,y) = f(z,y) =x*y

The relation defined by f looks as follows
R ={(0,0,0),(0,1,0),(4,3,12),(3,4,12),(2,2,4),...,} CNxNx N
In general, R has the following definition

R={(z,y,xxy):z,y e N}

As before, we have that as X =Y then for any x € X we have x € Y and likewise, for any y € Y
we have that y € X. We, therefore, have that R (x,y,x *y) = R (y,x,y * x), again confirming the fact that
multiplication is commutative.

Example 1.4.11. Let X =Y = Z = N. We can consider the operator A as a mapping given by

f: X XY —=Z
(z,y) = f(z,y) = Az, y) = 2¥

The relation defined by f looks as follows

R =1{(0,0,1),(0,1,0),(2,3,8),(8,2,64),(3,2,9),...,} CNxNxN
In general, R has the following definition

R={(z,y,2Y): xz,y € N}

As before, we have that as X =Y then for any x € X we have x € Y and likewise, for any y € Y
we have that y € X. We, therefore, have that R(x,y,x¥) # R(y,x,y*), which confirms that in general
exponentiation is not commutative.

The last three examples expose another property that relations can have. If two or more elements relate
then it doesn’t matter which way the relation is written, that is if x ~ y then we can have the case that
y ~ x. Such a relation is called symmetric.

Definition 1.4.11. Symmetric relation

Let S be a set with relation R C S x S. We say that R is a symmetric relation if and only if Vz,y € S
we have that xRy implies yRx, equivalently we can write R is symmetric if and only if x ~ y implies y ~ x.
If R is not symmetric we say that R is an anti-symmetric relation.
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As with reflexive relations we can show that trying to extend a the idea of a symmetric relation on a
single set to multiple sets we have to conclude the sets have to be the same.

Indeed suppose that S and T are sets with a relation R C S x T. The natural extension for a symmetric
relation would be Vs € S that sRt = tRs for ¢t € T. This implies that ¢ € S and s € T and therefore
s, teSNT.

Definition 1.4.12. Symmetric binary relation
Let S and T be sets with relation R C S x T. We say that R is symmetric if and only if S=T

Likewise a similar argument holds for n-ary symmetric relations

Definition 1.4.13. Symmetric n-ary relation
Let 51,855,853, ...,S, be sets with relation R C S1 X Sy x S3 x --- x S,. We say that the relation R is
symmetric if and only if S; = S; for alli,j € {1,2,3,...,n}

The comparison, less than, less than or equal to, greater than, and greater than or equal to operators on
the naturals also give insight into another interesting property. The following examples will make it more
clear

Example 1.4.12. Let S =T = N and define x ~y by x <vy. Consider a,b,c € N with a =2, b =4 and
c=6. We have that a ~ b as 2 < 4 and we have that b ~ ¢ as 4 < 6, we clearly also have a ~ ¢ as 2 < 6.
In general if we have a,b,c € N with a <b < ¢ we have that a ~ b and b ~ ¢ implies a ~ c.

Example 1.4.13. Let S =T = N and define x ~y by x > y. Consider a,b,c € N with a =8, b = 3 and
c=1. We have that a ~ b as 8 > 3 and we have that b ~ ¢ as 3 < 1, we also have a ~ c as 8 > 1. More
generally if we have a,b,c € N with a > b > ¢ we have that a ~ b and b ~ ¢ implies a ~ c.

Example 1.4.14. Let S =T = N and define x ~y by x = y. Consider a,b,c € N with a =2, b =2 and
c = 2. We have that a ~ b as 2 = 2 and we have that b ~ ¢ as 2 = 2, we also have a ~ ¢ as 2 = 2. More
generally if we have a,b,c € N with a = b = ¢ we have that a ~ b and b ~ ¢ implies a ~ c.

We see that with certain relations that if a ~ b is true and b ~ ¢ is true then we can conclude that a ~ b
is true. Such a relation is called a Transitive relation.

Definition 1.4.14. Transitive relation
Let S be a set with relation R C S x S. We say that R is a transitive relation if and only if Va,b,c € S
we have that if aRb and bRc then we have that aRc.

We again consider if a transitive relation can be extended to multiple sets. Suppose that we have a binary
relation R C S x T for some sets S and T'. The natural extension to make R a transitive relation is to have
s ~tand t ~ u implies s ~ u for s,t € S and ¢,u € T. Hence we must have s,t € S but need not have
u € S. As we aren’t assuming anything else about the relation R there is nothing more we can deduce about
a binary transitive relation.

Definition 1.4.15. Transitive binary relation ~
Let S and T be sets with relation R C S x T. We say that R is transitive if and only if the set R given

by
R={(z,2) e SxT:Vz e SAVzeT:IeSNT: (x,y) € RA(y,2) € R}
s non-empty.

A definition can be made for a transitive n-ary relation. I AM NOT SURE HOW TO DEFINE THIS

order to define

Definition 1.4.16. Transitive n-ary relation
Let Si1,52,53,...,5, be sets with relation R C S1 x Sz x S3 x --- x S,. We say that the relation R is
transitive if and only if the set R given by

R={(z,2) €}

18 non-empty
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1.4.3.3 Equivalence Relations

Of all the examples of relations we have seen so far there is one in particular that is special, the equality
operator =. This relation is reflexive, symmetric and transitive.

Proposition 1.4.11. The equality relation on the natural numbers is reflexive, symmetric and transitive
Let S =T =N and for x,y € N define the relation x ~ y by x =y. We have that

1. ~ is reflexive, that is Vr € N we have x ~ x
2. ~ is symmetric, that is Vr,y € N we havex ~y =y~ =

3. ~ is transitive, that is Vx,y,z € N we have that if x ~y and y ~ z then v ~ z
Proof:

1. ~ is reflexive, that is Vr € N we have x ~ x:

Let © € N then by definition of equality we have that for y,z € N that y = z if and only if y C z and
z Cy. It is clear that x = x and therefore x ~ x proving reflexivity.

2. ~ is symmetric, that is Vr,y € N we have x ~y = y ~ x:

Let x,y € N with x ~ y. We have that as x ~ y then x = y. By definition of equality we also have
y =z and so y ~ x showing that ~ is symmetric.

3. ~ is transitive, that is Vx,y,z € N we have that if x ~y and y ~ z then x ~ z:

Let x,y,z € N such that x ~y and y ~ z, then x =y and y = z. By definition of equality it follows
that x = z and so x ~ z showing transitivity.

The result follows. [

What does it mean for a relation to be reflexive, symmetric and transitive? In the case of equality on the
natural numbers we see that reflexivity tells us that an element is equal to itself. Equality being symmetric
tells us that if x = y then y = x that is it does not matter which we we say the two numbers are equal.
Finally transitivity tells us that if = y and y = 2z we are able to deduce that x = z. In this context,
equality being reflexive, symmetric and transitive allows us to quantify which elements are equivalent. In
the case of equality it is clear which elements are equivalent, the ones that are equal!

Example 1.4.15. Consider X =Y = N and for x,y € N define the relation R = N x N. We have that
R is reflexive as for any x € N we have that (x,z) € R. Likewise R symmetric as Vx,y € N we have that
(z,y) € R = (y,x) € R. as X =Y. Finally R is transitive as Vz,y,z € N we have that (z,y) € R and
(y,2z) € R and (x,z2) € R.

What does R being reflexive, symmetric and transitive mean? In this case R being reflexive, symmetric
and transitive means that every x € X andy € Y are related and we can see R as a relation meaning ”is an
element of N”. This means that we have shown that X and Y are equivalent, which we already know by the
fact we set X =Y =N.

Based on the two examples we motivate the following definition.

Definition 1.4.17. FEquivalence relation
Let S be a set and R C S x S a relation. We say that R is an equivalence relation if and only if

1. R is reflexive
2. R is symmetric

3. R is transitive
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Proposition is equivalent to saying that equality is an equivalence relation on N. The two examples
also show a disparity between the two equivalence relations shown. In the case of the equality the relation R
was a strict subset of N x N where as in the second example R was equal to N x N. This raises the question
what is different? We can answer this by looking at the set of elements that relate to a given element. Such
a set is called an equivalence class.

Definition 1.4.18. Fquivalence class
Let S be a set, let x € S and let R be an equivalence relation on S. We define an equivalence class,
denoted [z] to be the set

[z] = {y € §: xRy}

If the context doesn’t make clear the relation we are referring we explicitly write [x] 5 to be the equivalence
class of x under the relation R.
We say that an element y € [z] is a representative of the equivalence class of x

To get a feel for equivalence classes we consider the, non-mathematical, following example.

Example 1.4.16. Consider the set X to be the set of all people currently alive. Define a relation, ~, on X
by

V(z,y) € X x X :x ~y <= x and y where born in the same year

We have that ~ is an equivalence relation. Clearly if x ~ x as x was born in some year D. We have that
if © ~y then x and y are born in the same year and clearly y ~ x. Now if x ~ y and y ~ z then x and y
are born in the same year and y and z are born in the same year. This therefore means x and z are born in
the same year so x ~ z showing transitivity.

Now let © € X and consider the equivalence class [x],_. By definition of an equivalence class we have that

] . ={ycz:z~y}

This means that the equivalence class [z]_ is the set of all people currently alive that were born in the
same year. As X was the set of all currently alive people we have found a way to extract a subset of X such
that they are all born in the same year. If we now pick another element of X, say a, such that x ¢ a then
by definition a was not born in the same year as x and [a]_ is another subset of X of currently alive people
born in the same year. Moreover we have that [x]_ # [a]_. We can do this for every element of X and
get a collection of sets that correspond to all of the possible different years that anyone currently alive could
possibly be in.

The previous example has shown that we are able to construct a partition of a set .S which has an
equivalence relation ~. We can prove this more generally, firstly we recall the definition of a set partition.

Let S be a set and define S to be the set of subsets of S. We say that S is a partition of S if the following
hold.

1. V51,55 € S we have S; NSy = @ whenever S; # So

2. Taking the union of every T € S gives us S that is

s=Jr

TeS

3. VT € S we have that T # 0.

Before we can show that the equivalence classes partition the set we must first show that there can be
no empty equivalence class.
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Proposition 1.4.12. FEquivalence class is non-empty

Let S be a set with an equivalence relation ~. Let x € S then we have that [x]_ —(

Proof:

Let S be a set with an equivalence relation ~. By definition of an equivalence relation we have that
Vr,y,z € S that

1. ~ is reflexive, that is x ~ x
2. ~ is symmetric, that isc ~y =y ~x
3. ~ s transitive, that is © ~y and y ~ x implies that x ~ z

Consider the equivalence class [x] . By definition of an equivalence class we know that

[z]l. ={y e S:z~y}

As ~ is reflezive we have that x Imx and so x € [z]_ and therefore [x]_ #@. O
We can prove that an equivalence relation partitions the set it is defined on.

Theorem 1.4.1. Equivalence classes of a relation partitions the set

Let S be a set with an equivalence relation ~. Let S denote the equivalence classes of ~ for each s € S.
We have that S is a partition of S.

Proof:

Let S be a set with an equivalence relation ~ and let S be the set of equivalence classes of ~ for each
se€S. Let x € S then x belongs to at least one equivalence class by proposition[1.].13. We therefore have
that

§= bl

zeSs

It is left to show that if (] # [y]. for x,y € S then we have that [x] N [y|_, = 0. This is equivalent to
saying that if [x]_ N [y]_ # O then [z] = [y]_. So suppose that [z]_ N [y]. # 0 then [z]_ N[y]. has at least
one element z. Suppose that z € [x]_ then by definition we have that x ~ z. Let a € [z]_ be an arbitrary
element of the equivalence class of x. We have that a ~ x then by transitivity of ~ we conclude that a ~ z.
However as z € [z] N [y]. then we have that z € [y], and so y ~ z. As ~ is symmetric we have z ~y and
again by transitivity we conclude that a ~y. Hence a € [y and so [x]_ C [y]_.

A similar argument shows [y]_ C [x]_ and therefore we have that [x]_ = [y].. Finally we conclude that
unequal equivalence classes are disjoint and therefore the set of equivalence classes S is a partition for S.

The result is shown. [
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1.5 Construction of the Integers

The trouble with integers is that we have
examined only the very small ones. Maybe all
the exciting stuff happens at really big
numbers, ones we can’t even begin to think
about in any very definite way.

Ronald Graham

We now have enough theory to consider extending the natural numbers N. One reason to do this is to
provide a completion to the idea of subtraction. Recall that n —m is only defined in N if and only if m < n.
This is a limiting idea. For example, the idea of debt can’t be explained using only N. We know that if the
balance on your bank account is negative then you owe money to someone, if your balance is positive you
have money to spencﬂ The natural numbers don’t have a concept of "negative” or debt, we can only deal
with "positive” values. To keep the financial institutions happy we should resolve this issue.

To do this we need to consider exactly what it is we want to achieve. Firstly we want to be able to define
n —m for all n,m € N. Clearly, if n > m then such a number already exists in N. Secondly, such a number
n — m could have many different representations, for example, 6 —2 = 4 and 5 — 1 = 4. We need a way
to say that any of these different representations actually represents the same thing. Formally if we have
a,b,c,d € N such that a — b = ¢ — d then a — b and ¢ — d represent the same number, this is equivalent to
a+d = b+ c. Thinking of — as a relation we can use the language of equivalence relations to solve this issue.
That is a relation where (a,b) ~ (¢, d)

1.5.1 Defining the Integers

We start by recasting the defining of subtraction to be defined as an ordered tuple.

Definition 1.5.1. Subtraction as an ordered tuple
Let a,b € N. We define the subtraction as an ordered tuple (a,b) € N* to mean (a —b). We will call an
element x € N? a subtraction tuple. We note that if a > b we have (a —b) € N

From this we can define a relation

Definition 1.5.2. Relation on subtraction
Let (a,b), (c,d) € N? be subtraction tuples. We define the relation ~ such that (a,b) ~ (c,d) if and only
ifa+d=b+c

We have that this relation is an equivalence relation.

Proposition 1.5.1. Relation on subtraction ordered tuples is an equivalence relation

Let x,y € N2 be subtraction tuples and define the relation x ~ y as above. We have that ~ is an
equivalence relation.

Proof:

Let x,y, z € N? be subtraction tuples such that x = (a,b), y = (c,d) and z = (e, f). We need to show that
~ is an equivalence relation, that is

1. ~ is reflexive
2. ~ 15 symmetric
3. ~ 18 transitive

1. ~ is reflerive:

We have that x = (a,b) and by definition of ~ we know that x ~ x if and only if a + b = a + b which
is clear by definition of equality on the natural numbers. Hence x ~ x and ~ is reflexive.

8Hopefully not all at once!
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2. ~ 1§ symmetric:
We have that x = (a,b) and y = (¢,d). Suppose that x ~ y then we have that a +d = b+ ¢. By
commutativity of equality of natural numbers that a+d =b+ ¢ = b+ ¢ = a+ d. By commutativity of
addition on the natural numbers we have that b+ ¢ = a + d is the same as ¢+ b = d+ a. Hence we
have that (c,d) ~ (a,b) by definition of ~ and so y ~ x showing that ~ is symmetric.

3. ~ 1is transitive:

We know that x = (a,b), y = (¢,d) and z = (e, f). Now suppose that x ~ y andy ~ z then by definition
we have that (a,b) ~ (¢,d) and (¢,d) ~ (e, f) and hence by definition of ~ we have a +d = c+ b and
c+f=e+d

Consider a + ¢+ f we have

atct+f=atetd=a+d+e=ct+b+te

That is to say a+c+ f = c+ b+ e. We have by the cancellation laws on the natural numbers that
a+ f = b+ e which implies that (a,b) ~ (e, f). Which is to say x ~ z. Hence transitivity has been
shown.

It follows that ~ is an equivalence relation. [

Now that we have shown that ~ is an equivalence relation we can solve the multiple representation
problem by considering the equivalence classes of N? with the relation ~. Let € N? with & = (a,b) then
the equivalence class of x is given by

[]. = [(a,b)]. = {(c, d) € N?: (a,b) ~ (c, d)}

We know by theorem that for each x € N? there is set of equivalence classes partition N? and that
each equivalence class is disjoint. This is to say if z,y € N? then we have that if [z]_ N [y]. # 0 then
[x] . = [y] .. This solves the multiple representation issue.

Let us have a look at some equivalence classes

Example 1.5.1. Let x € N? with x = (1,3) by definition we have that x represents 1 — 3. Consider the
equivalence class of z, [x] = {y € N:xz ~ y} and let y € [x]. We have that y = (¢,d) and that 1+d =3 +¢,
one possible y where this is true is given by y = (0,2) and y represents 0 — 2, As we have y € [x] then we
have that [x] = [y] so we shall take y to be the canonical representative of this equivalence class.

Now that we have that the subtraction tuples are in equivalence classes we can consider the following.
Suppose that a,b,c € N then what is a — (b — ¢)? For example if a = 10,b = 6 and ¢ = 3 then we have that
10 — (6 — 3) =10 — 3 = 7. This is also the same as 10 + 3 — 6 = 13 % 6 = 7. This holds in general where we
have that (a,b —¢) ~ (a + ¢, b)

Lemma 1.5.1. (a,b—c¢) ~ (a+¢,b)
Let a,b,c € N with a > b > c. We have that
(avb_c) ~ (CL—FC,b)

Proof:
Let a,b,c € N be as given. By definition of ~ we have (z,y) ~ (u,v) if and only if x + v =u+y. We
argue by contradiction, suppose that (a,b— c¢) % (a + ¢,b) then by definition we have that
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a+b#a+c+(b—c)
b#c+ (b—c), By the cancellation law

b # (c+b) — ¢, By propositior{l.3.10
b# (b+c¢) — ¢, By commutativity

b#b+ (¢c—c), By propositionl.3.10

0 # (¢ — ¢), By the cancellation law
040

A contradiction. [

By this lemma it follows that a — (b —¢) = (a 4+ ¢) — b.
We now look at the definition of what the set of equivalence relations looks like. We make the following
definition

Definition 1.5.3. Quotient set
Let S be a set with an equivalence relation ~. Let x € S and consider the equivalence class [x]_. We
define the quotient set of S, denoted by S/ ~ by

S/ ~={lz]_:x €S}
Why have we called the set of the equivalence classes a quotient set? We can see why with a few examples.

Example 1.5.2. We reconsider the example where X is the set of all people currently alive with the relation
~ given by

V(z,y) € X x X :x ~y <= x and y where born in the same year

We know that ~ is an equivalence relation and we know that the equivalence classes define a set of all
people currently alive born in a certain year. We can identify the quotient set X/ ~ as the set of all of the
possible years that all people currently alive could live in. As an example suppose that person x € X was
born in 1983. Then by the definition of ~ we have that x ~ y if and only if y is also born in 1983 and that
[x] . is the equivalence class of all people born in 1983. As [x]_ € X/ ~ then [z]_ is the set in X/ ~ that
represents the year 1983. That is the quotient set has taken the set X of all currently alive people who were
born in a certain year and turned it into the set of all possible years.

Example 1.5.3. Let X be the set of all possible cars and define the equivalence relation ~ such that x ~y
if and only if x and y are the same colour. We have that sim is an equivalence relation. Reflexivity is clear
as if x is a certain colour then clearly x ~ x will be true. Now if x ~ y then both x and y are the same
colour and so y ~ x. Finally if x ~y and y ~ z then x and y are the same colour and so are y and z so it
follows that x ~ z.

Suppose now that © € X, then the equivalence class [z]_ is the set where all cars are the same colours.
Hence the quotient set X/ ~ will be the set of all possible car colours. The quotient set has taken the set of
all possible cars and turned it into the set of all possible car colours.

If we had a different relation R where xRy if and only if x and y have exactly two doors then R is also
an equivalence relation and X /R would take all of the possible cars X and turn it into the set of all of the
cars that have exactly two doors.

These examples show that the quotient set takes a set of objects S and extracts a given property defined
by the equivalence relation ~ defined on S. How can we use the quotient set on the equivalence classes of
the subtraction tuples?

We have that the the quotient set of N?/ ~ is given by

N?/ ~={[z]_ :z € N*}
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What do these elements actually look like? Let (a,b) = z € N and consider the equivalence class [z]_
Firstly, in the naturals, we know that 0 = 0 — 0 and more generally that 0 = a — a for any a € Z. Hence
0 € [(0,0)].

Now, consider [(a,0)] then we would have that any (c,d) = y € [(a,0)] is such that (a,0) ~ (c,d) if and
only if @ — 0 = ¢ — d. Hence each a is equivalent to some subtraction tuple. Moreover each (a,0) = a € N,
therefore we have a canonical representation for each element a € N. What happens if we have a tuple (a, b)
where a > b7 We can see that if (a,b) ~ (¢,d) then a + d = ¢+ b. For example we have that (0,3) ~ (1,4)
which gives

(8,11) ~(0,3) =8—-11=0-384+3=11

0-3=1-4=0+4=1+3=4=4

Hence we can define a canonical representation for each (0,a) where a € N. We will write the element
(0,a) by —a for each a € N. We have define the set of Integers.

Definition 1.5.4. Integers
Let N? have the equivalence relation ~ defined by (a,b) ~ (c,d) if and only if a +d = b+ c. We define
the set of Integers, denoted 7, as the quotient set N2/ ~. The set Z has the form
Z={...,-4,-3,-2,-1,0,1,2,3,4,...} (12)
We make two additional definitions based on the definition of the canonical form the equivalence classes

Definition 1.5.5. Positive Integer
Let a € Z. We say that a is a positive integer if and only if a € [(b,0)] for some b € N with b # 0.

Definition 1.5.6. Negative Integer
Let a € Z. We say that a is a negative integer if and only if a € [(0,b)] for some b € N with b # 0.

We can use these two definitions to define an occasionally useful idea.

Definition 1.5.7. Sign of an integer
Let x € Z. We define the sign of x, denoted by sgn (x) to be the following function

sgn:Z — {-1,0,1}
1, If x is a positive integer
x> sgn(x) =< —1, If x is a negative integer
0, Otherwise

We also have the following, clear result

Proposition 1.5.2. The natural numbers are a subset of the integers

We have that N C Z

Proof:

We have that the elements of the equivalence class [(x,0)] have the form x —0 = x € N. Let a € N then
we have that a € [(a,0)]. This holds for every a € N and soNCZ. O

We will let [(a,b)] be denoted by [a,b] and extend the operations of addition and multiplication to the
integers by defining how they work on the equivalence classes.

1.5.2 Extending equality to the integers
Equality for the integers is easy to define.

Definition 1.5.8. Equality of integers

Let x,y € Z be two integer numbers. We define that two integers are equal, denoted x = y if and only
if ¢ ~y. This is the same as saying both x and y belong to the same equivalence class. In the case where
x 4y, we say that x is not equal to y and write x # y.
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1.5.3 Extending inequality operators to the integers
Inequality operators extend in a natural way.

Definition 1.5.9. Less than operator
Let x,y € Z where x € [a,b] and y € [c,d] for some a,b,c,d € N. The less than operator, denoted by
x < y is defined by the logical proposition

< (my) = 1, Ifa+d<b+c
W= 0, Otherwise

This can equivalently be express as

r<y <= a+d<b+c

Definition 1.5.10. Less than or equal to operator
Let x,y € Z where © € [a,b] and y € [c,d] for some a,b,c,d € N. The less than or equal operator, denoted
by x <y is defined by the logical proposition

< (z.9) 1, Ifa+d<b+c
x’ = .
- 0, Otherwise

This can equivalently be express as

r<y < a+d<b+c

Definition 1.5.11. Greater than operator
Let x,y € Z where x € [a,b] and y € [c,d] for some a,b,c,d € N. The greater than operator, denoted by
x >y is defined by the logical proposition

> (2,y) = 1, Ifa+d>b+c
W= 0, Otherwise

This can equivalently be express as
x>y <= a+d>b+c

Definition 1.5.12. Greater than or equal to operator
Let x,y € Z where © € [a,b] and y € [c,d] for some a,b,c,d € N. The greater than or equal to operator,
denoted by x > vy is defined by the logical proposition

> (2,y) = 1, Ifa+d>b+c
== 0, Otherwise

This can equivalently be express as
x>y < a+d>b+c

1.5.4 Extending addition to the integers

We have an understanding of addition on the natural numbers, mainly the recursive definition given by

+:N2—N
m+0=m, Ifn=0

(m,n)»—>+(m,n):{m+5(n)S(m+n), Ifn#0
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Now if we take a,b € Z with a,b being positive integers then we have that a € [(a,0)] and b € [(b,0)].
We then have that a + b will be in [(a + b,0)]. Now suppose that a,b € N with a,b being negative integers
then we have that a € [(0,a)] and b € [(0,b)]. Intuitively we know that —2 + —3 = —5 so we want these to
add like in the positive integer case. This is to say we have a + b will be in the class [(0,a + b)].

We can combine these two observations to define addition on the integers.

Definition 1.5.13. Addition on the Integers
Let x,y € Z with x = (a,b) and y = (¢,d). We define addition on the integers by
[a,b] + [e,d] = [a + ¢, b+ d] (13)

To check this definition makes sense consider x = 4,y = 3. Both z and y belong to some equivalence
class, for example = € [(5,1)] and y € [(8,5)]. Then we have that x + y = 7 and

(5,1) +(8,5) = (5+8,1+5) = (13,6) > 13— 6 =7

1.5.5 Extending multiplication to the integers

We also extend multiplication to the integers. We have the definition of multiplication on the naturals given
by

*: N x N—N

m+x0=0, f n=0
(m,n) = x (m,n) =
m=*xS(n)=mxn+m, Un#0
As before, if we take z,y € Z with z,y being positive integers then we have that x € [(x,0)] and b € [(z,0)]
we have that x xy € [(z *y,0)].
Suppose that =,y € Z with = (a,b) and y = (¢,d). We have that

(a—=b)x(c—d)=(a—b)c—(a—b)d
ac — be — (ad — bd)
ac —bc+bd — ad
=ac+bd — bc — ad

= ac+ bd — (ad + bc)

This is (a,b) * (¢,d) = (ac + bd, ad + bc)
This well be the definition of multiplication of the integers.

Definition 1.5.14. Multiplication on the Integers
Let x,y € Z with x = (a,b) and y = (¢,d). We define multiplication on the integers by

[a,b] * [¢,d] = [ac + bd, ad + bc] (14)

1.5.6 Closure properties of addition and multiplication

As with the natural numbers we need to show that the operations of addition and multiplication are closed.
Additionally we want to prove our claim at the start of this section that the integers allow us to completely
perform subtraction.

Theorem 1.5.1. Addition and multiplication on the integers are well-defined operators and closed
We have that Vz,y € Z that

1. x+yeci
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2. xxy €L
Proof:

1. x4+yeli:
We need to show that if (a,b) ~ (a’,V') and (¢,d) ~ (¢',d’) then (a+¢,b+d) ~ (a' +, 0 +d') as

this will show equivalent elements produce the same result when added and therefore integer addition

1is well-defined.

We have by definition that (a,b) ~ (a’,b") that a + b = o’ + b, likewise we have (¢,d) ~ (¢, d’) gives
c+d =d +d.

Now, we have that

a+b +c+d=d+b+c +d
at+c+b+d=d++b+d
= (a+c,b+d)~(d+,0+d)

Hence [(a + ¢, b+ d)] = [(a' + ¢,V + d)] and so addition is well-defined.
It is left to prove closure. Let x,y € Z with x = (a,b) and y = (¢,d). By definition of integer
addition we have that x +y = (a +¢,b+ d) and moreover we have a + ¢ € N and b+ d € N. Hence
(a+c,b+d) € [a+¢,b+d] and therefore x +y € Z showing closure.

2. xxy € ZL:
As with addition we need to show that if (a,b) ~ (a’,b') and (¢,d) ~ (,d') then (a,b) * (c,d) ~
(@', V)« (c,d"). As before we have that
We have that

(a,b) * (¢,d) = (ac + bd,ad + bc) <= ac+ bd — (ad + bc)

Now as (a,b) ~ (a’, V') then a + b =b+a’ and (¢,d) ~ (¢/,d') then c+d =d+ . Hence

ac + bd — (ad + bc) = (ac — ad) + (bd — bc)

alc—d)+b(d—rc)

a(cd —d)+b(d — ), By assumption asc+d =d+c =c—d=c —d
=ac —ad +bd — bc

= (ac’ —bc') + (bd' — ad’), By commutativity of the Naturals

d(a=b)+d (b—a)

d(a=V)+d (W —d), By assumption asa+b =b+d =a—-b=d -V
= (dad = V) + (d'V —d'd)

=cda -V +dbV —dd

=da'd -V +bd —dd, By commutativity of the Naturals

= (dc+bd)-bd —dd

= (dc+Vd)— (dd +b), By lemmall.5.1

This shows that multiplication is well-defined. It is left to show closure. Let x,y € Z with x = (a,b)
and y = (¢, d). By the definition of multiplication on the integers we have that x+y = (ac + bd, ad + bc)
with ac + bd € N and ad 4+ be € N. Hence we conclude that (ac 4 bd, ad + be) € [ac + bd, ad + be], and
so by definition x xy € Z.
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The result is shown. [
Now that we have shown closure we can deduce an immediate property.

Proposition 1.5.3. Multiplication of an integer by —1
Let x € Z where x € [a,b] for some a,b € N. We have that

1. =1z =—-1%(a,b) = (b,a)
2. xx—1=(a,b)* —1=(b,a)
Proof:

1. —1xx=—1x%(a,b) = (b,a):
We have that —1 € [0,1] and so

—1lx2=(0,1) % (a,b)
= (0xa+1%b0xb+1%a)
:(bva)

2. zx—1=(a,b)x—1=(b,a):

Likewise we have

xx—1=(a,b)x(0,1)
=(a*0+b*x1,ax1+bx0)
:(bva)
As required. [

Corollary 1.5.1. Multiplication of a positive integer by —1 makes it a negative integer and multiplication
of a megative integer by —1 makes it a positive integer

1. If x is a positive integer then —1 x x is a negative integer.

2. If x is a negative integer then —1 % x is a positive integer.

Proof:
By definition if x € Z is positive then x € [a,0] for some a € N. By proposition we have that
—1x2 = (0,a) = x % —1, which is by definition a negative integer.
Likewise if x € 7 is negative then x € [0,a] for some a € N. By proposition we have that
—1xx = (a,0) =x x —1, which is by definition a positive integer.
O

1.5.7 Associativity of integer addition and multiplication

The associativity of addition and multiplication of the naturals also extends to the integers.
Theorem 1.5.2. Let x,y,z € Z. We have that

Lao+y+z)=(@+y) +=2

Proof:
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1o+ (y+2)=(x+y) +=2:

Let x,y,z € Z be such that x = (a,b),y = (¢,d) and z = (e, ) where a,b,c,d,e, f € N and we have
that (a,b) € [a,b], (¢,d) € [¢,d] and (e, f) € [e, f]. We have that

8
=

= (a,b) + ((c,d) + (e, f))

= (a,b) + (c+e,d+ f)

=(a+(c+e),b+(d+f))

=((a+c)+e,(b+d)+ f), By associativity of addition for natural numbers
=(a+c,b+d)+ (e f)

((a;b) + (¢, d)) + (e, f)

(z+y

Which shows associativity of addition.

As with addition, let x,y, z € Z be such that x = (a,b) ,y = (¢,d) and z = (e, f) where a,b,c,d,e, f € N
and we have that (a,b) € [a,b], (c,d) € [c,d] and (e, f) € [e, f]. We then have that

x (yz) = (a,0) x ((¢,d) (e, [))

(
= (a,b) (ce + df,cf + de)

= (a(ce+df)+b(cf+de),a(cf+de)+b(ce+df))

= (ace + adf + bef + bde, acf + ade + bee + bdf)

= (ace 4+ bde + adf + bef, acf + bdf + ade + bee) , By associativity of addition for natural numbers
(

= (

(

= (

(ac+bd) e + (ad + be) f, (ac+ bd) f + (ad + be) e)
ac + bd, ad + be) (e, f)

(a,0) (¢, d)) (e, )

zy) 2

Showing associativity of multiplication.

The result follows. [

1.5.8 Commutativity of integer addition and multiplication

As with the naturals, addition and multiplication in the integers both satisfy commutativity.

Theorem 1.5.3. Addition and multiplication are commutative
For all z,y € Z we have that

lL.x+y=y+zx
2. vy =yx
Proof:

L. x4+y=y+ua:

Let x,y € Z. By definition we have that x € [a,b] and y € [c,d] for some a,b,c,d € N. Let © = (a,b)
and y = (¢,d). We then have by definition of addition that
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(a,b) + (¢, d)
=(a+c¢b+d)
= (c+a,d+b), By commutativity of addition for natural numbers
= (c, b)

d) + (a,

T+y=I(a

Showing commutativity holds for addition in the integers.

2. xy =yx:

Let x,y € Z by definition we have that x € [a,b] and y € [c,d] for some a,b,c,d € N. So let x = (a,b)
and y = (¢,d). By definition of multiplication we have

zy = (a,b) * (¢, d)
= (ac+ bd, ad + bc)
= (ca + db,da + bc) , By commutativity of multiplication of the naturals
= (ca + db,da + bc) , By commutativity of addition of the naturals

= (¢,d) * (a,b)
= y[L‘
Showing commutativity for integer multiplication.

The result has been shown. [

1.5.9 Multiplication distributes over addition
Another result that extends from the naturals is that multiplication distributes over addition.

Theorem 1.5.4. Multiplication distributes over addition
For all x,y,z € Z we have that

1. z(y+2)=zy+az
2. (y+2)e=yr+zx=zy+uxz

Proof:
Let x,y,z € Z then x € [a,b],y € [¢,d] and z € [e, f] for some a,b,c,d, e, f € N.
So let x = (a,b) ,y = (¢,d) and z = (e, f).

1. 2 (y+2) =ay +xz:
We have that

z(y+2) = (a,b) ((c,d) + (e, [))

= (a,b) (c+ e d+ f)

=(a(ct+e)+b(d+f),a(d+ f)+b(c+e))
= (ac+ae+bd+bf,ad + af + bc + be)
= (ac+bd+ae+bf,ad + bc+ af + be)
= (ac+ bd,ad + bc) + (ae + bf,af + be)
= ((L, b) (C, d) + (av b) (6» f)

=2y +xz
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2. (y+2)e=yr+zx=xy+xz:
Now that we have the previous part the proof of this part is quick. We have

(y+2z)x =2z (y + z), By commutativity of multiplication
=xy + xz, By part 1.

= yx + zx, By commutativity of multiplication

As required. [

1.5.10 The Zero and Identity laws
The zero and identity laws from the naturals extend to the integers.
Theorem 1.5.5. The zero and Identity laws

Let ©x € Z. We have that

1.z24+0=2=0+2

2. lxz=x=xx1

Proof:

Let x € Z then we have that x = (a,b) for some a,b € N

1. 24+0=2=0+z:

We have that 0 € [0,0]. Hence we have that

x+0=(a,b)+(0,0)=(a+0,b+0)=(a+b)=(0+a,0+b) =(0,0) + (a,b) =0+ 2

2. xxl=x=1x*ux:
As 1€ [1,0] then

xx1=(a,b)*(1,0)
=(ax1+bx0,bx1+ax0)
=(a+0,0+0)
= (a,b) =z
=(1xa+0*xb0xa+1xb)
= (1,0) (a,b)
=1xzx

The result follows. [

1.5.11 Extending subtraction to the integers

As we have a notion of subtraction on the naturals, we can ask about extending this to the integers. We
defined subtraction on the naturals as follows. Let n,m € N such that n < m. Let d € N such that n = m+d.
We define subtraction by

d=n—m

Where we called d the difference between n and m. We also have the notion of a positive and negative
integer. Recall that x € Z is a positive integer if and only if x Let x € Z. We say that x is a positive integer
if and only if « € [(b,0)] for some b € N. Likewise z is a negative integer if and only if 2 € [(0,b)] for some
b € N. In order to extend subtraction to the integers we need to consider a few things.
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Definition 1.5.15. Negation of an natural number
Let © € Z so that x is a positive integer, i.e a natural number. We define the negation of x, denoted —x

by
—z=—-1x2=(0,1)*x

where (0,1) € [(0,—1)]. That is (0,1) is an element of the equivalence class [(0,1)] which represents all
possible elements that are —1.

We can extend this result to include a general integer.

Proposition 1.5.4. Negation of an integer
Let x € Z so that © € [(a,b)] for some a,b € N. We have that
—lxz=—-1x%(a,b) = (b,a)

Proof:
Let © € Z be as given by the hypothesis. We have that

—lxz=—-1x%(a,b)
=(0,1) * (a,b)
=0xa+bx1,0xb+1xa)
= (b,a)
As required. [

In light of this, we can define subtraction for integers.

Definition 1.5.16. Integer subtraction
Let x,y € Z. We define the subtraction of y from x, denoted x — y by
r—y=z+(—y)=z+(-1xy)

We immediately get that subtraction is closed, from the fact that both addition and multiplication are
closed. We do not have associativity of subtraction in general.

Proposition 1.5.5. Integer subtraction is not associative
Let x,y,z € Z. We have that

r—(y—2)#(@—y) -z

Proof:
Let x = 2,y = 4 and z = 6, we have x € [2,0],y € [4,0] and z € [0,6] so z € (2,0),y € (4,0) and
z € (0,6) . We have that
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On the other side we have

Clearly (8,4) # (2,10). Indeed they are not even equivalent. Suppose that (8,4) ~ (2,10) then we have
that 8 + 10 =4+ 2. However 18 #6. [

We can also immediately see the following result, which allows us to formally show that subtraction is
an inverse to addition.

Proposition 1.5.6. Subtracting an integer from itself gives zero
Let x € Z. We have that
z—2x=0

Proof:
Let x € Z where x € [a,b] for some a,b € N. We have

x—x=(a,b) — (a,b)
= (a,b) + (b, a)
=(a+bb+a)

It is left to show that (a +b,b+ a) ~ (0,0). Indeed

(a+b)+0=(b+a)+0=a+b=b+a

The result is shown. [

1.5.12 The cancellation laws

We can now deduce that the cancellation laws also extend to the integers.

Theorem 1.5.6. The cancellation laws
Let x,y,z € Z.

1. If t +y =x + z then we have y = z.
2. For x # 0, if xy = xz then we have that y = z
Proof:

1. If x +y =z + z then we have y = z:
Let x,y,z € Z. We have that

r+y=x+=2
= —r+4+x+y=—x+x+ 2 Adding the negative of x to both sides
= (—x+x)+yx=(—z+x)+ 2, Associativity of integers
= 04y =0+ z, By proposition[1.5.6
=Yy==z
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. For x # 0, if xy = xz then we have that y = z:

Let x,y,z € Z where x # 0. Suppose that x € [a,b],y € [¢,d] and z € [e, f]. We have

zy = (a,b) (¢,d) = (ac+ bd, ad + bc)
22 = (a,b) (e, f) = (ae + bf, af + be)

Now assume xy = xz then we have that (ac + bd, ad + be) ~ (ae + bd, ad + be) which is to say

ac+bd+af +be=ae+bf +ad+be

Observe that

ac+bd+af +be=a(c+ f)+b(d+e)
ae+bf +ad+bc=ale+d)+b(f+c¢)

Which gives
alc+ f)+b(d+e)=ale+d)+b(f+c)

There are now two cases to consider, a < b and a > b. Firstly suppose that a < b then we can write
that b = a + h for some h > 0, this is well-defined as a,b € N. We then have

alc+f)+b(d+e)=ale+d)+b(f+c)
alc+f)+(a+h)(d+e)=ale+d) +(a+h)(f+ec)
a(c+f)+a(d+e)+h(d+e)=ale+d)+a(f+c)+h(f+c)
a(d+e)+h(d+e)=ale+d)+h(f+c), Cancelling a(c+ f)
h(d+e)=h(f+c), Cancelling a(d+ e)
(d+e€)=(f+c), Cancelling h

Now as d+ e = f+ ¢ we have that c —d =e — f = (¢,d) ~ (e, f) which is the same as saying y = .

Now if a > b then we write b= a — h for some h > 0, again being well-defined as a,b € N. Thus

alc+f)+b(d+e)=ale+d)+b(f+c)
alc+f)+(a—h)(d+e)=ale+d)+ (a—h)(f+c)
alc+f)+a(d+e)—h(d+e)=ale+d)+a(f+c)—h(f+c)
a(d+e)—h(d+e)=a(e+d)—h(f+c), Cancelling a(c+ f)
—h(d+e)=—=h(f+c), Cancelling a(d+ e)
(f+¢) = (d+e), By adding each side to the other and cancelling h

As f 4+ c=d+ e then we have by similar logic to before the y = z

The result is shown. [
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1.5.13 Extending the summation and product notations to integers

Summation and product notation has been defined on the naturals. As with the theme of this section the
notations extend in a natural way to integers. As before we need to define a few things.

Let z € Z"*™+1 be an ordered n+m-+1 tuple of integers where 2 = (2_, 21y vy 215205 21,2+« 5 2n)
and define Z"", = {-m,-m+1,-m+2,...,-1,0,1,...,n — 1,n}. Define f : Z" — Z by
f:Zy, —7Z
i f (i) =2

As before, f simply maps gets the value of z; from the ordered tuple z.

Definition 1.5.17. Summation notation for the integers
Let z € Z" ™™+ be ordered n +m + 1 tuple of integers wWhere 2 = (Z_pmy Z—malys - s 21y 205 215 %+« 3 Zn)-
Define 27, by 2, = {—m,—m + 1,—-m +2,...,—1,0,1,...,n — 1,n}. Let f : Z"™™H1 1 Z defined by

f:zm 7

We define the summation notation for integers by

Z f@ =f=m+fEm+D)++ F(ED+FO)+f D)+ 4 f(0)

1=—m

Alternatively this is written

n
D zi=zmtzompit ottt atoc+a

r=—m

We have that i is called the index of summation and that i = —m is the starting index of the summation,
and n the ending index of the summation. If z = () then we define the summation to be 0 and call a

summation an empty sum.
We can also define the summation of some subset of Zj, which allows for starting a summation at some
starting point other than i = —m. Let T C Z . We define the summation over the set T' by

D>z
ieT
If we have a mapping g : Z — 7, we can define a summation over g by
Z g (%)
i€T
Finally we can define a summation over a predicate P (i) fori € T by
> g(z)
P(3)

where we take the sum of the g (z;) for the i that satisfy the predicate P. We note that if we have k > n
for some k € N then the sum

n
E Z; = 0
i=k

The proprieties shown for summations with natural numbers also extend to the integer version.
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Proposition 1.5.7. Properties of summation notation
Let n,m € Z such that m < n. Let s,t € N**™tL gnd let ¢ € Z.
Let a,b € Z with m < a < b < n. Define A =17 and define
B=Zi\A={-m,-m+1,...,a—1,b+1,...,n—1,n}

so that AU B =Z},. Let k € Z be the starting index summation such that k < n.
properties hold.

n —1

1. Z Si:ZSi+ZSi: Z si+i5i
] =0

1=—m €A 1€B 1=—m

i=k
n n

] sl—i—tz:Zsi—i—th

i=k i=k i=k
Proof:

n —1 n

1. Z S; :Zsi+28i = Z Si-i-ZSi.'

i=—m icA i€EB i=—m i=0

This follows by applying the definition. We have that

n

We have the following

D si= St S miiF S mpat S S0+ S+ S 1+ S,

i=—m

= (5—m+S-my1+S—mizt - Fs_1)+(soF+ 81+ +Sp-1+5n)

-1

Z S; + Z S;
= =0

Additionally note that

n

D si=smt s miitSomiatotsoitsotsido s+,

i=—m
= (Sem + S—mt1+ S—my2+ -+ Sa—2 + Sa—1) + (Sa + Sat1 + -
+ (Sb+1 + Spp2t+ -+ Sp—1 + Sn)
= (5—m +S—mt1 +S—ma2+ -+ Sa—2 + Sa—1) + (Sp41 + Spp2 +
+ (Sa 4 Sat1+ -+ + sp-1 + )

:ZsiJrZSi:ZSiJFZSi

i€B i€A 1€A i€B
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n d n
2. ZSZ':Z&—F Z S;:
i=k i=k

i=d+1
The proof is similar to part 1, replacing —m by k.

n

n
3. ZC*Si:C*ZSi for some c € Z

i=k i=k
We have by definition that

n
E C*8; =C*Sp +C*Sgpy1 +C*Spqp3+---+cC*Sy
i=k

By multiplication distributing over addition we have
n n

E CkS;=C*kSp+CxSpp1+CkSpq3+ -+ Cxsy =c(Sg+ Spt1+ -+ 58p) =cx* E S;
i=1 i=k

4. Zc:c(nqtlfk) for some c € Z
i=k

If n > 0 and k >= 0 then the result is the same as for natural numbers. So suppose that k < 0.
Consider the following set of the indices given by

S={kk+1,k+2,...,-1,0,1,....n—1,n}

We have that the cardinality of S is n+ 1 — k. Indeed consider the following mapping
f:S—=N
s—=f(s)=s—k

Define the mapping g : S — Image (f) then we have that g is a bijection. Suppose that g (xz) = g (y)
for some x,y € S then

9(x) =g(y)
r—k=y—k
=y

showing injectivity. Now as g is a mapping from S to the image of f we have by proposition
that g is surjective. Hence we conclude that g is a bijection.

Now we have that

Image (f) = {f () : z € S}
={k—k(k+1)—k (k+2)—Fk,...,—1—k,0—k1—Fk,...,(n—1)—k,n—k}
={0,1,2,....k—Lkk—1,....n—1—kn—k}

Hence |S| = |Image (f)| = n—k+1. Hence the sum is adding c to itself n+1—k times. This is to say

n
> e
i=k

cn+1—k)
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5. isi +t, = isl +iti:
i=k i=k i=k

This follows by the definition. We have

Zsi+ti:(sk+tk)+(sk+1 +thg1) + ..

1=k
+(s_1+to1)+(so+to)+ (s1+t)+- -+ (Sn—1+tno1) + (sn+ 1)
=(sktsp+1+--+s1+sotsit+sn1+sn)t
+(tp Ftpgr +ooFtgFtgtt ety )

n n
= Z Ss; + Z t;
i=k i=k

O
We make a similar definition for product notation.

Definition 1.5.18. Product notation for the integers
Let z € Z"T™HL be ordered n+m + 1 tuple of integers where 2 = (2, Zmaly -+ s 21520521, %+« Zn)-
Define 7, by 77, = {—m,—m +1,-m +2,...,—1,0,1,...,n — 1,n}. Let f : Z"T™+L . Z defined by

fozmintl g

We define the summation notation for integers by

[T £ =F(=m)sf(=m+1)s-x f(=1) % f(0) % f (1) 5+ f ()

i=—m
Alternatively this is written

n

|| Zi = Z-mF*Zom1 kR Z k2o k2 kX 2y

1=—m

We have that i is called the index of the product and that i = —m is the starting index of the product,
and n the ending index of the product. If z € () then we define the product to be 1 and call a product an
empty sum.

We can also define the product of some subset of Z7, which allows for starting a product at some starting
point other than i = —m. Let T C Z7,. We define the product over the set T by

I1=
ieT
If we have a mapping g : Z — 7 we can define a product over g by
9
ieT
Finally we can define a product over a predicate P (i) fori € T by

IT9¢)

P(i)
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where we take the sum of the g (z;) for the i that satisfy the predicate P. We note that if we have k > n
for some k € N then the product

Proposition 1.5.8. Properties of product notation
Let n,m € Z such that m < n. Let s,t € Z"t™+! and let ¢ € Z. Let a,b € Z so that m < a < b < n.

Define A =7 and define
B=7Z!\A={-m,—-m+1,...,a—1,b+1,....,n—1,n}

so that AU B =1Z7,. Let k € Z be the lower index of the product.
We have that the following properties hold.

n -1

n
0T s Tl Tl - 1T w11
i=—m €A i€B i=—m =0

n m n
2. S = 8; * H Si
i=k i=k 1=m+1
n n n
3. Hsiti = 1_[8z ti
i=k i=k =1
Proof:
n —1 n
0T s Tl Tl T o T
i=—m €A i€B i=—m =0

This follows by the definition of the product. We have that

n
H S; = S—m *S—m41 *¥S—m42 ¥ kS_1 XSk S k- kSy_1 %Sy
i=—m
= (S—ym * S—mal ¥ S_mia k- -k S_1) % (89 * S %+ % Sp_1 * Sp)
-1

n
eI
=0

i=—m

Likewise we have

n

|| Si = S—m * Sl ¥ S_my2 ¥ ok S_1 kSS9 kS kK Sp_1 %Sy

i=—m
= (S m *S_ma1 *S_mao k- kSq_ 0% Sq_1) % (Sq * Sqi1 %+ %k Sp_1 * Sp)
* (Spp1 % Sppo k- ok Sp_1 * Sp)
= (S_m * S—_ma1 *S_ma2* - *Sq_ 2% Sq_1)* (Spp1 % Spyo * -k Sp_1 * Sp)
% (Sq % Sqy1 % -+ *k Sp_1 * Sp)

:Hsi*Hsi:HSi*HSi

i€B i€A i€A i€B
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n m n
Q.Hsi:Hsi* H S;:
i=k i=k

i1=m-+1
The proof is similar to part 1. We replace —m with k.

n n n
i=k

i=k  i=1
Observer that

n
H Sili = Sklk * Sp41tk41 * Sk42lp42 * -+ - * S_1T_1 *x Solg * S1l1 * -+« * Sp_1ln—1 * Sply
i=k

= (Sk * Spt1 * Spyo ¥ ¥ S_1 * 89 kS K% Sp_1 % Sp)

*(tk*tk+1*tk+2*~~~*t_1*t0*t1*~~~*tn_1*tn)
n n

:Hsi*HSi
i=k i=k

O

We can now consider extending the result of proposition [I.3-3] Le if the product of ab = 0 for a,b € Z
then at least one of a or b is zero.

Proposition 1.5.9. Product of two integers being zero implies one of the numbers is zero

Let x,y € Z. If xy = 0 then at least one of x ory is zero.

Proof:

Let x,y € Z. If x = y = 0 then the result is trivial. So suppose that x = (a,b) and y = (¢, d), moreover
suppose y # 0. By definition of integer multiplication we have that

xy = (a,b) % (¢,d) = (ac + bd, ad + be) = (0,0)
By assumption. We have that

(ac+bd,ad +bc) = (0,0) <= ac+bd+0=ad+bc+0
= ac+bd = ad + be

Now suppose without loss of generality suppose that ¢ > d then we have that p € N such that d + p = c.
We hence have

ac+bd = ad + be
a(d+p)+bd=ad+b(d+p)
ad + ap + bd = ad + bd + bp
ap =bp
a = b, By the cancellation laws for the natural numbers
a+0=b+0= (a,b) =(0,0)

A similar argument applies for ¢ < d.
Hence x = 0. A similar argument assuming x # 0 shows that y = 0. The result is shown. [
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1.5.14 Extending the rules for inequalities to the integers

For the natural numbers, we were able to derive some rules for how inequalities behave, we can extend those
results to the integers. Before we do so we have an additional consideration. As N C Z then we can view
every non-zero n € N as a positive integer in Z. Hence for positive a, b, ¢ € Z the results from the proposition
instantly extend to those integers.

To extend the results fully we need to consider negative integers as well. Consider x = —3 and y = 6,
clearly x < y. Now consider —1 xx = 3 and —1 *xy = —6, we have that —1 xx > —1 x y. This can be shown
in general.

Proposition 1.5.10. Multiplication by —1 changes the inequality sign
Let ©,y € Z. We have the following

1. If v <y then —x > —y
2. If x <y then —x > —y
3. Ifx >y then —x < —y
4. If x >y then —z < —y
Proof:
1. If v <y then —x > —y:
Let x,y € Z so that x < y. There are three cases to consider

(a) x>0 andy >0
(b) t<0andy>0
(c) x<0andy <0

(a) x>0 and y > 0:
Suppose that © > 0 and y > 0 then x € [(a,0)] for some a € N and y € [(b,0)] for some b € N. As
x <y then we must have a +0 < b+ 0= a < b.

We have that

—r=—-1xx=-1x%(a,0)=(0,a)
—y:—l*y:—l*(b,O):(O,b)

Now, by proposition part 2. we know that a < b is the same as b > a. Now we have
—x > —y by definition of greater than for integers as we have

—x>—-y < 0+b>a+0

(b) © <0 andy>0:
Now suppose that © < 0 and y > 0 then we have that x € [(0,a)] and y € [(b,0)] where a,b € N.

—rx=—-1xx=-1%(0,a) = (a,0)
—y:—l*y:—l*(b,O):(O,b)
Now, we have that if —x > —y then we have

a+b>0+0

However as a,be N and v <0 = a > 0. We conclude that a +b > a >0 and so —x > —y.
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(¢) v <0 andy<O0:

Now suppose that © < 0 and y < 0 then x € [(0,a)] for some a € N and y € [(0,b)] for some
beN. As x < y then we have that b < a, which is the same as a > b.

We have that

—z=—-1xz=-1%(0,a) = (a,0)
—y=—-1xy=—-1%(0,b) =

|
—~
N
o
=

Applying the definition of > to —x and —y gives

—r>—y <= a>b

Which we know to be true. Hence —x > —y.

This shows part 1.

Ifx <y then —x > —y:

If x <y then we apply part 1. to get —x > —y from which it follows that —x > —y by definition. It is
left to check when x =y. This is clear however as t =y — —x = —y and so —x > —y.

. Ifx >y then —x < —y:

The proof of this part is similar to part 1. As in part 1. there are three cases to consider

(a) 2>0andy >0
(b) ©>0 and <0
(c) x<0andy <0

(a)

(b)

x>0 andy>0:

Suppose that > 0 and y > 0 then z € [(a,0)] for some a € N and y € [(b,0)] for some b € N. As
x >y then we must have a +0>b+0=a > b.

We have that

—x=—-1xx=-1%(a,0)=(0,a)
—y=—lxy=—-1x(b0)=(0,0)

Now, by proposition part 2. we know that a > b is the same as b < a. Now we have
—x < —y by definition of less than for integers as we have

—r< -y <= 0+b<a+0

x>0 andy<O0:

Now suppose that x > 0 and y < 0 then we have that x € [(a,0)] and y € [(0,b)] where a,b € N.
We have

—zrz=—-1%xz=-1%(a,0)=(0,a)
—y=—-1xy=—-1x(0,b) = (b,0)

Now, we have that if —x < —y then we have

0+0<a+bd

However as a,be N and y <0 = b > 0. We conclude that 0 < b <a+b and so —x < —y
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4.

(¢) v <0 andy<O0:

Now suppose that x < 0 and y < 0 then x € [(0,a)] for some a € N and y € [(0,0)]. A x >y then
we have that 0 +b > a + 0 = b > a which is the same as a < b.

—x=—-1xzx=—-1%(0,a) = (a,0)
_y:_l*y:_l*(oab>:<bv0)

Applying the definition of < to —x and —y gives

—r< -y <= a+0<b+0=a<d
Which we know to be true. Hence —x < —y.

If x >y then —x < —y:

If © > y we apply part 3. So instead suppose x =y but then x =y = —x =y and so by definition we
have —x < —y.

The result is shown. [

This proposition will play a big role in the following proposition that extends the results for the rules of
inequalities to the integers.

Proposition 1.5.11. Properties of inequalities for the integers
Let x,y,z,c € Z. We have the following properties for inequalities

1.
2
3
4
5.
6
7.
8
9

10.
11.
12.
13.
14.
15.
16.
17.
18.

x <y s the same as y > x:

. x <y is the same as y > x:
CIfr <y andy <z thenxz <z:

fr<yandy < z thenxz < z:

Ifr<yandy<zthenz<z:

Cfx<yandy <z then x < z:

Ifx >y andy > z then x > z:

. Afr>yandy > z thenx > z:

. Ifx >y andy > z thenx > z:

Ift >y andy > z then x > z:
Ifr<ythenx+z<y+z:
Ife<ythenx+z<y-+z:
Ife>ythenx+z>y+z:
Ift >y thenx+2>y—+z:

If x <y and z > 0 then xz < yz:
If x <y and z < 0 then xz > yz:
If t <y and z > 0 then xz < yz:

If x <y and z < 0 then xz > yz:
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19. If x >y and z > 0 then xz > yz:
20. If x >y and z < 0 then vz < yz:
21. If x >y and z > 0 then zz > yz:
22. If x >y and z < 0 then zz < yz:

Proof:

1. © <y is the same asy > x:
Let z,y € Z with x < y. Similar reasoning as in proposition[1.5.10 can be used. As in the proposition,
there are three cases to consider.
(a) 2>0andy >0
(b) <0andy>0
(¢) <0 andy <0

(a) x>0 andy > 0:
Suppose © > 0 and y > 0 then z € [(a,0)] and y € [(b,0)] for some a,b € N. We have that x < y

only holds if a < b, which is equivalent to b > a by proposition[I.3.19 But by definition of > for
integers, we have that

b>a <= y>=zx

(b) <0 andy > 0:
Suppose that © < 0 and y > 0, then x € [(0,a)] and y € [(b,0)] for some a,b € N. By definition
of < we have that

r<y <= 0+0<a+b = y>2 <= a+b>0

Now, x <0 = a > 0 and so we have that a+b>a >0 and so y > x.
(¢) © <0 andy<O0:

Now suppose that x < 0 and y < 0, it follows that x € [(0,a)] and y € [(0,b)] for some a,b € N.
By definition of < we have that

r<y <= b<a = y>x <= a>>b

Hence, as b < a, we have that a > b and so y > .

2. x <y is the same as y > x:

If © <y then we apply part 1. Otherwise, we have that x =y and so clearly y = x and hence y > x.

3 Ifr<yandy < z then x < z:

Suppose that x <y and y < z. There are four cases to consider.

(a) x>0,y >0and z>0
(b) ©<0,y>0and z>0
(¢) <0,y<0andz>0
(d) ©<0,y<0andz<0

(a) >0,y >0 and z > 0:
Suppose that © > 0, y > 0 and z > 0 then the result follows immediately by proposition

part 6. asx >0,y > 0 and z > 0 gives x € [(a,0)], y € [(b,0)] and z € [(c, 0)] for some a,b,c € N
and therefore x,y, z € N.
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(b) £<0,y>0and z>0:
Now suppose that x < 0, y > 0 and z > 0. We have that = € [(0,a)], y € [(b,0)] and z € [(c,0)]
for some for some a,b,c € N. Now we have that

<0 <<= a>0
y>0 < b>0
220 < ¢c>0
By assumption x < y and so we have that 0 < a + b, moreover by assumption y < z and so we

have b < c. We hence have that 0 < a+b < a+ c. Now as 0 < a+ c we have by definition of <
that

0<a+c <<= 0+0<a+c¢ <= (0,a) < (¢,0) <= <z

(¢) <0,y<0andz>0:

Now suppose that x < 0, y < 0 and z > 0. We have that z € [(0,a)], y € [(0,b)] and z € [(c,0)]
for some a,b,c € N

<0 <= a>0
y<0 < b>0
220 << ¢c>0

By assumption x < y and so we have that b < a, moreover by assumption y < z and so we have
0<b+c. Asb<a then we have 0 < b+ c < a+ ¢, moreover we have by the definition of < that

0<a+c <= 0+0<a+c¢ < (0,a) < (c,0) <= <z

(d) x <0,y <0 and z<0:

Suppose that © < 0, y < 0 and z < 0. We have that z € [(0,a)], y € [(0,b)] and z € [(0,¢c)] for
some a,b,c € N. Observe

<0 < a>0
y<0 < b>0
2<0 <<= ¢c>0

As x <y we have that b < a, likewise as y < z we have that ¢ < b, hence we have that c < b < a
and so ¢ < a. Hence by definition of < we have

c<a <= 0+c<a+0 < (0,a) < (0,¢) <= z <2z

4. Ifx <y andy < z then © < z:

Suppose that v <y and y < z. If v <y then we apply part 3. So suppose that x =y, then we must
have that y < z <= x < z and hence the result.

S Ifr <y andy < z then x < z:

As with part 5. Suppose x <y and y < z, then if y < z we apply part 3. Then we are left with the
case y = z and hence we have that v <y <— = < z.

6. Ifx <yandy <z thenx < z:

Suppose that x <y and y < z, then if x <y and y < z we apply part 3. If xt <y and y < z we apply
part 4. If x <y and y < z we apply part 5. Hence we are left with the case where x =y and y = z.
The result follows immediately.
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10.

11.

12.

15.

Ifx >y andy > z then x > z:

By part 1. of the proposition we have that this is equivalent to y < x and z < y then z < x and so part
3. applies.

Ifx >y andy > z then x > z:

Applying part 2 to x >y and part 1. toy > z and x > z gives the equivalent statement of y < x and
z <y then z < x and so part 4. applies.

If vt >y and y > z then x > z:

As with part 8. Applying parts 2. and 1. gives the equivalent statement of y < x and z > y then z < x
and s part 5. applies

Ift >y andy >z then x > z:

Solely applying part 2 of the proposition gives the statement y < x and z < y then z < z, so part 6.
applies.

Ife<ythenx+z<y+z:
Suppose that x < y where x € [(a,b)] and y € [(c,d)] for some a,b,c,d € N. Let z € [(e, f)]. By

assumption we know that

r<y < at+d<b+c

Now, we have that

x4+ z=1(a,b)+ (e, f) =(a+e,b+ f)
y+z=(c,d)+ (e, f)=(c+ed+f)

Now, suppose that © + z < y + z. We have that

z+z<y+z <= (a+e)+d+f)<b+f)+(c+e)

Observe that

(a+e)+d+f)<b+f)+(ct+e)
(a+d)+(e+f)<(b+c)+(f+e)
\\,._/ N—— N N——

=j =k = =k

For some j,k,l € N. We see that j <l as a+d < b+ c. Hence by proposition [I.3.19 part 12. that
J<l=j4+k<l+k and so we have x + z < y + z.

Ife <y thenx+z<y-+z:

If x < y then the result follows from part 11. Otherwise, we have x =y and then r + z = y+ z and so
we have x + z < y + z.

Ifx >y thenx+2z>y+z:

As has been the case so far, applying part 1. gives us the statement y < x then y+ z < x + z and so
part 11. applies.
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1. Ifr>ythenz+2z>y+z:

By part 2. we get the equivalent statement of y < x then y + z < x + z from which we can apply part
12.

15. If x <y and z > 0 then xz < yz:

Suppose that v < y where x € [(a,b)] and y € [(c,d)] for some a,b,c,d € N. Let z € [(e,0)] for some
e € N. As z <y we have

r<y < a+d<b+c

Now we have that

= (a,b) (e,0) = (ae, be)
yz = (¢, d) (e,0) = (ce, de)

&
w
|

Now, consider xz < yz then

xz <yz <= ae+de<be+ce <= e(a+d) <e(b+c)
N—— ——

=m =n
The result now follows from proposition part 16.

16. If x <y and z < 0 then xz > yz:

Suppose that © < y where x € [(a,b)] and y € [(c,d)] for some a,b,c,d € N. Let z € [(0,e)] for some
e € N. As x <y we have

r<y < a+d<b+c

Now we have that

Now, we want to show that xz > yz, by definition we have

xz > Yz <= be+ce>ae+de <= e(b+c) <e(a+d)
—— ——

=m =n

The result now follows from proposition part 16.

17. If t <y and z > 0 then xz < yz:

Suppose that x < y then if we have that x < y we apply part 15. Otherwise, x = y and the result is
trivial.

18. If x <y and z < 0 then xz > yz:

Likewise, if x < y then we apply part 16. So suppose that x =y then rz = yz and we, therefore, have
Tz 2> Y=z.
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19. If x >y and z > 0 then xz > yz:

Let z > 0 and by applying part 1. we get the equivalent statement of y < x and z > 0 then yz < xz for
which we apply part 15.

20. If x >y and z < 0 then xz < yz:

Applying part 1. we get the equivalent statement of y < x and z < 0 then yz < xz for which we apply
part 16.

21. If x >y and z > 0 then zz > yz:

Part 2 of this proposition gives the equivalent statement of y < x and > 0 then yz < xz and so part
17. applies.

22. If x >y and z < 0 then zz < yz:
Now, part 2 gives us the expression y < x and z < 0 then yz > xz and so we apply part 18.

The result has been shown. [

1.5.15 The absolute value function

After the construction of the natural numbers, we explored the notion of cardinality. That was assigning a
notion of size to a natural number. Recall the definition,

||:N—N

nenl=n

To extend this we consider the following. We know that a € N has a cardinality |a| = a as a € N refers
to a set containing a elements. Unfortunately, the notion of a set containing a elements doesn’t extend in a
natural way to the integers. For example, what does it mean for a set to contain —3 elements? Instead, we
need to re-think the notion of size.

Armed with subtraction we can re-cast our this understanding of size into a more useful form. Consider
for example 6 — 3 = 3, we can interpret this expression as saying that the number 3 is 3 less than 6, or
equivalently the number 6 is 3 bigger than 3. Stated in another way, if we were to get a ruler and measure
something to be 6¢m long and we want to cut it in half we will measure the halfway point at 3cm along from
where we start measuring. That is to say, the halfway point would be 6¢m — 3em = 3em.

What we have done is rather than think about the number of elements, we have thought about things
in terms of distances. This turns out to be a very powerful idea, there is an entire subject in mathematics
which studies this idea of distances, formally called metrics, which we will see later. We have only considered
the positive case so far, what about 3 — 67

We know that 3 — 6 = —3 and using similar logic this is saying that the number —3 is 6 away from 3,
equivalently 3 is 6 more than —3.

We make a definition.

Definition 1.5.19. Distance function for integers
Let z,y € Z. Define the function d : Z2 — N by

d:7> >N
r—y, Ifr>y

(z,y) = d(z,y) = {_(x—y), Ifz<y

We must verify that this is well defined
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Proposition 1.5.12. The distance function for the integers is well-defined
Let ©,y € Z. We have that

d(z,y) =

r—y, Ifzr>y
—(z—y), Ifz<y

1s well-defined.
Proof:
Let ©,y € Z. There are two cases to consider x >y and v < y.
1. z>y:
Suppose that x >y, then by proposition|1.5.11| part 14. we have

rzy=@+(y)=2W+(-y)=>2-y=0
Hence x —y € N.

2. x <y:

As x < y we have by definition of d that d (z,y) = — (x — y) where we have that x —y < 0. However we
have that — (x — y) = —1*(x — y) and so by part 16 of proposition|1.5.11| we have that —1%(x —y) > 0
which is to say —(x —y) € N

The result has been shown. [

In light of the definition of the distance function, we can define the so-called absolute value function.
This will give us a notion of the magnitude of an integer.

Definition 1.5.20. Absolute value function
Let x € Z we define the absolute value function, denoted by |x| by the function

I >
o] = d(w,0)= 4" T =20
—x, Ifx <0

With this definition, we have generalised the idea of “size” to the integers. That is the size of an integer
is its distance from 0. We have the basic properties of the absolute value

Proposition 1.5.13. Properties of the absolute value
Let x,y,z € Z. We have that the absolute value function has the following properties

1. || >0 forallz € Z

2. jz|=0 <= x=0

3 jr—yl=0 <= z=y

4 lwyl = |2 [yl

9. ||z]| = ||

6. |—x| = |x]

7 x| <y <= —y<z<y

8 lx| >y <= z<—-yorxz>y
9. |z +yl < ||+ |yl

10. |z —y| < |w— 2]+ ]2 -yl
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1. e =yl = [|z] = lyl|

12. || is not injective
13. || is not surjective
Proof:

1. |z| >0 for all x € Z:
This follows by proposition|1.5.12
2. || =0 <= x=0:
We have by definition that |z| = 0, if and only if x = 0.

3 r—yl=0 < z=y:
(=): Suppose that |x —y| = 0. There are two cases to consider.

Firstly if © > y, then by definition we have that |t —y| = © —y = 0 from which we clearly have
x =y. The other case is x < y from which we get |z —y| = — (x —y) = 0. In other words, we have
—1x(z—y)=0. Now by proposition we know that for integers a,b that if ab = 0, at least one
of a or b is zero. As —1 # 0 we conclude that x —y = 0 from which we get x = y.

(«<): Suppose that x =y then x —y =0 and so |x —y| = 0.
4 |yl =[] |yl

Let x,y € Z. There are four cases to consider.

(a) 2>0andy >0
(b) >0 andy <0
(¢) 2<0andy>0
(d) x<0andy <0

(a) >0 andy > 0:
If £ > 0 and y > 0 then zy > 0 and so |xy| = xy. Likewise || = = and |y| = y. Hence

|lzy| =[] [yl
(b) ©>0andy <O0:
If x > 0 then |z| = x by definition, and if y < 0 then |y| = —y. Now |zy| = —zy as y < 0.

Moreover, we have that

—zy = (=1) (z) (y) = (x) (1) (y) = (x) (=y) = [=[ |y
Hence we get |xy| = |z||y|
(c) <0 andy>0:
This is similar to the above but swapping the roles of x and y.

(d) <0 andy<O0:

Suppose that x < 0 and y < 0, then we have that || = —x and |y| = —y by definition. Moreover,
we have that —x * —y = xy. Hence |zy| = zy = (—z) (—y) = |z||y|

o el = [z
We have that || =z if x > 0 and —z if x < 0.
So if x > 0, we have

|zf| = || = 2 = |2|
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Now if x < 0 then

=l =z

As —x = —1 % x we have by part 4 that

|—z| = |=1xa| = [-1]|2] = 1 [z] = [z]

e <y = —y<z<y:

(=): Suppose that |x| < y. If x > 0 then we get that |x| = © < y. From this, it is clear that —y <z <y
asx>0andx <y=1y>0.

Now if x < 0, then |x| = —x < y. Clearly x < —x as x < 0 hence we conclude that © < —z < y. Now
by part 18 of proposition|1.5.11] we have we have
(—Dx(-2z) > (-1)(y) <= == -y

Now x > —y s the same as —y < x and so we have —y < x < —x < y.
Hence —y <z < y.
(«<): Suppose that —y < x < y. There are two cases to consider.

(a) x>0

(b) <0

(a) x> 0:

Suppose x > 0, then clearly as x < y then |z| < |y| = y. Moreover, we have that —y < x is the
same x > —y and by part 22. of proposition|1.5.11| when applied to x > —y gives

(=D x () < (-1 (-y) < -z <y

We have that |—x| = |z| by part 6. Hence |—z| = |z| < |y| = y.

(b) v <0:
Suppose x < 0. By assumption v < y so either y > 0 ory < 0. We can’t have y < 0 as for
example take x = —4 and y = —2 then we would have 2 < —4 < —2 a contradiction.

So suppose that y > 0 then as x < y we have |z| < |y| = y. Now as —y < x by assumption we
have that x > —y and so part 22. of proposition|1.5.11| gives

(1) x(z) < (-1)(-y) <= -z <y
Hence part 6. applies and we get that |x| <y

x| >y = z< —yorax>y:

(=): Suppose that |x| > y. If © > 0 then || = & > y. So suppose that x < 0 then by definition we
have that || = —x and so —x >y and the result follows when applying part 22. of proposition |1.5.11]

(«<): Suppose that either x < —y or x > y. We have three cases to consider.
(a) v < —y

(b) x>y
(c) < —yandxz >y
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(a) < —y:
Suppose that x < —y holds. If x > 0 then we have that —y > 0, Hence y < 0. Moreover, we have
that by part 18. of proposition that

(=D x (@) =2 (1) (-y) < —z>y

Now part 6. applies and we see that |—x| = |z| > |y| = y. This is to say |x| > y.

Now suppose that © < 0. Then as © < —y we have that either —y > 0 or —y < 0. In the former
case —y > 0 gives y < 0. Hence by part 18. of proposition|1.5.11 we conclude that

(=D x(2) > (=) (y) <= —z>y

As x <0 then —x > 0. The result follows when taking the absolute value.
Now suppose that —y < 0 then y > 0. Following similar logic to the previous case, we see that

(=) x(z) 2 (-1)(y) <= —z=>y

The result again follows after taking the absolute value.

(b) x> y:
This case is trivial.

(¢) x < —y and x> y:
Suppose that x < —y and x > y are both true. We know by the first case that x < —y gives || >y
and x <y also implies |x| >y by the second case. Hence both inequalities being true at the same
time implies the result |z| > y.

9. lx+y| < faf+ |yl

Let x,y € Z. There are four cases to consider.

(a) 2>0andy >0
(b) >0 andy <0
(¢) 2<0andy>0
(d) <0 andy <0

(a) >0 andy > 0:
Suppose x > 0 and y > 0, then we have that

lz+yl=z+y=z|+ [yl = |z +y|l <|z|+]y|

(b) >0 andy <0
By assumption we have that |x| = z and |y| = —y. We have two cases based on the absolute value,
2] < lyl and || > Jy.
So suppose that |x| < |y| then by definition x < —y and so by part 12. of proposition we
have that

r<—y=z+y<0
Moreover, as x > 0 theny < x4y < 0. Hence we have by the definition of the absolute value that
lz+yl=—(@+y) <—y=lyl
As —y > 0.

In the case |x| > |y| we have by definition that x > —y and so x +y > 0. Additionally it is clear
that x >z +y as y <0 and |x| > |y|. Hence by definition of the absolute value we have that
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[z +yl=z+y <z =]zl
Now, it is clear to see that |z| < |x| + |y| and likewise |y| < |z| + |y|.
We have hence shown that |x + y|leg|z| + |y|.
(c) <0 andy>0:
This is similar to above, interchanging the roles of x and y.
(d) x <0 and y <0:

Suppose that © < 0 and y < 0 then by definition we have that |z +y| = —(x +y) = —z —y. As
x <0 and y <0 then we have that and |y| = —y which shows |z + y| = |z| + |y| < |=| + |y

10. vyl <o — 2| + |2 - y:
We have that

[z —yl=lz = (2= 2) -yl
=lx—z+4+z—1y|
<o —z[+ ]z -yl

11. |z —y| > [|z] — |yl|:
We have that

lz| = [(z —y) +yl < |z —yl+ |y| = |[z| = |y| < |z —y|
lyl =y — ) + 2| < |z —y|+ |z] = [y — 2| < |z —y]

Hence we have

|z = [yl < |z =yl = [lz] = yl| < |z -yl
lyl = |zl = (=1 (lz| = ly]) < [ =yl = llz| = |yl| <[z —y]

Hence we have the result.

12. || is not injective:

To see that the absolute value function is not injective consider |3| = |—=3|. We have that |3| = 3 and
|—3| = 3 but 3 # —3.

13. |- is not surjective:

We have that the absolute value function as there are no x € Z so that |x| = —1 for example.

This ends the proposition. [
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1.5.16 Extending exponentiation to the integers

We can extend the idea of exponentiation to include integers. We are now able to consider negative bases.
In other words, expressions of the form z" for x € Z with « < 0. This extension is somewhat trivial and
extends naturally from the definition of the naturals. We first look at the case where n > 0

Definition 1.5.21. Ezponentiation of integer numbers
Let Zt = {x €Z:2>0}. Let (x,n) € Z X Z withn > 0 and let A : Z X Z — Z. We define the
exponentiation of T by n to be x multiplied by itself n — 1 times

NZXTT =7
1, Ifr=0andn=20

(z,n) — A(x,n) = L Ifn=0

y
Ha:, If t #0 andn >0

i=1

We will write A\ (x,n) as z™. We say that = is the base and n is the exponent. We sometimes say that x
has been raised to the power of n. In the case that x = 0 and m = 0 we have a vacuous product and so an
empty product which by definition has a value of 1.

We will explore this definition by first considering x = —1

zxr=xl=-1=-1
zxr=a’=—-1x—1=1
zxrkr=a"=—-1x—1x—1=—1
rzxrxrxr=at=—lsx—1sx—1x—-1=1

This leads to the following proposition.
Proposition 1.5.14. Negative one to power of 2n is 1 Let n € N. We have that
(-1 =1

Proof:
We argue by induction on n. The base case is n = 0 and by definition, we have that

()" =(-1)’=1=1
Now suppose the result holds for some n =k, that is
(—1)* =1
We show that
(_1)2*(k+1) -1

We have
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(71)2(k+1) — (—1)% 2
2k+2
=TI D
;kl 2k+2
=[Iv= IT 1
i=1 i=2k+1

=1x((=1)(=1))
Which shows the result. [
This result generalises for any negative integer.

Proposition 1.5.15. Negative integer to the power of 2n is positive
Let x € Z with x < 0. Let n € N. We have that

ZC2” >1

Proof:
By definition we have

As —x > 0 because x < 0. O

We also note that exponentiation is neither commutative nor associative as they were not for the naturals.

However, the following results do extend.

Proposition 1.5.16. Power law of exponentiation for positive exponents

Let x € Z and let n,mN with n > 0 and m > 0. We have that

(xn)m — l,nm

Proof:
By the definition of exponentiation, we have that

m m n

(m")mznx":H x

i=1 \j=1

Hence we have
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n n n
(™)™ = Hx*Hx**HJ;
=1 =1 j=1

n times

—_—

n times n times n times

m times

Therefore, there are n *m total multiplications of x with itself. Which is to say

nm
m
(") " =xxxxTH kT = I |a:=a:"m
—_——
nxm times i=1

As promised. [

Proposition 1.5.17. Multiplying exponents of the same base adds the powers
Let © € Z be a fixed integer and let n,m € N. We have that

T *xTr =T

Proof:

Letx € Z andn,m € N If n =0 or m = 0 or both then the result is trivial. Likewise if n =0 and m >0
orn >0 and m = 0 again the result is trivial. So suppose that n > 0 and m > 0. We have by definition of
exponentiation that

n m
x”*mm:Hm*Hmzm*x*--~*x*x*x*~~-*x:x*m*~-~*x:x"+m
i=1 i=1 n times m times n4+m times

As expected. [J

Proposition 1.5.18. Power of product is product of powers
Let x,y € Z and n € N. Then

(z4y)" = " 5y
Proof:
Ifn=0 then (x xy)" =1 and clearly 2° x y° = 1. So let n > 0 then we have

n
(x*y)":szzmy*xy*~-~*xy

] —_—

=1

n times
= (x KLk Kk ac) x |ysxy*---xy |, By commutativity of multiplication
——— —
n times n times

Showing the proposition. [

The awake reader may have noticed how we have only dealt with positive exponents so far in our extension
of exponentiation to the integers. What about negative exponents? We can, loosely, justify why we can’t yet
consider negative exponents by considering proposition[I.5.17 For a second suppose that instead of n.m € N
we consider n,m € Z. In particular n = 1 and m = —1, then we have that
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Hence we have that when x' is multiplied by 2!

z. If we let £ = 2 we have ' = 2 and so '

1
know that 27! = = which we know is not an integer. Hence if

we get back to 1. Hence in a sense x~
x*x~! = 1 gives us the equation 2 * x~! = 1. We intuitively

1.5.17

I cancels with

held for all integer powers we have the

implied existence of a new type of object. This object has the potential that when an integer is multiplied
by the appropriate member of this new type of object, assuming such an object even exists, then integer

multiplication is undone.
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1.6 Construction of the Rationals

A man is like a fraction whose numerator is
what he is and whose denominator is what he
thinks of himself. The larger the denominator,
the smaller the fraction.

Leo Tolstoy

We have now built a theory of integer numbers. One main reason for doing this was to be able to
always undo subtraction. We still have a glaring issue at hand, however. How do we undo multiplication?
For example, we are unable to express in mathematical language how many times one quantity goes into
another. If we have 6 pints and 3 friends we know that each friend should get 2 pints as 3*x2 = 6. In a sense
we have that 2 goes into 6 a total of 3 times and 3 goes into 6 a total of 2 times. The integers don’t have
a concept of how many times one integer can go into another. This is what we call division and we write
— =3 and - = 2 for each situation respectively.

Thankfully the method used to construct the integers can be used again on the integers themselves to
construct an even richer theory. As with the integers, we should consider what we want to do. We seek a
way to undo the multiplication of integers. Consider a,b,c,d € Z a = 6,b = 3,¢ =12 and d = 6, with these

6 12
values we intuitively know that 3= 2 and i 2. We also note that 6«6 = 36 and 3 % 12 = 36. This gives

6 12
us a clue on how to proceed. We have that — and — are hence similar. If we temporarily use the language

of relations we have that (a,b) ~ (c,d).

1.6.1 Defining the Rationals

We proceed by defining division as an ordered tuple on integers

Definition 1.6.1. Division as an ordered tuple
Let a,b € Z. We define division as an ordered tuple (a,b) € Z* to mean %. We will call x € Z* a division

tuple in this context.
Hence we can define the relation we considered above.

Definition 1.6.2. Relation for division
Let (a,b), (c,d) € Z* be division tuples. We define the relation ~ such that (a,b) ~ (c,d) if and only if
ad = bc

With this definition there is something we need to consider that we have heard since school, you can’t
a
divide by zero, that is for any integer a we have — is not defined.

Suppose that (a,0) ~ (¢, d) for some a,c,d € Z. We have by definition of the relation that

(a,0) ~ (¢,d) <= ad=0xc=0

By proposition [I.5.9] we have that either a = 0 or d = 0 or both.

If @ = 0 then we have (0,0) ~ (¢,d) = 0 = 0 for all ¢,d € Z. This means that every division tuple in Z?
would be equivalent to (0,0). Likewise if d = 0 we get (a,0) ~ (¢,0) = 0 = 0 again meaning for all division
tuples in Z? would be equivalent. Finally if both @ = 0 and d = 0 then (0,0) ~ (¢,0) and s0 0 = 0% ¢ = 0
and again every division tuple would be equivalent.

This is a problem as this relation would imply that all elements are essentially the sameﬂ This is not
a useful definition to be using so we will avoid this by not allowing b = 0 in (a,b) € Z?. We revise the
definition

9We can think of this as some sort of singularity
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Definition 1.6.3. Division as an ordered tuple
Let a,b € Z with b # 0. We define division as an ordered tuple (a,b) € Z* to mean % We will call

x € Z? a division tuple in this context.

Definition 1.6.4. Relation for division
Let (a,b),(c,d) € Z?* be division tuples where b # 0 and d # 0. We define the relation ~ such that
(a,b) ~ (¢,d) if and only if ad = bc

We can show that this revised definition is an equivalence relation.

Proposition 1.6.1. Relation for division ordered tuple is an equivalence relation

Let x,y,z € Z? be division tuples and defined the relation x ~ y as above. We have that ~ is an
equivalence relation.

Proof:

Let x,y,z € Z? be division tuples such that x = (a,b),y = (c,d) and z = (e, f). We show that ~ is an
equivalence relation, in other words.

1. ~ is reflexive

2. ~ 15 symmetric

3. ~ 18 transitive

1. ~ is reflexive:
We have that for x = (a,b) that x ~ x as x ~ x if and only if ab = ab.

2. ~ 1§ symmetric:
Suppose that x = (a,b) and y = (c¢,d). Suppose that x ~ y then we have that ad = be. Hence
bc = ad = ¢b = ad and so (¢,d) ~ (a,b) and so y ~ x.

3. ~ is transitive:

Suppose that x ~y and y ~ z then by definition we have that ad = bc and cf = de. We have that

ad = bc
adf = bef
adf = bde
af = be

Hence (a,b) ~ (e, f) and so x ~ z.
It follows that ~ is an equivalence relation. [

We can now turn our attention to the set Z?/ ~= {[z] _ : x € Z*}.

Definition 1.6.5. Rationals
Let 72 have the equivalence relation ~ defined by (a,b) ~ (c,d) if and only if ad = bc. We define the set
of rational numbers, denoted Q, as the quotient set Z?/ ~. The set has the form

2 1 1 112
=, =2 -2 20,2, 2, 1
Q { ) 37 3) 270’2’3)37 } (5)

1.6.2 Extending equality to the rationals

As with the integers, it is easy to extend equality.

Definition 1.6.6. Equality of rationals

Let x,y € Q be two rational numbers. We define that two rationals are equal, denoted x =y if and only
if v ~y. That is © and y are in the same equivalence class. If x 4 y then we say that x is not equal to y
and write x # y.
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1.6.3 Extending inequality operators to the rationals

The inequality operators can be extended to the rationals in a natural way.

Definition 1.6.7. Less than operator
Let x,y € Q where x € [a,b] and y € [c,d] for some a,b,c,d € Z. The less than operator, denoted by
x < y is defined by the logical proposition

< (2,y) = 1, If ad < be
W= 0, Otherwise

This can equivalently be express as

r <y < ad<bc

Definition 1.6.8. Less than or equal to operator
Let z,y € Q where x € [a,b] and y € [¢,d] for some a,b,c,d € Z. The less than or equal operator, denoted
by x <y is defined by the logical proposition

<(z,y) =

1, If ad < be
0, Otherwise

This can equivalently be express as

<y <= ad < bc

Definition 1.6.9. Greater than operator
Let x,y € Q where x € [a,b] and y € [c,d] for some a,b,c,d € Z. The greater than operator, denoted by
x >y is defined by the logical proposition

> (2,y) = 1, If ad > bc
= 0, Otherwise

This can equivalently be express as

T >y < ad>bc

Definition 1.6.10. Greater than or equal to operator
Let x,y € Q where x € [a,b] and y € [c,d] for some a,b,c,d € Z. The greater than or equal to operator,
denoted by x >y is defined by the logical proposition

> (2,y) = 1, If ad > bc
== 0, Otherwise

This can equivalently be express as
x>y <= ad>bc

1.6.4 Extending addition to the rationals

We can extend addition to the rationals. To do so we need to consider how integers are represented in the
a
rationals. As we know an element (a,b) € Q is going to represent 7 So we can start by considering what an

integer will look like. We know by the definition of the equivalence relation that for (a,b), (c,d) € Z? that

(a,b) ~ (¢,d) <= ad = bc
Hence if we have for b = d = 1 that
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(a,1) ~(¢,1) < a=c

Hence an integer can be represented in the rationals by an element of the form (k,1) for all k € Z.
Therefore if x,y € Z they will have the representation = (x1,1) and y = (y1, 1) for some x1,y; € Z. Hence
by integer addition, we have that

r4+y=(21,1)+ (y1,1) = (x1 + y1,1)

Now what happens if a = ¢ = 17 From the definition of the equivalence relation we have that

(1,0) ~ (1,d) <> d=b

1 1 1 11 2
For example consider 3 4+ - =1,0or - + - = -. It seems the result we need is that - + - = —. We

1 1 1 1
So we see that (1,b) ~ (1,d) means that intuitively — = 7 The question now becomes what is — + —?
1
2 3 3 3 b b b
hence have that

(1,b) + (1,b) = (2,b)

Hence more generally we have that

(a,b) + (¢,b) = (a+¢,b)
. 1 2 1%2 )
Now, from intuition, we know that for example 356" 352 In the language of the relation we have

defined, we have that

(a,b) ~ (ad,bd)

With these facts, we have enough to recover the definition of the addition of rational numbers we were
told in school.
We have that

(a,b) + (¢,d) ~ (ad,bd) + (be, bd)
~ (ad + be, bd)

Indeed, we have for example

_3*1+2*1_5

+1
3 3%2 6

N | =

We make the required definition.

Definition 1.6.11. Addition on the Rationals
Let z,y € Q with x € [a,b] and y = [¢,d] so that b # 0 and d # 0. We define addition on the rationals by

x4y =|a,b] + [c,d] = [ad + bc, bd] (16)

1.6.5 Extending multiplication to the rationals

We can extend multiplication to the rationals as well. As with extending addition, we should consider how
integers are represented in the rationals. As before an integer in the rationals is of the form (a, 1) and given
the definition from the integers we know we must have

(a,1) * (b,1) = (ab, 1)
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Now we need to answer the question of (1,b) * (1,d). Taking a similar approach as to addition we will

consider some examples. We intuitively know that 1 x 5= 73 This is to say that
(1,1) % (1,2) = (1,2)
4
We also knot that 2 % 2 = 4 and so we know 5= 2. In other words we must have that
(4,1) % (1,2) = (2,1) ~ (4,2)
3 .31 . e
Now, suppose we have 3= 1.5, what is 5*57 Again we know intuitively that 0.5+0.54+0.5 = 3(0.5) = 1.5,
hence we can write
(3,2) % (1,3) = (1,2) ~ (3,6)
We can now see how to handle (1,b) * (1,d) and more generally (a,b) * (¢,d). We make the definition.

Definition 1.6.12. Multiplication on the Rationals
Let z,y € Q with © € [a,b] and y = [c,d] so that b # 0 and d # 0. We define multiplication on the
rationals by

x xy = [a,b] * [c,d] = [ac, bd] (17)

1.6.6 Closure properties of addition and multiplication

As with the natural numbers and integers we need to show that the operations of addition and multiplication
on the rationals are closed and well-defined.

Theorem 1.6.1. Addition and multiplication on the rational are well-defined operators and closed
We have that Vx,y € Q that

1.z+yeQ
2. zxyeQ
Proof:
1. z4+yeQ:
We must show that if (a,b) ~ (a’,V) and (¢,d) ~ (¢',d") then we have
(ad + be,bd) ~ (a'd +b'd,b'd)

By definition we have that (a,b) ~ (a’,b") holds if and only if ab' = bd’, likewise (c,d) ~ (¢/,d) holds if
and only if cd' = 'd. It is left to show (ad + be,bd) ~ (a'd + b/, b'd"). By definition of the equivalence
relation we have that

(ad + be,bd) ~ (a'd + V' Vd) < (ad+be)b'd =bd(a'd +b'c)

We have that

(ad + be)b'd = adb/d + beb'd As integer multiplication distributes over the addition
(ab') (dd") + (cd") (bb") By commutativity

= (ba') (dd') + (dc’) (bb') By the equivalence relation

= (bd) (a'd’) + (bd) (b'¢") By commutativity

=bd(a'd +V,) As integer multiplication distributes over the addition
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Which is what we wished to show. Hence addition is well-defined. It is left to show closure. Let x,y € Q
with x = (a,b) and y = (¢,d) so that b # 0 and d # 0. By definition of addition we have that

(a,b) + (¢,d) = (ad + be, bd)
As ad+be € Z and bd € Z then (ad + be,bd) € [ad + be,bd] and so x +y € Q.
2. x*xy € Q:
As with addition we need to show that if (a,b) ~ (a’,V') and (¢,d) ~ (¢',d’) that
(ac,bd) ~ (a'd',b'd")

As (a,b) ~ (a’,b') holds if and only if al! = ba’, likewise (c,d) ~ (¢, d’) holds if and only if cd' = ¢d.
It is left to show (ac,bd) ~ (a’c’,b'd’), that is

(ac,bd) ~ (a'dV'd') < acb'd =bdd'

We have

ac/d = (ab’) (cd") By commutativity
= (ba’) (d'd), By the equivalence relation

= bda'c’, By commutativity

Showing that multiplication is well-defined. To show closure let x,y € Q with x = (a,b) and y = (¢,d)
so that b # 0 and d # 0 then by definition we have that

(a,b) * (c,d) = (ac, bd)
From which it is clear that ac,bd € Z so xxy € Q
The result is shown. [

1.6.7 Associativity of rational addition and multiplication

The associativity of addition and multiplication extends to the rationals.
Theorem 1.6.2. Let x,y,z € Q. We have that
Loaot(y+z)=(z+y)+2
Proof:

Lo+ (y+2)=(x+y) +z:

Let z,y,z € Q be such that x = (a,b),y = (¢,d) and z = (e, f) where a,b,c,d, e, f € N and we have
that (a,b) € [a,b], (c,d) € [c,d] and (e, f) € [e, f]. We have that
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z+ (y+2)=(a,b) + ((¢,d) + (e, f))

a,b) + (cf + de, df)

adf +b(cf + de), bdf)

adf 4+ bef + bde, bdf)

(ad + be) f + bde, bdf)

(ad + be) f + ebd, bdf), By associativity of addition for integer numbers
ad + be, bd) + (e, f)

(@,5) + () + (e, f)

x+y)+ 2

= (
= (
= (
= (
= (
= (
= (
= (
= (

Which shows associativity of addition.

As with addition, let x,y,z € Q be such that x = (a,b) ,y = (¢,d) and z = (e, f) where a,b,c,d,e, f €7
and we have that (a,b) € [a,b],(c,d) € [¢c,d] and (e, f) € [e, f]. We then have that

(yz) = (a,0) x ((¢,d) (e, [))

(

= (a,b) x (ce, df)
= (ace, bdf)
= (

= (

ac,bd) * (e, )
(a,0) * (c,d)) (e, f)
Showing associativity of multiplication.

The result follows. [

1.6.8 Commutativity of rational addition and multiplication
As with the naturals and integers, addition and multiplication in the rationals both satisfy commutativity.

Theorem 1.6.3. Addition and multiplication are commutative
For all z,y € Q we have that

lL.x+y=y+=z
2. vy =yx
Proof:

1. x+y=y+u:

Let x,y € Q. By definition we have that x € [a,b] and y € [c,d] for some a,b,c,d € Z. Let x = (a,b)
and y = (¢,d). We then have by definition of addition that

z+y=(a,b) + (c,d)
= (ad + be, bd)
= (be+ ad,bd), By associativity of addition for the integers
= (¢b + da,db), By commutativity of addition for the integers
= (¢,d) + (a,b) =y+uw

Showing commutativity holds for addition in the integers.
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2. xy =yx:
Let z,y € Q by definition we have that x € [a,b] and y € [c,d] for some a,b,c,d € Z. So let x = (a,b)
and y = (¢,d). By definition of multiplication we have

Showing commutativity for integer multiplication.

The result has been shown. [

1.6.9 The Zero and Identity laws

The zero and identity laws from both the naturals and integers extend to the rationals. But first, we show
the following result.

Lemma 1.6.1. Representation of zero in the rationals
We have that 0 = [0, a] for all a € Z with a # 0
Proof:
Let z,y € [0,a] with x = (0,a1) and y = (0,a2). We hence have thatx ~y and
Where the final 0 = 0 is the zero of the integers, from which the result is clear. [

We take the natural representation of 0 for the rationals.

Theorem 1.6.4. The zero and Identity laws
Let © € Q. We have that

1.2+0=2=0+=x

2. 1lxx=x=x%1

Proof:
Let x € Q then we have that x = (a,b) for some a,b € Z

I.z24+0=2=0+2:
We have that 0 € [0,1]. Hence we have that

x+0=(a,b)+(0,1)
=(ax1+bx0,bx1)
= (a,b) =2
(1xa+0%b1%b)
=(0,1) * (a,b)
=0+z

2. xxl=x=1xx:
As 1€ [1,1] then
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zx1=(a,b)=(1,1)
=(ax1,bx1)
(a,b)
= (a,b) =z
= (1xa,1lxb)
~ (1,0) (a,b)
=1lxzx

The result follows. [

1.6.10 Multiplication distributes over addition
Yet another result that extends to the rationals is that multiplication distributes over addition.

Theorem 1.6.5. Multiplication distributes over addition
For all z,y,z € Q we have that

1. z(y+2)=zy+az
2. (y+2)e=yr+zx=xy+uxz

Proof:
Let x,y,z € Q then € [a,b],y € [¢,d] and z € [e, f] for some a,b,c,d, e, f € Z.
Let x = (a,b),y = (¢,d) and z = (e, f).
1. 2 (y+2) =ay + xz:
We have that

) ((esd) + (e, 1))
(cf + ed) , bdf)
= (acf + aed, bdf), By multiplication distributes over addition for the integers
= (acf + aed, bdf) * (1,1), By the identity law for the rationals
= (acf + aed, bdf) = (b,b), As (1,1) ~ (b.b)
= ((acf + aed) b, bdfb)
acfb + aedb, bdfb), By multiplication distributes over addition for the integers

w(y+2):

acbf + aebd, bdbf), By commutativity of integer multiplication
ac,bd) + (ae, bf)

a,b) (¢,d) + (a,b) (e, f)
Y+ xz

/\/\/\/\/\/\/\/\/\/\

2. (y+2)e=yr+zx=zy+xz:
Invoking the previous part of the proof we have that

(y+2)x =2z (y+ z), By commutativity of multiplication
=xy + xz, By part 1.

= yx + zx, By commutativity of multiplication

As required. [

159



1.6.11 Extending subtraction to the rationals

We can extend subtraction from the integers to the rationals. Recall that subtraction was defined for x,y € Z
by

r—y=r+(~y)=x+(-1x*y)

That is to say subtraction was defined by adding the negation of y to z. We will use a similar idea to
define subtraction on the rationals. Firstly we need to consider what it means to negate a rational number.
To do so we need to define what it means for a rational number to be ”positive” or "negative”.

We know that any integer x can be expressed as a rational by (z,1) and so in this case (z, 1) is positive
if z is positive and (z,1) is negative if = is negative. Hence a general rational number (a,b) being positive
or negative will depend on a and b being positive or negative. There are a few cases to consider.

1. Suppose that a is positive and b is positive. We have that for (a,b) ~ (c,d) for some ¢,d € Z that

ad = cb

As a and b are positive then we are forced to conclude that ¢ and d are also positive for if not then
one side of this equation would have a different sign.

2. Suppose that a is positive and b is negative. Then as before we have that for (a,b) ~ (¢,d) to be true
that

ad = cb

As b was negative then we have that cb is either positive or negative depending on c. If ¢ is positive
then cb is negative and so d must also be negative. Likewise if ¢ is negative then cb is positive and d
must be positive.

The cases for when a is negative and b is either positive or negative are similar. We can use this to make
a definition for a positive and negative rational number.

Definition 1.6.13. Positive and negative rational number

Let x € Q so that x = (a,b) for some a,b € Z. We say that x is a positive rational number if and only if
a is positive and b is positive. That is to say x € Q is positive if and only if sgn (a) = sgn (b) with sgn (a) # 0
and sgn (b) # 0 where sgn denotes the sign function of an integer.

If sgn (a) # sgn (b) and sgn (a) # 0 and sgn (b) # 0 then we have that x is a negative rational number.

Finally if sgn (a) = 0 and sgn (b) # 0 then we say that x is neither positive or negative.

We can summarise this definition using sgn just like we did for the integers.

Definition 1.6.14. Sign of a rational number
Let x € Q where z = (a,b) with a,b € Z and b # 0. We define the sign of x, denoted by sgn (x) to be the
following function

sgn:Q— {-1,0,1}
1, If x is a positive rational number
x> sgn(x) =< —1, If x is a negative rational number

0, If sgn(a) =0

Now that we have defined the notion of a positive and negative rational number we can consider what it
means to negate a rational number. The definition follows immediately from the representation of —1 in Q
being (—1,1). Indeed for any = € Q with x = (a,b) we have

—x=—-1xz=(-1,1)*(a,b) = (—a,b)

We make the formal definition.
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Definition 1.6.15. Negation of a rational number
Let © € Q. We define the negation of x, denoted —z by
—rz=—-1lxz=(-1,1)xx

where (=1,1) € [(=1,1)]. That is (—1,1) is an element of the equivalence class [(—1,1)] which represents
all possible elements that are —1.

We can now make a definition for subtraction for the rational numbers
Definition 1.6.16. Rational number subtraction
Let x,y € Q. We define the subtraction of y from x, denoted x — y by
r—y=z+(-y)=x+(-1xy)

We immediately get that subtraction is closed, from the fact that both addition and multiplication is
closed. We do not have associativity of subtraction in general.

Proposition 1.6.2. Rational number subtraction is not associative
Let x,y,z € Q. We have that

r—(y—z2)#(x—y)—=
Proof:
Let x = %,yz i and z = %, we have x € [(1,2)],y € [(1,4)] and z € [(1,6)] so x = (1,2),y = (1,4) and
z=(1,6) . We have that

On the other hand we have

1,4) — (1,6))
+(—1x%(1,4))) —(1,6)

,2)+(=1,4)) = (1,6)
+2%—1,2%4) — (1,6)

*(176)

,8) + (=1 (1,6))
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It is left to show that (22,48) # (4,48). Indeed to have (22,48) = (4, 48) we need (22,48) ~ (4,48) which
occurs if and only if 22 % 48 = 48 x 8. However one the left hand side 48 is multiplied by 22 and on the
right-hand side 48 is multiplied by 8 so they clearly can not be equal.

The result is shown. [

As with subtraction with integers, we can now show that formally, subtraction is an inverse to addition.

Proposition 1.6.3. Subtracting an integer from itself gives zero
Let x € Q. We have that
z—x=0

Proof:
Let x € Q where x € [(a,b)] for some a,b € Z and b # 0. We have

a,b) — (a,b)

b) + (—a,b)
ab+bx—a,bxDb)
ab — ba,bxb)
ab — ab,b x b)

= (
= (a,
= (
= (
= (
= (0,bx )

It is left to show that (0,b % b) ~ (0,1). Indeed

0x1=bxbx0=0=0

The result is shown. [

1.6.12 The cancellation laws
We can now deduce that the cancellation laws extend to the rational numbers.

Theorem 1.6.6. The cancellation laws
Let x,y,z € Q.

1. If v +y=x+ z then we have y = z.

2. Forx # 0, if xy = xz then we have that y = z
Proof:

1. Ifx+y =1x+ z then we have y = z:
Let ©,y,z € Q. We have that

r+y=x+=z
= —r+4+x+y=—x+x+ 2 Adding the negative of x to both sides
= (—x+x)+yx=(—x+x)+ 2, Associativity of the rationals
= 04y =0+ z, By proposition[1.6.3
=Yy==z
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2. For x # 0, if xy = xz then we have that y = z:
Let x,y,z € Q where x # 0. Suppose that x € [(a,b)],y € [(¢,d)] and z € [(e, f)]. We have

zy = (a,b) (¢, d) = (ac, bd)
zz = (a,b) (e, f) = (ae, bf)

Now suppose that xy = xz then we have that (ac,bd) ~ (ae,bf) which is to say

acbf = aebd

Observer that

acbf = aebd
a(cbf) = a(ebd)
cbf = ebd, By the cancellation laws for the integers
bef = bed, By commutativity of the integers
b(cf) =b(ed)
cf = ed, By the cancellation laws for the integers
= (¢,d) ~ (e, f), By definition of the equivalence relation

It hence follows that as (c,d) ~ (e, f) then y = z

The result is shown. [

1.6.13 Defining multiplicative inverses and division

When we extended the naturals to the integers we were able to extend the notion of subtraction in such
a way that we could undo any addition operation. We were not able to do the same for multiplication in
general. For example if we have x x 2 = 1 where 1,2,2 € Z then there is no integer x that when multiplied
by 2 gives 1.

What happens if we consider instead the situation where we have 1,2,z € Q? Let z = (a,b) for some
a,b € Z with b # 0 and taking the natural representations for 1 and 2 of 1 = (1,1) and 2 = (2,1). We have
that

rx2=1
(a,0)(2,1) = (1,1)
(2a,b) = (1,1)
= (2a,0) ~ (1,1) <= 2a=1b

We don’t seem to be in a better position then when we asked this question for Z. However as a, b were
arbitrary, of course with b # 0, we are free to vary them. For example a = 1 gives us b = 2, a = 2 gives
b =14, a =3 yields b = 6 and so on. We hence have that there is a family of possible value for x which
satisfies 2 = 1 over the rational numbers, in particular we have z = (a, 2a) for a € Z and a > 0. Moreover
we clearly have

(a,2a) ~ (1,2) <= 2a=2a

Hence we have that (a,2a) somehow undoes multiplication by 2. Indeed consider 45 x 2 = 90. We have
that

90 * (a,2a) = (90, 1) * (a,2a) = (90a, 2a)
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Where we have (90a,2a) ~ (45,1) as 90a x 1 = 45 x 2a <= 90a = 90a. We can generalise this to
xxy =1 for any y € Q. Indeed let z = (a,b) and y = (¢,d) where a,b,c,d € Z and ¢ # 0 and d # 0 then we
have

xxy = (a,b)* (c,d)
= (ac,bd) = (1,1)
= (ac,bd) ~ (1,1) <= bd = ac
This is a somewhat unsatisfactory conclusion as it doesn’t tell us what a or b should actually be equal
to in order for x x y = 1, likewise, it doesn’t tell us what ¢ or d should be either.

Perhaps then we should consider a more simple setup. Suppose that x € Z then is there y € Q where
y = (¢,d) with d # 0, such that x x y = 1?7 We have

zxy = (x,1) % (¢c,d) = (xe,d) = (1,1)

Hence

(xe,d) ~ (1,1) <= zc=d

Hence y = (¢, zc) satisfies this relation. However we can see that (¢, cx) ~ (1,z). Hence for any integer
x # 0 we have a solution to zxy = 1 with y € Q. We call y a multiplicative inverse of x and x a multiplicative
inverse of y.

Definition 1.6.17. Multiplicative inverse of an integer
Let x € 7 be such that x # 0. Then there is a y € Q such that

rzxy=1=yx*xx

1
where y = (1,7). We can write this asy = — ory =z 1.
x

We sometimes say that x—1 is a reciprocal of
x or a multiplicative inverse of x.

In light of this, we have the immediate result
Proposition 1.6.4. Multiplicative inverse of an integer times its multiplicative inverse is the original number

Let x € Z so that ' € Q where x=1 = = is the multiplicative inverse to = in the rationals. The
x
following result holds.
THRT T xT =2

Proof:
By definition of a multiplicative inverse we have that

x*x_lzx*%:(x,l)*(l,x):(x,x)w(Ll):l

1

Hence as 21 is a multiplicative inverse for x it follows that = is a multiplicative inverse for x= and so

rxr lxr=1lxr=2x
As required. [
Armed with this definition we can answer the original question. In order to find an = so that z xy =1

1
we have that we need to find a multiplicative inverse for ¢ and a multiplicative inverse for d~! = 7 Clearly

1

we have that ¢! = = and a multiplicative inverse for d~' is simply d. Hence a candidate for z is given by
c

x = (d, c). Indeed we have that

xxy=(d,c)*(c,d) = (ed,ed) ~ (1,1) =1

We can hence extend the idea of multiplicative inverses to the rationals.
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Definition 1.6.18. Multiplicative inverse of a rational number
Let x € Q such that x = (a,b) with a,b € Z and b # 0. Then there is a y € Q such that

rry=1=y=xzx

b b
where y = (b,a). Hence we must also have a # 0. We write this asy = — oras ™' =y = —. We
a
sometimes say that x—1 is a reciprocal of x or a multiplicative inverse of x.

A similar result holds as for proposition [1.6.4

Proposition 1.6.5. Multiplicative inverse of a rational number times its multiplicative inverse is the original
number

Let x € Q with x = (a,b) and a,b € Z so that a # 0 and b # 0. Let =1 denote the multiplicative inverse
of x. The following result holds.

Proof:
By definition of a multiplicative inverse we have that

xxx =1

Hence

zxzx txx=1lxz=2x

As required. [
We now have a solid grasp of undoing multiplication in the rational numbers. In fact we are now in
a position to define the operation of division. However we are already done due to the work we have just

done, and our original motivation for defining the rational numbers in the first place. We use the idea of
multiplicative inverses!

Definition 1.6.19. Division a
Let a,b € Z so that b # 0. We define the division of a by b, denoted 3 by

S —axb = (1) (1,0) = (a,h)

We can extend the notion of division even further by considering a,b € Q rather than Z. At first is
appears we have a problem, we defined the rationals using integers and division in terms of integers, so how

could we possibly assign any meaning to an expression like 7

Consider for example the following

= :7:1

1
In the context of the work we have just done we have that + is a multiplicative inverse of % However we

2

—_

1
know that 3 has a multiplicative inverse of 2. Does this mean that — = 27 A deeper analysis of expressions

N|=

of the form

Q|| =
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1
We know from before that — = a1 for some non-zero a € Z. Hence we have that by definition a~! € Z.

a
Hence we are considering the expression

Therefore we know from the definition of the multiplicative inverse of a rational number that there is
some y € Q so that

1
F*y:l

-1
a 1
By the definition we also know what y must be — = a~' = =. Hence we can justify our “temporary”

a
assumption of extending the multiplication rule. Hence hence make the following deduction

Proposition 1.6.6. One divided by multiplicative inverse of an integer is the integer itself

1
Let v € Q so that x = + for some a € Z with a # 0. we have that
a

1

T = a

a
Proof:

1
Let z € Q be such that x = + for some non-zero a € Z. We know by definition that
a
r==-=a""!
a
1
where a~' € Z and therefore x = — - Moreover this is still a rational number by definition and so there
a
erists some rational y so that
rxy=1
a~ ! 1 1 . . .
where y = - = a” . It follows that y = —. Again by definition there is some z € Q so that y+xz =1
a

a
where z = — = a that is to say z is a multiplicative inverse of y.
We therefore have that

Txy=1=yx*xz
Hence by theorem[1.6.6) we have that x = z which is to say

1
=4
As required. [
We hence get an immediate corollary
Corollary 1.6.1. One divided by rational number
Let x € Q be such that x = %, We have that
1 1
r + a
Proof:
We have
1 1 1 1 1 1 1
x ¢ ay ab a b a a

As required. [
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1.6.14 Extending the summation and product notations to the rationals

Summation and product notation has been defined on the naturals as well as the integers. We can extend
the notation to include the rational numbers.
Let ¢ € Q"t™*! be an ordered n + m + 1 tuple of rational numbers where

q= (q7m7q7’m+1a"'7q717QOaQI7"'7QTl)

Define ZI! = {—m,—m+1,—m +2,...,—-1,0,1,...,n — 1,n} to be a set of indices and define f : Z", —
Q by
f:z,, —-Q
i f)=a
Definition 1.6.20. Summation notation for rational numbers

Let z € Q"t™*L be ordered n + m + 1 tuple of integers where ¢ = (i, @—mit1ys---sq—1,00,q1s - > n)-
Define 71, by 27, = {—m,—m +1,—-m +2,...,—1,0,1,...,n — 1,n}. Let f : Z"™™+L : Q defined by

f:Zm'HL'H—)Q
i f(i)=q

We define the summation notation for the rational numbers by

D@ =fm)+fmt D)+ f(=D)+FO) + FQ) 4+ f(n)

i=—m

Alternatively this is written

Y 4= Gemtdemi gt o bt g

i=—m

We have that i is called the index of summation and that i = —m is the starting index of the summation,
and n the ending index of the summation. If ¢ € () then we define the summation to be 0 and call the
summation an empty sum.

We can also define the summation of some subset of Z, which allows for starting a summation at some
starting point other than i = —m. Let T C Z7,. We define the summation over the set T by

D> =
ieT
If we have a mapping g : Q — Q we can define a summation over g by
Z g (#:)
ieT

Finally we can define a summation over a predicate P (i) fori €T by
Z g (%)
P(3)

where we take the sum of the g (z;) for the i that satisfy the predicate P. We note that if we have k > n
for some k € N then the sum
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The usual proprieties shown for summations with integer numbers also extend to the rational number
version.

Proposition 1.6.7. Properties of summation notation
Let n,m € Z such that m < n. Let s,t € Q"T™*1 and let c € Q.
Let a,b € Z with m < a < b < n. Define A =17 and define

B=7Z!'\A={-m,-m+1,...,a—1,b+1,....n—1,n}

so that AUB =77 . Let k € Z be the starting index summation such that k < n. We have that the following
properties hold.

n -1 n
1. ZSZ:ZSZ+ZSZ: Zsi-l-ZSi
i=—m €A i€B i=—m =0
n d n
228112814* Z S;
i=k i=k i=d+1
n n
3. Zc*si :c*ZSi for some c € Q
i=k i=k
n n n
4 Zsz+tz :Zsz+ztz
1=k 1=k 1=k
Proof:
n —1 n
1. Zsi:Zsi—&—Zsi: ZSZ'-FZSZ'.'
i=—m €A i€B i=—m =0

The proof is the same as for the integer case. We give it again for completeness
We have that

Y 8= Som b Som1 b S_maz T S_1 S0t s samt 8

i=—m

= (S—m + Semy1+ Somyz - Fso1) F(so+ 514+ Spo1 + 5n)
—1

n
= Z Si+ZS¢
i=0

i=—m

Additionally note that

n
> si=8mt S mp1tSomizt ot S_1 S0+ s+t Su1 4 S,

i=—m
= (S—m + S—mg1 + 5—my2+ -+ Sa—2+ 5a—1) + (Sa + Sat1 + -+ 561 + 5p)
+ (Spr1+ Spy2+ -+ Sn—1 + 5n)
= (S—m + S—mg1 + Scmy2 + -+ Sa—2+ Sa—1) + (So41 + Spq2 + -+ Sn—1 + Sn)
+ (S0 + Sat1 + -+ Sp—1 + Sp)

=Zsi+23i=Zsi+Zsi

i€B i€EA i€EA i€B
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d n
2. zn:sizzsi—i- Z S
i=k i=k

i=d+1
The proof is similar to part 1, replacing —m by k.

n n
3. Zc*si :c*Zsi for some c € Q
i=k i=k
We have by definition that
n

g C*S; =C*Sp +C*Sgy1 +C*Spqp3+---+cC*xS,
i=k

By multiplication distributing over addition we have

n n

E Ck8; =CkSp+CkSpp1+CxSpq3+ -+ xSy, =c(Sg+ Skr1+ -+ 8p) =cCx E S;
=1 i=k

n n n
4- Zsi+ti =Z$i+ztz‘f
i=k i=k i=k

This follows by the definition. We have

Zsi+ti:(5k+tk)+(5k+l +tpgr) + .-

i=k
+(s_1+t_1) + (so+to) + (s1+t1) + -+ (Sn—1 +tn1) + (5n + tn)
= (Sk+ Sk+1+ -+ S_1+ 80+ 81+ +Sp1+8p) +
(e F e+t Hlot b+ bt )

n n

:Zsi—i—Zti

i=k i=k
O

We make a similar definition for product notation.

Definition 1.6.21. Product notation for the rationals numbers
Let z € Q"t™*L be ordered n + m + 1 tuple of integers where ¢ = (q—my, G—mi1y---sG—1,q0,q1s - > n)-
Define 71, by 27, = {—m,—m +1,-m +2,...,—1,0,1,...,n — 1,n}. Let f : Z"T™HL 1 Z defined by

f . Zrn-l—n—Q—l — Q
i f) =z

We define the summation notation for integers by

[T r@=fmysf=m+1)s s f(=1)* fO) % f(1) %+ f (n)

i=—m

Alternatively this is written

n
H Qi =q—m*q—my1 % -*kq_1%qo*q1* - *(p

i=—m

169



We have that i is called the index of the product and that i = —m is the starting index of the product,

and n the ending index of the product. If z € 0 then we define the product to be 1 and call a product an
empty product.

We can also define the product of some subset of Z;), which allows for starting a product at some starting
point other than i = —m. Let T C Z7,. We define the product over the set T by

I1=
ieT
If we have a mapping g : Z — 7 we can define a product over g by

19z

ieT
Finally we can define a product over a predicate P (i) fori € T by

| J KIED:

P(i)

where we take the sum of the g (z;) for the i that satisfy the predicate P. We note that if we have k > n
for some k € N then the product

ﬁzi =1
i=k

Proposition 1.6.8. Properties of product notation

Let n,m € Z such that m < n. Let s,t € Q"™ and let c € Z. Let a,b € Z so that m < a < b < n.
Define A =7 and define

B=7Z)\A={-m,-m+1,...,a—1,b+1,....n—1,n}
so that AU B =Z},. Let k € Z be the lower index of the product.
We have that the following properties hold.

n -1

n
1. H si:Hsi*Hsi: H si*Hsi
i=—m €A i€B i=—m i=0
n m n
2 H S; = H S; * H S;
i=k 1=k 1=m-+1
n n n
3 Hszti = HSZHtl
i=k i=k =1
Proof
n -1 n
1. H S; = HSZ*HSZZ H sl*Hsl
i=—m i€A i€B i=—m i=0

The proof is the same for the intger case.
We have that

n
H Si = S—m *S—m41 ¥ S—m42 ¥ kS_1 XkSg kS k- kS %k Sy
i1=—m
= (S_m *S_yma1*S_man k- *kS_1)% (So* Sy %k %k Sy_1%Sp)
-1

n
1 11+
1=0

i=—m
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Likewise we have

n

|I S; =S—m *S—m41 ¥ Smyp2 ¥ Kk S XSk S Kk Sy K Sy

i=—m
= (S—m * Sl ¥ S—mg2 ¥ K Sq_2 % Sq_1) * (Sq ¥ Sqy1 kK Sp_1 ¥ 5p)
% (Spy1 % Sppo k- *k Sp_1 % Sp)
= (S_m * S_mi1*S_mao k- kSq_o*8q_1) % (Spp1 % Spao k- * Sp_1 * Sy)
% (8q % Sqy1 % -+ k Sp_1 * Sp)
e T T T
i€B i€A i€cA i€B
n m n
2. Hsi = Hsi* H 8!
i=k i=k i=m+1

The proof is similar to part 1. We replace —m with k.

n n n
3. Hsiti = HSZ Hti.'
i=k i=k i=1

Observer that

H Sili = Sklk * Sk41tk41 * Sk4alpta * -~ - *x S_1T_1 x Soto * Sty * -+ - * Sp_1tn_1 * Sptn

= (Sk *k Spa1 * Sk kK S_1 kSg kS K-k Sp_1 % Sp)

k (bg by kK bpag k- kb_y kbokty k- kby_1 xty)
n n

:Hsi*HSi
i=k i=k

O

We can now extend the result of proposition [1.3.3| and proposition Le if the product of ab = 0 for
a,b € Q then at least one of a or b is zero.

Proposition 1.6.9. Product of two rational numbers being zero implies one of the numbers is zero

Let x,y € Q. If xy = 0 then at least one of x or y is zero.

Proof:

Let x,y € Q. If x = y = 0 then the result is trivial. So suppose that x = (a,b) and y = (¢, d), moreover
suppose y # 0. By definition of rational number multiplication we have that

2y = (a,b) * (¢,d) = (ac,bd) = (0,1)

Hence we must have ac = 0. Therefore by proposition we must have that either a =0 or ¢ =0 or
both. As we have assumed y # 0 then a = 0 and so x = 0. A similar argument assuming x # 0 shows that
y = 0. The result is shown. [

1.6.15 Extending the rules for inequalities to the integers

For the natural numbers and the integers, we have a theory of inequalities. These results extend to the
rationals. Additionally, as rational numbers represent the division of integers there are some additional
properties that now hold.

171



we were able to derive some rules for how inequalities behave, we can extend those results to the integers.
Before we do so we have an additional consideration.

To extend the results fully we need to consider negative rational numbers as well. We follow a similar
layout to the section on integer inequalities.

Proposition 1.6.10. Multiplication by —1 changes the inequality sign
Let z,y € Q. We have the following

1. If v <y then —x > —y
2. If x <y then —x > —y
3. Ifx >y then —x < —y
4. If x >y then —z < —y

Proof:
Let x,y € Q so that:ﬂ:% andyzs where b # 0 and d # 0.

1. If v <y then —x > —y:
Let x,y € Q so that x < y. By definition of < for the rationals we have that

r<y < ad<bc

Applying proposition |1.5.1(] we have

ad < bc = —ad > —bc

Hence —x > —y.

2. Ifx <y then —x > —y:
Let x,y € Q so that x < vy. Applying the definition of < for the rationals gives

<y <= ad <bc
Proposition |1.5.1() gives

ad < bc = —ad > —bc
Hence —x > y.

3. Ifx >y then —x < —y:
Let x,y € Q so that x > y. By definition of > for the rationals we have that

x>y < ad > bc

Proposition [1.5.1(] shows us that

ad > bc = —ad < —be

Hence —x < —y.
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4. If >y then —x < —y:
Let x,y € Q so that x > y. By definition of > for the rationals, we have that

x>y < ad>bc

Proposition [1.5.10] we have

ad > bc = —ad < —be
Hence —x < —y.
The result is shown. [

There is another useful lemma that will be useful for extending the rules of inequalities to the rationals.

Lemma 1.6.2. Strictly larger rational minus a smaller is positive
Let x,y € Q. We have that x <y <— y—x >0
Proof:
(=): Let z,y € Q, then x = 2 and Yy = 2 for some a,b,c,d € Z and b # 0 and d # 0. As x < y then

b
ad < bc. Now y — x is given by

y—r=y+(-lxx)
= (¢,d) + (—a,b)
= (¢b — ad, bd)

Now, saying y — x is positive is the same as y — x > 0. By definition of greater than, and the fact that
0 € [(0,1)] we would have that

(cb—ad)*1> 0% (bd) = bc—ad >0

Which is true as ad < bc. Hence y —x >0
(«): Suppose that y —x > 0 where x,y € Q, with x = % and y = g for some a,b,c,d € Z and b # 0 and
d # 0. We have that

y—x = (cb— ad, bd)

Moreover, y — x > 0 implies that

(cb—ad)*x1 >0 (bd) = bc—ad >0

This is to say bc > ad, which by part 1 of proposition |1.5.11 is the same as ad < bc which is equivalent
to saying that x < y.
As required. [

Corollary 1.6.2. Larger or equal rational minus a smaller is positive

Let x,y € Q. We have thatx <y <— y—xz >0 ory=uzx.

Proof:

(=): Suppose x < y. If x <y then lemma applies. Otherwise xr =y.

(«): Suppose that one of y —x > 0 or y = x holds. In the first case, y — x > 0 implies x < y by lemma
and clearly we will have x < vy. If x =y then we clearly also have x < y by definition. [

We can now extend the properties of inequalities to the rationals.
Proposition 1.6.11. Properties of inequalities for the rationals

Let x,y,z,c € Q. We have the following properties for inequalities
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23.

2/.

25.

26.

27.

28.

29.

30.

© R @

x <y s the same as y > x

x <y is the same asy > x

Ifr <y
Ifz<y
Ifxe <y
Ifz<y
Ifx >y
Ifz>y
Ifx >y
Ifz>y

CIfr <y

Ifx <y

Ifx >y

fr >y

Ifr <y
Ifx <y
Ifz<y
Ifz<y

Ifz >y

CIfr >y
fr >y

Afr>y

Ifr <y
Ifz<y
Ifx >y
Ifz>y
Ifr <y
Ifz<y
Ifz >y

Ifz >y

and y < z then x < z
and y < z then x < z
and y < z then ¢ < z
and y < z then x < z
andy > z then x > z
andy > z then x > z
and y > z then x > z
and y > z then x > z
thenx+2z<y+=z
thenx+z<y-+=z
thenx+2z>y+z2
thenx+2z>y—+ =z
and z > 0 then xz < yz
and z < 0 then xz > yz
and z > 0 then xz < yz
and z < 0 then xz > yz
and z > 0 then xz > yz
and z < 0 then xz < yz
and z > 0 then xz > yz

and z < 0 then xz < yz

and z > 0 then — <

and z > 0 then — <

and z > 0 then

and z > 0 then

v

and z < 0 then

and z < 0 then

Y

and z < 0 then

and z < 0 then

IN
VIR IR vIw v v vie vle v

VIR VI R R 8 &8 vl&y R
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31.

32.

33.

3.

35.

36.

37.

38.

Ift <y and x >0 and y > 0 then

Ifx <y and x <0 andy <0 then

Ifx <y andx >0 andy >0 then

Y

Ifx <y andx <0 andy <0 then

Y

If x >y and x > 0 and y > 0 then

If x>y andx <0 and y < 0 then

Ift >y and x >0 and y > 0 then

IN

Ifx >y andx <0 and y <0 then

IN
RLIF QIR QUAR QIF QI QI QR Q|

Bl— 8|~ 8|k 8| 8|~ 8|0 8|~ 8|F

Proof:
Let x,y,z € Q. Letx:%, yzg, z:%fora,b,af,g,hez andb#0,d#0, f #0.

1.

x <y is the same as y > x:

Suppose that © < y then by definition we have ad < bc. Applying part 1. of proposition [1.5.11] gives
be > af and soy > x.

x <y is the same as y > x:

If © <y then part 1 applies, Otherwise we have x =y and so y = x and clearly y > x.

Ifx <y andy <z thenx < z:
Suppose that v <y and y < z theny —x >0 and z —y > 0 by lemma[1.6.3 Now we have that

(y—z)+(z—y)=2—x>0
Asy —x and z — y are both greater than 0. Hence as z —x > 0 then x < z.

Ifr<yandy<zthenz <z:

Suppose that ¢ <y and y < z. If x < y then the previous part applies, so suppose not. Then x =y
and so x < z.

Ifr<yandy <z thenz<z:

Suppose that v <y and y < z. By lemma[1.6.9 we have that y — z > 0, likewise by corollary [1.6.4 we
have that y < z means either z —y >0 ory = z.

If z—y > 0 then the result is the same as part 3. So suppose y = z then clearly v < z.
Ife<yandy <z thenx <z:

If v <y and y < z then either x < y and y < z in which case part 3. applies, or x <y and y < z so
part 5. applies, or x <y and y < z so part 4 applies. Finally, we have the case v =y and y = z so
clearly * = z so that x < z.

If x >y andy > z then © > z:
By part 1. this is equivalent to y < x and z < y then z < x so part 3. applies.
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10.

11.

12.

13.

1.

15.

16.

17.

18.

19.

Ifx >y andy > z then x > z:

Using parts 1. and 2. gives us the equivalent expression y < x and z < y then z < x and so part J
applies.

Ifx >y andy > z then x > z:

As with the previous part, applying parts 1. and 2. gives the statement y < x and z < y then z < x so
part 5. applies.

Ift >y andy > z then x > z:
Using part 2. gives us y < x and z <y then z < x so part 6. applies.

Ife<ythenx+z<y+z:
Suppose that v <y then y —x > 0 by lemma[1.6.3 Observer that

y—z=y—(2—2)—-=
=y—2)+(z—1)
= (

y—z2)—(xr—2)>0

So (y—z) — (x — 2) > 0 and so by the same lemma we conclude that x + z < y + z.
Ife<ythenzx+z<y+z:

If x < y then the previous part applies. Otherwise x =y and clearly x+z =y+2z and sox+z < y+z.
Ife>ythenx+z>y+z:

Applying part 1. and then part 11. gives the equivalent result y < x then y + z < x + z.
Ifvr>ythenx+2z2>y+z:

Applying part 2. and then part 12. gives the equivalent result y < x then y+ 2z <z + z.

If x <y and z > 0 then xz < yz:

Suppose x < y then y—x > 0 by lemma , Hence, by distributivity, we have z (y — ) > 0 as z > 0.
Hence

zy—z)=zy—zx=yz — 22 =22 <Yz

If x <y and z < 0 then xz > yz:

Suppose © < y, as z < 0 = —z > 0, then applying part 15. with —z gives —xz < —yz. Finally by
proposition [1.6.10 part 1 yields xz > yz.

If t <y and z > 0 then xz < yz:

If © < y there are two cases to consider. If x < y then part 15. applies. Otherwise x =y and clearly
rz =Yz ging rz < yYz.

If x <y and z < 0 then xz > yz:

Likewise, if ¢ <y there are two cases. The case x < y is covered by part 16. Otherwise x =y gives
rz = yz and again we have xz > yz.

If v >y and z > 0 then xz > yz:

We have x > y is the same as y < x and so x —y > 0. By distributivity, we have that z (x —y) > 0.
Therefore we have zx — zy = xz — yz > 0 and so yz < xz which is the same as xz > yz by part 1.
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20.

21.

22.

23.

2/.

25.

26.

27.

28.

29.

30.

31.

If x >y and z < 0 then xz < yz:

We have x > y. Additionally, z < 0= —z > 0 so applying part 19. gives —xz > —yz and so by part

1. we conclude xz < yz.

If x >y and z > 0 then xz > yz:

There are two cases to consider. If x >y then we apply part 19. Otherwise x =y and xz = yz so that

Tz 2> Y=z.

If x >y and z < 0 then vz < yz:

Again there are two cases to consider. If x >y then the result holds by part 20. Otherwise x =y and

so xz = yz to give the result vz < yz.

Ifx<yandz>0then§<g:
z oz

This follows by part 15.

If x <y and z > 0 then

IN
N.\in

[SEIRS

This follows by part 17.

Ifx>yandz>0then§>
z

SRS

This follows by part 19.

If x >y and z > 0 then
This follows by part 21.

v
N.\Qd

ISERS

Ifm<yandz<0then£>
z

SIS

This follows by part 16.

If v <y and z < 0 then

v
ISR

ISES

This follows by part 18.

Ifx>yandz<0then§<
z

ISEES

This follows by part 20.

If x >y and z < 0 then

IN
ISR

ISES

This follows by part 22.

1 1
Ifx<yandx >0 andy>0then;>§:

Suppose that x < y then ad < bc. Moreover as x > 0 that either a >0 and b > 0 ora < 0 and b < 0.
Likewise as y > 0 then either ¢ > 0 and d > 0 or ¢ < 0 and d < 0. Hence there are four cases to

consider.

(a) a>0andb>0andc>0andd>0
(b) a>0andb>0andc<0 andd <0
(c) a<0andb<0andc>0andd >0
(d) a<0andb<0andc<0andd<0
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(a) a>0andb>0 and c>0 and d > 0:
Observe that

ad < be
a"tad < a”tbe, By part 15. asa™t >0
d < a='be, As multiplication of an element by its inverse is 1
de ™t < a tbee™, By part 15. as ¢ >0

de™t < a™'b, As multiplication of an element by its inverse is 1

— < —, By the definition of an inverse element
c a

1

d b b d 1
Hence — < — which is equivalent to — > —, which is to say — > —.
c a a ¢ x

(b) a>0andb>0 and c<0 andd < 0:
We have that as ¢ < 0 and d < 0 then ad < 0 and be < 0 and ad < bec. Hence observer that

ad < be
a"tad > a='be, By part 16. asa™' <0
d>a tbe
de™t < a tbee™t, By part 20. as ¢t <0
de7t <a™ b
d b

C a

1 1
Hence we again conclude that — > —.
x

(c) a<0andb <0 andc>0 andd > 0:
The argument is similar to the previous one, swapping the roles of a,b,c and d.
(d) a <0 andb<0 andc<0 and d < O0:

This is similar to the first part. We give the full argument. Asa < 0,b <0, c <0 andd <0
then ad > 0 and bc > 0 and ad < bc. Hence we can see that

ad < be
a"tad > a"'be, By part 16. asa "t <0
d>a the
de ™t < a™ ! —bec™t, By part 20. as ¢t <0
de™t <a™ b
d b

C a

Giving the result.

1 1
32. Ifr <y andx <0 and y <0 then — > —:
Ty
This is similar to the previous part. Suppose that x < y then ad < bc. Moreover as x < 0 that either

a>0andb<0ora<0andb>0. Likewise as y < 0 then either ¢ > 0 and d < 0 or ¢ < 0 and
d > 0. Hence there are four cases to consider.
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(a) a>0andb<0andc>0andd<0
(b) a>0andb<0andc<0 andd >0
(c) a<0andb>0andc>0 andd <0
(d) a <0 andb>0andc<0andd>0

(a) a>0andb<0 andc>0 and d <0:

Asa>0and b <0 and c > 0 and d < 0 then we have that ad < 0 and bc < 0 and ad < be. We
have that

ad < be
a tad < a e
d < a tbe
de™ ' < a Ybee™!
de™ ' <a b
d b
p— < p—
c a
1 1
Giving — > —
x Y
(b) a>0andb <0 andc<0 andd > 0:

We have a > 0 and b < 0 and ¢ < 0 and d > 0 then we have that ad > 0 and bc > 0 and ad < bc.
We have that

ad < be
a tad < a”tbe
d<atbe
de™! < atbee™!
de™t <a™ b
d b
c a
Giving % > i
(¢) a<0andb>0 andc>0 and d < 0:

This time we have a < 0 and b > 0 and ¢ > 0 and d < 0 then we have that ad > 0 and bc > 0 and
ad < be

Giving the result.
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(d) a <0 andb>0 and c <0 and d > 0:

Finally, a <0 and b > 0 and ¢ < 0 and d > 0 which gives ad < 0 and bec < 0 with ad < be. Once
again we have that

ad < bc
a tad > a " 'be
d>a the
de™! < atbee™!
de™t <a™ b
d b
c

a

Which concludes this part of the proposition
11
33. Ift <yandx >0 andy >0 then — > —:
€ Yy

1 1
If © <y then we apply part 31. Otherwise x =y and so — = — hence the result.
Ty

34. If t <y andx <0 andy <0 then — >

8=
< | =

1 1
Likewise if v <y we apply part 32. Otherwise x =y and — = — so the result is clear.
x Yy

1 1
35. If t >y and x > 0 and y > 0 then — < —:
€ Yy

1 1

Applying part 1. the equivalent statement is y < x and x < 0 and y < 0 then — > — so part 32.
Y Y

applies.

1 1
36. If x >y and x <0 andy <0 then — < —:
€ Yy
. . . 1 1 .
Likewise by part 1. this is the same as y < x and x > 0 and y > 0 then — > — so part 31. applies.
Yy Yy

37. If x >y and x > 0 and y > 0 then

8|~

<

< |

If x > y then part 35 applies. Otherwise, x =y and the result is clear.
1 1
38. Ifr >y and x <0 and y <0 then — < —:
r oy
Finally, if x > y then we apply part 36. Otherwise x =y and we get the result.

The result has been shown[™® O

10Phew!

180



1.6.16 Extending exponentiation to the rational numbers

Recall the definition of exponentiation from the integers.

SV A YA/

1, fe=0andn=20

1L, n=0
(,n) > Alan) =4 5
Hx,Ifx#OananO

i=1

where ZT = {z € Z : > 0}. We noted in the section on extending exponentiation to the integers that
we were unable to consider the case of negative exponents. By assuming that they did we deduced that a
new type of object exists that undoes integer multiplication. As we have seen in this section, that object
type is actually a rational number. Indeed we showed that in proposition [1.6.4] that if x € Z then there is
some *x ! € Q so that zx2~! = 1 = 20, This would generalise proposition to all integers rather than
positive exponents. We hence generalise the definition of exponentiation and prove the results to all integer
exponents rather than the positive.

Definition 1.6.22. Ezponentiation of integer numbers
Let (x,y) € Z X Z and let A\ : Z X Z — Q. We define the exponentiation of x by y by

N:ZXxXZ—Q

1, Ifr=0andy=0
1, Ift =0
Y

(x,y) = A(x,y) = Hm Ifr#0andn >0
i=1
IyI1
H? Ifx#0andy <0
i=1

We can now extend the results shown in the section on integer exponentiation extension.

Proposition 1.6.12. Power law of exponentiation for positive exponents
Let x € Z and let n,m € Z. We have that

(In)m — xnm

Proof:
If n,m > 0 the result is the same as proposition|1.5.160, So we must consider the following cases

1.n>0and m<0
2. n<0andm>0
3. n<0andm <0
1. n>0 and m <0:
By definition of integer exponentiation, we have that ™ = ﬁx Now applying the general definition

i=1
of integer exponentiation we see that
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n\m 1
@ =11 -
i=1
() () () (&)
= * x| — | x-oox
|m| times
iy o . 1 1 1
Now, we know by definition of multiplication for rationals that — x — = — and so.

a b ab

o) () () ()

Im| times

By definition.
2. n<0 and m>0:
As n < 0 then we have that

In|

n_ Tl _ 1
. _gx_;ﬂ"

We can now apply similar logic to the first part to conclude the result.
3. n<0andm <O0:
Using stmilar logic to the two previous parts deduces the result.

As promised. [

Proposition 1.6.13. Multiplying exponents of the same base adds the powers
Let © € Z be a fixed integer and let n,m € Z. We have that

" x g = "t

Proof:
If n,m > 0 the result is the same as proposition so we have to consider the following three cases
1.n>0and m<O0
2. n<0andm>0
3. n<0andm<O0
1. n>0 and m <O0:
—k
. m —k 1
Let m = —k for some k € Z with k > 0. We know that 2™ = x :Hf
T
i=1

= 2%, Now we have

Which is equivalent to ™™,
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2. n<0 and m>0:
Like the previous part let n = —k for some k € Z with k > 0 then we get

2w g™ =g R s g™ = TR = gt

3. n<0and m <O0:
Letn =—k and m = —j for k,j € Z with k >0 and j > 0. Then

n m —k

2V =g R s = gt = gt

As required. [

Proposition 1.6.14. Power of product is product of powers
Let x,y € Z and n € Z. Then

(x*xy)" =a" xy"

Proof:
Ifn =0 then (x xy)" =1 and clearly 2° x y° = 1. So suppose n > 0 then we have

n
(x*y)”:Hmy:xy*xy*~-~*my
- —
i=1 n times
= (:c XLk Kk ac) * |yxy*x---xy |, By commutativity of multiplication
—— e —
n times

n times

Finally, let n < 0 then a similar argument shows that

1

zm ok y"

(zxy)" =
Showing the proposition. [

We have extended integer exponentiation. What can we say about rational exponentiation? We can
clearly extend the base of exponentiation to an arbitrary rational number. We have already used special
cases of this when we considered denominators and numerators separately in the previous proofs. We

formalise this to a fully general rational number. Firstly, we know that if n < 0 then 2" = —. Additionally
x’ﬂ

if 2 € Z then a multiplicative inverse of x in the rationals is given by 7! = % We combine the two into a
general definition.

Definition 1.6.23. Ezponentiation for negative indices
Let x € 7 with x # 0. We extend exponentiation to negative n € 7 by

"= (a:_l)n
Clearly we have in general that x™" € Q

Now we can consider the more general case of (%) for a,b,n € Z and b # 0. We have the following

proposition
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Proposition 1.6.15. Rational number raised to an integer exponent

Letme@withx:% and b # 0. Let n € Z We have that

Proof:
We have that

= (abil) (abil) (abil)

n times

—asxaxax---*xaxb Lxb"

Lyp=lo o sp?

n times
— " (bil)n
=a"*xb""

a’I’L

b
As required. [

The rules of integer exponentiation extend when the base is

Proposition 1.6.16. Power law of exponentiation for positive
Let © € Q and let n,m € Z. We have that

(mn)m — g"m

Proof:
Let x = % with a,b € Z and b # 0. We have that

O

Proposition 1.6.17. Multiplying exponents of the same base adds the powers

Let © € Q be a fixed integer and let n,m € Z. We have that

Proof:
Let x = % with a,b € Z and b # 0. Observe that
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am
* ——
bn - bm

= (5) - (5)
@

a™ xa™
bn o« bm
aner

= bn+m

()

— irn—i—m

As required. [

Proposition 1.6.18. Power of product is product of powers
Let x,y € Q andn € Z. Then

(e xy)" =a" %y

Proof:
Letx:% with a,b € Z and b # 0 andletyzg with ¢,d € Z and d # 0. We have
(zxy)" =

*7
bn  dn

:xn*yn

a c
What about rational exponents? Can we assign meaning to expressions of the form A (g, f)? Using a

similar argument to when we considered extending integer exponentiation. Suppose that proposition [1.6.17
holds for rational exponents. In particular we have for some = € QQ that

2% % g2 =g
Now, suppose that x = 2. We are hence saying that
27 %27 =2
If we suppose that 22 € Q with say y = 22 we are saying that 42 = 2. Unfortunately, there is no such

rational y that satisfies this. Moreover, we lack the theory required to prove this at this time. This will be
corrected in part [2]
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1.6.17 Extending the absolute value function

When we constructed the integers we recast the notion of size into that of distance. This was achieved using
the so-called absolute value function given by

Ifx>0
ol =d(z,0)=1" " "=
—x, fz <0
where
d:7Z?> >N
x—y, x>y

(x,y)Hd(w,y):{

—(x—y), fr<y

Now that we have constructed the rational numbers we can consider how this idea extends. One thing
that is clear from the definition of d for integers is that the smallest possible non-zero distance that can be
achieved is 1, for example, d (2,1). However, consider

1 1

2 2
If this idea of distance is to extend to the rationals we will clearly have that distances smaller than 1 are
now possible. In other words, the mapping for d when used with rational numbers can no longer map into
N. This is easily remedied by defining the following set.

Definition 1.6.24. Positive rationals
We define the set of positive rationals by

Qt={reQ:2>0}

It is clear from the definitions for the integers how to extend the distance function and the absolute value
function to the rationals.

Definition 1.6.25. Distance function for the rationals
Let z,y € Q. Define the function d : Q2 — Q% by

d: Q%> - Q"

r—y, Ife>y
(z,y) = d(z,y) =

—(xz—y), Ife<y
As before we prove that this distance function is well-defined.

Proposition 1.6.19. The distance function for the rationals is well-defined
Let x,y € Q. We have that

-y, Ifz>y
d(x’y){—(x—y),lfa:<y

1s well-defined.
Proof:
Let x,y € Q. There are two cases to consider x >y and x < y.

1.z >y:
Suppose that x >y, then by proposition part 14. we have

zzy=(@+(-y)=Hy+(-y)=>z-y>0

Hence x —y € QT.
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2. x <y:

As x < y we have by definition of d that d (z,y) = — (x — y) where we have that x —y < 0. However we
have that — (x — y) = —1*(x — y) and so by part 16 of proposition|1.6.11| we have that —1%(x —y) > 0
which is to say — (x —y) € QT

The result has been shown. [

We can now generalise the absolute value function.

Definition 1.6.26. Absolute value function
Let x € Q we define the absolute value function, denoted by |x| by the function

z, If >0

ol = d(,0) = {z Ffz<0

We have generalised the idea of “size” to the rationals. We can now also generalise the properties of the
absolute value function explored in the construction of the integers.

Proposition 1.6.20. Properties of the absolute value
Let x,y,z € Q. We have that the absolute value function has the following properties

1. |z| >0 forallz € Q
2. jz|=0 <= =0

3 jr—yl=0 <= z=y

4. lzyl = || [yl
z :mwithy#O
yl oyl
6. |[z|| = |z|
7. |—x| = |z|
8 x| <y «—= —y<z<y
9. | >y <= z<—-yorxz>y
10 |z +y[ < ||+ |y

1. |z —y| <fo—z[+]z -yl
12 |z —y| = [lz] = |yl

13. |- is not injective
14. || is not surjective
Proof:

1. x| >0 for all z € Q:
This follows by proposition|1.6.19

2. || =0 <= x=0:
We have by definition that |z| = 0, if and only if x = 0.
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3 lz—yl=0 <= xz=y:
(=): Suppose that |z —y| = 0. There are two cases to consider.

Firstly if © > y, then by definition we have that |t —y| =  —y = 0 from which we clearly have
x =y. The other case is x < y from which we get |z —y| = — (x —y) = 0. In other words, we have
—1x(z —y) =0. Now by proposition we know that for rationals a,b that if ab = 0, at least one
of a or b is zero. As —1 # 0 we conclude that x —y = 0 from which we get x = y.

(«<): Suppose that x =y then x —y =0 and so |x —y| = 0.

4 |yl = lz[ lyl:
Let x,y € Q. There are four cases to consider.

(a) x>0 andy >0
(b) >0 andy <0
(¢) t<0andy>0
(d) x <0 andy <0

(a) ©>0 andy > 0:
If £ > 0 andy > 0 then xy > 0 and so |zvy| = zy. Likewise |x| = x and |y| = y. Hence

|lzy| = || [yl
(b) ©>0 andy < O0:
If x > 0 then |x| = = by definition, and if y < O then |y| = —y. Now |zy| = —xy as y < 0.

Moreover, we have that

—zy = (=1) (z) (y) = (2) (=1) (y) = (x) (=y) = [=[|y]
Hence we get |xy| = |z||y|
(¢) <0 andy>0:
This is similar to the above but swapping the roles of x and y.
(d) <0 andy<O0:

Suppose that x < 0 and y < 0, then we have that || = —x and |y| = —y by definition. Moreover,
we have that —x x —y = xy. Hence |xy| = zy = (—x) (—y) = |z| |y|

X

= m with y # 0:
yl oyl
This follows by part 4.

6. |Jz|] = |=|:
We have that |x| =z if x > 0 and —z if x < 0.
So if £ > 0, we have

|zl = || = & = ||
Now if x < 0 then
llzll = |-zl = —z =]z
As —x>0
7. |—z| = |x|:
As —x = —1 x x we have by part 4 that
|—z| = [-1xzf = [-1]|z| = 1 |z| = |z|
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8 x| <y —= —y<z<y:
(=): Suppose that |x| <y. If x > 0 then we get that |x| = < y. From this, it is clear that —y < x <y
asr>0andx <y=y>0.
Now if £ < 0, then |z| = —x < y. Clearly x < —x as x < 0 hence we conclude that x < —x < y. Now
by part 18 of proposition|1.0.11] we have we have

(D x(-2) = (-1 (y) <= ==~y

Now x > —y s the same as —y < x and so we have —y < x < —x < y.
Hence —y <z < y.
(<): Suppose that —y < x <vy. There are two cases to consider.

(a) >0

(b) <0

(a) z>0:

Suppose x > 0, then clearly as x < y then |z| < |y| = y. Moreover, we have that —y < x is the
same x > —y and by part 22. of proposition|1.5.11| when applied to x > —y gives

(=D () < (-1 (-y) & -z <y

We have that |—x| = |z| by part 6. Hence |—z| = |z| < |y| = y.

(b) v <0:
Suppose x < 0. By assumption x < y so either y > 0 ory < 0. We can’t have y < 0 as for
example take x = —4 and y = —2 then we would have 2 < —4 < —2 a contradiction.

So suppose that y > 0 then as © < y we have |z| < |y| = y. Now as —y < x by assumption we
have that x > —y and so part 22. of proposition gives
(=) x (@) < (-1)(-y) <= -z <y
Hence part 6. applies and we get that |z| <y
9. | >y <= z< —yorxz>y:

(=): Suppose that |z| > y. If © > 0 then || = & > y. So suppose that x < 0 then by definition we
have that |x| = —x and so —x >y and the result follows when applying part 22. of proposition|1.6.11|

(«<): Suppose that either x < —y or x > y. We have three cases to consider.

(a) ©< -y
(b) ==y
(c) < —yandxz >y

(a) v < —y:
Suppose that x < —y holds. If x > 0 then we have that —y > 0, Hence y < 0. Moreover, we have
that by part 18. of proposition [1.6.11| that

(D (2) =2 (1) (-y) < —z>y

Now part 6. applies and we see that |—xz| = |z| > |y| =y. This is to say |x| > y.
Now suppose that © < 0. Then as v < —y we have that either —y > 0 or —y < 0. In the former
case —y > 0 gives y < 0. Hence by part 18. of proposition[1.6.11 we conclude that

(=D x(2) > (=1 (y) <= —z>y
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(b)

(c)

As x <0 then —x > 0. The result follows when taking the absolute value.
Now suppose that —y < 0 then y > 0. Following similar logic to the previous case, we see that

(Dx*(@) =2 (1) (y) <= —z=>y

The result again follows after taking the absolute value.

T>y:

This case is trivial.

r< —yandzx >y:

Suppose that x < —y and x > y are both true. We know by the first case that x < —y gives |x| >y

and x <y also implies |x| > y by the second case. Hence both inequalities being true at the same
time implies the result |z| > y.

10. |z +y| < |z| + |yl:

Let x,y € Q. There are four cases to consider.

(a)
(b)
(c)
(d)

(a)

(b)

(c)

(d)

x>0andy >0
z>0andy <0
r<0andy >0
2<0andy <0

x>0 andy>0:
Suppose x > 0 and y > 0, then we have that

eyl =z+y=lz[+ ]yl = |z +yl <[z +y]

z>0andy <0

By assumption we have that |x| = x and |y| = —y. We have two cases based on the absolute value,
2] < lyl and || > Jy.

So suppose that |z| < |y| then by definition x < —y and so by part 12. of proposition [1.6.11] we
have that

r<—-y=z+y<0

Moreover, as x > 0 theny < x4y < 0. Hence we have by the definition of the absolute value that

lv+yl=—(r+y) < -y =yl

As —y > 0.
In the case |z| > |y| we have by definition that x > —y and so x +y > 0. Additionally it is clear
that > x+y as y <0 and |z| > |y|. Hence by definition of the absolute value we have that

[r+yl=z+y<z=|a]
Now, it is clear to see that |z| < |x| + |y| and likewise |y| < |z| + |y|.
We have hence shown that |x + y|leg|z| + |y|.
z<0andy>0:
This is similar to above, interchanging the roles of x and y.
z <0 andy <0:

Suppose that © < 0 and y < 0 then by definition we have that |z +y| = —(x +y) = —z —y. As
x <0 and y <0 then we have that and |y| = —y which shows |z + y| = |z| + |y| < |=| + |y
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11 |z —y[ < |lo— 2|+ ]2 -y
We have that

|z —yl=lz - (2 —2) —yl
=lz—z+z—y
<l|z—z[+ |z —y

12. |z —y| = [|lz] = [yll:
We have that

2] =|(x —y) +yl < |z =yl + |yl = |=| = |y| < |z —y|
yl =1y —z) +z| < |z —y[+ |z = [y - |z| < [z —y]

Hence we have

2] = |yl < |z =yl = [le] = [yl <[z -yl
lyl =l = (=1) (lz] = ly]) < |z =yl = [|z] = |yl| < |2 — y]

Hence we have the result.
13. |- is not injective:

This follows as the absolute value function was not injective for the integers
14. |- s not surjective:

This follows as the absolute value function was not surjective for the integers

As required. [
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Part 2
Elementary Number Theory

2.1 Introduction

Mathematics is the queen of the sciences and
Number Theory is the queen of mathematics.

Carl Friedrich Gauss

In the previous part, we have gone from only having the axioms of ZFC, the rules of logic and knowledge
of mappings and have built two types of numbers, the naturals and the integers. Unfortunately, we need to
make a detour from constructing new objects. We need to start using the objects we have constructed to
provide a guide on how to proceed with building more mathematical objects.

We will start with Number Theory. Number Theory primarily deals with the properties of the integers Z
as well as mappings defined on Z. This includes properties about the operations on the integers, properties
about the compositions and ways of expressing relationships between certain “types” of integers, solving
equations involving the integers and more.

The applications of Number Theory to the modern world are numerous. One main example of the usage
of Number Theory is encryption, the art of obfuscating information so that it can only be read by trusted
individualﬂ We will later consider an example of encryption called RSA.

Additionally, the ideas that we will develop when studying Number Theory are key to providing crucial
insights into other branches of mathematics. We will come to see that many of the key properties of the
integers are also enjoyed by many other types of mathematical objects, especially in an abstract setting.

2.2 Divisibility

Now where there are no parts, neither
extension, shape, nor divisibility is possible.
And these monads are the true atoms of
nature and, in a word, the elements of things.

Gottfried Leibniz

2.2.1 Definition of divisibility of integers

Although we have a concrete construction of the integers, we haven’t even discussed some of their most

basic properties! We know how to add, subtract and multiply them, but we don’t know how to divide them
a

without the rational numbers Q. It is with Q that we can hope to find a rule that says that 7 € 7Z for some

a,beZ.
Recall that in Q we defined an equivalence relation ~ so that for (a,b), (c,d) € Z? we have that
(a,b) ~ (¢,d) <= ad =bc
where we had b # 0 and d # 0. We also saw that (z,1) € [(x,1)] represented an integer. Hence the
question we are resolving is when does (a,b) ~ (z,1). We have that
(a,b) ~ (z,1) <= a=bx

That is b divides a and gives an integer if and only if a = bz. We make this our first formal definition in
the field of Number Theory.

1 Until someone manages to find a way to get past the elegant mathematics of the encryption scheme!
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Definition 2.2.1. Integer divisibility

Let a,b € Z with b # 0. We say that a is divisible by b, or b divides a, written as b | a if and only if
dc € Z so that a = be. We say that b is a divisor of a.

If b does not divide a we write b {/a.

Example 2.2.1.
We have that 3|6 as 6 = 3 % 2.
Obverse that 2 1 3. Indeed there is no integer x so 3 = 2x.

We make a definition based on the definition of divisibility. Namely based on if a number can be divided
into two equal parts.

Definition 2.2.2. Even number
Let x € Z. We say that x is even if we have that 2 | x.

This immediately gives another definition.

Definition 2.2.3. Odd number
Let x € Z. We say that x is odd if we have that 21 x.

We can make another definition, based on divisibility.

Definition 2.2.4. Integer multiple
Let a,b € Z so that b | a. We say that b is a multiple of a.

There are two results that we can derive based on an even number, an odd number and integer multiples.

Proposition 2.2.1. Integer is even if it is a multiple of 2

Let x € Z. We have that x is even if and only if x is a multiple of 2.

Proof:

(=) : Suppose that x is even, then by definition we have that 2 | x and so by the definition of divisibility
we have that x = 2c¢ for some ¢ € X. By the definition of being an integer multiple we have that x is a
multiple of 2.

(<) : Suppose that © is a multiple of 2. By definition of being an integer multiple, we have that x = 2r
for some r € Z. Hence by the definition of divisibility, we have that 2 | x and so by definition of an even
number we have that x is even. [

We can find a similar proposition for odd numbers. Observe that by the previous proposition that z
being even means that = 2n for some integer n. Also, we have that 2n + 2 = 2(n + 1) is even, so what
can we say about 2n + 17

Proposition 2.2.2. Integer is odd if and only if it is not a multiple of 2

Let © € Z. We have that x is odd if and only if = is not a multiple of 2.

Proof:

The proof follows by the contra-positive, that is x is a multiple of 2 if and only if x is even, which is the
previous proposition. [

Hence we need to determine if 2n 4 1 is even or odd. We need to develop the theory of divisibility.

The definition of divisibility gives an immediate result. Namely that when considering the divisibility
of integers we need only concern ourselves with positive integers, as negative integers will also be divisors.
That is if b | a then so does —b.

Proposition 2.2.3. Integer dividing another implies negative integer also divides

Let a,b € Z with b | a. We also have that —b | a.

Proof:

Let a,b € Z with b | a. By definition of divisibility, we have that Ic € Z so that a = be. We know that
—1%x1=1 and so we have that

a=bc=(—1%x—-1)bc=—-bx—c
As —c € Z then it follows by definition that —b|a. O
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Hence by proposition we will restrict our view to positive divisors only, knowing that any results
about a positive divisor will extend to negative divisors.

One clear divisor of any integer a is itself, that is a | a as a = a* 1. We will find it interesting to consider
the more non-trivial divisors of some integers. Hence we make the following definition

Definition 2.2.5. Proper divisor
Let a,b € Z with b | a. If we have that 0 < b < a then we say that b is a proper divisor of a.

There are some clear results about divisibility.

Proposition 2.2.4. Properties of divisibility
Let a,b,c € Z. We have the following properties for divisibility

1. a|b=a|bc for any c € Z
2. a|bandb|c implies that a | c
3. a|b and a| c implies that a | (bx + cy) for any x,y € Z
4. albandb|a implies a = +b, that is either a =b or a = —b.
5. a|banda>0 and b > 0 implies that a < b.
6. If m € Z is such that m # 0 then a | b is true if and only if ma | mb.
7. For all a € Z with a # 0 we have a | 0
Proof:
1. a|b=a|bc for any c € Z:
2. a|bandb|c implies that a | c:
Suppose that a | b, then by definition there exists d € 7 so that b = ad. Hence we have that
bc = adc = a | be
as dc € Z.
3. a|b and a| c implies that a | (bx + cy) for any x,y € Z:

Suppose that a | b and b | ¢, then by the definition of divisibility, and by part 1., we have that b = ax
and ¢ = by for all x,y € Z. We hence see that

c=axy

Hence as xy € Z then we conclude that a | c.

a|b and b | a implies a = £b, that is either a =b or a = —b:

Let a | b and a | ¢, then there are d,e € Z such that b = ad and ¢ = ae. Now, let x,y € Z then we have
that bx = adz and cy = aey and bx + cy = adx + aey = a (dx + ey). Hence a | (bx + cy).
a|banda>0 and b > 0 implies that a < b:

Ifa | b then 3z € Z so that b = ax, likewise if b | a then Iy € Z so that a = by. It follows that b = byx.
We have that b = byx is true if and only if yr = 1. Therefore eitherx =y=1orz =y = —1.

The result is clear after substituting y into a = by.
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6. If m € Z is such that m # 0 then a | b is true if and only if ma | mb:

(=): Let m € Z be non-zero and let a | b. By definition, there is some ¢ € Z so that b = ac. Multiplying
both sides by m gives

bm = acm = ame

and so am | bm.
(<) : Suppose that am | bm, then again by the definition of divisibility we have that there is some ¢ € Z
so that bm = amc. By the cancellation law, we can cancel the m to get b = ac and the result follows.
7. For all a € Z with a # 0 we have a | 0:
Let a € Z, where a # 0. We have that 0 = ka has the solution k = 0 by part I proposition[1.5.9. Hence
al0.
As required. [

Part 3. of the previous proposition can be generalised. We will work with an example to see how this
can be achieved.

Example 2.2.2. Let a =2, b =16 and ¢ = 32. Clearly we have that a | b as 16 = 4% 2 and likewise a | ¢ as
32 =>5x%2.

Now part 3. states that if a | b and a | ¢ then we must have that a | (bx + cy) for any z,y € Z.

Indeed, for example, we can see that 2 | (=5 (16) + 7(32)). As —5(16) 4+ 7(32) = —80+ 224 = 144. Now
suppose that d = 64 and say z = 5. We can see that

—5(16) +7(32) +5(64) = 144+ 320 =464 = 2 | (—5(16) + 7(32) + 5(64))
We prove the general statement now.

Proposition 2.2.5. Divisor that divides a set of integers divides a combination of the set
Leta € Z and let S = {b1,ba,bs,...,b,} be a set of n integers where b; € Z for each b;. Moreover suppose
that a | b; for each b; € S. We have that

n
a | Z bil‘i
i=1

for any x; € Z.

Proof:

We argue by induction on n. The base case is n = 2 which is shown in proposition [2.2.] So suppose
that the result holds for some k > 1, which is to say that if S = {b1,ba,...,bx} and we have that a | b; for
each b; € S then

k
a | Zbﬂ?l
i=1
We need to show that the result holds for k4 1. That is if S = S U {bpy1} so that a | b; for each b; € S
then
k+1

i=1

So take S = S U {byy1} so that a | b; for each b; € S. By applying part 1. of propositionm to each
a | b; we know that for all x; € Z that a | bx;.
Now, by the induction hypothesis we know that ¥b; € S that a | b; and moreover we have that
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k
i=1

k
Let d = szx, Again by part 1 of proposition |2.2.4| we have that a | ad. Additional we know that

i=1
a | bpy1 and so by part 3. of|2.2.4), As d € Z, we have that

a ‘ (]_ xd + bk+11'k+1)

k
al (Z bix; + bk+1$k+1>

i=1
k+1
i=1

Which implies the result holds for k + 1 and hence for any n € N by induction. [

2.2.2 The greatest common divisor and the least common multiple

Now that we have a solid grasp of the basics of integer divisibility, we can start looking towards some
applications. One immediate question is given a set of integers say

S ={a1,as,as,...,a,}

What is the largest integer which divides each a; € S. and what is the largest integer m so that m has
each a; € S as a proper divisor? An immediate use of these two ideas is very useful when doing arithmetic
with rational numbers. For example, consider trying to simplify the fraction & To simplify this we need
to find the integers that multiply to make 525 and those that multiply to make 2925. If there are any in

T
common then we know from the construction of the rationals that — = 1 and in particular we have that

x x *
W_V, %
xz oz T

1 1
Likewise suppose we wanted to add 1 and = It is true that by definition of addition, we would have

1+171*7+1*477+47171
4 7 T x4 T 7x4 928

1x74+1%x4

The key st 3
e key stage was Tl

, breaking this down we see that

Tx7+1x4 1>i<7Jr 1x4
7 x4 CTxd Tx4
In other words, we are finding a multiple in common with 7 and 4 to turn the denominator into. It is

therefore worthwhile to work out the theory of working out common divisors and common multiples.
We will start by working out common divisors, by first making a definition.

Definition 2.2.6. Common divisor
Let a,b,c € Z be non-zero integers. We say that ¢ is a common divisor of a and b if ¢ | a and c | b.

Example 2.2.3. Consider the integers 35 and 25. The divisors of 35 are 1, 5 and 7 and 35, likewise the
divisors of 25 are 1 and 5 and 25. The largest common divisor is therefore 5.
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Example 2.2.4. Consider the integers 24 and 54. Doing the same as before, we can see that the divisors of
24 are 1, 2, 3, 4, 6, 8, 12 and 24. Looking at the divisors of 54 we see that they are 1, 2, 3, 6, 9, 18, 27 and
54.

The common divisors of 24 and 54 are therefore 1, 2, 3 and 6,

Example 2.2.5. Consider the common divisors of 3 and 5. The divisors of 3 are simply 1 and 3, likewise
the divisors of 5 are 1 and 5. The only common divisor is 1.

We can see from the previous examples that there was a largest, or greatest common divisor between the
pairs of integers in each case. We can show that for any two integers, there is always a greatest common
divisor.

Theorem 2.2.1. The greatest common divisor of two integers exists

Let a,b € Z so that a # 0 or b = 0. Then there exists d € Z so that d is the largest possible common
divisor, that is there is no g € Z with g > d so that g | a and g | b.

Proof:

Firstly, we note that as 1| a and 1 | b, the largest possible common divisor is at least 1, proving existence.
To show that there is the largest possible common divisor we must show that this divisor can’t exceed some
integer, say M, where M depends on a and b. Moreover by proposition [2.2.5 we only need to consider the
case where a > 0 and b > 0.

So. suppose that ¢ | a and ¢ | b for some ¢ > 1. By part 5. ofpmposition we have that as ¢ | a then
¢ < a, likewise as ¢ | b then ¢ < b. There are three possibilities to consider

1. a=b
2. Without any loss of generality we have a < b

3. One of a =0 or b= 0 but not both at the same time.

1. a=0b:
In this case we easily take M to be the largest divisor of a, or equivalently b, then ¢ < M

2. Without any loss of generality we have a < b:

Without loss of generality, we take a < b, if this is not the case we simply swap the roles of a and b. In
this case, we take M to be the largest divisor so that M < a. For if we took a M so that M < b then
by the fact a < b we could have the case that M > a a contradiction to the fact that ¢ < a as ¢ | a.

3. One of a =0 or b =0 but not both at the same time:

Suppose that a =0 and b # 0, then we have that for all M € 7 that M | a, but as ¢ | b then ¢ < b and
so we take M =b as b|b. Likewise if we assume b =0 and a # 0.

In each case we found a M so that if we take ¢ < M then c|a and c|b.

We have shown that the for any two integers a greatest common divisor always exists. We can make a
formal definition.

Definition 2.2.7. Greatest common divisor

Let a,b € Z so that a #0 and b # 0. Let d € Z be such that d | a and d | b. We say the largest value of d
where d | a and d | b is the greatest common divisor of a and b, denoted d = GCD (a,b), sometimes written
ged (a,b) and in some texts simply by (a,b).

As a | 0 for any integer a. We define GCD (a,0) = a, similarly GCD (0,b) = b.

We will use the notation GCD in this text and we will usually abbreviate saying the greatest common
divisor to GCD. Although we have proved that the greatest common divisor exists, we do not yet actually
have a method of calculating what it is other than trying through trial and error. To see how we can attempt
to construct a method of finding GCD we should look to cases where integer division does not fail and to
cases where it does fail.
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Example 2.2.6. It is clear that 21 3 as there is no integer x so that 3 = 2z. If we take x = 1 we get the
false equality of 3 = 2, if we take x = 2 we get another false equality of 3 = 4. We observe however that
3=2x1+41.

Example 2.2.7. Let a =25 and b= 7. It is clear that bt a. The first couple multiples of 7T are 7 =7 %1,
14=7%2,21=7%3, 28 =7x4 and so on. However, we can see that 25 =7 3 + 4.

Example 2.2.8. Let a = 36 and b = 12. Clearly that b | a as 36 = 12 3. The first couple multiples of 7
are 7T="Tx1,14=7%2,21=7%3, 28 =74 and so on.

Example 2.2.9. This time, let a =8 and b = 2. Then we have that 2 | 8 as 8 = 2x4. In a similar way to
the previous examples we see that 8 =24+ 0

If we let a,b € Z so that b1 a then, in the previous examples it seems that we can always find a multiple
of b so that bx < a for some x € Z and in particular we have that

a=bx + (a—bz)

In the case that b | a then a — bz = 0. Interpreting what a — bz means, when b { a then a — bz # 0 and
when b | a we had that a — bx = 0. Hence a — bz # 0 is a measure of how far off we are from having b | a.
This is to say that if @ — bz > 0 then we are a little short of making a multiple of a from b and if a — bz < 0
we are a little over of making a multiple of a from b.

In general, we can see that any integer division can be viewed in this way, that is if a,b € Z we can see
the result of a divided by b in the form a = gb + r for some ¢, r € Z.

Theorem 2.2.2. The diwvision algorithm
Let a,b € Z so that b > 0, then there exist q,r € Z with q,r being unique so that

a=bqg+r

where 0 <r < b
Proof:
There are three cases to consider

1.a=b
2.a<b
3. a>b
1. a=b:
If a = b then b | a holds trivially and we see that a =1 b+ 0 where g =1 and r = 0.

2. a<b:
If a < b then we also see that trivially we have that a = 0 b+ a where ¢ =0 and r = a.

3. a>b:

This case is the meat of the theorem. To prove the division theorem we will argue by induction on a.
The base case is a = 1 where we either have a = b or a < b which have been dealt with. So now suppose
that the result holds for some k > 1. Likewise in the base case, we only need to consider the case of
k+1>b, or equivalently b < k + 1

As b < k+ 1 we have that 1 < (k+ 1) — b and so by the induction hypothesis we have that there are
integers q,r € 7. so that

(k+1)—b=bg+r

where 0 < r < b. From this, we clearly get k +1 = bq' + r where ¢ = 1 + q which shows the induction
step. The result now follows by induction.
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Now that the existence has been shown, it is left to show the uniqueness of ¢ and r. So suppose that q1, 711
and qo, 79 are two such pairs that satisfy the conditions of the theorem. Firstly suppose that 11 # ro then we
have that, without loss of generality that ri < r9 so that 0 < ro —ry < b and then by the theorem we have
that

re—7r1="b(q2 — q1)

which implies that b | (ro — r1). This is a contradiction to theorem part 5. as this part implies that
b <ry—r1. Therefore ry = ry and from r1 = ro we have that 0 = b (g2 — q1) and by part proposition
as b >0 then go —q1 =0 gwving g2 = q1. U

Based on this theorem we make a definition.

Definition 2.2.8. Quotient and remainder
Let a,b € Z so that b > 0. We have by the division algorithm that

a=qgb+r
where q,v € Z and 0 < r < b. We say that q is the quotient of the division and that r is the remainder.

In the theorem, we assumed that b > 0. However by proposition [2:2.3] we know that negative divisors are
also valid. To resolve this we reformulate theorem so that 0 < r < |b].

Theorem 2.2.3. The division algorithm (Exztended)
Let a,b € Z so that b # 0, then there exist q,r € Z with q,r being unique so that

a=bq+r

where 0 < 1 < |b]
Proof:
By the division algorithm, theorem we have for |a| and |b| that there exist unique q,r € Z so that

la| = qb] +r
where 0 < 1 < |b|]. There are a few cases to consider.
1. r=0
2.r>0anda>0
3. r>0anda<0

1. r=0:

If r = 0, then |a| = q|b|] and so by the properties of the absolute value we have that a = +qb, hence
a = b(%q) and we have the result.

2. r>0anda>0:
Now suppose r > 0 and a > 0. We hence have that a = q|b| + r which gives

a=bg+r, Ifb>0
a=(=b)g+r, Ifb<0

The first is simply the first version of the division algorithm and the second can be written as a =
b(—q) + r which gives the result.
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3. r>0anda <0:
Finally if r > 0 and a < 0 then we have

—a=blg+r=a=—1blg—r
This is a problem as it would give a negative remainder. We can employ a trick that doesn’t change
the value of a but allows us to express a = — |b| ¢ — r in a more suitable form.
a=—|blg—r

a=—1[blg+ (bl —[b)) =
a=—|blq+ o] + ([b] )
a=[b] (=1 —q) +([o|)

By assumption we have that 0 < r < |b| implies that 0 < |b| —r < |b|, so we re-write the above as

a=>bq +1
where ' = |b| —r and ¢ = —1—q, if b > 0 and for b < 0 we write ¢ =1+q.
This completes the proof. [

We can now go back to a problem from the first section, namely showing that 2n 4+ 1 must be odd

Proposition 2.2.6. Integer is odd if and only if it is a multiple of 2n + 1
Let x € Z. We have that x is odd if and only if it is a multiple of 2n + 1 where x = 2n + 1 for n € Z.
Then n s odd.
Proof:
Suppose x € Z, then by the division algorithm we have that
r=2q+r

where 0 < r < |2|. Hence the only remainders possible are r = 0 or r = 1. Hence either x = 2q or
x = 2q+ 1. In the first case we have x = 2q is even by definition. In the case v = 2q + 1 we have that
242n+1 and so x can’t be even by definition. It follows that x is odd. [

With this proposition and proposition [2.2.1] we can derive the evenness or oddness when adding or
multiplying even or odd integers.

Proposition 2.2.7. Even and oddness for addition and multiplication
Let x,y € Z. We have that

1. If x is even and y is even then x + y is even and Ty is even.
2. If x is even and y is odd then x + y is odd and xy is even.
8. If x is odd and y is even then x +y is odd and xy is even.
4. If x is odd and y is odd then x + y is even and xy is odd.
Proof:

1. If x is even and y is even then x + y is even and Ty is even:

Suppose that x and y are even, then by proposition we have T = 2n for some n € Z and y = 2m
for some m € Z. We have that x +y = 2n+2m = 2 (n + m) hence x +y is even by proposition|2.2.1|
Likewise, we have that xy = 2n * 2m = 2 (n xm) and therefore even.
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2. If x is even and y is odd then x + vy is odd and xy is odd:

Suppose that x is even and y is odd. By we have that x = 2n for some n € Z by[2.2.1] and by proposition
we have that y = 2m + 1 for some m € 7Z.

We have x +y=2n+2m+1—2(n+m)+ 1 and so x + y is odd by proposition . Additionally,
xy =2n(2m+ 1) =2 (2mn + n) and so by proposition we have that xy is even.

8. If x is odd and y is even then x + y is odd and xy is even:

Similar to above, swapping the roles of x and y.

4. If x is odd and y is odd then x + vy is even and xy is odd:
By proposition we have that x = 2n + 1 for some n € Z and y = 2m + 1 for some m € Z.

Now, z4+y=(02n+1)+2m+1)=2(n+m)+2=2((n+m)+1). So by proposition|2.2.1| we have
T+ 1y 18 even.

Finally, zy = 2n+ 1) 2m+1) =4dnm+2n+2m+1=22nm + (n+m)) + 1 and so by proposition
(224 is odd.

As required. [

Continuing with our quest to find a method to compute the greatest common divisor. At first, it might
seem that we haven’t made much progress in finding a way to calculate the GCD. However, consider the
following examples.

Example 2.2.10. Consider a = 56 and b = 24. By the division algorithm, we have that 56 = 2 % 24 + 8.
Now what about a = 24 and b = 8% Again, by the division algorithm, we have that 24 = 3 x84 0.

Now, the divisors of 56 are 1, 2, 4, 7, 8, 14, 28 and 56, the divisors of 24 are 1, 2, 3, 4, 6, 8, 12 and
24. The largest common divisor was 8, which was the remainder after the first use of the division algorithm.
Likewise, it was the quotient in the second application of the division algorithm.

Example 2.2.11. Consider a = 4947 and b = 1552. By the division algorithm, we have that 4974 =
3% 1552 4+ 291. Applying the division algorithm to a = 1552 and b = 291 gives 1552 = 5 291 4+ 97. A third
application of the division algorithm to a = 291 and b = 97 gives 291 = 3 % 97 + 0.

Unlike with the previous example, there may be potentially too many divisors for 4947 to list them out by
trying each integer 0 < x < 4947. The same is true for 1552. Howewver, if we follow the same logic as the
previous example we might suspect that 97 is the greatest common divisor, as by the division algorithm for
a = 4947 and b = 97 we get 4947 = 51 x« 97 + 0. Applying the division algorithm to a = 1552 and b = 97
gives 1552 = 16 % 97 + 0.

Based on these two examples we might be tempted to make a conjecture on how we can potentially
calculate the GCD. A further example is needed.

Example 2.2.12. Let a = 574 and b = 34. By the division algorithm, we have that 574 = 16 * 34 + 30.
Applying the algorithm again to a = 34 and b = 30 gives 34 = 1 x 30 + 4. Another application gives
30 =74+ 2 and finally a last application gives 4 = 2 x 2.

Now, applying the division algorithm to 574 and 2 gives 574 = 287 %« 2 4+ 0 and applying it to 34 and 2
gives 34 = 17% 24 0. So we suspect that GCD (574,34) = 2.

If what we suspect is true, then repeated applications of the division algorithm might provide a way to
compute the greatest common divisor of any two integers. We can provide more evidence that this must be
the case by considering the examples in reverse.

Example 2.2.13. Consider a = 56 and b = 24. We saw that applying the division algorithm twice gave us
that

56 =2%2448
24 =3x8
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By substituting 24 = 3 % 8 into 56 = 2 x 24 + 8 we get

56 =2%24 48

56 =2 (3%8)+8
56 =68+ 8

56 = 7% 8

And hence by the definition of divisibility 8 | 56, likewise by 24 = 3 x 8 we have that 8 | 24.
Now, suppose that d is a common divisor of 56 and 24. We have that as d | 56 and d | 24, in particular
we must have that d | (2+ 24+ 8) as d | 56. Hence d | 8 as d | 24, and clearly the largest such d | 8 is 8 itself.

Example 2.2.14. In the example where a = 4947 and b = 1552. We saw that applying the division algorithm
three times gave us

4947 = 3 % 1552 + 291
1552 = 5% 291 4 97
291 =3%974+0

By substituting 291 = 3 x 97 into 1552 = 5 * 291 + 97 we get

1552 = 5 % 291 + 97
1552 = 5 (3 % 97) + 97
1552 = 15 % 97 + 97
1552 = 16 * 97

Which gives us that 97 | 1552. Now substituting 1552 = 16 x 97 and 291 = 3 x 97 into 4947 = 3 x 1552 + 291
yields.

4947 = 3 % 1552 4 291

4947 = 3% (16« 97) + 3 % 97
4947 = 48 % 97 + 3 x 97
4947 = 51 % 97

Showing 97 | 4947. Now as in the previous example, suppose that d is a common divisor of 4947 and
1552. As d | 4947 and d | 1552 then d | (3 % 1552 + 291) which gives d | 291. Applying similar logic, we see
that as d | 1552 and d | 97 then d | (5% 291 + 97) and so d | 97. The largest such d satisfying this is d = 97.

It is therefore clear that for integers a and b repeated applications of the division algorithm on b and
the remainder r give a candidate for the greatest common divisor. When this candidate is used candidate
through the equations generated by each use of the division algorithm proves that it is the largest such
common divisor of a and b. Hence, informally, we have found the method for computing the GCD! It is left
to formalise this discovery.

From working the examples in reverse we have an important proposition that will be crucial for proving
the result. Namely that the greatest common divisor of a and b is also equal to the greatest common divisor
of b and r where r is the remainder from the division algorithm.

Proposition 2.2.8. GCD (a,b) = GCD (b, )
Let a,b € 7Z so that b # 0. By the division algorithm we have that a = qb + r where q,v € Z and
0<r<|b.
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We have that

GCD (a,b) = GCD (b, r)

Proof:

Let d = GCD (a,b). By definition of the greatest common divisor, we have that d | a and d | b. By the
division algorithm we have that a = gb+ r where ¢,7 € Z and 0 < r < |b].

Hence as d | a then d | (¢b+r). Now, as r = a — gb then d | r. Hence by definition of the greatest
common divisor, we must have that d < GCD (b,r) as d is a common divisor of b and r.

Now suppose that g = GCD (b,r) then g | b and g | r. However, by proposz'tion part 3. as g | b and
g | v then Va,y € Z we have that g | (bx + yr). In particular, we have that g | (¢gb+1). But if g | (gb+7)
then as a = gb+ r we have that g | a.

Therefore we have that g < GCD (a,b). Combining the two directions gives us that

d = GCD (a,b) < GCD (b, )
g = GCD (b,7) < GCD (a,b)

That is, d < g and g < d which is true if and only if d = g. Which is to say GCD (a,b) = GCD (b, 7).
As required. [

We are almost ready to formalise the process of computing the greatest common divisor. The last step
to show is that repeatedly applying the division algorithm doesn’t result in a process that never ends. We
have for integers a and b that the division algorithm gives a = gb+ r where 0 < r < |b|. Another application
applied to b and r would give b = ¢'r + 7 where we have <7 < |r| < |b].

Clearly then, applying multiple stages of the division algorithm will always cause the remainder at each
stage to decrease, and by the condition that 0 < r < |b| this process ultimately will give a remainder of 0.
For if not then there would be some integer x so that 0 < z < 1 is a contradiction. We formally prove this
result.

Proposition 2.2.9. Remainders from multiple applications of division algorithm decrease to 0
Let a,b € Z with b # 0. Consider the result of the division algorithm on a,b, i.e

a=qgb+r, , 0<r<|b

Likewise consider applying the division algorithm to b and r to get

b=gqr+7, ,0<r<r

If we continually apply this process we have that the remainder is eventually zero.

Proof:

By proposition we know that GCD (a,b) = GCD (b, r) where r is the remainder from the division
algorithm and 0 < r < |b).

Applying the division algorithm to b and r gives us again, by proposition that GCD (b,r) =
GCD (r,r1) where 0 <1y < |r|.

Continuing in this fashion for n applications we get the chain of inequalities

0<r, <|rn1] <|rp—z| < <|ra| <|ri] <|r|

Now, for any integers x,y € Z, where x > 0 and y > 0, we have that the largest value of x so that x <y
is given by x =y — 1. Hence, in the chain of inequalities for the remainder, the smallest decrease from one
remainder to the next is 1 and hence there can only be at most r such decreases. If there were more than r
decreases, then at the n-th application we would have r, < 0 a contradiction to the division algorithm.

This bounds the length of the chain of inequalities to be at most r and therefore we eventually get to 0 as
required. [
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We can now formalise the process for computing the greatest common divisor using repeated applications
of the division algorithm.

Theorem 2.2.4. The Fuclidean algorithm
Let a,b € Z so that b # 0, and suppose that |a| > |b|. Let x,y € Z so that x = a and y =b. We have that
following these steps computes the greatest common divisor of a and b.

1. Let d = GCD (z,y). If b =0 then d = a and there is nothing more to do.
2. Otherwise, b # 0 so use the division algorithm to write a = gb+ r where 0 < r < |b|.
3. Let x = b and y = r, then by the division algorithm we have that |b| > |r|.

4. Go back to step 1. and repeat until y = 0.

Following these steps gives us that d = GCD (a, b) is the value of x after these steps have been performed.
This is to say we have that d = GCD (a,b) = x

Proof:

Let a,b € 7Z be as stated in the theorem. Let x = a and y = b. By the division algorithm we know that
a = gb+ 1 for some q,b € Z where 0 < r < |b|. Moreover by pmposz’tion we have that GCD (a,b) =
GCD (b, 7).

By this proposition, we are therefore looking for the value of GCD (b,r). By proposition we know
that the chain of remainders that are generated by repeatedly using the division algorithm must eventually be
0. Hence at some point, we are computing GCD (r,,0) after some step n. The value of GCD (r,,0) = r,.
Which is the required greatest common divisor. [

Theorem has shown that we can calculate the greatest common divisor for any integers a,b € Z
where b # 0. With this theorem, we can now assume that whenever d = GCD (a, b) is stated we know the
value of d by applying this algorithm. We can now consider properties of the GCD. One such example is
GCD (ma, mb) for some m € Z. Clearly if d = GCD (a,b) then d | ma and d | mb so d | GCD (ma, mb). As
we will see it turns out that we must have in fact, that d = GCD (ma, mb). Another property is a particular
application of proposition part 3.

We know from part 3. that if @ | b and a | ¢ then for all integers x,y € Z that a | (bx 4 cy). Now suppose
that d = GCD (a, b), then by definition we have that d | @ and d | b then d | (ax + by) for any z,y € Z. By
the definition of divisibility, we have that ax 4 by = cd for some ¢ € Z. The question now is, is it possible to
have ¢ =17

As it turns out the answer is yes.

Theorem 2.2.5. Bézout’s Identity
Let a,b € Z so that b # 0 and consider d = GCD (a,b). Then, there exists x,y € Z so that

d=ar+by

Proof:

Let a,b € Z be as given and let d = GCD (a,b). By proposition part 3. we have that as d | a and
d | b then we have that for all z,y € Z that d | (ax + by).

Let S denote the set of all such ax + by, that is

S={ar+by:z,yecZ}

Now, it is clear that there are s € S where s <0 and s € S where s > 0. Moreover, we clearly have 0 € S
as we can take x =0 and y = 0.
Now consider the set S given by

S={s€S:5>0}

We have by definition of S that Vs € S that s > 0 and so S C N. Hence by the well-ordering principle,
theorem there is a smallest element, say §. By definition of being an element of S we have that
S = axg + byy for some xg,yg € Z, where xo,yo each have a fixed value.
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We show that 3 | a and 5 | b. Suppose instead that 31 a, then by the division algorithm we have that
a = q8+r where 0 < r < |3|. It hence follows that

a=qs+r

r=a—(¢s
r=a—q(axo + byo)
r=a— qazxy — qbyo
r=a(l—qzo) +b(—qyo)

This gives us at r € S. We know that by the division algorithm that 0 < r < |3| hence r < § which gives
a contradiction to the well-ordering principle. Meaning that 51 a is false so it must be the case that 5| a. A
similar argument shows that 5 | b.

Now, we have that d = GCD (a,b) and so a = md and b = nd for some n,m € Z. Moreover, we have
that § = axg + byg. So we have that

§ = azgo + byy
§ = (md) zo + (nd) yo
5 =d(mxo + nyo)

Hence by the definition of divisibility, we conclude that d | 5. Applying part 5. of proposition we
have that d < §. But as d is the greatest common divisor of a and b we can’t have d < 5, so it follows d = 5
as required. [

We now note the more standard properties of the greatest common divisor.

Proposition 2.2.10. Properties of the greatest common divisor
Let a,b € Z with b # 0. We have the following properties of the GCD hold.

1. GCD (a,a) =a

GCD (a,b) = GCD (b, a)

Let D be the set of all common divisors of a and b. then ¥d € D we have that d | GCD (a, b)

We have that GCD (a,b) is the smallest such ax + by where x,y € Z so that GCD (a,b) = ax + by

Let m € Z with m > 0, then GCD (am,bm) = m * GCD (a,b)

a b

6. Ifd| a and d | b where d € Z and d > 0 then GCD <d’d> :%GCD(a,b)

<

. If GCD (a,b) = d then GCD (Z Z) -1

Proof:

1. GCD (a,a) = a:

Clearly, we have that a | a. Now by propositionm part 5. We have that if a | a with a > 0 then
a < a. Hence a is the largest such divisor so GCD (a,a) = a

2. GCD (a,b) = GCD (b,a):
This is trivial. If d = GCD (a,b) then d is the largest common divisor of a and b.

205



3. Let D be the set of all common divisors of a and b. then ¥d € D we have that d | GCD (a, b):
Let D be defined as above, then

D={z€Z:x>0andz|a andz|b}

Then by definition of D we have that ¥d € D that d is a common divisor of a and d is a common
divisor of b. Clearly then d | GCD (a,b) as GCD (a,b) is the largest such common divisor of a and b
and therefore GCD (a,b) € D.

4. We have that GCD (a,b) is the smallest such ax + by where x,y € Z so that GCD (a,b) = ax + by:
This follows from the proof of theorem [2.2.5. For it it were not we would have a contradiction.

5. Let m € Z with m > 0, then GCD (a,b) = m GCD (a, b):
By the previous part we have that GCD (a,b) is the smallest such element of the set

S={ar+by:z,yeclZ}

Let s € S denote the smallest such ax + by, that is s = ax + by and s = GCD (a, b).

As s = GCD (a,b) then s | a and s | b. As s | a then a = ks for some k € Z and so am = k (ms) which
is to say ms | am. Likewise as s | b then b= ls for somel € Z and hence bm =1 (ms) giving ms | bm.

Now as s = ax + by then we have that ms = m (ax + by) = a (mx) + b (my). Moreover, as s € S is the
smallest such ax + by then m (ax + by) will be the smallest such element of the set

S = {amz +bmy : x,y € Z}
Hence we have that amz + bmy = GCD (am, bm) = ms = m * GCD (a, b).

a b

1
6. Ifd | a and d | b where d € Z and d > 0 then GCD (d’d) :EGCD(a,b)

a

7€ Z, likewise as d | b then b €Z.

Let a,b,d € Z so that d | a and d | b. As d | a then we have that y

The result now follows by applying the previous part.

7. If GCD (a,b) = d then GCD (Z Z) =1

This follows by the previous part.
Concluding the proof. [

We have talked a lot about the greatest common divisor but nothing about the least common multiple.
As with common divisors, we start by making a definition of a common multiple.

Definition 2.2.9. Common multiple
Let a,b,c € Z so that a | m and b | m. We say that m is a common multiple of a and b.

Example 2.2.15. Let a =2, b =4 and ¢ = 8. We have that 2 | 8 and 4 | 8 and so 8 is a common multiple
of 2 and 4. In fact, 4 is a common multiple of 2 and 4.

Example 2.2.16. Let a = 4 and b = 14. Listing multiples of 2 we have 4, 8, 12, 16, 20, 24, 28, 32 and
so on. Doing a similar procedure for 14 we see we have 14, 28, 42 and so on. We see that 28 is a common
multiple of 4 and 14.
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Example 2.2.17. Consider a = 24 and b = 54. Listing the first ten multiples of a and b we have

24, 48, 72, 96, 120, 144, 168, 192, 216, 240, ...
54, 108, 162, 216, 270, 324, 378, 432, 486, 540, ...

The first common multiple is 216. Interestingly, we saw that GCD (a,b) was 6. We have that 216 x 6 =
1296 and 24 x 54=1296.

Example 2.2.18. We observe for any integer a that a | 0 as 0 = am for some m € F and by proposition
we must have either a =0 or m = 0. Hence 0 can be argued to be a common multiple of any integers
a and b. This result is not particularly useful.

These examples indicate that a common multiple always exists. In fact, there is always a smallest common
multiple

Theorem 2.2.6. The least common multiple of two integers exists

Let a,b € Z where a > 0 and b > 0. We have that Im € Z with m > 0 so that m is the smallest common
multiple of a and b. That is m is the smallest such integer so that a | m and b | m.

Proof:

We first prove that a non-trivial common multiple of a and b exists. That is some m # 0 as 0 can be
viewed as a common divisor of any two integers a,b. Clearly ab is a common multiple of a and b as a | ab
and b | ab. Hence a non-trivial common multiple exists.

It is left to show that there is a minimal common multiple. Let S be the set of all positive common
multiples of a and b. By the well-ordering principle, S has a smallest element as S C N. The result follows.
O

We can now make a formal definition. However, first, we can note that the restriction of @ > 0 and b > 0
is not needed.

Corollary 2.2.1. Let a,b € Z, where a # 0 and b # 0. We have that Im € Z with m > 0 so that m is the
smallest common multiple of a and b. This is, m is the smallest such integer so that a | m and b | m.
Proof:
The proof is similar to theorem|2.2.60, We have that ab is a common multiple of a and b as is —ab. Hence
we have that one of ab > 0 or —ab > 0. Let S be the set of all positive common multiples of a and b. Then
the well-ordering principle gives us that S has the smallest such element. .

Definition 2.2.10. Least common multiple
Let a,b € Z so that a # 0 and b # 0. We say that the smallest positive value m so that a | m and b | m
is the least common multiple of a and b, denoted m = LCM (a,b), sometimes written lem (a, b).

It is important to note why we say that the least common multiple is positive. If we allowed a negative
least common multiple, say —m, then for all n € Z with n > 0 we have that —nm is a smaller common
multiple than —m and so we could always find a smaller such multiple.

As with the greatest common divisor, we need a way to compute the least common multiple. We should
look again at the example where a = 24 and b = 54. We saw that the first, smallest, common multiple was
216, and that the greatest common divisor was 6. We also noted that the product ab = 1296 which is also
the product 216 x 6. We should look to more examples to see if this holds in other cases.

Example 2.2.19. Let a = 14 and b = 21. Using the method of writing multiples out we have
14, 28, 42, 56, ...

21, 42, 63, 84, ...
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So the smallest positive common multiple is 42. Now, GCD (14,21) = 7. Finally, 14 x 21 = 294 and
T %42 = 294.

14 %21
Pt LCM (14,21) = ="~
ence we have that LCM (14, 21) GCD (14, 21)
b
In general we might expect that LCM (a,b) = GC%@J))
b
Example 2.2.20. Let a =6 and b = 36. Using our expected result, we have that LCM (a,b) = C}C%(a,b)'
6 * 36
So computing GCD (a,b) we see that GCD (a,b) = 6 and so we suspect that LCM (6,36) = #9034

Writing out the multiples of both 6 and 36

6, 12, 18, 24, 30, 36, 42, ...
36, 72, 108, ...

So the smallest common multiple is indeed 36.
We have enough evidence to postulate and prove the following theorem.

Theorem 2.2.7. Least common multiple by greatest common divisor equals product
Let a,b € Z so that a > 0 and b > 0. We have that

GCD (a,b) * LCM (a,b) = ab

Proof:

Let d = GCD (a,b), then by definition we have that d | a so by proposz'tion part 1. implies that
d | ac for any ¢ € Z and in particular d | ab. Hence by the definition of divisibility, there exists n € Z so that
ab = dn.

Now as d | a then there is an integer u so that a = du, likewise as d | b then there is an integer v so that
b= dv. Hence we have that

dn = dub = n = ub, By the cancellation law for the integers
dn = adv = n = av, By the cancellation law for the integers
Hence as n = ub we have that b | n and likewise as n = av we have that a | n. Hence it follows that n is
a common multiple of a and b. We need to show that n is the smallest such multiple so then LCM (a,b) = n.

So, let S denote the set of positive common multiples of a and b and let s € S be a common multiple of
a and b. By definition of a common multiple, we have that there exists some ki, ko € Z so that s = aky and

s = bk‘g
Now, we have by Bézout’s identity we have that 3x,y € Z so that

GCD (a,b) =d = azx + by

Now, consider sd, we have that

sd = s (az + by)
= sax + sby
= (bky) ax + (aky) by
= abkox + abk1y
= ab (kaz + k1y)
= dn (ko + k1y)
s =n (kox + k1y), By the cancellation law for the integers
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Now (kex + k1y) € Z and so we have that n | s. Now by propositionm part 5. we have that n < s.
As s € S was arbitrary we have that n divides the smallest element of S by the well-ordering principle, i.e n
is the smallest common divisor and so by definition LCM (a,b) = n.

Hence we have that ab = dn = GCD (a,b) LCM (a,b). As required.  [J.

We can now justify the following corollary to compute the least common multiple.

Corollary 2.2.2. Least common multiple is product divided by greatest common divisor
Let a,b € Z so that a > 0 and b > 0. We have that

ab
LCM (a, b) = m

Proof:
By theorem [2.2.7] we have that

GCD (a,b) * LCM (a,b) = ab

b
Let d = GCD (a,b) then by definition we have that d | a and d | b so that d | ab. Hence % € Z. Hence
LCM (a,b) € Z. O
We can now show some similar results to proposition [2.2.10]

Proposition 2.2.11. Properties of the least common multiple
Let a,b € Z with a > 0 b > 0. We have the following properties of the LCM hold.

1. LCM (a,a) = a
2. LCM (a,b) = LCM (b, a)
3. Let M be the set of all positive common multiples of a and b. then ¥Ym € M we have that LCM (a,b) | m

ab

4. We have that LCM (a,b) is the greatest where GCD (a,b) = ax + by.

axr + oy
Proof:

1. LCM (a,a) = a:
As GCD (a,a) = a and a * a = a?, we have by corollary that

axa a
LCM = = — =
CM(a,a) GCD (a,a) a “

2. LOM (a,b) = LCM (b, a):
This follows as GCD (a,b) = GCD (b,a) and integer multiplication is commutative, this is to say

_ axb _ bxa
" GCD (a,b) " GCD (b,a)

LCM (a, b) = LCM (b, a)

3. Let M be the set of all positive common multiples of a and b. then¥Vm € M we have that LCM (a,b) | m:

Let M be the set of all positive common multiples. By the well-ordering principle, there is a smallest
element m. By the definition of the least common multiple we have that LCM (a,b) divides any other
common multiple, so LCM (a,b) | m. For every m € M, we have that m > m and so LCM (a,b) | m
for every m € M.
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ab

4. We have that LCM (a,b) is the greatest 2 where GCD (a, b) = ax + by:
Y

axr

By proposition|2.2.10 part 4. we have that GCD (a,b) = ax + by for some x,y € Z is the smallest such
ax + by. Hence

ab
LCM (a,b) = ——~
(9:5) = 5D (@ p)
Will be the greatest such fraction. For if not then there is either xo,yg € Z so that axg+byy < ax+by a
contradiction to part 4. of proposition[2.2.10, or we have that there is x1,y1 € Z with ax1+by, > ax+by
then by part 35. of proposition[1.6.11] we have that

ab ab
<
ary+byr  axr+by

Concluding the proof. [
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2.3 Prime and co-prime numbers

God may not play dice with the universe, but
something strange is going on with the prime
numbers.

Paul Erdos

So far we have been building a theory of divisibility. This theory has allowed us to define what it means
to be an odd or an even integer. To know when one integer divides another, and computing the largest
divisor of two integers. Where do we go from here? One question we could ask is how many divisors does a
given integer have?

2.3.1 The divisor function
We start with the following definition.

Definition 2.3.1. The Divisor function
Let x € Z. We define o : Z — Z by

o:7—17
x»—)cr(x):Zl

d|x
here we are summing over all of the divisors d of x, where if d | x then we add one to the sum total.

Rather than work with explicit examples we will provide a table of the first 20 integers.

x |112(3|4|5]6|7|8|9]10 11|12 |13 |14 |15 |16 | 17| 18| 19|20
o(z) 1223242434 |2 |62 |44 |5[2]6]|2]6

Table 7: The divisor function for the integers 1 < z < 20

There are a few things to note from this table. Firstly the only integer with a single divisor is 1. Secondly,
there are many examples of integers having only 2 divisors. These are 2, 3, 5, 7, 11, 13, 17 and 19. As 1 is
a divisor of every integer we can conclude the other divisors in the case of o () = 2 must be z itself.

What about the case when o (z) > 2. Looking at 6 we see the divisors are 1, 2, 3 and 6 itself, and from
the table o (2) = o (3) = 2. Moreover, we have that 6 = 2 x 30.

Similarly with 12 we have that the divisors are 1, 2, 3, 4, 6 and 12. Again, we have that o (2) = o (3) = 2.
Now, as 12 =26 and 6 = 2% 3 then we have that 12 = 2% 2 % 3. In both cases, we have seen that a number
2 with o (z) > 2 can be written into a product of integers with exactly 2 divisors. We can ask does this hold
in general? To do so we need to make some definitions.

2.3.2 Prime numbers
With the remarks of the previous section, we give a special name to any integer x where o () = 2.

Definition 2.3.2. Prime number

Let © € Z with x > 2. We say that x is a prime number, or simply that x is prime, if and only if
o (x) = 2. In other words, we say that x is prime, if and only if the only two distinct positive divisors of x
are 1 and itself. If x is not prime we say that x is composite.

We noted that there were many x € Z with o (x) = 2. A natural question that arises is are there infinitely
many such x, or are there only finitely so many? To answer this we need to see how primes and divisibility
interact. We first have to make another definition based on the greatest common divisor of two integers. We
show some examples to motivate this new definition.
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Example 2.3.1. Let a =6 and b = 35. By the Fuclidean algorithm, we see that

35=5(6)+5
6=5+1
5=5(1)

Hence GCD (a,b) = 1.

Example 2.3.2. Let a =2 and b = 3. By the FEuclidean algorithm, we see that

3=2+1
2=2(1)

Hence GCD (a,b) = 1. We note that a and b are prime.

Example 2.3.3. Let a =4 and b=9. By the Euclidean algorithm, we see that

9=2(4)+1
4=4(1)

Hence GCD (a,b) = 1.

We see that there are integers a,b € Z so that GCD (a,b) = 1. Meaning that they have no common
divisors other than 1. This situation turns out to happen enough in Number Theory to warrant a definition.

Definition 2.3.3. Co-prime Integers

Let a,b € Z. We say that a is co-prime to b, or a and b are co-prime, or a and b are relatively prime, if
and only if GCD (a,b) = 1.

We have some immediate results.

Proposition 2.3.1. Bézout’s Identity for co-prime integers
Let a,b € Z so that GCD (a,b) = 1. We have that 3x,y € Z so that

l=ax+by

Proof:
This immediately follows from theorem|[2.2.5. [

Proposition 2.3.2. Distinct prime numbers are co-prime

Let p,q € Z so that p and q are prime. We have that GCD (p,q) = 1.

Proof:

Let p,q € Z so that p and q are prime and p # q. As p is prime then the only positive divisors are p and
1, likewise for q. Hence the largest divisor of both p and q is 1 so that GCD (p,q) =1 by definition. O

Corollary 2.3.1. Prime not dividing integer implies co-prime

Let a,p € Z where p is prime. If pta then GCD (a,p) =1

Proof:

Let a,p € 7 where p is prime and where p { a. Suppose that GCD (a,p) = d for some d € Z. By definition
of the greatest common divisor, we have that d | p and by definition of a prime, we have that either d = 1
ord=p. Butif d =p then p | a by definition of the greatest common divisor, contradicting the assumption
that pta. Henced=1. [O
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Proposition 2.3.3. Product of co-prime integers is equal to their least common multiple
Let a,b € Z so that GCD (a,b) = 1. We have that ab = LCM (a, b).
Proof:
Let a,b € Z be as given in the proposition. We have by corollary [2.2. that

ab
LCM (a,b) = ———~
CM(9.5) = &Eh (@)
As a and b are co-prime, we have GCD (a,b) = 1, hence the result. [

Proposition 2.3.4. Coefficients in Bézout’s identity are co-prime
Let a,b € Z with d = GCD (a,b) so that by Bézout’s identity we have 3x,y € Z so that

d=ax + by

We have that GCD (z,y) =1
Proof:
Let a,b € Z with d = GCD (a,b). By Bézout’s identity we have that there exists x,y € Z so that

d=ax + by
Now, dividing by d gives
1 a n b
= —x —
a’ " d?

b
As d|a and d|b. Hence we have that 1 = kyx + koy where ky = g and ko = 7 Hence GCD (z,y) =1

and so by definition x and y are co-prime. [

With some basic results out of the way, we can start seeing more meaningful consequences of defining
prime and co-prime numbers. One of the first things we should do is see how primes divide other integers.

Example 2.3.4. Let n = 10, we have that 2 | 10 and o (2) = 2, hence 2 is prime. Moreover 10 =2 %5 and
clearly 2 | 2.

Example 2.3.5. let n =4, clearly 4 = 2% 2 and so 2 | 4. Moreover, 2 | 2.
Example 2.3.6. Let n =14 =2x%7. Both 2 and 7 are prime and so 2| 14 and 7| 14.
Then, if a prime p divides n = ab we seem to have that either p | a or p | b.

Lemma 2.3.1. Fuclid’s Lemma

Let a,b € Z and let p € Z be prime. Suppose that p | ab. We have that either p | a or p | b.

Proof:

Let p | ab. Suppose that ptb. As the only divisors of p are 1 and itself then we have that GCD (p,b) = 1
by corollary[2.3.1, Now by proposition we have that x,y € Z so that

l=px+by
Multiplying by a gives a = apx + aby and as p | apx and p | ab we have that p | a. Likewise if pfa. O
This result generalises to products of more than two integers.

Lemma 2.3.2. Generalised Euclid’s lemma
Let p € Z be prime. Let n € Z be such that

m
n = Hai
i=1

where a; € Z for each i. Suppose that p | n, then there exists an i € N so that p | a;.
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Proof:
We argue by induction on m. The base case is m = 2 which follows by Euclid’s lemma. So suppose the
result holds for some k > 2 that is if n is such that

k
n = Hai
i=1

then there is some i € N so that p | a;. We show that if n is such that

n = HCLi
i=1

then there is some i € N so that p | a;. So suppose that p | n, then
k+1

Pl Hai
i=1

We have that

k+1

P H i
i=1
k
D (H a; * ak>
i=1

k

By the induction hypothesis we have that as p | Hai then there is some i € N so that p | a; where
i=1
1 < < k. Hence we have that either p | a; or p | ags1. The result now follows by induction. [

With Euclid’s lemma, we can provide a very famous theorem. Namely, there is no € Q so that z2 = 2.
We first need a definition, based on co-prime integers.

Definition 2.3.4. Reduced fraction
Let x € Q where x = % and b # 0. We say that x is a reduced fraction, or a fraction in its lowest terms
if GCD (a,b) = 1.

We give some examples.

Example 2.3.7. Let x = =. As GCD (1,2) =1 we have that z is a reduced fraction.

Dlw N =

Example 2.3.8. Let x =

hence can write

We can compute that GCD (3,6) = 3, hence we have that 3 |3 and 3| 6. We

3 3s1 1
76 T 3x2 2

And as GCD (1,2) = 1 we can conclude  is now in its lowest terms.

We can now show the theorem.

Theorem 2.3.1. No rational exists whose square is 2
We have that Ax € Q with x? = 2.
Proof:
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a
Suppose instead that x € Q where x = 3 with b # 0. Moreover assume that x is a reduced fraction,
i.e GCD (a,b) = 1. We can make this assumption as otherwise we can reduce x until it is reduced without
affecting the proof.
We have that

22 =2
2
@ _,
B2
a? = 20?

Hence by the definition of divisibility, we have 2 | a®> and so by Euclid’s lemma we have that 2 | a as 2 is
prime. So write a = 2k for some k € Z. Then we have that

a?® = 2v?

(2k)* = 20

4k* = 2b*
2k? = b?

Hence 2 | b* and again by Euclid’s lemma we have that 2 | b. We have a contradiction as 2 | a and 2 | b
implies that GCD (a,b) > 2 and so x can’t have been a reduced fraction. But then if x was not a reduced
fraction and a and b can’t be co-prime then we can conclude that there is no rational x so that 2> =2. O

This raises the question if there is no rational x whose square is 2 then what exactly is 7 Unfortunately,
we are not quite ready to properly answer this question in a satisfying way, all we can is that we have seen
a hint of a new type of number. One that we can define but not study in more detail at the moment.

Definition 2.3.5. Irrational number “
If we have x € Q, then we say that x is irrational. In other words, x is irrational if and only if x = 7

where a,b € Z and b # 0.

Clearly, if S denotes the set of irrational numbers then by theorem that S # (). Perhaps then it
makes sense, for now, to consider which elements of z € Q so that 22 = y where y € Z, or more restrictively,
which x € Z are such that we have z? = y where y € Z.

Before we start answering this question, we note one useful result by generalising Euclid’s lemma from
the prime case to the co-prime case.

Lemma 2.3.3. FEuclid’s lemma for co-primes
Let a,b,c € Z and suppose that ¢ | ab and GCD (b,c) = 1. We have that c | a.
Proof:
Let a,b,c € Z be such that ¢ | ab and GCD (b,¢) = 1. As GCD (b,c) = 1, we have by pmpositionm
that there exists integers x,y € Z: so that
bx +cy=1

On multiplication by a we have that abx + acy = a. Clearly ¢ | abxz and ¢ | acy and so ¢ | a as required.
O

There is a useful application of this lemma.

Example 2.3.9. Let a,b € Z and let d = GCD (a,b). We know by Bézout’s identity that Ix,y € Z so that

ar +by=d
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The theorem for Bézout’s identity, theorem doesn’t state anything about there not being another
pair o',y so that

ar’ +by =d

For example, consider a = 30 and b = 105, then GCD (a,b) = 15 and we have that 15 = —3 %30+ 1% 105,
i.ex = —3 and y = 1 in this case. We could have also have x = —10 and y = 3 as —10 % 30 + 3 % 105 =
—300 + 315 = 15.

So supposing that a,b € Z and d = GCD (a,b) we know that Iz,2’,y,y’ € Z with

axr+by=d
ar’ +by =d

Can we find a relation between the pair x and y and the pair ' and y'? As d | a then there exists a’ € Z
so that a = a’d and likewise as d | b then there exists b € Z so that b =1V'd. Hence we see that

ar+by =d
adx+bdy=d
dr+by=1

Now, we have that x and y are co-prime so we can deduce that a’ and V' are also co-prime. Now, we
have that

ar +by =d = ax’ + by

So, re-arranging we see that

ar —azx’ = by — by
a(x—a')=b(y —y)
Dividing by d gives
a(z—2")=V(y -y

Now, as o’ and b’ are co-prime, we have by Euclid’s lemma for co-primes that o’ | (v —vy), We, therefore
have that 3k € Z so that

v —y=dk=y =y+dk
But as y' —y = d'k we have that

a (x—2')="V(dk)

-2 =bk
2 =x-Vk
Therefore, we can conclude that
b
/
=x— -k
’ d
Y =y+ ok
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where k € Z. To check this is the case we return to the example of a = 30 and b = 105 where we had that
GCD (a,b) = 15. We saw that x = —3 and y = 1. Using these values in the equations above we get

105
I _ o _ 77 /:__
T =-3 15k:>x 3—T7k

30

Using k = 1 gives us the alternative solution we saw of ' = —10 and y' = 3.

From Euclid’s lemma for co-primes we have deduced the full set of values where d = GCD (a,b) and
d=azx + by.

We now return to the problem at hand. We wish to consider the elements of x € Z so that 22 = y where
y € Z. As is the theme of this section we will do some exploratory examples.

2 4
Example 2.3.10. Let z € Q be such that x = T then x? = 1= 4 € Z. In particular, we have that
4=2%2=22

1
Example 2.3.11. Consider x = TO =10. Clearly 2> =100 € Z. We have that

100=2%50=2%2%x25=2%2x5%5 =22 %52

Example 2.3.12. We generalise the example of there being no x € Q so that x* = 2. We will show that
for a prime p € Z, there is no x € Q so that z© = p. So suppose there is such an x, that is x = — so that

a,b € Z and b # 0 and moreover suppose that x is a reduced fraction, which is to say GCD (a,b) = 1. We
then have that

2
9 a

T :b—2:p:>a2:pb2

Hence p | a®. Hence by Euclid’s lemma, we have that p | a. Hence let a = pk for some k € Z. We then
have that

a? = pb2
(pk)? = pb?
p2k2 _ pb2

pk = b?

Therefore p | b2 and so by Euclid’s lemma we have that p | b, a contradiction to the assumption that
was a fraction in reduced form.

This last example shows that for any prime p there is no rational number x with 22 = p. We also saw an
example of when 22 = p?, namely when p = 2. Also an example of a product of primes satisfying z? = p? * ¢>
for some primes p and ¢. It seems therefore that the question of what = € Z so that x? = y for some integer
y is deeply connected to primes. In particular, we have seen that the powers of the primes must be even.
We need more examples before we can make a claim.

Example 2.3.13. Consider v = 4, we have that x> = 8 and 8 is not prime as o (8) = 4, with divisors 1, 2,
4 and 8. However, we have that 8 = 2* and we know that 2 is prime.

Example 2.3.14. Let y = 32 5% = 5625, a product of primes. We can see that we can take x = 3% 5% = 75.

With these examples, we can see that to answer the question of what z € Z are such that 2 = y for
some y € Z, it is enough to consider the structure of the primes that make y. This leads us to, perhaps, the
most important theorem of elementary Number TheoryH

121f there is only one theorem you learn when studying Number Theory, it has to be this one!
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Theorem 2.3.2. The fundamental theorem of arithmetic

Let n € Z be such that n > 2. We have that n can be expressed as a product of one or more primes. This
product is uniquely up to the order of the primes. This is to say we have that
n = pit o ps? k psP ok -k it

where p; are the primes and e; are the powers for the prime p;. Here uniquely up to the order of the
primes means that, for example, 6 =2 %3 = 3 %2 are considered the same product.

Proof:

There are two parts to this theorem, firstly we must show that every integer n > 2 is expressible as a
product of primes. Secondly that this product is unique up to the ordering of the primes.

As a result, we will break this theorem down into two sub-theorems.

Theorem 2.3.3. FEvery integer greater than one is expressible as a product of primes
Let n € Z be such that n > 1. We have that

T =P1* P2 *P3 * - *Pg

where p; are the primes.

Proof:

We argue by induction on n. The base case is n = 2 for which we have n = 2 which is a prime. So the
base case is immediate. So suppose the result holds for some k > 2, that is n = k can be written as a product
of primes. We show that n = k + 1 can be written as a product of primes.

If k + 1 is itself prime we are done, so suppose not, then o (k+1) > 2 and so there are some factors,
say a and b so that k+1 = ab, where 2 <a <k+1 and 2 <b< k+ 1. However, this means that we have
2<a<kand2<b<k and so by the induction hypothesis we can write a and b as a product of primes.
But then ab will be a product of primes and so k + 1 is a product of primes.

The result follows by induction. [

Theorem 2.3.4. The product of primes expression for an integer is unique
Let n € Z be such that n > 2. We have that the expression for n as a product of primes is unique.
Proof:
Let n € Z be as given. Suppose that n has two different representations into a product of primes, that is

n = pip2ps .. -Pr
N =4q14293 - - -4s
where without loss of generality we suppose that v < s. Moreover, Without loss of generality suppose that
we have the primes in ascending order, that is, py < ps < p3 < --- < p, and that 3 < ¢ < g3 < -+ < gs-
Now as p1 | q1q2q3 - - - gs we have by Euclid’s lemma that py | ¢; for some 1 < i < s. Therefore p1 > q1

as the primes are in ascending order. Likewise, as qi | pipaps - .. pr, then q1 | p; for some 1 < j <r. Hence
q1 > p1- Asp1 > q1 and q1 > p1 we must have that p1 = q1. Hence we have

P1p2p3 - - -Pr = 414293 - - - 4s
P1p2p3 - - -Pr = P142G93 - - - G4s
P2p3 ... Pr =4q2493 -.-qs

This process can be repeated for each prime p; for the remaining 2 < j < r. Now if r < s we will
eventually get to

1=¢ 1912043 --- s

However the only divisors of 1 are 1 and —1, hence none of the q; forr+1 < i < s can’t be prime, a
contradiction. So r = s. If r = s then we must have that p; = q; for 1 <1i < s. Hence the two expressions
of for n are equal giving us uniqueness. [
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The fundamental theorem of arithmetic now follows from theorem [2.3.3 and theorem [2.53.4 The final
result involving the powers of primes is trivial to see. Suppose that n is a product of primes given by

n = pi1p2ps3 - .- Pk

We will have that some of the p; will be the same and others will not, if we combine the primes that are
equal then we will get that, after re-labelling so that k is once again the largest index that appears,

n = pi * ps? *p:‘,;?’ *~~~*pi"’
The result is shown. [

This theorem is of great importance. It ultimately allows us to deal with problems of divisibility by
recasting them into statements about the primes that make the integer. We make a quick definition.

Definition 2.3.6. Prime factorisation of an integer
Let n € Z where n = pi' « ps? * pg® % - - -« p*. We say that the expression for n is the prime factorisation
of n, or simply the factorisation of n

We have shown that any integer can be factored into a product of primes, a natural question we can now
ask, and answer, is how many primes are there. Could it be the case that the set of primes finite, if very
large? We can see that the number of primes is infinite.

Theorem 2.3.5. Number of primes is infinite
We have that the number of primes is infinite.
Proof:
We will argue by contradiction. Suppose that there are only a finite number of primes, say

P = {plap23p3a v 7pn}
where we have that p; < p; fori<jand1<i,j <n,iep =2, ps =3 elc. Let N be the integer

N = (p1paps - - .pn) + 1

Clearly, N is not prime as otherwise we would have N € P but N > p,, which would be a contradiction.
So N is composite and by the fundamental theorem of arithmetic, we have that N has a factorisation into
primes. Clearly, none of the p; divide N, but then none of the p; divide the prime factorisation of N from
the fundamental theorem of arithmetic, a contradiction. Hence P can’t be a finite set and the number of
primes must be infinite. [

The fundamental theorem of arithmetic can be used to recast some previous results for the greatest
common divisor. We start with a result for integers being co-primes.

Proposition 2.3.5. Greatest common divisor is 1 if and only if no-common prime in factorisation

Let a,b € Z with b # 0. We have that GCD (a,b) = 1 if and only if a and b share no common primes in
their factorisations.

Proof:

We have that GCD (a,b) = 1 if and only if the largest divisor of both a and b is 1, which occurs if and
only if there are no primes in the factorisation of a and in the factorisation of b in common. [

We can compute the greatest common divisor by considering the prime factorisations of a and b. To do
so we need a helpful result.

Proposition 2.3.6. Ezpression for integers as powers of same primes
Let a,b € Z with a > 2 and b > 2. Consider the prime factorisations of a and b given by
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€n

a = pi'py’ps’ ... P

= H ple‘

pila
Pi 18 prime

b=al'al*q]* .. .aly

= H qlfi

ailb
qi 1S prime

where n need not be equal to m. We have that there exist prime numbers

11 <ty <tgz--- <ty
So that

_ 491492493 Ju
a =ttt .t

b=thghzghs g

Proof:
Let a,b € Z be as given. We have that

— €1,€2,€3 €n
a = P1 P2 P3 pn"

b = qllquQqu:S ‘e q}{:ﬂ

In particular. Let A = {p1,p2,D3,...,0n} and let B = {q1,92,q3,...,qm}. We can therefore define the
set T = AU B. Where we have

T = {t1,t2,...,ty}

where clearly v < (n+m). We now need a way to pick the primes in the factorisation of a, and b, from
the set T.
Define 1o and tg as follows

L A—T

x> g (z) =2

g : B—T

z—p(x)=c

That is, L4 and tp simply map elements of either A or B to the same element in T'. Using these mappings
we can see that
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n
€4
=11

—Hmm
Hp

pi€A
= [T s> II #
PiEA tiGT\A
. i, If ti = p;
= H t9" where g; = ¢ I ti =p;
fET 0, Ift; ¢ A
= 0"t ..t
Likewise, for b we have
m
11
n
= HLB QJ
= H g’
q;€B
— 0
=Ml a = II ¥
9;€B t;€T\B
, i Ift; =q,
= H t;” where h; = Tiv It = 45
et 0, Ift; ¢ B

v

. hl hz h3 hv
= thigheghs 4

Hence, a and b have been expressed as a product of the same set of primes, where possibly one or more
of the powers in either of the products could be zero. As required. [

In other words, proposition [2.3.6] is saying that given the prime factorisations of a and b, we can always
construct a new set containing the common primes of a and b and use this new set to express the factorisations
of a and b. Why is this useful? It is useful because it will allow us to find the greatest common divisor of
two integers by simply looking at the primes, and the powers of those primes, in common of those integers.
We can use some examples to express this idea. The reader is encouraged to also try these examples using
the Euclidean algorithm to verify.

Example 2.3.15. Let a = 2% 3%2x5 =90 and b = 3 x 5%« 7 = 525. We have that the GCD (a,b) = 15.
Additionally, we know that 15 = 3% 5. The common primes of a and b are 3 and 5.

Example 2.3.16. Let a = 5% 11 =55 and b = 2% 7 = 14. We have that the GCD (a,b) = 1. Moreover, a
and b have no common primes.

Example 2.3.17. Let a =7+ 11%13 = 1001 and b =7+ 11 %17 = 1309. We have that the GCD (a,b) = 77,
as the primes in common are 7 and 11.

Example 2.3.18. Let a = 2 3* = 162 and b = 33 x5 = 135. We have that the GCD (a,b) = 27, as the
primes, with powers, in common is only 33.
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We show that looking at the primes in common is sufficient to get the greatest common divisor. To aid
in the notation we make a definition

Definition 2.3.7. The minimum function for integers
Let a,b € Z. We define the minimum function, denoted min (a,b) by

min : Z%2 — 7Z
a, Ifa<b

(a,b) — min (a,b) = {b b <a

Proposition 2.3.7. Greatest common divisor from prime factorisation
Let a,b € Z with b # 0. By proposition we know that there exists a set of primes

T = {t15t2;t37"'7tv}

so that the prime factorisations of a and b are given by

v
a= Htf
=1
v
b=[]t
i=1

We have that the greatest common divisor GCD (a, b) is given by
GCD (a7 b) _ trlnin(m7f1)t;rlin(ezafz)tgnin(%yfs) o t;;ﬂin(ev,fv)

Proof:
Let a,b € Z be as given as suppose that we have expressed a and b in accordance with proposition |2.3.6,
This is to say we have a set T of primes so that

T= {tlat2at37"'atv}

and the prime factorisations of a and b are given by

v
a= Htfl
i=1
v
b=t
i=1

let d = GCD (a,b) and let D = tinin(el’f1)tgmn(”’fz)t;nin(eg’fs) . tminen o) We need to show that d = D.
To do so we show

1. D<d
2.d<D

Then the result follows from the fact that for n,m € Z we have n < m and m < n we have n = m, for
ease of notation, let o; = min (e;, f;) for 1 <i <w.
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1. D <d:
We have by definition of the minimum that o; < e; and o; < f;. Hence 3k;,l; € Z so that

eiZJi—f—ki
fi=oi+1l;

H(E’ILCE, we can exrpress a as

v
— €;
11
=1
v
_ oitki
it
=1
v
_ o4k
I
=1
v v
_ o ki
I
=1 =1
v
=Dx H tf"
i=1

Therefore, as Htf‘ € Z we have that D | a. A similar argument for b shows that D | b. Hence D is a

i=1
common divisor of a and b and so by definition we have that D < d.

2.d<D:

To show that d < D we will show that d | D then by proposition part 5. we will have that d < D.
So suppose that d | D then by the definition of divisibility we have that there is some k € Z so that

d = Dk

As k € Z, it has a factorisation into primes by the fundamental theorem of arithmetic. Now, k could
have primes in common with D, hence we can take those primes that are in common with D and k
and place them into the factorisation of D, this is to say we have that

d = Dk
d = t7 5245 .. ok

d=t)"t2t5 .tk

Where we have that \; is the new value for each prime after we extract the primes that were in common
with D and k, additionally, k' are the primes that were not in common.

To get the result we want we need to show two things.

(a) k' =

(b) Ai <o foralll <i<w
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(a) K =1:
Suppose for a contradiction that k' # 1. As d > 0 and D > 0 then we must have that k > 0 which
means that k' > 0. Hence as k' > 0 we have by the fundamental theorem of arithmetic that k' has
a factorisation into primes, say

k' = qilquq? . “qz‘c

Moreover, no q; =t; as k' has no common primes with t?1t§‘2t§3 . tf,‘“. Pick one of the primes
in k' say ¢ = q; then we have that q | d. Moreover we have that d | a as d = GCD (a,b) hence
we must have that q | a. Hence we have that q is one of the primes t; a contradiction. Therefore
K =1.

(b) \i <o foralll <i<w:
Suppose for a contradiction that \; > o; for all 1 < i <wv. Without loss of generality take i =1,
for if this is not the case re-label the primes. Now by definition of o1 we have that 01 = min (e f1)
and so we must have that either o1 = e1 or o1 = f1. Without loss of generality let 01 = e1 as the
case where o1 = f1 is similar.
We, therefore, have that A1 > e1. Now, as d is the greatest common divisor of a there is a s € Z
so that ds = a where s > 0 as both a and d are. Now, comparing the prime factorisations of ds
and a we have that

sH YN0 Lt = 1SS L o

Dividing by ¢ we get that

§H EPITONNNE L N = TS e

Where clearly t5' ™" = 1. So this can be re-written as

SH Y TONNNE LN = 52458 L te

As A1 > e1, we have Ay —e; > 0. and so t; divides the left-hand side of the equation. But
by the fundamental theorem of arithmetic if t1 divides the left-hand side it must also divide the
right-hand side and so would appear in the factorisation, but it is not in the factorisation of the
right-hand side a contradiction. So \; < o; for all 1 <i <w.

Therefore d < D
As D <d and d < D we must have that d = D. As required. [

Proposition [2.3.7) allows us to compute the greatest common divisor by considering the prime factorisa-
tions, rather than using the Euclidean algorithm. Unfortunately, we now have a new problem, how do we
compute the prime factorisation of an integer? Thankfully to answer this question we have to answer the
original question posed, what € Z are such that 22 = y for some y € Z? Clearly if x € Z then z has some
prime factorisation, say

(4 € € €l
T = pi'ps’ps® ... pt

So that

o® = (PYpeps - pi) (7 P35 - i)
= (p1'p1") (P5°p3°) (p5°P5°) - - - (3" Pi")
2e1, 265, 2 2
= p161p2€2p383 .. ~pk6k =Y
For each prime p;, the power of that prime is now of the form 2e; and therefore the power is even. We
make this fact a definition.
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Definition 2.3.8. Square number
Let y € Z where y > 0, if there exists an x € Z so that

Tt =y
Then we say that y is a square number.

In light of the above discussion, we have the following result.

Proposition 2.3.8. Square number if and only if prime factorisation has even powers

Let x € Z. We have that x is a square number if and only if the prime factorisation of x only contains
even prime powers. This is to say that each prime p; in the factorisation of x has an exponent of the form
261'-

Proof:

(=): Suppose that x is a square number, by definition there exists y € Z so that y*> = x. Let the prime

factorisation of y be

y=ql'q)?q}> ... qf*

We have that then

2 2 2 2
v=y' =" gPEk g

Hence all the prime factors of © have an exponent of the form 2f; making them even.

(«): Suppose that the prime factorisation of x has prime factors which only have even powers, that is
r =p'pps® ... pet

As each e; is even we have that % € 7. Define y to be

2 2 2
y = pel/ ez/ pgs/ “.pzk/

Where clearly y € Z. We then have that

( P3
( e1/2 e1/2> ( 62/2p§2/2) (p§3/2pf3/2) (pzmpik/z)

€1,,62 €k

pUPYDs ...yt =

e1/2 62/2 93/2 ”ka/Q) (pil/Qp;z/Q 63/2“.p2k/2)

Hence as © = y? for some y € Z we conclude that = is a square number. [
We also have an immediate proposition.

Proposition 2.3.9. Product of two square numbers is a square number
Let x,y € Z be square numbers. We have that xy is a square number.

Proof:
Let x,y € Z be square numbers. We have by definition that Ja,b € Z so that

Now, consider the product xy, we have
zy = a? x b* = (ab)?

Hence by definition, xy is a square number. [
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With proposition we can finally answer the question of what = € Z are such that 22 = y for some
y € Z. It is those & € Z so that x2 is a square number! At first, this doesn’t seem too useful as we can clearly
take any n € Z and see that n? € Z. However, the real meaning of this result is actually the converse, given
some n € Z we can see if there is an x € Z so that 22 = n. With this, we make a definition

Definition 2.3.9. Square root function
Let x € Z be a positive square number. We define the square root function, denoted by V as follows

\/:Z%Z
z|—>\/5:{

n, Ifn> =2

Undefined otherwise

That is, we define the square root of an integer x to be the integer n that when squared gives x.
In light of this definition, we have the following result.

Proposition 2.3.10. Square root of product is product of square roots
Let x,y € Z be square numbers. We have that

VT = VAV
Proof:

Let x,y be as given. By propositz'on we have that Ty is a square number and so \/xy is well-defined.
We need to show that

N BN

By definition, we suppose that \/Ty = n, where n?> = xy. Additionally, we can suppose that \/z = a
where a®> = x and VY = b where b2 = y. Now, we have that

2 2 2
(Vayy)® = (ab)? = ¥ = ay = n = (ya7)
As n? = a?b? we have that n = ab. Hence we have that VIY = \/x\/y as required. [
The idea of a square number actually generalises, meaning the question of what x € Z are such that
22 = y for some y € Z can be generalised to the question what z € Z are such that 2™ = y for some y € Z
and every n € N.

The generalisation works very similarly to how we got to square numbers. As before let x € Z which has
a factorisation

— m€1,,62,€3 €k
L =P1 P2P3 Py
Now, consider =", the factorisation is given by

ney . _nez mnes NEL

T=py Py P3Py

Hence the power of each prime p; is of the form ne;. This is the defining characteristic for the next
definition.

Definition 2.3.10. n-th power number
Let y € Z with y > 0 and let n € N, if there exists an x € Z so that
"=y

We say that y is the n-th power of x. We have already seen the case of n = 2 where y is called a square
number. For n = 3 we call y a cube number. For n > 4, there is no formal term hence the definition using
the terminology of n-th power.
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The next step is to prove an equivalent proposition to [2.3.8

Proposition 2.3.11. n-th power number if and only if prime factorisation has multiples of n powers

Let © € Z. We have that x is a n-th power number if and only if the prime factorisation of x only
contains prime powers that are a multiple of n. this is to say that each prime p; in the factorisation of x has
an exponent of the form ne;.

Proof:

(=): Suppose that x is a n-th power number, by definition there exists y € Z so that y* = x. Let the
prime factorisation of y be

y=dal'aal’ . qf"

We have that then

T = y2 = q;lflq;fzq;fg quk

Hence all the prime factors of x have an exponent of the form nf;, meaning each prime power is a multiple
of n.

(«): Suppose that the prime factorisation of x has prime factors which only have multiples of n, that is

ney, nNea _nes neg

T =p' PPyt L py
e
As each e; is a multiple of n we have that — € Z. Define y to be
n

e1/n_ea/n _es/n er/n

Yy=P1 P2 P3P
Where clearly y € Z. We then have that

<
s
Il
=

Py D3

f5°)

=1

(p(;l/n ea/n_es/n - ka/n)

.
Il
—

|
-Ew

1

J

Il

I
—

o
)
J
=pi'p5?pst ...t =
Hence as x = y™ for some y € Z we conclude that x is an n-th power number. [
As before, there is an immediate proposition.

Proposition 2.3.12. Product of two n — th power numbers is an n-th power number
Let x,y € Z be n-th power numbers. We have that xy is an n-th power number.
Proof:

Let x,y € Z be n-th power numbers. By definition, we have that Ja,b € Z so that

Q
Il
8

vt =y
We have
xy =a" *b" = (ab)"

Giving the result. O
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We can now now generalise the square root function.

Definition 2.3.11. n-th root function
Let x € Z be a positive n-th power number. We define the n-th root function, denoted by 3/ is given by

V:Z—)Z

. m, Ifm" =z
x— Yr=
Undefined otherwise

That is, we define the n-th root of an integer x to be the integer m that when raised to the power of n
gilves .
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2.4 The integers modulo n

Mathematicians call it “the arithmetic of
congruences.” You can think of it as clock
arithmetic

John Derbyshire

So far in the study of the divisibility of integers, we have considered what it means for an integer a to
divide another b, namely we have that a | b if there is some ¢ € Z such that ac = b. We now explore the
implications of the case where a 1 b, in particular, we look at the the remainders from the division algorithm.

2.4.1 Remainders after division

Recall that for a,b € Z we have that a | b if 3¢ € Z so that b = ac. When this is not the case we have that
atb. By the division algorithm, when a { b we have that 0 < r < |al, that is we have that

b=qa+r

The question is, what are the possible values for »? The division algorithm gives us lower and upper
bounds on the valid values of r but does not say anything about whether it can take all values in this range.
Is only a small subset of this range valid? What happens if we allow b to be an arbitrary integer rather than
some fixed integer? Some exploratory examples will be helpful.

Example 2.4.1. Let a = 2 and consider some b > a. We have by the division algorithm that

b=2q+r

Hence v can only be one of 0 or 1. Now if r = 0 then we must have that b is an even number and if
r =1 we must have that b is an odd number. Then as b is an arbitrary integer we must have that dividing
any integer by 2 will give us all of the possible remainders as an integer x € Z is either even or odd.

Example 2.4.2. Let a = 3 and consider some b > a. By the division algorithm we have that r is either 0,
1 or 2. Like before, if r = 0 then b is a multiple of 3 so that b = 3q.
Now, suppose b is a multiple of 3. We have that b+ 3 is also a multiple of 3 as

b+3=3¢+3=3(q¢+1)

So, as b is a multiple of 3 and b+ 3 is a multiple of 3 then these will give a remainder r = 0 by the
division algorithm. What can we say about b+ 1 and b+ 2?2 Using b+ 1 in the division algorithm with 3
gives

b+1=3¢+1

as b = 3q. Hence the remainder is 1. Likewise using b + 2 in the division algorithm with 3 gives a
remainder of 2. As b was an arbitrary integer, we can conclude that the possible remainders when dividing
an arbitrary integer by 3 are 0,1 and 2. All of the possibilities are realised for the division of an arbitrary
integer.

Example 2.4.3. Let a = 4 and consider some b > a. The division algorithm gives the possible range of
remainders of 0,1,2 and 3. Like the previous example, we see that if the remainder is 0 then b is a multiple
of 4, so similarly b+ 4 is a multiple of 4. Looking at b+ 1, b+ 2 and b+ 3 we see by the division algorithm
that
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b+1=4g+1
b+2=4q+2
b+3=4q+3

So diwviding an arbitrary integer by 4 will give a remainder in the range 0 to 3 inclusive.

These examples suggest that when dividing an arbitrary integer b by some a € Z with a > 0 will always
give one value r with 0 < r < |a|. This is true not just for the examples above but for every a > 0. We can
prove this but first make an important observation.

Corollary 2.4.1. Let a,b € Z with b > a. Consider the division algorithm for b divided by a, that is we
have

b=qa+r
for some q,r € Z and 0 < r < |a|. We have that a | (b—r).
Proof:
Let a,b € Z be as given by the hypothesis. The division algorithm applied to a dividing b gives

b=qa+r
This gives (b — 1) = qa and so by the definition of divisibility we have that a | (b—1r). As required. O

Corollary is slightly misleading, this corollary provides the bedrock for the rest of this section.

2.4.2 Congruences and residues (Modular arithmetic)

We are now able to define the main topic behind this section. Corollary tells us that when we divide b
by a, then the difference between b and the remainder r is always divisible by a. This is to say a | (b — 7).
Now suppose we have another integer ¢ so that when c is divided by a the remainder is also . We then also
have a | (¢ — ), in a sense b and ¢ are similar when divided by a. That is they give the same remainder after
division. We use this to make the definitions.

Definition 2.4.1. Congruences, congruent number and residue number
Let a,b,n € Z so that n > 0. If we have that a and b have the same remainder when divided by n we say
that a and b a congruent modulo n. This is denoted by

a=b (mod n)

We call b a residue of a modulo n. We usually say that a is congruent to b modulo n. We define a
congruence to capture the notion of congruent numbers and residue numbers. We call the number n the
modulus of the congruence.

If a is not congruent to b, equivalently if b is not a residue of a we write a Z b (mod n).
We can make use of corollary to connect division to congruences.

Proposition 2.4.1. Congruent if and only if the difference is divisible by modulus
Let a,byn € Z and fit n > 1. We have that a = b (mod n) if and only if n | (a —b).
Proof:

By the division algorithm, we have that

a=qn—+r
b=qgn+7r
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for some q,q',r,1" € Z where 0 < r < |n| and 0 <1’ < |n|. Hence we have that

a—b=(g—q)n+(r—r)

where —m <r —1’ <n.
(=): Suppose that a = b (mod n). By definition of congruences, we have that a and b share the same
remainder when divided by n. Hence r =1’ and sor —r' =0 so that

a=b=(g=q)n
which implies that n | (a — b).
(«<=): Now suppose that n | (a —b). We then have that
(@a=b)—(g—q)n=(r—1)

Where —n < r —r' < n. The only integer strictly between —n and n which is divisible by n is 0. Indeed
if there were such a number between —n and n which was divisible by n it would be a multiple of n so the
inequality wouldn’t be strict. Hence r —r’ = 0 which implies that r = r'. So by the definition of a congruence,
we have that a =b (mod n). O

Proposition [2.4.1| gives us a bridge, allowing us to translate statements about divisibility into statements
about congruences and visa versa. To get used to working with congruences we will use some examples.

Example 2.4.4. Suppose you were asked given that it is Monday, what would be the day in 100 days times?
We can make use of the fact that days repeat in a 7-day cycle. By the division algorithm, we have that

100 = 14(7) + 2

That is to say, 100 = 2 (mod 7). So we know that if the current day is a Monday, then in 100 days times
the day would be a Wednesday.

Example 2.4.5. The previous example can also be used to calculate some time in the future. Suppose we
are using a 24-hour clock and we know that it is 1 PM, what would be the time in 164 hours?

To find this we make use of the fact that a 24-hour clock repeats every 24 hours. So we need to compute
the remainder of 164 when divided by 24. The division algorithm gives

164 = 6 (24) + 20

Hence 164 = 20 (mod 24). Now on a 24-hour clock, 1 PM is equal to 13. So the time 164 hours later
will be given by 13 + 20 = 33. We have a problem, 33 is not on a 24-hour clock! To find what time this is
we need to find the remainder when 33 is divided by 24. We can quickly see that

33=1%24+9
S0 33 =9 (mod 24). Hence, 164 hours after 1 PM

Example 2.4.6. Let a,n € Z. We have that n | (a — a) and so by proposition that a = a (mod n).

Example 2.4.7. Let a =8, b =11 and n = 5. Using the division algorithm we can see that
8 =3 (mod 5)
11 =1 (mod 5)
Now, consider a +b =19. By the division algorithm, we see that

19=3%x5+4+4

So that 19 = 4 (mod 5). It would seem that we can add congruences together and the result makes sense.
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The last two examples hint at some properties of congruences which should be investigated. In particular,
a = a (mod n) is one criterion of being an equivalence relation. Do the other properties for being an
equivalence relation hold? This is to say if @ = b (mod n) do we have that b = a (mod n) and if a = b (mod n)
and b = ¢ (mod n) do we have a = ¢ (mod n)? As it turns out the answer is yes

Proposition 2.4.2. Congruences are an equivalence relation
Let a,b,n € Z so that n is fired and n > 1. Consider the relation ~, where

anr~pb < a=b (mod n)
We have that ~,, is an equivalence relation. That is
1. a=a (mod n)
2. Ifa="b (mod n) then b =a (mod n)
3. Ifa="b (mod n) and b = ¢ (mod n) then a = ¢ (mod n)
Proof:

1. a=a (mod n):
Asn | (a — a) then by proposition that a = a (mod n).

2. Ifa="b (mod n) then b =a (mod n):
Suppose that a = b (mod n) then n | (a —b). By the definition of divisibility, we have that Ik € Z
so that a — b = kn. Multiplying both sides by —1 gives b —a = (—k)n. So again by the definition of
divisibility, we have that n | (b —a) and so b= a (mod n).

3. Ifa=b (mod n) and b = ¢ (mod n) then a = ¢ (mod n):

Suppose that a = b (mod n) and b = ¢ (mod n), then n | (a—0b) and n | (b—c). Property 3. of
proposition then gives us that n | ((a — b) + (b — ¢)).
Clearly (a —b)+ (b—c¢) =a—c and so n | (a — ¢) which is to say a = ¢ (mod n).

As required. [

We now know that congruences form an equivalence relation, one for each n > 1. So we can consider the
equivalence classes that are formed by congruences. Let a € Z, what does the equivalence class [a] look like?
Recall that [a], is given by

n

la], ={r€Z:a~y,x} ={r€Z:a=x (modn)}

That is, the equivalence class [a] is a set of integers that are congruent to @ modulo n. Equivalently, as
~, is an equivalence relation, we have that ¢ =  (mod n) is the same as z = a (mod n). Hence we can
view [a] as the set of integers that x so that x gives a remainder of ¢ when divided by TE This is to say

la],, ={x €Z:2 =a (mod n)}

For example, suppose that a = 0, then we have that

0], ={r €Z:2=0 (mod n)}
={..,—2n,n,0,n,2n,...}

Likewise, when a = 1 we have that

131 prefer this way of thinking.
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1], ={r€Z:2=1 (modn)}
={.,1-2n,1-n,1,14+n,142n,...}
That is, the equivalence class of 0 modulo n is simply the multiples of n and the equivalence class of 1
modulo n are one more than a multiple of n.

How many congruence classes are there for a given n? Clearly, by the definition algorithm, there are at
most n such classes, We can show that there are exactly n classes.

Proposition 2.4.3. Number of equivalence classes for congruence equivalence relation
Let a,b,n € Z so that n > 1 and consider the relation ~,, given by
ar~pb < a=b (mod n)
We have that there are n equivalence classes for the relation ~.,,, one for each possible remainder.
Proof:
By the division algorithm applied to n dividing a we have for a,b,n € Z with n > 1 that
a=qn—+r

for some unique q,r € Z and 0 < r < |n|. Hence the possible remainders are in the set

R=1{0,1,2,...,n—1}

as n > 1. Firstly we show that no two i,5 € R are congruent modulo n. So suppose, WLOG, that
0<i<j<mn,thenj—i>0andj—i<n. Then we have that nt (j —4) and so j Z i (mod n). As the
choice of i,7 was arbitrary we conclude that no two elements of R are congruent. It was shown in the proof
of theorem that unequal equivalence classes are disjoint, which is to say unique. Hence [i], # [j],, for
alli,j € R.

Now, it is left to show that any given r € R belongs to exactly one equivalence class. This is clear upon
rewriting the result from the division algorithm as

a—r=qn
which gives that a = r (mod n). O

It follows immediately by theorem that the equivalence classes modulo n partition Z. Additionally
we have that [a], = [b],, if and only if @ = b (mod n).
As we have shown that ~,, is an equivalence relation we can define the quotient set, as in definition [1.5.3

Definition 2.4.2. The integers modulo n
Let a € Z. We define the quotient set Z,, to be

Ly ={[a], :a € Z}

By proposition [2.4.3 we know there are n such sets which correspond to all the possible remainders when
an integer a is divided by n. Hence we can explicitly write

If we take the canonical representative of each class, for example, if the class is [0], we take the canonical
representative to be 0. We can write Z,, more cleanly as

Z, =1{0,1,2,...,n— 1}
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As hinted by an example and because we have defined arithmetic on Z, the next natural question is how
does arithmetic work in Z, 7 Recall the example, we had that a =8, b =11 and n = 5 and

8 =3 (mod 5)
11 =1 (mod 5)

When we computed a + b = 19 and found that

19 =4 (mod 5)

What about multiplication? We know that 8 x 8 = 64 and we can see that 64 = 4 (mod 5). Multiplying
the residue of 3 with itself we get 3% 3 = 9 from which we see 9 = 4 (mod 5). Similarly, we can see that
subtraction makes sense in Z,,. We know that 11 —8 = 3 so clearly 3 = 3 (mod n). Subtracting the residues
gives 1 —3 = —2. At first, this seems to be a problem, we seem to be saying that 3 = —2 (mod 5). However,
a quick review of the definition of congruences tells us that is correct. We know that ¢ = b (mod 5) if and
only if n | (a — b), in our case we indeed have that 5| (3 — (—2)) as 3 — (—2) = 5.

We can make the idea of addition, subtraction and multiplication rigorous.

Proposition 2.4.4. Addition, subtraction and multiplication of congruences
Let a,b,c,d,n € Z so that a =b (mod n) and ¢ = d (mod n). We have that

1. (a+¢)=(b+d) (mod n)
2. (a—c
3. (ac) = (bd) (mod n)

~—
Il

(b—d) (mod n)

Proof:

Let a,b,c,d,n € Z be as given by the hypothesis. As a = b (mod n) we have by proposition that
n | (a—0>b) and so by the definition of divisibility we have that a — b = kn. Likewise, we have that as
¢ =d (mod n) then by proposition that n | (¢ — d) and so by the definition of divisibility we have that
c—d=ln.

In particular, we have that a = b+ kn and ¢ = d + In. It follows that

a+c=(b+kn)+ (d+In)
=(b+d)+ (kn+1in)
= (b+d)+n(k+1)
=n|((a+c)—(b+4d)
= (a+c¢)=(b+d) (mod n)

Likewise, for subtraction we have
a—c=(b+kn)—(d+In)
=(b—d)+ (kn—In)
(

=(b—d) +nk-1)
=n|((a—c)—(b—d)

Finally, for multiplication, we see that
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ac = (b+kn) (d+In)
= bd + bin + dkn + kin®
= bd +n (bl + dk + kin)
= n | ((ac) — (bd))
= (ac) = (bd) (mod n)
As required. [

This proposition provides the backbone of showing that the operations of addition, subtraction and
multiplication are well-defined on Z,.

Definition 2.4.3. Addition, subtraction and multiplication on Z,
Let a,b,n € Z with n > 1. We define addition, subtraction and multiplication on Z, by

1. [a], + [0, = [a +0],
2. ], =[], = la =1,
3. la], [b],, = [ad],,

We prove these are well-defined.

Proposition 2.4.5. Addition, subtraction and multiplication on Z,, is well-defined and closed
Letn € Z so that n > 1. We have that addition, subtraction and multiplication of equivalence classes are
well-defined and closed. This is to say Vx,y € Z, we have that

1. [z], + ], =z +yl, €Z,
2. 2], = [yl, =[x -], €Zn
3. [, ], = [vy], € Zn

Proof:
Suppose that a € [x], and b € [y|,,. By definition, we have that a = = (mod n) and b =y (mod n).

By proposition we have that
1. a+b=z+y (mod n)

2. a—b=xz—y (mod n)

3. ab = zy (mod n)

So that a+b € [z +y],, a—b € [z —y] showing the operations are well-defined. Closure

18 immediate in each case. [

, and ab € [xy],

We now have a well-defined idea of arithmetic on Z,. A poor student or a particularly clever dog will
realise immediately that we have missed out on some operations that were defined on Z. In this section for
example we defined what integer division means. What about exponentiation?

We will first look at exponentiation. Thankfully there isn’t much work to do as we can make use of the
definition of multiplication for Z,,. We can see that
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So clearly exponentiation is well-defined. Now, what about division? We expect that to get a well-defined
definition for division in Z,, it should respect the definition of divisibility for the integers. Here in lies the
problem, division over Z is not well-defined, for example, 3 { 2, so it is clear there is no equivalence class
for this case. What about the cases where division over Z is well-defined? This is our definition of being
congruent so we can’t extend to division of congruences this way either.

However, recall that we have defined the idea of a multiplicative inverse. In particular, we had that for
x € Z such that z # 0, then y € Q was said to be a multiplicative inverse of = so that

rxy=1=yxzx

Perhaps then, we might hope to recover some notion of division modulo n by using multiplicative inverses.
Such a definition, of course, would have to respect congruences. So for x € Z,, with 2 Z 0 (mod n), we are
looking for y € Z,, so that z xy =1 (mod n) To start, it would be wise to look at multiplication for a few
small values of n > 2, to get a feel for what we are looking for.

x| 011
0|0
1101

Table 8: The multiplication table for n = 2
* 0] 1|2

0701010
11011]2
210121

Table 9: The multiplication table for n = 3
012

WIN| = O *
[en) New) Han] Ran)
WIN| =D
O N O
=N W Ol Ww

Table 10: The multiplication table for n =4
x| 0]1])2]3|4

W = O
o|lo|o|lo|lo
=W N = O
Wl =N O
N =W O
N WO

Table 11: The multiplication table for n =5
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QY | W N O] %
jen) Hen] Hen) Hen) Nen) Nen) Nan)
QYW N RO~
BN O N O N
WO W OoOWwo|lw
N | O N | Of
=N W | O O Ot

Table 12: The multiplication table for n = 6
0|1(2|3|4|5]|6

| UY x| W N | O *
[en) Hen) Hen) Hen) Rev) Nev) Neaw)
| Y = WO
T W O INO
O N O W O
W DN U = O
N | D =W o O
N W | OO O

Table 13: The multiplication table for n =7

What do these tables tell us? Starting with the case n = 2, we see that only 1 = 1 mod 2 has a
multiplicative inverse, namely 1 =1 mod 2. For n = 3, we that if z = 1 (mod 3) then we can take y =1
mod 3 and likewise if = 2 (mod 3) then we can take y =2 mod 3.

Things get a little more complicated for n = 4. We see that if z = 1 (mod 4) then we take y = 1 (mod 4)
and if £ = 3 (mod 4) we take y = 3 (mod 4). What about = 2 (mod 4)?. Looking at the table we see
that 2« 1 = 2 (mod 4) and  *3 = 2 (mod 4), finally  *2 = 0 (mod 4). A disaster! We have that 2 does
not have a multiplicative inverse modulo 4. Hence not all elements of Z, have a multiplicative inverse. A
similar situation occurs for the case n = 6, for example, the row for = 3 (mod 6) shows only 3 and 0 can
be results.

So our quest of being able to define some notion of division for Z,, in general appears to be at an end.

That being said, the situation looks more promising in the cases of n = 5 and n = 7. For Zs we have
that the following multiplicative inverses, for those  #Z 0 (mod 5)

!L'_l

NEGUIR N R
=N o =

Table 14: The elements x # 0 (mod 5) and their respective multiplicative inverses

Likewise for the elements z #Z 0 (mod 7) for Z7; we have

$_1

| OY x| W N —| &
O WO DN O | =

Table 15: The elements x Z 0 (mod 7) and their respective multiplicative inverses
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We saw similar situations for Zy and Zs, so what do Zs, Z3, Zs, Z7 have in common? The thing they
have in common is that the modulus is a prime! Does this result hold for all primes? If so, why? If not, why
not and what primes does it fail for?

We also saw cases in Z4 and Zg where certain elements did have a multiplicative inverse. For example
in Zy we saw x = 1 (mod 4) had the multiplicative inverse of 1, similarly we saw z = 3 (mod 4) had a
multiplication inverse of 3. In Zg we can see that 1 has the inverse of 1, and 5 has an inverse of 5. So what
is special in the case where n is not prime that allows some elements to have an inverse?

In the case of Z, the elements which had an inverse, 1 and 3 are co-prime to 4. Likewise in Zg the
elements that had inverse were 1 and 5 which are again co-prime to 6. When n was prime, we make the
trivial observation that all non-zero elements of Z,, are co-prime to n, for if not then they share a common
prime factor and hence the greatest common divisor would be larger than 1. It seems we have recovered our
original goal, that is to say, it looks like it is the case that an element of x € Z,, for n > 2 has a multiplicative
inverse if GCD (x,n) = 1. Clearly, this is an if and only-if statement.

Proposition 2.4.6. Ezistence of inverse element in Z,
Letn € Z withn > 2. Let x € Z,,. The multiplicative inverse of x in Z,, exist if and only if GCD (x,n) = 1
Proof:
(=): Let x € Zy, have an inverse y € Z,,. We therefore have that

zy =1 (mod n)

By the definition of congruences, we therefore have that xy = 1+ kn for some k € Z. Let d = GCD (z,n).
As d is the greatest common divisor of x and n we have that d | x and d |n sod | xy —kn. But xy —kn =1
sod| 1. Clearly GCD (z,n) > 1 and so we conclude that d = 1.

(«<): Suppose that GCD (z,n) = 1. We have by Bézout’s Identity (theorem[2.2.5)) that 3a,b € Z so that

ar+bn=1

Modulo n, we get that ax =1 (mod n) and so a is the inverse element of x in Z,,.
As required. [

Corollary 2.4.2. All non-zero elements of Z,, exist if n is prime

Let p be prime. We have that all the non-zero elements of Z,, have a multiplicative inverse.

Proof:

By corollary if p is a prime and p 1 a for some a € Z then GCD (a,,p) = 1. Now suppose that
x € Ly, clearly x < p. In particular p |/x. As this is true for every non-zero x € Z, then GCD (z,,p) =1
and so each x € Z,, has a multiplicative inverse by proposition . U

We have now recovered a definition of division of the congruence classes of Z,. Now that modular
arithmetic is on a solid footing, what can we use it for? One immediate use case is solving problems about
divisibility.

Example 2.4.8. We will show that 6 | a(a+ 1) (+2) for every integer a. We observe that the possible
residues of a modulo 6 are 0, 1, 2, 3, 4 and 5. It is enough to check that each is congruent to zero modulo 6.
When a =0 mod 6 we see that a+1 =1 (mod 6) and a +2 =2 (mod 6). So that

ala+1)(a+2)=0%1%x1=0 (mod 6)
Now, when a =1 mod 6 we see that a +1 =2 (mod 6) and a+ 3 =2 (mod 6), giving

ala+1)(a+2)=1%2%x3=0 (mod 6)

As 1%2%x3 =6 which is congruent to zero modulo 6. We see that, with an abuse of notation for brevity,
that
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a | a(mod6) | (a+1) (mod6) | (a+2) (mod 6) | a(a+1)(a+2) (mod 6)
2 2 3 4 24=0
3 3 4 ) 60=0
4 4 5 0 0=0
) ) 0 1 0=0

Table 16: The residues of a (mod 6) for a > 2, the values of each term and their resultant multiplication
modulo 6

We can see that the product is always zero modulo 6. As each product is always congruent to zero modulo
6 then a(a+1)(a+2) =0 (mod 6) which implies 6 | a(a+1) (a+2).

The astute reader may notice that this feels longer than a proof that uses only the definition of divisibility.
The astute reader would be correct. In fact we have that 6 | m for some m € Z if and only if 2 | m and 3 | m.
Indeed, suppose that 6 | m then m = 6n for some n € Z, moreover 6 = 2 x 3 so m = 2 * 3 x n which
implies that 2 | m and 3 | m. Conversely, if 2 | m and 3 | m then 6 clearly divides m as 2 and 3 will appear
at least once in the prime factorisation of m. So why did we bother with congruences? By first doing the
longer calculations and then the shorter proof, we have seen a hint at a possible generalisation to the theory!
That is, if a = b (mod n) for some n € Z with n > 0 with a prime factorisation

n = pilp?pgs . 'pzk
then we might expect that a = b (mod n) if and only if a = b (mod p{*) where ¢ = 1,2,...,k. We can
prove this.

Proposition 2.4.7. Congruent if and only if congruent to each prime in factorisation
Letn € Z so that n > 0 and n has a prime factorisation given by

n = pilp?pgs . .ka
Let a,b € Z. We have that a = b (mod n) if and only if a =b (mod pi*) for each i where i =1,2,... .k

Proof:
Let n € Z be as given in the hypothesis. We have that

a=b (modn) < n|(a—0b)
<= py'py’ps’ ... ppt | (a—b)
<~ pi'|(a—0), Foreachi=1,2,...k
<= a=b (mod p;*), For eachi=1,2,...,k

As required. [

Another use of congruences is in cryptography, which is a field of study of taking messages and encoding
(obfuscating) them in such a way that only the person the message was intended for can read it. This is
especially true for the RSAE encryption method. We already have some of the mathematical machinery
required to explore how this method of cryptography works, namely prime numbers and congruences. On
the other hand, we still lack some important theory. If cryptography is the field of encoding messages so
that only the person the message was intended for can read it, then there is some method that encodes
the message and a method that decodes the message using some information known to both the sender and
recipient. This means that using this information the recipient will have some method of finding out the
original message! We look at this idea in more detail.

14RSA stands for Rivest—Shamir—Adleman
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2.5 Diophantine equations and Polynomials

I had a Polynomial once. My Doctor removed
it.

Micheal Grant

We start with a definition that we have seen numerous times so far but have not formally defined. That
of an equation.

Definition 2.5.1. Equation
An equation is a mathematical statement that states that two expressions are equal.

This seems simple enough, but what does it mean? Unfortunately, this depends on the situation, different
situations will have a different meaning of what a statement is. Thankfully, we have seen equations already
throughout the text so this abstract definition is familiar to us. For example

1+1=2

is an equation. So is GCD (a,b) = d, in a similar vain we have from Bézout’s Identity that d = ax + by
is also an equation. So why define something if it is really this simple? Simply put, we can use the idea of
an equation in a more complex way. For example,

1+x=2

says that 1 plus z is equal to 2 but we don’t know what = is. However, we can see that

l1+x=2

r=1

That is, we see that x = 1, this is an equation! This is where the power of an equation starts to show its
worth. If we have a problem where we don’t know the value of some quantity of interest, we might be able
to work out what that quantity is. We have seen more complex examples of equations, for example 22 = 2
which we have shown has no value of x € Q where it is true.

Hence, equations that contain a value, or maybe multiple values that we don’t know but want to know,
are important. This section is focused on looking at such equations. We make another couple of definitions
for when an equation contains a value we don’t know.

Definition 2.5.2. Variable

A variable is a value that is allowed to be changed either freely or restricted by some constraint or equation.
A wvariable can be taken to be any meaningful value, either inside or outside of some set S. The context of
the statement under study usually makes it clear where the variable belongs.

Definition 2.5.3. Indeterminate variable
An indeterminate variable is a variable value which has not been specified. As with a variable, it could be
inside or outside of some set S.

Definition 2.5.4. An unknown variable

An unknown variable, or simply an unknown, is a variable whose value is unknown but we wish to find
its value. As before, this unknown variable is to be taken as a member of a set S. If a value for the unknown
variable can be found, we call it a solution to the equation.

For example, the equation 5z + 1 = 2 would have z as the indeterminate variable, if we were solving for x
then x would be the unknown variable as well. The equation 2x + 5y = 6 has two indeterminate variables, x
and y. We can potentially have many indeterminate variables in an equation. Moreover, in many problems,
we will have a certain type of variable whose value can vary but is not the unknown that we are looking to
solve for. We define this type of variable as well.
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Definition 2.5.5. Coefficient
A wvariable which can vary but is not the variable that is being solved for is called a coefficient, or a
parameter of the equation.

So, let’s start simply and consider the simplest equation possible with one unknown variable and two
coefficients.

rT+a=2"b

This is simple to solve for the unknown x, simply take a from both sides to give x = b—a. So for example
if we let a,b € Z say with a =5 and b = 3, then we see that x € Z with x =3 — 5 = —2. This is also true if
we take a,b € Q. A more complex form of the above equation is

ar+b=-c

Now we hit a problem we are looking for a solution x € Z. Firstly, we have that ax = ¢ — b, but
then a solution = € Z can occur if and only if a | (b—¢). If we look for a solution where z € Q then no
such problem occurs. Therefore, the set that we are looking for solutions in is crucial in solving equations.
With our current theory, the situation gets more hopeless the more complicated the equation becomes. For
example, if we consider the equation

422 +22+3=0

Does this equation have solutions in Z7? How about Q7. Additionally, what happens if we have more
than one equation or unknowns? For example, consider the two equations given by

4 +2y =6
—2x+5y="7

How do we solve equations like this? This section aims to answer questions like these. We make a final
definition, a special case for when we only seek integer solutions.

Definition 2.5.6. Diophantine equation
An equation for which the solutions have to be integers is called a Diophantine equatimﬂ.

2.5.1 Linear Diophantine equations
2.5.1.1 Linear equations with two variables
We start where the previous section left off, by looking at the simplest type of equation that can be solved.
Definition 2.5.7. Linear equation of a single indeterminate variable
Let S be a set. We say an equation is a linear equation in a single variable x if it has the form
ar+b=c

for some coefficients a,b,c € S and an indeterminate variable x. In particular as this equation only has
one indeterminate variable we say it is a single-variable linear equation.

We have already seen that solutions to this equation exist in Z if and only if a | (¢ — b), and a solution
always exists if we want z € Q. Things are a bit more interesting if we introduce a second variable.

Definition 2.5.8. Linear equation of two indeterminate variables
Let S be a set. We say an equation is a linear equation in two variables x,y if it has the form
ax+by=c

for some coefficients a,b,c € S and indeterminate variables x and y.

15Named after the 3rd-century mathematician Diophantus of Alexandria
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We have seen this type of equation before, in Bézout’s Identity (Theorem [2.2.5). In Bézout’s Identity,
we have that the greatest common divisor, d, of two integers a, b can be expressed as

ar +by=d
for some x,y € Z. This gives us examples of already solved equations, but what about the other way?
Given an equation of the form
ax+by=c

with a,b, ¢ € Z given, can we find integer values for = and y?. That is, we are considering az + by = ¢ to
be a Diophantine equation. If the reader is sufficiently alert, they will notice that by mentioning Bézout’s
Identity we are hinting that it will be crucial to finding the solutions.

We know of one solution, namely if GCD (a,b) = d and ¢ = d then the solution is found by the Euclidean
algorithm. Now if ¢ were a multiple of d can we find solutions? Recall proposition part 4. We have
that GCD (a,b) = d is the smallest such so that az 4+ by = d, given that this is the smallest such then we
can show that there exist others, namely these solutions are multiples of d.

Proposition 2.5.1. Integer has form ax + by if it is a multiple of the greatest common divisor of a and b
Let a,b € Z and d = GCD (a,b). Let c € Z. We have that
c=ax+by
if and only if d | c. Which is to say c is a multiple of d
Proof:
(=): Clearly if c = ax + by then as d = GCD (a,b) we have by propositionm part 3 that d | c.
(«<): Suppose that ¢ = de for some e € Z. By Bézout’s Identity, we have that Ju,v € Z so that
d = au+ bv

where d = GCD (a, b). Multiplying both sides by e we get

c = aue + bve = ax + by

Hence x = ue and y = ve.
As required. [

Armed with this proposition we can find the solutions to the Diophantine equation ax + by = c.
Proposition 2.5.2. Solutions to the Diophantine equation ax + by = ¢
Let a,b,c € Z be such that
ax+by=c

for the indeterminate variables x,y and let d = GCD (a,b). We have that there are solutions so that
x,y €Z if and only if d | c.
Moreover, there are infinitely many solutions where the solutions are given by

bn
IZLEQ—FH
an
y:yo—j

where xq,yo € Z is one solution.

Proof:

The existence of a solution is given by proposition [2.5.1 It is left to show that the suggested solutions
z,y are solutions and that there are infinitely many solutions. This follows the argument in example [2.3.9,
We give the argument again to refresh the reader’s memory.
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Let xg,yo € Z be a solution, then we have that

axg + byg = ¢
For anyn € Z let
bn
T =x9 + T
an
Y=Y — 0
bn » . L ab
We then have that " € Z as d | b by definition of the greatest common divisor, likewise for rE Hence,
we have that

bn an
ax—l—by:a(mo-i-d)—i-b(yo—d)

bn

an
= 2 bye — b—

awo+ad+yo P
—ax—f—abn—i—b _abn
= aro a Yo a

=axg+byy =c

Hence x,y is a solution. Moreover, as n € Z is any integer we have shown that there are infinitely many
solutions. It is left to show that these are the only solutions.

Let x,y € Z be any solution to ax + by = ¢, and let xg,yg € Z be a particular solution. Hence

ax + by = axgbyg
Subtracting axobyg from the right-hand side gives

ax + by — axobyo =0
a(r—=z0) +b(y—yo) =0

Now, as d = GCD (a,b) then we have that d | a and d | b so that

a b
g(a:—xo)+g(y—yo):0
a b

g(l’—ﬂﬁo):—g(y—yo)

If a = b =0, we are done so suppose not. Then one of a or b is non-zero. Without loss of generality,

b
suppose that a # 0. We have that by proposition |2.2.1( that if GCD (a,b) = d then GCD (3, d) =1,

a b
moreover by definition of co-prime integers we have that g and p are co-prime.

we have that % | — (y — yo). Hence there is somen € Z

By Fuclid’s lemma for co-primes (lemmal|2.3.5
so that

a
—(y—yo)zng

Which is to say
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an
y:yo—j

Similarly, we have that

T =9+ —

As required. [

2.5.1.2 Linear equations with more than two variables

A natural question to ask now is what happens when we have more than two indeterminate variables? For
example azx + by + cz = e? We can take some inspiration from the two variable case.

Recall that for ax + by = ¢ with d = GCD (a, b) that there are solutions with z,y € Z if and only if d | c.
More importantly, we have that if d = GCD (a, b) then we can express d by d = ax + by for some z,y € Z by
Bézout’s Identity. Moreover by proposition we have that for a set of n integers S = {b1, b2, bs,...,b,}
and additionally we have that that a | b; for each b; € S then

n
a | Z bil‘i
i=1

This hints at an extension to Bézout’s Identity, given a suitable extension to the definition of the great-
est common divisor for more than two inputs. Hence, our goal is to build this suitable extension to the
greatest common divisor. We will start by looking at some exploratory examples before moving on with the
generalisation.

Example 2.5.1. Let a =2,b =4 and ¢ = 6. What is GCD (a,b,c)? Clearly, by inspection, we have that 2
is the largest divisor of a,b and c. In particular we have that GCD (2,4) = 2 and GCD (2,6) = 2. In other
words, we have that

GCD (2,4,6) = GCD (GCD (2,4),6)
Equivalently, we could have first considered GCD (4,6) = 2 and then GCD (2,2) = 2 so we have
GCD (2,4,6) = GCD (2,GCD (4, 6))

Example 2.5.2. Let a = 3,b =6 and ¢ = 30. What is GCD (a,b,c)? Breaking this problem down we have
that GCD (3,6) = 3, GCD (3,30) = 3 and GCD (6,30) = 6. As the greatest common divisor must divide all
of the numbers we must conclude that GCD (3,6,30) = 3.

Example 2.5.3. Leta=3,b=5andc=7. Asa,b and ¢ are all prime we clearly see that GCD (a,b,c) =1

Example 2.5.4. Leta =14, b= 35, c =7 and d = 5. We again break this down. We see that

GCD (14,33) =7
GCD (14,7) =7
GCD (14,5) = 1
GCD (35,7) =5
GCD (35,5) =7

GCD(7,5) = 1

Again the greatest common divisor is the smallest value that divides all of the inputs a,b,c and d. The
smallest such number here is 1 so GCD (14,35,7,5) = 1.
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In these examples, we made use of the fact that the greatest common divisor of two numbers is the
smallest number that divides both of the input numbers. We then looked at all of the possible combinations
of the inputs and took the smallest value that occurred. This is to be consistent with two variable version
of the GCD that we have already developed. This was shown explicitly in the first example with

GCD (2,4,6) = GCD (GCD (2,4) ,6) = GCD (2, GCD (4, 6))

Hence an immediate property that we can deduce is that the GCD is associative, in the sense that
computing the GCD of three numbers is equivalent to computing the GCD of two of the inputs with the
remaining input.

Proposition 2.5.3. GCD s associative
Let a,b,c € Z. We have that

GCD (a, GCD (b,¢)) = GCD (GCD (a,b) ,c)

Proof:

Let © = GCD (a, GCD (b, ¢)) and y = GCD (GCD (a,b) ,c), We need to show that x | y and y |  then we
can conclude that x = y.

As x = GCD (a, GCD (b, c)) then by definition of the greatest common divisor, we have that x | a and
x| GCD (b,c). Moreover as x | GCD (b, ¢) then again by definition of the greatest common divisor we have
that x | b and x | c.

As x| a and x| b then x | GCD (a,b) and likewise x | ¢ so x | GCD (GCD (a,b) ,c) by definition and so
x| y. The proof that y | x is similar.

Asxz |y andy|x and x > 0 and y > 0 we conclude that x =y as required. [

To extend our definition of the greatest common divisor to more than two inputs, we will use the definition
of the GCD given by the decomposition of primes. That is to say, given a,b € Z, we know that there exists
a set of primes

T={t1,ta,...,t,}

So that a and b can be represented by a prime factorisation of primes t; € T. That is

v
a= Htfl
i=1
v
b= ]t
=1

We then have that the greatest common divisor is given by
GCD (a,b) = tinin(el’fl)t?in(eQ’f2)t§1in(e3’f3) o tvmin(e“’f“)

Firstly, we will extend the result of proposition to the case of n integers, the proof is similar to
proposition [2:3.6]

Proposition 2.5.4. Ezpression of set of integers as powers of same primes
Let S = {a1,a2,as,...,a,} be such that a; € Z and a; > 2 for 1 < i < n. For each a; let its prime

factorisation be denoted by
- (i,k)
R |

P(i,k)a;
P(i,k) 1S prime
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where (i,k) is a index tuple with i denoting one of the primes and k denoting the k-th element of a;’s
prime factorisation. Then there exists a set of primes
T ={ty,to,t5...,ty}

with t1 < ty <tz < --- <t, so that

v
f .
a/i — Htj(l,J)
J=1

for each 1 <i<n.
Proof:
Let each a; be as given. That is,

a= I »eiy

P(i,k)|a;
P(i,k) 1S prime

Let A; = {p(m) : P(ik) appears in the prime factorisation of ai}, that is each A; denotes the set of the
prime factors that appear in a;. We can therefore take T to be

so that

T = {t1;t2at37 v atv}
n
where v < Z |A;|. It is now left to show that we can pick the primes in the factorisations of the a; from

i=1
T. Define the mapping ta, by

LA, ¢ Az — T
xr g, (z) =2
We have that va, maps the elements of A; to the same element in T. Therefore, we have for some a;
that

k
— C(i,k)
@i = Hp(w)
Jj=1
k
H p(w) o
€(i,4)
H P j)
P(ijyeA;
€(i, . 0
H p(m) H L
P(i,j)eA; t;€T\A;
v o Ifti = pris
= TL & where g = { €69 Fti = pi)
t €T Oa If tZ ¢ Az

=Pt .t
Which expresses a; in terms of the primes in T as required. [
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The final ingredient required before we can extend the GCD is to extend the minimum function to
multiple inputs. This is a straightforward extension.

Definition 2.5.9. General minimum function for integers
Let S = (a1,a9,as,...,a,) € Z™ be a n-tuple of integers. We define the minimum function on S by

min : Z" — Z

ay, Ifn: 1
S — min (S) = < min (a1, az), Ifn=2
min (min (a1, as,as,...,an-1),0,), Ifn>3

We need to show that this is well-defined.

Proposition 2.5.5. General minimum function for the integers is well-defined

Let S = (a1,a2,as,...,a,) € Z™ be a n-tuple of integers. We have that min (S) is well-defined.

Proof:

We argue by induction on n. The base case is n = 1 for which the result is trivial, likewise the case n = 2
is trivial. So suppose the result holds for some k > 2, then we have that

min (min (ay, az, as,...,ax—1),ax)

s well-defined. We show that
min (min (a1, as,as,...,ak) , Gg+1)
is well-defined. Fvaluating the inner min (a1, as,as, ..., ar) we have by definition that

min (ay, ag, as, . .., ar) = min (min (a1, a2, as, ...,ax-1), o)

Which by hypothesis is well-defined. Hence min (a1, as,as,...,ax) = m for some m € Z. Hence we have
that

min (min (ay, az,as, ..., a;),ap+1) = min (m, ag41)

Which is well-defined. Hence by induction, we have that the general minimum function on the integers
is well-defined. [

We also have the following proposition.

Proposition 2.5.6. The general minimum function is associative
Let S = (a1,a9,as,...,a,) € Z™ be a n-tuple of integers. We have that

min (min (a1, as,as,...,an—1),a,) = min (a;, min (az,as,...,a,-1,0y,))

Proof:
We argue by induction on n. The case n = 1 has nothing to prove. Likewise for n =2, so we shall show
it holds for n = 3. That is

min (min (a1, as),as) = min (a1, min (ag, as))
There are 6 cases to consider.
1. a1 <ax<as
2. a1 < az < ag
3. az <ay <ag

4. a2 <az < ap
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1. ap S as S as:’
We have that

min (min (a1, as),a3) = min (a1, a3z) = a;

min (a1, min (ag, a3)) = min (a1, a2) = a1

2. ap é as S as:

min (min (a1, as) ,a3) = min (a1, a3) = a1

min (a1, min (az, az)) = min (a1, a3z) = a;

min (min (ag, az) ,az) = min (ag, az) = ag

min (a1, min (az, az)) = min (a1, as) = ag

min (min (a1, as) ,a3) = min (az, as) = as

min (a1, min (az,a3)) = min (a1, a2) = as

min (min (a1, a3),as) = min (a1, a3) = a3

min (a1, min (az,a3)) = min (a1, a3) = as

min (min (a1, az) ,as) = min (az, a3) = as

min (a1, min (ag, az)) = min (aq, az) = ag

Hence the base case is shown. Now suppose that the proposition holds for some k > 3, that is

min (min (ay, as,as, . ..,ak—1), k,) = min (a1, min (as, as, . . ., ax—1,ax))
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we show that it holds for k+ 1, i.e

min (min (a1, az,as, . ..,a;),ax+1) = min (ag, min (ag, as, . . ., ag, Gp4+1))

We have by evaluating the inner minimum of the left-hand side we get

min (ay, ag, as, . .., ar) = min (min (a1, az, as, ...,ax-1), o)

And so by the induction hypothesis, we have that

min (min (ay, as,as, . ..,ax) ,ax+1) = min (min (min (aq, as, as, ..., ax—1),ak) , Gkt+1)

= min (min (a1, min (ag, as, . . .,ak—1,ax)) , ax+1), Induction hypothesis

As min (ag, as, ..., ak_1,ax) is well-defined by proposition then min (ag, as, .. .,ak—1,a;) = M say

where M € Z. Therefore, on substituting min (as, as, ..., ax—1,ar) for M for ease of reading we have
min (min (a1, min (as, as, . ..,ax—1,ax)) , ax+1) = min (min (a1, M), ag41)
= min (a1, min (M, ag41))
= min (a1, min (min (ag, as, . .., ak—1,0%) , Ax+1))
= min (a1, min (ag, as, ..., ak, Gg41))

The result now follows by induction. [

Proposition [2.5.6]is a useful proposition, it allows us to discard the cumbersome notation of the definition
of the general minimum function on the Integers. That is to say, we can now simply, and more easily write

min (a1, ag,as, ..., an,)
For convenience, we also define the minimum function for a subset of n integers.
Definition 2.5.10. General minimum function for a subset of integers
Let A ={ay,a2,as,...,a,} CZ be a subset of n integers. Let S = (a1,a2,as,...,a,) € A™. We define
the minimum of the set of integers A by
min (A) = min (S) = min (a1, az,as, ..., an)
That is, we simply take the element of A™ which corresponds to the set.

Example 2.5.5. Let A ={2,3}. We have that

A2 =1{(2,2).(2.3),(3,2),(3,3)}
We have that S = (2,3) € A? and

min (A) = min (S) = min (2,3) =2

We have all the ingredients required to extend the GCD function. We use a method similar to how we
extended the minimum function.

Definition 2.5.11. Generalised greatest common divisor

Let S = (a1, az2,as,...,a,) € Z" be a n-tuple of integers. We define the greatest common divisor function
on S by
GCD:Z" = Z
ai, Ifn =1
SHGCD(S): GCD(al,ag), Ifn:2

GCD (GCD (a1, az2,a3,...,an-1) ,an), Ifn>3
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We show that this is well-defined.

Proposition 2.5.7. Generalised greatest common divisor function for the integers is well-defined
Let S = (a1,a9,as3,...,a,) € Z™ be a n-tuple of integers. We have that ged (S) is well-defined.
Proof:
The argument is by induction on n. The base case is n = 2 which is well-defined by theorem[2.2.1. Now
suppose the result is true for some k > 2, that is
GCD (GCD (a1, ag,as,...,ax-1) ,ak)

s well-defined. We show that

GCD (GCD (ay,as,as,...,ak) , ax+1)
is well-defined. Evaluating the inner GCD (a1, ag, as, ..., ar) we have by definition that

GCD (ay,as9,as, - ..,a;) = GCD (GCD (ay,as,as,...,ak-1) ,ax)
Which by hypothesis is well-defined. Hence GCD (a1, a9, as, ... ,ar) = d for some d € Z. Hence we have
that
GCD (GCD (a1, ag,as, . ..,ax),ax+1) = GCD (d, ag+1)
Which is well-defined. The result now follows by induction. O

As with the minimum function, to avoid cumbersome notation we can show that the generalised greatest
common divisor is associative.

Proposition 2.5.8. Generalised GCD 1is associative
Let S = (a1,a9,as,...,a,) € Z™ be a n-tuple of integers. We have that

GCD (GCD (a1, a2,0a3,-..,an-1),a,) = GCD (a1, GCD (az,as,...,an-1,an))

Proof:

We argue by induction on n. The cases of n =1 and n = 2 are trivial, so we show it holds for n = 3.

Let x = GCD (a1, GCD (az,a3)) and y = GCD (GCD (a1, a2),as), We need to show that x |y and y | x
then we can conclude that © = y.

As © = GCD (a1, GCD (ag,as3)) then by definition of the greatest common divisor, we have that x | ay
and x | GCD (asg, az). Moreover, as x | GCD (as,as) then again by definition of the greatest common divisor
we have that x | ag and z | as.

Asz | ay and x| ag then © | GCD (aq,a2) and likewise x| asz so x | GCD (GCD (a1, az2) ,as) by definition
and so x| y. The proof that y | x is similar.

Asz |y andy |z and x > 0 and y > 0 we conclude that x =y as required.

Now suppose the result is true for some k > 2. That is

GCD (GCD (a1, az,as, ..., ax-1),ax) = GCD (a1, GCD (az, a3, . .., ax-1,ax))

we show that

GCD (GCD (a1, as,as, - . .,ax) ,ax+1) = GCD (a1, GCD (az, as, . . ., ag, ag+1))
Evaluation of the inner GCD of the left-hand side yields

GCD (ay, a9, as,...,a;) = GCD (GCD (a1, as,as, . . .,a,—1) ax)
So by the induction hypothesis, we have that
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GCD (GCD (a1, a9, as, ..., ar),ax+1) = GCD (GCD (GCD (a1, az,a3,...,a5—1) Qk) , Gp+1)
= GCD (GCD (a1, GCD (ag, as, . ..,ax—1,ax)),ak+1), By hypothesis

As GCD (ag,as,...,ax_1,ar) is well-defined by proposition we have GCD (ag, as, . ..,ax—1,a;) = d
with d € Z. Hence we have

GCD (GCD (al, GCD (GQ, agy...,Qp_1, ak)) 7ak+1) = GCD (GCD (al, d) ,ak+1)
= GCD (al, GCD (d, ak+1))
= GCD (a1, GCD (GCD (ag, az, ..., ax—1,0%) , Gk+1))

As required. [
As with the minimum function, we can now simply write
GCD (ala az,as,...,0an—1, an)
Likewise for convenience, we define the GCD function for a subset of n integers.

Definition 2.5.12. General greatest common divisor function for a subset of integers
Let A ={ay,a9,a3,...,a,} C7Z be a subset of n integers. Let S = (a1, az,as,...,a,) € A™. We define
the GCD of the set of integers A by

GCD (A) = GCD (S) = GCD (ay, az,as,...,an)
That is, we simply take the element of A™ which corresponds to the set.

Example 2.5.6. Let A = {2,3}. We have that

A = {(2’ 2), (2’ 3) ) (37 2) (3, 3)}
We have that S = (2,3) € A? and
GCD (A) =GCD(S)=GCD (2,3) =1

We can now finally generalise the computation of the greatest common divisor from the prime factorisation
of the inputs.

Proposition 2.5.9. Generalised version of the greatest common divisor from prime factorisation
Let S = {a1,az2,0as3,...,a,} C Z be a set of integers so that at least one a; # 0 for 1 < i < n. By
proposition |2.5.4), we know that there exists a set of primes

T= {tlat2at37"'atv}

so that for each a; we have prime factorisations given by

o
ai =[]
s

For 1 <i<mn. Define the family of sets for each 1 < j <w

Pj={fuy:1<i<n}

We have that the greatest common divisor GCD (ay, ag, as, dots, ay,) is given by
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GCD (a1, az, as, .. ., ay) = PO gn(P)yminPs) - ymin(Py)

Proof:
The proof is similar to that of proposition . Let S = {a1,a2,as,...,a,} C Z be as given so by
proposition |2.5. 4] we have a set of primes

T = {t1,ta,t3,...,ty}

so that for each a; we have prime factorisations given by

-
a; = Htj(%])
j=1

Now, let d = GCD (aq, az,as,...,a,) and let D = t?in(Pl)tgﬁn(Pz)t?in(P3) e tvmin(P”), we show that d < D
and D < d. Define 0; = min ({f(i,j) 1< < n}) for1<j3<w.

1. D <d:

By the definition of the minimum, we have that o; < f(; j) for each 1 <i < n. Hence, for each i and
J there exists k(; 5y € Z so that

fag) =05 + kg

So that a; can be expressed as

i
_ J(i,5)
a; = [T 6"
j=1
Y k
_ otk
=114
j=1
Y k
_ 05 4 F(i,5)
=114
=1
v v k
_ oj (i,3)
=11 11
j=1 " =1
v
= D x H tk_:(i-,j)
J
j=1

As a; was arbitrary this argument holds for each 1 <1i < n. Hence, we have that D | a; for each i, so
D is a common divisor of each a;. We conclude that D < d.

2.d<D:
Suppose that d | D then 3k € Z so that

d= DK
Now, k has a factorisation into primes by the fundamental theorem of arithmetic. Moreover, k could

have primes in common with D, so we can take those primes that are in common with D and k and
place them into the factorisation of D. That is
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d = Dk
d=t7 357 . 10k

d=t)"t g .tk

Where A\ are the new values for each prime after extracting the primes in common with D and k into
D. k' are the primes that are not in common. We need to show that

(a) K =1
(b) \j <oj foralll<j<w
(a) K =1:
Suppose for a contradiction that k' # 1. Asd > 0 and D > 0 then k > 0 and so k' > 0. Now

as k' #1 we have k' > 1 and so by the fundamental theorem of arithmetic we have that k' has a
factorisation into primes, say

K =dq'qy?q5® ... ql°
Now, no q; =t; as k' has no primes in common with ti‘ltg‘ltg“” ...t)v. Pick one of the primes in
k', say q = q then q | d. Now as d = ged (a1, az,as,...,a,) then we have q | a; for at least one

a;. This is a contradiction as then q is one of the primes t;. We conclude that k' =1
(b) \j <oj foralll <j<w:

Suppose for contraction that \; > o; for all1 < j <v. Without loss of generality, take j =1, for
if not re-label the primes.

By definition of o1, we have that o1 = min ({f(m) 1< < n}), without loss of generality take
i =1 as the case for the other values of i are similar. We have that o1 = f(1,1) and so A1 > f1 1).
As d is the greatest common divisor of ay then there is an s € Z so that ds = a where s > 0 as
both a and d are.

Comparing the prime factorisations, we get that

s 3200 . = (v glandue | o

Dividing by t{(l’l) we get that
sxty! T e = plonTIanuados o

Where clearly t{(l’”ff“’” = 1. So this can be re-written as

A1— )
st TN Reps e —Juadas | glow

As A1 > fa1) then Ay — fi1) > 0 and so ty divides the left-hand side of the equation. By the
fundamental theorem of arithmetic, t1 divides the left-hand side it must also divide the right-hand
side and therefore be in the factorisation. It is mot in the factorisation on the right-hand side
which is a contradiction. It follows \; < o; forall1 <j <w

Therefore we conclude that d < D.
Asd <D and D < d we have that d = D and the result is shown. [

These last few results were somewhat technical. To show that our new generalised GCD works we give
an example.
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Example 2.5.7. We compute GCD (54, 78,35,144,50). By inspection of each of the numbers we have that

54 =2%3°
78 = 2% 3% 13
35=5x%7
144 = 2% % 32
50 = 2% 52

Hence, the set of primes T is given by
T={2,3,5,7,13}
Now, by the proposition, we know that

GCD (54,78, 35,144, 50) = ¢ 10 (P gmin(Fa)ymin(Ps)ymin(Pa) min(Fs)

Where P; will be the powers of the prime t; that appear in the factorisation of each of the inputs. Taking
ty =2,to = 3,t3 =5,t4 = 7 and t5 = 13 we have

P ={1,1,0,4,1} = {0,1,4}
Py ={3,1,0,2,0} = {0,1,2,3}
P; ={0,0,1,0,2} = {0,1,2}
Py ={0,0,1,0,0} = {0,1}

P; ={0,1,0,0,0} = {0,1}

From which it is clear that the minimum of every P; is 0. So that

GCD (54,78,35,144,50) = 1
With a generalised GCD function, we can extend Bézout’s Identity.

Theorem 2.5.1. Generalised Bézout’s Identity
Let S = {a1,a2,as,...,an} CZ be a set of integers so that at least one a; # 0 for 1 < i < n. Consider
d = GCD (a3, az,as,...,ay). Then, for i <1 <n we have Ix; € Z so that

n
d=a1x1 + asTs + asxs + -+ apx, = E a;Ty
i=1

Proof:
Let S be as given by the hypothesis and let d = GCD (a1, as,as, ..., a,). By definition, we have that as

d | a; for each 1 <1i <n then by proposition we have that

n
d| Z a;Tn
i=1

for any x; € Z. Define the set A by

G= {Zn:aixn tx; € Z}
i=1

Clearly, there are both positive and negative elements in G, additionally 0 € G by taking each x; = 0.
Define G by
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G={geG:g>0}
It follows that G C 7 and so by the well-ordering principle it has a smallest element § of the form
g = Z ;T
i=1

We must show that g | a; for each i. Suppose for contradiction and without loss of generality that § 1 a;.
By the division algorithm, we have that

ar=qg+r
with 0 < r < |g|. Therefore
a; =qg+r
r=ai—qg

n
r=a—-qy a,
i=1

n
r=a; — (qaﬂl + qzai$n>

=2

n
r=a —qairi —q E AiTn
i=2

n
r=ai(l—gqzx)— anixn
i=2

r=ay (1 —qx1)+ Zai (—qzy)
i=2

Which shows that r € G. Moreover as 0 < r < |g| we have r < g a contradiction, so g | ay. It follows
that g | a; for each i.

As d = GCD (aj,as,as,...,a,) we have that a1 = m;d for each m; € Z. Combining this with the
expression for g shows that

g= Z (mid)

n
§ m;Tn
=1

S

g:

So d | g and we have that d < §. As d is the greatest common divisor we have that d = § as required.
O

We are now at the end of a long road. We can now, partially, generalise proposition [2.5.2]to the n variable
case, namely we state the requirement for solutions to exist.
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Definition 2.5.13. Linear equation of n indeterminate variables
Let S be a set. We say an equation is a linear equation in n-variables if it has the form

a1x1 + agxo +aszxg + -+ apTy, =C
for some coefficients a; € S and ¢ € S and n indeterminate variables ., .

Proposition 2.5.10. Ezistence of solutions to n variable linear Diophantine equation
Let S = {a1,a2,as3,...,a,} CZ be such that

a1x1 + agxo +asxrs + -+ apTr, =C

for the indeterminate variable x; with 1 < i < n. Let d = GCD (a1, as2,as,...,a,). We have that there
are solutions so that each x; € Z if and only if d | c.
Proof:

(=): Ife= Zaixn then by proposition |2.2.5 we have that d | c.

i=1
(«<): Suppose that d | ¢ then Je € Z so that ¢ = de. By the generalised Bézout’s Identity for each i that
Jy; € Z so that

n
d= Z AilYn
i=1

where d = GCD (a1, az,as, ..., a,). Multiplying both sides by e we see that

n n
c=eY ayi =Y ailey)
=1 =1

Hence each x; = ey;.
The result is shown. [

Unlike proposition [2.5.2] we did not show that there are infinitely many solutions and what form they
take. Recall that we used example to find the general form of the solutions for the two-variable case.
We shall see if we can do the same for multiple variables.

Example 2.5.8. Consider the three-variable Diophantine equation

152 +9y + 272 =9

Clearly GCD (15,9,27) = 3 and 3 | 9 so integer solutions exist. How can we find one?
One idea that might give a solution is to try and reduce this to a two-variable equation. How can this be
done? We can see that

152+ 9y + 272 =3 (b + 3y) + 272 =9
As bx 4+ 3y € Z for x,y € Z we will denote this by € Z, that is v = 5x + 3y. As v € Z we can set it to
any integer value as GCD (5,3) = 1 and 1 divides every integer. So let v =1 to give
Sx+3y=1

The FEuclidean algorithm shows that x = 2 and y = —3 is a particular solution. Hence the general
solutions will be given by

3
$=2+Tn=2—|—3n

5
y=—3—Tn:—3—5n
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In particular, the general solutions satisfy bx + 3y = 1 and so the general solutions to bz + 3y = v will
be given by

x=v(2+4+3n)
y=v(—-3-5n)

Now, consider the remaining equation given by

3v+272=9

By the FEuclidean algorithm, we see that v = 3 and z = 0 is a particular solution, with the general
solutions given by

2
v:3+%:3+9k
3k
=-0—-——=-k
: 3
Hence we have that
x=v(2+3n)
y=v(—3—"5n)
v=3+9k
z=—k

As we have an expression for v we can substitute it into the expressions for x and y to give

x=(3+9k)(2+3n)
y=(3+9k) (-3 —5n)
z=—k

where n, k € Z. This is a general solution to 15x + 9y + 27z = 9. Indeed, if we substitute these back into
the original equation we get

152 + 9y + 272 = 15 ((3 + 9k) (24 3n)) + 9 (3 + 9k) (=3 — 5n)) + 27 (—k)
= 15(3+9k) (2+ 3n) + 9 (3+ 9k) (=3 — 5n) — 2Tk
= (34 9k) (15(2+ 3n) + 9 (=3 — 5n)) — 27k
= (34 9k) (30 + 45n + (—27 — 45n)) — 27k
= (3+9k) (3) — 27k
=9427k — 2Tk =9

Example 2.5.9. We consider the same example again, but we will find a different solution method. So
consider the three-variable equation given by
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152 +9y + 272 =9
We will express x in terms of y and z. We have

v 9—-9y — 27z
B 15
Observe that we can express 9 and 27 is terms of 15. We have

9=15-6
27T=2%15-3

Hence, we can split the expression for x up into the parts that we know are divisible by 15 and the parts
that may or may not be divisible by 15

_9—-9y— 27z

N 15

_(15-6) - (15—-6)y — (2(15) —3) 2

B 15

—6 + 6y + 32
Y z+ 15
—6+6y+3 —6+6y+3
As we seek x € Z then as 1—y—2z € Z we will also require that % € 7. Let % =
where s € Z. Then we have

r=1—-y—2z+s
Now, We have that

158 = —6 4+ 6y — 32

We repeat the above process to get y in terms of z and s. Doing so gives

158 = —6 4+ 6y — 32
6y = 1554+ 6 + 3z

As before, we can express 15 and 3 in terms of 6 to get

15=2%x6+3
3=6-3
So that,

6y = 1554+ 6 + 32
6y=(2(6)+3)s+6+(6—-3)z
_ (2(6)+3)s+6+(6—23)z

6
35+ 3z

y=2s+1—-2+
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3s+ 3z
Y

3s+3
As we need y € 7Z then we require s+oz €7 sa

=t. Then we have

y=25s+1—2+t
Finally, we have that

6t = 35 + 3z
Which can be solved directly for z to give z = 2t — s.Substituting the value of z in y gives

y=2s+1—2+1t
y=2s+1—(2t—s)+t
y=3s+1—-1

And on substitution of this y value and z into x we get

r=1—y—2z+s
z=1—Bs+1—-1t)—2(2t—s)+s
r=1—-3s—1+t—4t+2s+s
= -3t

Hence, a general solution is given by,

r=—3t
y=3s+1—-1
z2=2t—s

for s,t € Z. This is indeed a general solution as

150 4+ 9y 4272 =15(=3t) + 9 (3s + 1 —t) + 27 (2t — s)
= —45t + 275 +9 — 9t + b4t — 27s
=9
Of course, there was nothing special about using only three variables.

Example 2.5.10. Consider the four-variable Diophantine equation

55a 4 35b — 77c+ 144d =1

As GCD (55,35,77,144) = 1 then integer solutions exist. We will use a similar method to example
with some details omitted for brevity.

Ezxpressing, a in terms of b,c and d we get that

e 1—35b+ 77c — 144d
N 55

Noting that
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35 =155-20
77 =155+ 22
144 =2 %55+ 34

We can express a as

1 —35b+ 77c — 144d

55
1 —(55—-20)b+ (55 +22) c — (2(55) + 34)d
B 55
 bte—2d+ 14 20b+ 22¢ — 34d
55
14 200 + 22¢ — 34d 14200+ 22¢ — 34d
We require that + + 2l € 7 say with + + 2L =u foru € Z. We therefore have

95 %)

that

55u = 1+ 20b + 22¢ — 34d

Ezpressing, b in terms of ¢,d and u we get

_ 55u — 1 — 22¢ + 34d

b
20
We see that
55 =2%20+ 15
22 =20+ 2
34 =20+ 14
Hence,

15u — 1 — 2¢ + 14d
20

b=2u—c+d+

t15u—1—26—14d

Se 20

= v where v € Z. Then

20v = 15u — 1 — 2¢ + 14d

Solving ¢ in terms of d,u and v gives

e 15u — 1 — 20v + 14d
- 2

where we get
u—1
c:7u710v+7d+T:7u—100+7d+m

u—1
where x = —— € Z. We seem to have hit a problem, we still don’t have an expression for d. However,

suppose d € 7 is arbitrary, can we recover a general solution with this assumption?
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Firstly, we will express a,b and c in terms of u,v,x and d. We get that

dez
c=Tu—10v +7d+x
b=—-6d—-5u+1lv—=x
a=11d + 13u — 21v + 2z
Observe that,

55a = 55 (11d + 13u — 21v + 2x) = 605d 4+ 715u — 11550 + 110z
35b = 35(—6d — bu + 11lv — x) = —210d — 175u + 385v — 35z
T7e =77 (Tu — 10v 4+ 7d + ) = 539d + 539u — 770v + 77z

Hence

55a + 35b — 77c + 144d = 605d + 715u — 1155v + 110z
— 210d — 175u + 385v — 35x

— (539d + 539u — 770v + T7x)
+ 144d

=0d+u+0v—22x=u—2x

w—
However, we know that x =

so that 2r = u —1 so

u—2r=u—(u—-1)=1
Hence

a=11d 4+ 13u — 21v + 2x
b=—-6d—5u+1lv—=z
c=Tu—10v+T7d+x
u,v,x,d € Z

Gives a general solution for u,v,xz,d € Z.

It is interesting to note that we have four arbitrary integer variables in the previous example. In the case
of three variables, we were able to find solutions requiring only two arbitrary integer variables. Does the
other method also give a general solution requiring four arbitrary integer variables?

Example 2.5.11. Consider again

55a + 3bb — T7c+ 144d =1
We have that GCD (55,35) = 5 so that

55a + 35b — 77c+ 144d = 5 (11la + 7b) — T7c + 144d = 1

We have that as 11a + 7b € Z we can replace this with a variable, say u so that we get the equation

lla+7b=1
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By the Fuclidean algorithm, we see for uw = 5 that a = 2 and b = —3 is a general solution, with the
general solutions being given by

7
a:2+Tn:2—|—7x

11
b=—3—Tn=—3—1lx

Hence the general solution to 11la + 7b = u is given by

a=u(2+Tx)
b=wu(-3-1lx)

Now, the original four-variable equation is the three-variable equation

S5u —T7c+144d =1
We have that GCD (—77,144) = 1. So replace —77c + 144d with a variable, say v so that

—77c+144d =1

By the FEuclidean algorithm, a particular solution is ¢ = 43 and d = 23 and the general solution is

144
c:43+Ty=43+144y

_77
d:23—Ty:23+77y

So that solution to —77c + 144d = v is given by

c=v (43 + 144y)
d=wv (234 T7y)

This turns the three-variable equation into a two-variable equation given by

Su+v=1

which clearly has a particular solution of u =0 and v =1 to give general solutions given by

Therefore, we have
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a=u(2+T7x)
b=u(-3-11z)
c=v (43 + 144y)
d=v(234T7y)
U=z
v=1-—52
So, substituting u and v where required yields
=z(2+Tx)

z (=3 —11x)
c=(1->5z2) (43 + 144y)
d=(1-5z2)(23+T77y)

Where x,y, z € 7. We verify that this is a general solution. We have

55a + 35b — TTc + 144d = 552 (2 + Tz) + 352 (=3 — 11z) — 77 (1 — 52) (43 + 144y) + 144 (1 — 5z) (23 + 77y)
= 2(55(2 4+ T2) + 35 (=3 — 112)) + (1 — 52) (=77 (43 + 14dy) + 144 (23 + T7y))
= 2 (110 + 385z — 105 — 385) + (1 — 52) (—77 (43 + 144y) + 144 (23 + TTy))
=52+ (1 — 52) (—3311 — 11088y + 3312 + 11088y)
=bz+(1-52)=1

Hence

1 —52) (43 + 144y)
1—52) (234 77y)

~~ ~ N N

a
b
c=
d

where x,y,z € 7 s a general solution.

Hence we expressed the 4-variable linear Diophantine equation in terms of three arbitrary variables and
found expressions for 3-variable linear Diophantine equations in terms of two arbitrary parameters. Is this
always the case, and if so does it hold for any number of variables? The answer to this question can be found
by considering the method of replacing parts of the n-variable linear Diophantine equation with variables.

For example, for the 3-variable case we have

ar+by+cz=d

Suppose that GCD (a,b,c) | d. After a potential factoring of ax + by = gy (a’z +b'y) where g3 =
GCD (a,b), we can replace o’z + by’ with a variable, say u so that

dz+by=u
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As we have factored out the greatest common divisor we will have GCD (a’,b') = 1 by proposition [2.2.10
part 7. Hence we can solve a’z + b’y = 1 by the Euclidean algorithm and get a general solution

x=u(xg+bn)

y=u(yo—a'n)

for some n € Z. As we have seen, this turns the 3-variable equation into a 2-variable equation given by

giu+cz=d
Which is solvable as GCD (g1, ¢) | d.
This will have a general solution of
e
~ " GCD (g, ¢)
L am
0" GCD (g1, c)

Hence a general form of the general solution to the 3-variable case is given by

T = (UQ + CTTL) (o + b'n)

GCD (g1,¢)
cm ,
y= (uO + ECD oo (gl’c)) (yo —a'n)
e om
GCD (g1, ¢)

Here the arbitrary variables are n and m.
Now, in the 4-variable case we have
aw+br+cy+dz=e
Suppose that GCD (a, b, ¢,d) | e. As before, after a potential factoring of aw + bx = g1 (a’w + a’x) where
g1 = GCD (a,b), we can replace a’w + ba’ with a variable, say u so that
dw+br=u

We can solve a'w + b’z = 1 by the Euclidean algorithm and get a general solution for any u

w=u(wy +b'n)

x=u(xg—a'n)
for some n € Z. This turns the 4-variable equation into a 3-variable equation given by

gu+tcy+dz=e

Which is solvable as GCD (g1, ¢,d) | e. Two choices can be made here: replacing giu + cy or cy + dz.

Taking the first choice, we have after a potential factoring giu + cy = g2 (gju + c'y) where go =
GCD (g1,c¢), we set gju + 'y = v, solving gju + 'y = 1 by the Euclidean algorithm, we get a general
solution for any v
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u = v (ug + c'm)
y=v(yo—gm)

We are now left with a 2-variable equation given by

gv+dz=c¢e
Again, solvable because GCD (g2,d) | e. This has a general solution given by

- dk
V=" GCD (g0, d)
g PF

GCD (g2,d)

Hence, we have a general solution given by.

- __9k / '
w<UO+GCD(92)d)>(u0+cm)(w0+bn)

_ +L (1o + ¢/'m) (zo — a'n)
z = | GOD (ga.d) uo +c'm) (zg —a'n

dk ,
o= (10 G g ) 00 i
gok
- GCD (927 d)

zZ =20

Alternatively, suppose we took the choice of cy + dz, after a potential factoring cy + dz = g2 (c'y + d'z)

where go = GCD (¢, d). Setting ¢’y + d'z = v and solving ¢’y + d’e = 1 by the Euclidean algorithm, we get a
general solution for any v given by

y=v(yo+d'm)

z2=v (20— m)

Which now gives the 2-variable equation

g1u + g2v = €

Solutions exists as GCD (g1, ¢g2) | e. This has a general solution

v g b I
GCD (917 92)
_ g1k
v

=V + A
* " GCD (g1, 92)

Hence, a different general solution to the original 4-variable equation is given by
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wo—f—b/

g2k
GCD (g1, 92)
ok

g

(v Gentaram )

o (u0+ GCD ( gl,gz )
<v + ) (yo + d'm)
[0+ e ) ¢

O—GTL

GCD 917 92

@
+

GCD 91,92 O_Cm

It seems there are a few things to show. Firstly, is it possible to show that the solution to an n-variable
linear Diophantine equation can be expressed in terms of n — 1 variables? Secondly, do the general solutions
have the form of being a product of 2 variable solutions?

Given an n-variable linear Diophantine equation, replacing two variables with a single variable turns any
n-variable equation with n — 1 variables. Eventually, this process terminates when, after some number of
replacements, we get to a 2-variable equation.

We have therefore a strong understanding of solving Linear Diophantine equations in any number of
variables.

2.5.2 Polynomials

Previously, we have seen how to handle linear equations in multiple variables. That is equations of the form

a1r9 + asxo + -+ -+ apnr, =b, a;,x;,bEZL

A natural question to ask is can we extend this to non-linear equations? For example, we have defined
what we mean by a square number m That is, a number y € Z is square if 3z € Z so that 22 = y. If we
consider x as a variable for a moment, then we have seen many examples of solving this type of equation.
We studied this when finding what integer numbers were squares. We can ask the question, what happens if
we combine this z2 variable with just the variable z, for example, what values for € Z or Q would satisfy

224+r=2

We can go further than simply 22. For example, we can consider

n
n _ H z
i=1
and combine variables of this form however we wish and multiply them by constants, for example.

a® + 152" —82% +22* + 2 +5=0
We will want to study equations of this form. We will want to

Definition 2.5.14. Monomial
Let X be a variable and let a € S for some set S # (). We define a monomial to be an expression of the
form

aX"
where n € Z with n >0

From a monomial, we define a so-called polynomial
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Definition 2.5.15. Polynomial
Let S be a set and let n € Z with n > 0. Let X be a variable. We define a polynomial to be an expression
of the form

P(X)=a, X" 4+ an 1 X" P Fa, oX" 4+ +a1X +ag

Where ag,ay,...,a, € S are called the coefficients of the polynomial. We say that X is an indeterminate
variable and we say that P (X) is a polynomial in X with coefficients in S.
Here we are formally using the + operation associated with S between the terms in the polynomial.

We can, of course, replace X with a particular value to evaluate the polynomial.

Definition 2.5.16. FEvaluation of a polynomial
Let S # 0 be a set and let P (X) be a polynomial with coefficients in S. Let s € S. We define the
evaluation of the polynomial P at s by

, 1 2
P(s)=ans" +apn—18""" +an_28"" "+ --+a1s+ag

Example 2.5.12. Let S =7 and define P (X) by

P(X)=2X?-3X+5

What is P (1)?
On substituting X =1 we see

P(1)=2(1)>-3(1)+5=2—-3+5=4
It will be useful to describe the set of all polynomials whose coefficients lie in some set S.

Definition 2.5.17. Set of all polynomials with coefficients in a set S
Let S # (. We define the set of all polynomials whose coefficients are in S by the set

n
S[X] = {ZsiXi:neN and s; ES}
i=0

We define the polynomials to be the elements of this set and write P € S [X], with the understanding that
P actually means P (X).

From the definition of a polynomial, we have many choices that we can make that allow us to create a
polynomial. We can modify the coefficients a; for 0 < ¢ < n however we wish, so long as they are all in the
set S. In particular, the choices we can make are clearly dependent on the value of n we can pick. The value
of n is an important property of polynomials.

Definition 2.5.18. Degree of a polynomial

Let P € S[X]. We define the degree of the polynomial P to be the largest n € Z so that the coefficient of
X" is not equal to zero.

We write deg (P) = n to mean the degree of the polynomial P is n.

Example 2.5.13. Let S =7 and define P (X) by

P(X)=2X?-3X+5
We see that the largest n where X™ # 0 is 2 so deg (P) = 2.
The astute reader might ask the following. Suppose that P is given by

P=04+0%«X+0xX?2+0xX2+---4+0xX"

what is the degree of P? On one hand, by our definition, we can’t assign it a degree! There are no
non-zero coefficients in the polynomiall On the other hand, we intuitively know that the above polynomial
represents a meaningful polynomial, especially for the theory we are attempting to develop. It is not clear
how to resolve this problem for now. Perhaps, developing the theory as much as we can without it will make
it clear how to resolve this issue.
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2.5.2.1 Defining addition between two polynomials

We can define how to add two polynomials together. To do so we need to recast how we see a polynomial,
and to do so recall the definition of the Cartesian product of n sets [[.2.18]

Let 51,855, ...,5, be sets. We define the Cartesian product of S1,Ss,..., Sy, denoted Sy x S X -+ x S,
to be the set of all ordered pairs of the form (s1,s2,...,S,) where s; € S1.52 € So,...s, € S,. This is to
say that

S1 XSQX"'XSn:{(Sl,SQ,...,Sn)251651.82652,...3n68n}

In particular, if all of the sets are the same we denote this by S™. We can use this idea to define a
polynomial of degree n as a tuple.
Firstly, observe that we can write a polynomial P (X) as

P(X)=a, X" 4+ an 1 X" P an, o X" %4+ +a1X +ag
—ao+ a1 X +aX?+as X2+ +ap 1 X" 4+ a, X"

n
= E Clz')(Z
i=0

That is we can express P as the sum of products of coefficients in S and the corresponding power of the
indeterminate variable X.

Now, we have that deg (P) = n so in order to have the correct sized tuple we must consider the Cartesian
product of S with itself n 4 1 times, that is

n
st =1]s
i=0
As each a; € S for 0 < i < n we have that the tuple a = (ag,a1,az,...,a,_1,a,) € S"t1. This is the

correspondence we need.

Definition 2.5.19. Polynomial as an n + 1-tuple
Let S # () and let n € Z with n > 0 so that deg (P) = n where

P(X)=ap X"+ an 1 X" P Fa, oX" %4+ +a1X +ag
We can view a polynomial as an element of the set S"1, say a with the form
a=(ag,a1,a2,...,0,_1,0,)
More simply, we can write
P = (a’OJ a1,az, ..., anfhan)
where we have the powers of X™ being implicit.

This definition has an immediate consequence, it enables us to have a representation for each X™ for any
n > 0. For example, we see that

XO

P(X)=1= — a=(1)
P(X)=X < a=(0,1)
P(X)=X? < a=(0,0,1)
P(X)=X? < a=(0,0,0,1)
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This allows us to build an understanding of how to properly define addition of two polynomials. Suppose
we have

PX)=1+X+X?
Q(X)=4-3X+X?4+ X3

Where the coefficients of P and @ are elements of Z. We see that P = (1,1,1) and Q = (4,-3,1,1).
Firstly, we have that P has less entries in its tuple than . We can account for this by noting that
P(X)=1+X+X?=1+X+X?+0X3 and so an alternative representation of P is given by P = (1,1, 1,0).

Now, considers the terms in both P and @ which are associated with X?i.e. Py (X)=1and Qo (X) = 4.
As these are simply elements of Z we would expect that Py (X) + Qo (X) =1+ 4 = 5 and so the sum to
have the tuple form (5).

Considering the terms in both P and @ which are associated with X!, P; (X) = X and Q; (X) = —3X,
we would then expect that Py (X) 4+ Q1 (X) = X —3X = -2X.

We can continue this process for the other terms X2 and X3 to get

This would then suggest that P(X) + Q (X) =5 — 2X +2X? + X3. Or, expressing this in tuple form,
we have

(17 la 15 0) + (45 737 1a 1) = (57 72a 25 1)

That is, the addition of two tuples representing polynomials is done by doing an ”element-wise” addition
of the tuples. There are a few things that would need to be considered for this to become the foundation for
defining addition for polynomials.

Firstly, we observed that Py (X) + Qo (X) made sense as this represents integer addition. If we picked
our coefficients from say N, we would not be able to consider Py (X) — Qo (X); in fact, this holds for each
P, — Q;. It would therefore be useful to have closure of addition, and additionally a notion of subtraction of
the elements of S. This puts a restriction on what the set S can be, for example, it is clear that S # N as
subtraction is not closed in N.

This also means our definition of polynomials is going to depend on the underlying set that the coefficients
come from. It is therefore a wise idea to, at least temporarily, distinguish between when we are talking about
polynomial addition and when we are talking about the addition of the elements of the set S.

We will use +5 when talking about addition between the elements of the set S, and we will use ®g for
the polynomial additiorﬂ

Furthermore, we had that P was of a lesser degree than @, deg (P) = 2 and deg (@) = 3. This poses no
real issue as we can always extend an m-tuple to an n-tuple, for m < n. Indeed, suppose we have an element
s € 8™ and we want to extend it to an element of S™ where m < n, then we can use the following map

f:8m—=8"

(51,82, Sm) = [((s1,82,...,8m)) = (s51,82,...,8m,0,0,...,0)
—_——

n—m times

Or more simply, append n — m 0s to the element of s™. We provide a general definition.

16When we have fully defined polynomial addition, we will go with the usual convention of just using 4 to denote addition
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Definition 2.5.20. Polynomial tuple extension map
Let n,m € Z so that m < n. We define the polynomial tuple extension map by

E} . ST"—S"
(81,82, --+ySm) = E} ((s1,82,-..,5m)) = (1,82, .+, 5m,0,0,...,0)
——
n—m times

Here, we are using the notation E], to indicate this extends an m-tuple to an n — tuple.

This means that given two polynomials expressed in their tuple forms, we can always extend the one with
the fewer elements so that they share the same number of elements. From this, we can define polynomial
addition.

Definition 2.5.21. Polynomial addition

Let S be a set and let P,Q € S [X] so that deg (P) = n and deg (Q) = m so that without loss of generality
we have that m <n and

P = (pOaplaPQa v 7pn71;pn)
Q = (QO7Q1aQQa-- '7Q’m—17Q’m)

Furthermore, suppose that S is endowed with an addition +g such that +g is well-defined and closed.
We define the addition of P and @, by

Bg: 8" x s"—>s"
(P,E}(Q)) — @®s (P, E} (Q)) = (po+5 qo,P1 +5 1,02 +5 G2, - - -, Pn—1 +5 0,05 +50)

Proposition 2.5.11. Polynomial addition is well-defined and closed

Let S be a set and let P,Q € S[X] so that deg (P) = n and deg (Q) = m so that without loss of generality
we have that m <n and

P = (pOaplaPQa v 7pn71;pn)
Q = (QO7Q1aQQa-- '7Q’m—17Q’m)

Furthermore, suppose that S is endowed with an addition +g such that +g is well-defined and closed.
We have that the polynomial addition of P and @, denoted P &g Q is well-defined and closed.
Proof:

This is immediate. By the definition of the polynomial addition, we have that

P®sQ = (po+s 90,01 +sq1,p2+5G2,---,Pn—1 +50,pp +50)

As +g is well defined and closed, then we have that p; +sq; € S for 0 < i < m. Moreover, form <i<mn
we have that p; +50 =p; € S. Hence, all the entries in the tuple given by P &g @ are elements of S so that
PasQ e S™. O

Lemma 2.5.1. Degree of polynomial from polynomial addition
Let P,Q € S[X]. Then

deg (P &5 Q) < max (deg (P),deg (Q))
Proof:
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The result is instant if deg (P) = deg(Q) so suppose not and without loss of generality suppose that
deg (P) > deg (Q) where deg (P) = n and deg (P) =m. Then as tuples we have that

P = (po,p1,p2; -, Pn—1,Pn)
Q = (CIO7Q1;(127 cee an717Qm)

As deg (Q) < deg (P) we use the tuple extension mapping E", on Q and we have that deg (EN (Q)) < n.
Hence

deg (P ©s Q) < deg (P ®s F(Q)) < n = max (deg (P),deg (Q))
O

We are getting an idea for our problem with the polynomial given by

P=04+0%xX+0+xX?24+0+xX2+---4+0xX"

If we want lemma to be consistent, we should define the degree of P to be such that it is no larger
than the degree of any other polynomial. In particular, for ¢ € S we have that Q = ¢ with @ € S[X] has
degree 0, we must have that deg(P) < deg(Q) = 0. This still doesn’t fully answer the question, which
negative integer should we take for the degree of P? Maybe, once we have a definition for the multiplication
of polynomials, it will provide further insight.

Now, given a potential candidate for defining the addition of two polynomials, we can also consider a
potential candidate for defining the subtraction of two polynomials. As before, we take inspiration from Z.

As we have shown that the addition of integers is closed and well-defined, additionally, for every x € Z
we have that Jy so that x +y = 0. In particular, we take y = —x so that the expression becomes x — x =
0. A sensible definition for polynomial subtraction should also respect these properties; subtracting two
polynomials should give another polynomial. This raises a question; suppose P € S [X], what is P — P?

We know that in N, Z and Q, that for an element x that z — x should be 0, but what does it mean for 0
to be an element of S and by extension S [X]? In particular is it the same 0 as for N, Z and Q?

On the other hand, we know that for any = in N, Z and Q that x + 0 = z = 0 4+ x, a similar sort of
element of S would be useful and clearly plays an important role for defining a similar element for S [X].
This idea is general enough, assuming we have a well-behaved +g, that we can apply it to a set S.

Definition 2.5.22. Additive Identity of a set S
Let S be a set so that there is an operation +g : S* — S such that +g is closed and well-defined. Let
e € S. If we have that Vs € S that s +g e = s, then we say that e is a right additive identity element of S.
Similarly, if Vs € S we have that e +g s = s, then we say that e is a left additive identity element of S.
If we have that Vs € S that e +g s = s = s +g e, we simply call e an additive identity element.
If we need to be clear which set the additive inverse belongs to, we will write eg

It is an immediate consequence of +g that the identity element is unique.

Proposition 2.5.12. The additive identity element of a set S is unique

Let S be a set so that there is an operation +g : S? — S such that +g is closed and well-defined. Let
e, f € S be additive identity elements of S.

We have that e = f.

Proof:

Let S and +g : S? — S be as given, and let e, f € S be additive identity elements of S.

By definition, we have that

e:e+sf:f

As +g is well-defined and closed, we have that e = f as required. [
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From this, we can immediately identify that 0 in N, Z and Q is unique.

We have resolved one part of this problem, that in N, Z and Q, for an element z that x — z = 0. We
have answered what it means for ”70” to be in S, but what does it mean for —x € S given x € S?. Noting
that © — x = x +g (—x), this is precisely what it means for = to be invertible in S at least with respect to
+gs. As with the additive identity of S, this idea is also general enough to apply to a more general set S.

Definition 2.5.23. Additive Inverse of a set S

Let S be a set so that there is an operation +g : S? — S such that +g is closed and well-defined. Let
seS.

If we have that 3x € S such that s +g © = e, then we say that x is a right additive inverse element of s
in S.

Similarly, if 3z € S such that x +g s = e, then we say that x is a left additive inverse element of s in S.

If we have that 3x € S that © +5 s = s = s +g x, we simply call x an additive inverse element of s in S.

As with the additive identity element, we have an immediate consequence that the inverse of an element
s € S is unique.

Proposition 2.5.13. The additive inverse element of an element of S is unique

Let S be a set so that there is an operation +g : S* — S such that +g is closed and well-defined. Let
s € S be an arbitrary element of S.

We have that the additive inverse of s is unique.

Proof:

Let S and +5 : S? — S be as given, and let s € S be an arbitrary element of S and suppose that s has
two inverses x and y.

By definition, we have that

r=x+ge
=r+5(s+sY)

As +g is well-defined and closed, we have that e = f as required. [

It would also be useful to undo the addition of polynomials via polynomial subtraction. The only
requirement is that we need +g to be invertible In particular, as we are using a well-defined and closed
operation on S, that is +g, we have gained a definition of subtraction for free! Using —g to denote subtraction
in S, we have

Og :8" x s"—>s"
(P,E(Q))— 65 (P,E(Q)) = (po —s q0,P1 —S q1,P2 —S 42, - - - s Pn—1 —5 0,pp —5 0)

Given a notion of subtraction, we can also define what it means for two polynomials to be equal. Firstly,
recall what it means for

Definition 2.5.24. Fquality of Polynomials
Let P,Q € S [X] where deg (P) = n and deg (Q) = m where without loss of generality m < n.
We say that P and Q are equal as polynomials, written P = Q, if and only if

PosQ=0=10,0,0,...,0,0
————
n+1 times

That is, if the difference between the two is the zero polynomial.
We can therefore define the following relation.
Definition 2.5.25.

It is immediate that a polynomial therefore has a unique representation as an n + 1-tuple.
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2.5.2.2 Defining multiplication between two polynomials

We can use the same idea of the n+ 1-tuples to define multiplication of polynomials. Recall that we observed
that we can express the intermediate X, and powers of it, as follows

XO

PX)=1=X° <= a=(1)
P(X)=X < a=(0,1)
P(X)=X? < a=(0,0,1)
P(X)=X? < a=(0,0,0,1)

Intuitively, we want X2 = X « X, X3 = X2 % X and so on. That is

X+ X =(0,1)%(0,1) = (0,0,1) = X?
X?% X =(0,0,1) % (0,1) = (0,0,0,1) = X3

What about more complex expressions? Say X * (X + X 2). The answer to this would depend on if mul-
tiplication is distributive over addition with respect to the indeterminate, and additionally on multiplication
is commutative!. For now, let us assume that this is the case,

It seems therefore that multiplication by X has the effect of “shifting” to the right
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